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Report:

Scientific background:
Revealing the internal structure of biomedical samples requires imaging methods with high spatial resolution

and high contrast for soft tissue, ideally capable of providing undistorted three-dimensional (3D) information
from hydrated specimens. To date, conventional histology is the biomedical standard. It consists in using a light
microscope to image thin slices of a specimen, which were beforehand embedded in a hard matrix and stained.
Combining two-dimensional (2D) serial sections into a 3D volume is possible but time-consuming and often
hindered by artefacts occurring during tissue preparation and sectioning [Ourselin et al., 2001; Pichat et al.,
2018]. Moreover, conventional histology is unable to provide unbiased isotropic sampling, essential for accurate
and precise volumetric analysis, and is associated with sample shrinkage due to the required dehydration step.
A suitable alternative to histology for non-destructive volumetric imaging at isotropic spatial resolution is the
use of X-ray micro computed tomography (microCT) [Stock, 2008]. However, for X-ray absorption-based mi-
croCT, contrast is often too low for biomedical applications and contrast agents are required for soft-tissue
discrimination [Metscher, 2009a,b; Pauwels et al., 2013; Martins de S. e Silva et al., 2015; Shearer et al., 2016;
Missbach-Guentner et al., 2018; Busse et al., 2018; Miiller et al., 2018], which lead to alterations in tissue struc-
ture and are often incompatible with follow-up imaging techniques.

It has been shown that X-ray phase-contrast imaging methods [Wilkins et al., 2014] can provide much better
contrast for biomedical samples without the need to contrast agents [Topperwien et al., 2018; Khimchenko et
al., 2018; Wu et al., 2009; Shirai et al., 2014; Zanette et al., 2013; Velroyen et al., 2014]. However, existing
methods are typically limited by elaborate experimental setups and other constraints on the nature and size of
the sample. X-ray speckle-based imaging (SBI) [Morgan et al., 2012; Berujon et al., 2012; Zdora, 2018] does
not impose these restrictions and benefits from a simple experimental setup that can be applied to a wide range
of samples.

In this experiment, we explored the potential of X-ray phase tomography based on SBI for biomedical imaging
of unstained and hydrated animal tissue.



Experimental procedure:

We used the U13 single-harmonic undulator (gap: 12.0 mm) with additional filtering by the 1.4 mm-thick dia-
mond attenuator and 5.6 mm aluminium to obtain an X-ray beam with a narrow energy spectrum with a peak
energy of approximately 26.3 keV. The experimental setup is shown in Fig. 1(a). The only addition to the stand-
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was a piece of abrasive paper used
as a phase-modulating diffuser,
which was fixed on translational
stages for stepping in the plane
transverse to the beam direction.
The near-field speckle pattern cre-
ated by scattering and interference
of X-rays from the diffuser parti-
cles can be seen in Fig. 1(b) and in
more detail in Fig. 1(c). The sam-
ple was mounted on a tomographic
stage located di = 72.5 cm down-
stream of the diffuser. Reference
q JAN J 1mages (without the specimen) and
sample images (with the speci-
men) were acquired at N = 20 dif-
ferent transverse positions of the
diffuser. The resulting interference patterns were recorded by a detection system placed d> = 65.0 cm down-
stream of the sample. It consisted of a pco.edge 5.5 sCMOS camera coupled to a 2.1x magnification optics
system, comprising two Hasselblad lenses in tandem configuration with a numerical aperture of 0.17 and a
scintillation screen (250 pm-thick cerium-doped LuAG:Ce). The effective pixel size of this system was pefr =
3.1 um. The exposure time for each recorded frame was 50 ms. Acquisition of the sample images was performed
in tomographic mode with 2401 projections over 180 degrees of sample rotation, which was repeated for each
of the 20 diffuser positions. A set of 20 reference images was recorded before each of the tomographies and 20
dark images were taken prior to the entire scan. The scanning of various whole mouse organs (kidney, brain,
testicle) was performed in two height steps with a vertical overlap of 143 pixels. Image reconstruction was
performed separately for both height steps and subsequently the two phase volumes were registered and concat-
enated. The total scan time for the two height steps was approximately 1.5 hours.
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Figure 1: (a) Experimental setup for SBI phase tomography at ID19. (b),(d) Ex-
ample of a sample speckle pattern and (c),(e) a reference speckle pattern.

Data analysis:

The reconstruction of the 3D phase volume was performed in several steps. First, all acquired frames were
corrected for the dark current by subtracting the average dark image. Then, the differential phase signals in the
horizontal and the vertical directions were reconstructed from the dark-current corrected sample and reference
images recorded at the different diffuser positions. This was done for each projection of the tomography scan
by applying the unified modulated pattern analysis (UMPA) approach [Zdora et al., 2017]. Although the UMPA
formalism allows for multimodal signal retrieval, here the focus is on the phase-shifting properties of the spec-
imen, which can be observed as a displacement of the speckle pattern that can be converted to the X-ray refrac-
tion angle and differential phase signal. From the differential phase signals, the phase shift images were retrieved
using a Fourier phase-integration routine, combining the horizontal and vertical differential phase information
[Morgan et al., 2012; Kottler et al., 2007].

The tomographic reconstruction was performed by applying a conventional filtered back-projection algorithm
[Kak and Slaney, 2001] using the Python-based pyCT processing package developed by the Chair of Biomedical
Physics (E17) at Technical University Munich, Germany. To reduce ring artefacts in the tomographic slices
originating mainly from scintillator defects and noise, a low-pass Butterworth filter was applied to the sinogram
of each slice prior to the filtered back-projection step. All of the above procedures were performed for each of
the two height steps separately and finally the two volumes were concatenated.

Results:
Phase tomograms of different biomedical samples were acquired, including a mouse kidney, mouse brain and
mouse testicle. In the following, some of the results obtained for the mouse kidney are presented.



Differential phase projections:

Horizontal refraction angle a Vertical refraction angle a, The first step in the analysis is the re-
] construction of the phase-contrast sig-
nal for all of the projections recorded
at different viewing angles of the sam-
ple. An example is presented in Fig.
2(a) and 2(b), showing the horizontal
and vertical differential phase signal of
the mouse kidney (in a plastic tube),
respectively, for both of the separate
tomography scans acquired for the two
different height steps. The outlines of
the kidney in the plastic tube can be
observed, but only little detail of the
inner structure of the sample is visible.

Figure 2: Differential phase projections of the mouse kidney for the two
height steps. (a), (b) Horizontal and (c), (d) vertical refraction angle.

Phase tomogram:

The 3D inner structure of the unstained and fully hydrated kidney is visualised in the phase tomogram enabling
non-destructive virtual histology and virtual slicing along any arbitrary plane, see Fig. 3. The micro-structural
detail of the hydrated
kidney tissue can be
observed in the phase
tomogram slice,
matching that seen by
conventional histology
(H&E  stain), per-
formed on the same
specimen after X-ray
imaging. The phase
volume slices are pre-
sented in histology-
like false-colours for
better visual compari-
son. (Note that the col-
ours for the virtual
phase volume slices
were assigned based on
tissue density, while

Figure 3: Virtual slices through the SBI phase tomogram of a mouse kidney validated with X 3
conventional histology. (a) Long-axis slices, (b) short-axis slice, and (c) correpsonding slices conventional histology
obtained by conventional histology (H&E staining). (d), (e) Regions of interest in (b) and (c), stains  selectively at-
respectively, showing the same tissue microstructure. tach to certain types of
tissue structures.)

For X-ray energies far from the absorption edges of the sample materials, the refractive index decrement 9 is
directly proportional to the electron density pe. Moreover, for specimens with moderate hydrogen content, a
linear relationship between pel and the mass density pm holds in good approximation. These relations allow for
performing a quantitative analysis of the electron and mass density distribution within the specimen from the
phase volume obtained by SBI. The high density resolution leads to excellent contrast within the kidney tissue.
The spatial resolution is essentially limited by the choice of reconstruction parameters in the UMPA analysis.

The quantitative density information of the phase volume obtained by SBI can be combined with 3D information
on the tissue morphology. The 3D character of the phase tomogram also provides a reliable way to perform



further structural analysis on the shape, size and distribution of some functional elements of the organ such as
the blood vessel network. Retrieving this information from 2D slices, as obtained by conventional histology,
can be extremely challenging.

A full analysis of the 3D structures in phase volume has been performed for the kidney and the results from this
experiment are currently being prepared for submission to a peer-reviewed journal.

Conclusions and outlook:

In this experiment, we have shown that SBI phase tomography is a promising candidate for non-destructive
imaging of biomedical soft tissues with high sensitivity and high spatial resolution.

SBI-based virtual histology could in the future become an invaluable tool for diagnostics and staging of diseases
that lead to changes in tissue density and morphology.

As the spatial resolution and sensitivity of the measurement can be easily fine-tuned using the UMPA approach,
the method can be applied to samples containing structures with a wide range of sizes and compositions, ex-
tending to fossilised matter and materials science samples.

Furthermore, although the data presented here was acquired at a synchrotron source, SBI phase tomography is
being implemented at laboratory X-ray sources without major efforts or costly equipment [Zanette et al., 2014,
2015]. The optimisation of UMPA for this purpose is currently underway. This will make the method widely
accessible and suitable for advanced high-throughput clinical and research applications.
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