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Introduction.

X-ray microtomography (UCT) is a powerful technique to visualise the 3D internal and
external microstructure of a sample, non-invasively. It can resolve details as small as
a few microns in size. The contrast obtained in traditional laboratory or desktop X-ray
tube based UCT instruments, is due to the intrinsic differences in linear attenuation
coefficients between the sample constituents (related to atomic number and density).
However many medical, biological, polymer and food samples consist of elements
with a low atomic number like carbon, nitrogen and oxygen showing very weak
absorption contrast. These samples may be visualised by using phase sensitive
imaging. The contrast arises from the phase shift induced in the X-ray beam passing
through the sample. This effect is determined by changes in refractive index between
the constituents of the sample. Interference of diffracted and non-diffracted parts of
the X-ray beam results in lateral intensity variations. These are visible as contrast
changes around the edges and interfaces between different materials as light and
dark fringes. Phase contrast can be obtained using Synchrotron (SR) uUCT or
laboratory uCT instruments with a sufficient small spot size of the X-ray source and a
high resolution detector (e.g. SkyScan nano CT (}) and SEM pCT(*®)). Both
absorption (attenuation) and phase contrast may be present in an image. The
balance between these contrast mechanisms can be selected by changing the
distance between sample and detector. The main advantages of SR-uCT over
laboratory instruments are a) the high photon flux allowing short measuring times and
high signal-to-noise ratios at high spatial resolution; b) monochromatic radiation
eliminating beam hardening; c) tunable energy allowing optimal contrast and signal to
noise ratio d) a high degree of coherence allowing phase retrieval (holotomography)
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Phase contrast increases the visibility of small structures by edge enhancement.
However quantitative image analysis is not straightforward. The images have to be
segmented into objects of interest and background, creating binary images. For
absorption images of samples containing materials with sufficient differences in
densities, this can be done reasonably simple by thresholding. Selecting an intensity
value (threshold) separates objects and background. Detection of features in phase
contrast images is limited by the occurrence of dark light fringe patterns at edges in
the sample. However, these patterns depend on the size and shape of the interfaces.
Interfaces close together will not show double layers by destructive interference. In
this paper two methods are presented for the segmentation of phase contrast
images. One generally applicable method using a watershed transform and a phase
retrieval method applicable to SR-uCT. Phase retrieval using holographic
reconstruction may be an option to obtain images which are more suitable for
guantitative image analysis. It is based on the combination of several 3D images
recorded at different distances between sample and detector (changing the width of
the interference fringes, see Figure 1). The reconstruction is usually divided into two
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steps. The phase shift induced by the object is retrieved for each projection angle
from the radiographs taken at different distances. This is then used as input to a
standard tomographic reconstruction algorithm such as filtered backprojection (FBP).
This yields a reconstruction of the 3D refractive index distribution in the sample.

The methods described in this paper are tested on images of a biscuit sample as an
example of a light element matrix. Biscuits consist mainly of open interconnected
cells in a continuous solid matrix of protein, starch and sugar. Information about the
3D microstructure is necessary to study mechanical properties or moisture transport
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Figure 1 Schematic representation of SR-uCT with holotomography. Phase
contrast is formed when the detector is moved a distance D from the
sample. Absorption contrast images are recorded at D=0 (images of fibres
obtained from Cloetens e.a.(%)).

Method.

A biscuit sample was imaged by SR-uCT using the ID19 beamline at the ESRF
(European Radiation Synchrotron Facility) in Grenoble and different laboratory uCT
instruments. The parameters are presented in the following table:

Table 1  Parameters used for Synchrotron and laboratory uCT instruments.

Pixel Image size pixels:
Size,
pm
total image | 0.18*0.18mm?
(Figure 4)
px: px’
Synchrotron ESRF 15 keV 0.7 | 2048*2048 256*256
Synchrotron ESRF 18 keV 0.3 | 2048*2048 642*642
SkyScan 1172 59kV/167uA 0.9 | 4000*4000 206*206

SkyScan 2011 (nano) 40kV/200pA 0.6 1280*1280 310*310

SkyScan SEM-micro-CT | 30kV/0.363pA | 0.7 512*512 269*269

Phoenix nanotom 40kV/325pA 0.8 1400*1400 212*212
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X-radia MicroXCT-200 70kV/115 pA 1.2 1024*1024 148*148

For comparison an XL-30 environmental scanning electron microscope (ESEM) from
FEI (Veldhoven, the Netherlands) was used.

The features in the stacks of the 2D uCT images were identified and measured using
an image analysis toolbox (DIPlib from the Delft University of Technology). For




visualisation in 3-D space, isosurface rendering was used (Avizo 6.1 from the
Visualization Sciences Group).

Results.

ESEM

Figure 2 shows ESEM images of a biscuit sample. Within the solid phase (lamellae
separating the gas cells) partial gelatinised starch granules are clearly visible within a
matrix of protein and gelatinised starch. These starch granules are clipped by
physical cutting. At the edge of the gas cells the starch granules are arranged parallel
to the surface. Within the solid phase small pores are present.

Figure 2 ESEM image of the internal structurefabiscuit sample (image size: 0.18
*0.18 mm2).

nCT

An image of a biscuit sample acquired using SR-uCT shows both phase and
absorption contrast (Figure 3). The starch granules are visible as light grey elongated
features in a matrix of protein and gelatinised starch (dark grey). These observations
are in good agreement with those obtained with ESEM. The phase contrast can be
seen in the characteristic black/white fringes at the edges between air and solid and
the small black pores within the solid material. Edge enhancement is also observed
for laboratory uCT instruments (Figure 4). These images show different contributions
of phase and absorption contrast. The image enhancement depends on the spot
size of the source and the object detector distance.

Figure 3  Horizontal cross section of a biscuit sample imaged using SR-uCT.
Image size: 2048x2048 pixels = 1.4*1.4mm?” (left) and 512x512 pixels =




0.36*0.36mmA(right), pixel size: 0.7 pm (distance between sample and
detector = 10 mm).
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Figure 4 puCT images of a biscuit sample obtained using SR-uCT (A2) and
laboratory UCT instruments (B-F) as defined in table 1. Selected intensity
profiles along horizontal lines drawn across the images. Image size:
0.18*0.18mm?".

Segmentation of edge images

Direct thresholding of images showing mainly phase contrast is not possible
(see intensity profiles in Figure 4). In this case information about the
boundaries between the different materials can be used. In this paper a




method is presented using a watershed transform of the edge image after
variance filtering. A 2D watershed transform was used with a 4-connected
neighbourhood and regions less deep than 15 were merged to prevent over-
segmentation (figure 12). The boundaries generated by the watershed transform
were used to label the pores and surrounding solid material. The measured average
grey levels of the original edge image within the labels was used for thresholding the
image into solid and pores. Small pores (low grey level) were included by
thresholding the edge image using the labelled image as mask. The binary images
can be used for quantitative analysis and 3D visualisation (Figure 6). Internal (pores
inside solid material) and total porosities determined from the image shown in Figure
6 are 0.4% and 59.4%, respectively.
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Figure 5 Segmentation of edge images of a biscuit sample obtained using SR-uCT.
A: Horizontal cross section obtained at 6mm, B: after variance filtering, C:
watershed transform, D: labelling with measured grey levels of edge
image A, E: after thresholding of labelled image, F: after thresholding of A
using E as mask and G: image with outline of segmented solid phase in
red. Image size: 1286x1286 pixels = 0.36*0.36mm?, pixel size: 0.28 pm.

Figure 6 3D surface rendering of a stack of 255 SR-uCT images of a biscuit
sample, showing a shaded (left) and transparent (right) surface of the




