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by fast Fourier computer processing. Finally, the resulting images are
normalized and any residual phase ramp is removed from the dif-
ferential phase image14.

As illustrated, the information gained from each of the three con-
trast modalities is of complementary nature. The conventional x-ray
image (Fig. 1a) shows very good contrast between bones and soft
tissue, mainly due to the increased x-ray attenuation of calcium
compared to the lighter organic elements. The differential phase-
contrast image (Fig. 1b) enhances details in the soft tissue1. In par-
ticular the interfaces of air filled regions are clearly shown, such as the
trachea (marked by an arrow) or the lungs. For the sake of direct
comparison and to highlight the complementary information
encoded in those two signals, the differential phase-contrast image
is displayed side-by-side with the differential attenuation image in
Supplementary Figure 2 online. Finally, The dark-field image
(Fig. 1c) enhances features containing sub-pixel-sized micro-struc-
tures because of ultra small-angle x-ray scattering3,15–17. Particularly
the lungs exhibit a strong signal, as their main morphological struc-
tures – the alveoli – have a typical size of a few ten micrometers10.

Discussion
Although the mouse used for this demonstration does not carry any
diseases, it is evident from the radiographs (Fig. 1), that multi-con-
trast x-ray imaging offers a great potential for added value in clinical
x-ray diagnostics. Moreover, the results demonstrate that even
though some blurring occurs due to heart beat and breathing cycles
(as is also the case in conventional x-ray and tomography images of
small animals), this motion does not lead to a break-down of the
phase- or dark-field contrast images in-vivo, as is currently contro-
versially discussed in the scientific community.

In summary, the images we have presented are the result of a
dedicated effort in the development of a compact scanner for
phase-contrast and dark-field x-ray imaging of small animals in a
standard laboratory. This marks a milestone towards multi-contrast
x-ray radiography in a pre-clinical setting. The first in-vivo results on
small rodents particularly highlight improved contrast in regions
related to the respiratory system, making application in diagnosis
of lung diseases (e.g. emphysema) possible. Future work will focus on

evaluating the added clinical benefit for several small animal disease
models (including spontaneous cancer models of different organs),
also employing computed tomography.

Methods
The images were recorded with a Talbot-Lau x-ray interferometer1 with three grat-
ings: Source grating and analyzer grating have gold structures approximately 35 mm
deep, with grating pitch of 10.0 mm and 4.8 mm respectively. The phase grating has
4.0 mm deep nickel structures with a pitch of 3.24 mm. All gratings structures have a
duty cycle of 0.5. The x-ray source is a 50 Watt tungsten tube (RTW, MCBM 65B)
with a 50 mm focal spot size, and the detector is a Hamamatsu flat panel (C9312SK-
06). The x-ray tube was operated at 31 kV peak voltage and 500 mA current during
the experiment. The interferometer (total length approximately 470 mm) is mounted
in a gantry allowing a vertical beam path through the mouse specimen lying on the
sample bed. Five images were acquired with a 10 seconds exposure each, giving a total
dose of 3.9 mGy to the animal. The raw images were Fourier processed and ramp
corrected to obtain the three image modalities. Finally two regions of interest were
stitched together, giving the result presented in Fig. 1. The study protocol was
approved by the Ethics Committee for animal studies of the University of Antwerp.
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Figure 1 | First in-vivo multi-contrast x-ray images of a mouse. (a) Conventional x-ray image based on attenuation. (b) Differential phase-contrast
image based on x-ray refraction. (c) Dark-field image based on x-ray scattering. All three images are intrinsically perfectly registered as they are extracted
from the same data recorded with a grating interferometer. Examples of regions of enhanced contrast are marked with arrows, showing the refraction of
the trachea (b) and the scattering of the lungs (c). The white bars correspond to 1 cm.
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control group (Fig. 2A). This was confirmed through quantitative
morphologic assessment demonstrating significant airspace enlarge-
ment (greater MCL) in the emphysema group (median, 44.2 Km;
range, 38.3Y63.1 Km) than that in the control group (median, 14.8 Km;
range, 14.3Y15.5 Km; P = 0.009; Fig. 2B). Elastase-induced emphy-
sematous changes were associated with a significantly increased pul-
monary dynamic compliance (median, 38.3 KL/cm of H2O; range,
37.0Y42.0 KL/cm of H2O) compared with the control group (median,
26.2 KL/cm of H2O; range, 21.0Y30.2 KL/cm of H2O; P = 0.009;
Fig. 2C). In addition, tissue elastance was significantly decreased in
the emphysema group (median, 18.1 cm of H2O per milliliter; range,
17.5Y20.3 cm of H2O per milliliter) compared with the control group
(median, 38.4 cm of H2O per milliliter; range, 29.7Y43.0 cm of H2O
per milliliter; P = 0.009; Fig. 2C). These results confirmed successful
induction of emphysema development in the murine model with a
phenotype resembling pulmonary emphysema in humans.

Qualitative Assessment of Transmission and
Dark-Field Radiographies

The estimated radiation dose for each mouse was approxi-
mately 6.8 mGy. In the transmission images, the mice in the emphy-
sema group displayed subtle indirect signs of increased pulmonary
volume, including lowering of the diaphragm, subtle hyperlucency
of lung parenchyma, and a bell-shaped appearance of the bony thorax
(F3 Fig. 3A). A clear visual difference between the healthy and emphy-
sematous mice was found for the dark-field images (Fig. 3B). In
the emphysema group, the dark-field signal intensity of the lung

parenchymawas greatly reduced and less homogenous. The increase in
lung volume was again visualized in the dark-field image.

Quantitative Analysis of Transmission and
Dark-Field Signals

Despite median transmission signal intensity (T ) being sig-
nificantly different between the healthy and emphysematous lung
tissue (median 0.33 vs 0.38; P = 0.01), there was a significant overlap
( F4Fig. 4A). There was a highly significant difference in dark-field
signal intensity (1 j V) between the control and emphysema
groups (0.78 vs 0.68; P G 0.001; Fig. 4B). Similarly, there was a
substantial and highly significant difference in normalized scatter
[ln(1 j V)/lnT] between both groups (0.22 vs 0.37; P G 0.001) with
only minimal overlap (Fig. 4C).

Comparison of the Effectiveness of Transmission
and Dark-Field Signal Intensities to Differentiate
Between the Healthy and Emphysematous Lung Tissue

To assess the diagnostic accuracy of conventional radiography
and dark-field radiography for the detection of pulmonary emphy-
sema, we further compared how well the signal intensities of the
pulmonary parenchyma in transmission and dark-field images could
differentiate between healthy and emphysematous lung regions. The
AUC was significantly higher for the dark-field signal than that for
the transmission signal (0.90 vs 0.69; P = 0.03). The normalized
scatter showed a significantly higher discriminatory power (AUC,
0.99) than dark-field (P = 0.01) or transmission signal (P G 0.001)

FIGURE 3. Transmission and dark-field radiograms for the control and emphysema groups. The transmission (A) and dark-field
images (B) are shown for all 5 mice in the control and emphysema groups. The field of view in the images was roundwith a diameter
of 5 cm, and the spatial image resolution was 57 Km (10% MTFAQ7 ).

Meinel et al Investigative Radiology & Volume 49, Number 10, October 2014

4 www.investigativeradiology.com * 2014 Lippincott Williams & Wilkins

Investigative Radiology, 2014
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Imaging Research School

» Intention of School

– To create a network of researchers (young and 
senior) working with x-ray/neutron imaging

– To educate researchers in the field of x-ray/neutron 
applications in particular at Max-IV and ESS



Programme for the Imaging Research 
School

» The school will involve a “summer school” with 
presentation and poster session (3 ECTS)

» Individual project and report, with oral presentation (4.5 
ECTS) 

» Students may choose to collect all credit points during 
one year, or during 2-3 years

» Furthermore, each student has the opportunity to 
specialise in a particular imaging area by following 
specialised courses. 



Programme for the Imaging Research 
School, core courses

» A week of introductory lectures covering the different 
areas of imaging at large-scale facilities. This will followed 
up by course assignments (total 3 ECTS)

» Course assignment: beamtime application



Programme for the Imaging Research 
School, core courses

» An individual project/report (presentations in May 2020). 
Projects will involve hands-on experience using 
tomography facilities (data acquisition, image analysis 
and visualisation) (total 4.5 ECTS)

» Presentation to group on specific subject at the end-of-
year wrap-up meeting (May 2020)



Programme for the Imaging Research 
School, specialised courses

» Suggested courses:

– PhD course in X-ray microscopy

» the course will be held as a one-week course, full time, Jesper 
Wallentin (ADMIRE + IMAGING) 
http://www.admire.lu.se/courses/x-ray-microscopy/

– Admire – image analysis (7,5 credits)

http://www.admire.lu.se/courses/x-ray-microscopy/


Programme for the Imaging Research 
School, summer schools

» Summer/winter schools:

– MAXIV summer school https://www.maxiv.lu.se

– Helmholz Berlinwww.helmholtz-
berlin.de/events/neutronschool/

– ESRF (Grenoble) X-rays / neutrons                            
www.hercules-school.eu

https://www.maxlab.lu.se/summerschool2014
http://www.helmholtz-berlin.de/events/neutronschool/
http://www.hercules-school.eu


Intro week Programme

» Programme.pdf

../schedule.pdf


Welcome to the
Imaging Research School

» www.imagingresearch.lu.se

http://www.imagingresearch.lu.se
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X-rays and Neutrons

» Are “the same” in many respects:

– Particle wave duality

– Diffraction

– Scattering

– Interference



X-rays and Neutrons
» Have very different properties: 

– Cross section, mass, spin, velocity, …

Source: www.ncnr.nist.gov



Wavelength of X-rays and Neutrons

Source: http://nop.kek.jp

Source: ESA



Röntgen was also looking for refraction…

X-ray Imaging



Imaging at different length scales

» Atomic

» Microscopic

» Macroscopic

2 Å



Neutron and Synchrotron Radiation

» What is a neutron/synchrotron radiation facility?

– Monday

» How do we use it for better imaging?

– Tuesday through Thursday

– what is coherence and what is phase contrast 
imaging?



ESRF and ILL, Grenoble France



Swiss Light Source and Neutron 
Spallation source, Villigen Switzerland

» S



Lund facilities (Friday)
for X-ray and Neutron Science
» MAX-IV

» European Spallation Source, ESS



Synchrotron Radiation

– what is coherence?

– what is phase contrast imaging?



Coherence
» Ability to interfere due to particle/wave duality



Wave propagation: Fresnel number:

Imaging regimes

Z  > a /λ2
0 Z  > a /λ2

0Z  = 0 Z  < a /Z  << a / Z  ~ a / Z  >> a /λλλλ 2222

a

b

regime
FraunhoferFresnel regime

0 0 0 0 0

F =
a2

�Z

Figure courtesy: Timm Weitkamp; Phil Willmott



X-ray Diffraction (Wednesday)
Crystallography and Structural biology

Far-field imaging



Refraction based imaging (Thursday)
Coherent Diffractive Imaging CDI

Far-field imaging

Figure courtesy: Pierre Thibault



Full field vs pencil beam



Refraction based imaging 
(Tuesday/Thursday)
X-ray Phase Contrast Imaging

Polystyrene foam.
P. Cloetens 1999



Absorption based imaging 
(Tuesday/Wednesday) 

Neutron Image

X-ray Image

Source: PSI
www.psi.ch/niag/what-is-neutron-imaging

http://www.psi.ch/niag/what-is-neutron-imaging



