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ABSTRACT
BL13W, an X-ray imaging beamline has been built and opened to users since May 6, 2009. More than 70 user proposals
per year are granted and implemented at the beamline, with about 500 user visits/year. Up to now, X-ray
microtomography (XMCT) is the dominated method for BL13W user operation, more than 70% user experiments were
carried out with XMCT, covering the research fields in material science, biomedicine, physics, environmental science,
archaeology and paleontology. To meet the user requirements, micro-CT imaging methods based on a variety of contrast
mechanisms, including absorption, phase contrast, X-ray fluorescence, have been developed. Algorithms and related
software have been developed achieve the low dose and fast data collection. Quantitative analysis to the three
dimensional CT images is highly emphasized and related software for 3D information extraction with high precision and
high efficiency, has been developed. Three-dimensional structure evolution has been attracting more and more attention
in many scientific research fields. Two-Hertz dynamic phase contrast CT based on monochromatic SR beam was
established at SSRF. The limitation of fluorescence X-ray CT from practical applications is the data-collection
efficiency. The ordered-subsets expectation maximization algorithm was inducted to improve practicability of X-ray
fluorescence computed tomography (XFCT), greatly. A scheme for full field XFCT was also proposed.
Keywords: Synchrotron Radiation, X-ray imaging, tomography, quantitative imaging

1. INTRODUCTION
X-ray microtomography (XMCT) is a nondestructive technique widely used for visualizing the morphology of samples,
and for assessing quantitative information on their three-dimensional (3D) geometries and properties1. With the
availability of third generation Synchrotron Radiation (SR) sources, SR-CT has evolved as an increasingly accepted and
utilized technique for characterizing the 3D internal structure/morphology of samples in the fields of material science
and life sciences thanks to it is superior advantages like spatial and time resolution, phase-sensitive imaging and so on.
The X-ray biomedical imaging beamline (BL13W)2, 3 is one of seven initial beamlines at SSRF, it aims at developing
cutting-edge X-ray imaging methods and evaluating the effectiveness of synchrotron-based X-ray imaging in different
research either in planar or CT modalities. The double crystal monochromator at BL13W provides photon energy
ranging from 8-72.5keV with the beam size about 45mm × 5mm4. Since its formally opened to users on the middle of
2009, it has attracting scientists from many research fields to perform their science study. The user research field mainly
from biomedicine, materials science, archaeology and paleontology, environmental science and geoscience, physics and
so on. To be more specific, the user from biomedicine and materials science field book one half and one quarter of the
total beamtime respectively. In order to keep the beamline in frontier, the beamline is keep upgrading including imaging
methods, hardware and software. On the methodology side, the quantitative phase CT including propagation and grating
based methods, dynamic CT, fluorescence CT, K-edge CT are available for the user. On the hardware side, the detector
has been updated continuous, from Princeton Instruments detector and Photonic-Science detector at the very beginning
to PCO 2000 Camera (with Optique-Peter optical system), and now the Hamamatsu Flash 4.0 is the most occupied
detector at the beamline, and the PCO dimax high speed detector will be available at the beamline in the near future.
Moreover, the Kohzu high precision stage and PI air bearing fast rotation stage are installed. On the software side, the in
house developed synchrotron radiation X-ray CT processing software PITRE5, quantitative analysis methods6, 7 and new
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control software are equipped. All these upgrading keep improving the sensitive, spatial and time resolution of the X-ray
microtomography that is the domain experimental method at the beamline.

2. PHASE CONTRAST TOMOGRAPHY
The high degree of coherence of the SR beam allows the implementation of novel phase-sensitive imaging modalities.
Compared to conventional absorption-based CT, X-ray phase-sensitive imaging utilizes phase shifts rather than
absorption as imaging signal. This substantially extends the possibilities of X-ray absorption imaging, especially when
imaging low-Z samples or when the difference in attenuation coefficient between different region in the sample could be
small to be detected in the absorption mode8. Several phase-sensitive imaging techniques have been developed, such as
interferometric methods, analyzer based methods, grating-based methods, coded-aperture-based methods, and
propagation-based methods9. All these methods have been successful extended to CT mode10. Although X-ray image
receptors are sensitive to intensity modulations only, phase-sensitive images contain phase information; however, this
information cannot be accessed directly without any further processing. For instance, propagation-based phase contrast
imaging (PPCI) yields edge-enhancement information, which is proportional to the Laplacian of distribution of the
refractive index of the sample, and it requires the so-called phase retrieval processing to extract phase information11.
Other phase-sensitive imaging methods also require their post-processing procedure, such as the extraction of apparent
absorption, refraction and scattering in diffraction enhanced imaging (DEI)12. Generally speaking, 3D information can
then be obtained by applying standard CT reconstruction algorithms based on filtered back-projection (FBP) to the postprocessed phase-sensitive projections13.
The x-ray propagation-based phase-contrast imaging (PPCI) has the simplest experimental setup, which requires no
additional optics in the imaging geometry and is identical to the conventional radiographies except for providing the
beam is sufficiently spatially coherent and increasing the sample-to-detector distance (SDD). Conventionally, the SDD
should be as short as possible in order to avoid blurring. However, with spatially coherent illumination, Fresnel
diffraction is observed at a distance away from an object even in the hard X-ray region. Then, an edge-enhanced contrast
is observed without optical elements even for a phase object. The edge-enhanced images produced by PPCI approach are
often very useful in themselves, the results allow visualizing the boundaries of regions with different refraction
properties. Moreover, in order to obtain quantitative information about the sample, or to exploit the greater contrast
available in the PPCI, the ability to perform phase retrieval on the images becomes increasingly important. Phase
retrieval enables the phase shift imposed on the wave by the sample to be recovered from the diffracted intensity
distribution in the image plane or planes, thus it can obtain quantitative phase information from PPCI images fringes and
has attracted great attention14. Among different phase retrieval algorithms, the single SDD based one received extensive
attention and successfully applied to many research fields11, 15, 16, this is because it will decrease the experiment time and
deliver a lowest radiation dose to the samples, which is essential in biomedical applications. PPCI has been successfully
extended to CT mode, resulting in x-ray propagation-based phase-contrast CT (PPCT). Figure 1 represent the 3D
rendering images of ant samples after without and with phase-attenuation duality Born algorithm (PAD-BA) phase
retrieval procedure applied17. As the images shown, after perform phase retrieval, the details of sample are well
reconstructed, such as the legs and antennas of the ant, and the rendering result is much better than the one without phase
retrieval. With the high brightness of the third generation of synchrotron radiation facility, PPCT can provide clearer and
finer 3D microstructures of traditional Chinese medicines (for example, Ginsengs), which are mainly composed of C, H,
O, and N elements, with better spatial and density resolutions18-20.
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Figure 1.

3D rendering images of ant sample without (left) and with (right) PAD-BA applied.

In material and biomedical imaging there is a need to conduct X-ray tomography of samples containing both the weakly
and strongly absorbing materials. Extending the validity of the phase-attenuation duality (PAD) method, we investigated
the propagation-based phase-contrast computed tomography (PPCT) of a sample with hybrid compositions of both the
light and dense components with 60 keV synchrotron radiation. The experimental results showed that the PAD-based
PPCT is effective in imaging both the weakly and strongly absorbing components simultaneously. Compared to the
direct PPCT technique, the PAD-based PPCT technique demonstrated its excellent capability in material discrimination
and characterization, and exhibited a striking performance on the image contrast enhancement and noise suppressing21, 22.
The grating based imaging method has been developed with SR source with a phase grating and an amplitude grating23,
later it was extended to X-ray tube source by utilizing an additional source grating24. The essential principle is the socalled Talbot effect, when the phase grating is illuminated by coherent X-rays, periodic patterns are generated at specific
distances from the grating. The grating based imaging could provide three kinds of mechanism of imaging contrast such
as absorption, phase and scattering and a higher sensitivity for weak absorption materials, the detected signal is the first
spatial derivation of the phase shift. Grating based phase imaging with 2D grating were successful performed recently,
the results show the substantial advantages of the 2D interferometer over a 1D design: higher quality of the retrieved
phase images and directional scattering information in the dark-field signal25. The grating based imaging has been widely
applied in biomedical imaging26, Figure 2 shows the X-ray imaged of Medaka using grating based imaging27.
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Figure 2 The X-ray imaged of Medaka using grating based imaging. (a) absorption image; (b) refractive image; (c)
scattering (dark field) image
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3. FLUORESCENCE TOMOGRAPHY
Synchrotron radiation based X-ray fluorescence computed tomography (XFCT), a complement to absorption CT, is a
stimulated emission tomography modality, which allows for the reconstruction of elemental distributions on a virtual
section across the sample by various algorithms28. Taking the advantages of being sensitive at trance-element
concentrations and prone to introduce no contamination when sample preparation, it has been applied in the fields of
biology, medicine, material and so on. However, till now, XFCT has not been used as a routine tool, especially in
biomedical research. The main reason is the long image acquisition time which will result in high radiation dose and may
change the elemental distributions.
The XFCT system was established at BL13W1 at SSRF. The ordered-subsets expectation maximization (OSEM)
algorithm has been introduced into XFCT to speed up the data acquisition process. Simulation results show that OSEMbased XFCT could effectively reduce artifacts and achieve good image quality. Accordingly, the data-acquisition time
can be effectively reduced, which has been confirmed by the experimental results of an artificial phantom and one
cirrhotic liver sample29. Moreover, a full-field XFCT (FF-XFCT) for 3D elemental imaging had been developed30. The
FF-XFCT consists of a pinhole collimator and X-ray imaging detector with no energy resolution. A prototype imaging
system was set up at BL13W1 for imaging the phantom. The results demonstrate FF-XFCT is fit for 3D elemental
imaging and the sensitivity of FF-XFCT is higher than a conventional CT system. The cadmium (Cd) and iodine (I)
distributions were reconstructed. Figure 3 shows the reconstructed FF-XFCT slice of the phantom under double energies
at 33.5 keV and 33.1 keV and the separating FF-XFCT images.
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Figure 3 Reconstructed FF-XFCT and transmission CT slices of the phantom: (a) FF-XFCT slice at 33.5 keV; (b) FF-XFCT
slice at 33.1 keV; (c) FF-XFCT subtracting imaging; (d) CT slice at 33.5 keV; (e) CT slice at 33.1 keV; (f) CT subtracting
imaging
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4. LOW DOSE FAST TOMOGRAPHY
XMCT is an important technique widely used for visualizing the internal information of samples, however, its low time
resolution limits the application fields of XMCT, such as investigating the dynamic phenomena. In recent years, fast
XMCT has drawn more and more attentions and has been applied in many fields, such as observing the bubble growth in
hydrated basaltic melts31 and so on. In order to increase the time resolution of XMCT, the easiest way is employing
white beam instead of monochromatic beam to brighter incident X-ray flux. The drawback of white beam CT is the
quantitative information of samples could not be acquired and the radiation dose is still high. Alternately, utilizing an
algorithm that can obtain high quality results from fewer or limited projection number will cover the above mentioned
limitations.
In 2006, Candes et al proposed the compressed sensing (CS) theory32, which stated that a sparse image could be
reconstructed accurately when sampling frequency was much less than Shannon/Nyquist sampling frequency. We
combined the CS theory with the XMCT method to realize a fast CS-XMCT-based XMCT method, and we validated this
method on two samples, Fructus Foeniculi and a live ant, using experimental data collected at the BL13W1 beamline of
SSRF33. The results for undersampled data with an undersampling factor of 10 with respect to the FBP algorithm, for
both the Fructus Foeniculi and ant samples, indicated that the CS-XMCT algorithm could strongly inhibit the production
of streaking artefacts, offering good reconstruction quality compared with the FBP algorithm. This result suggests that
the CS-XMCT algorithm could allow for an approximately ten-fold improvement in the time resolution of XMCT
compared with the typical FBP algorithm. Moreover, the experimental results indicated that the CS-XMCT algorithm
could be used to reconstruct high-quality images from an incomplete and undersampled data set. This capability can be
beneficial for the imaging of certain unique samples and devices that exhibit strong absorption at specific incidence
angles.
Air sacs are usually thought to be the bellows for insect’s respiratory system, while its exact mechanism acting as
bellows remains unclear. We utilized CS-XMCT based four-dimensional CT to solve this puzzle. Quantitative analysis
to the three-dimensional image series reveals that the compression of the air sac in bell crickets shows obvious
anisotropic characteristics both longitudinally and transversely. Compression behaviour of the thoracic trachea is also
analysed, which shows that the tracheae experiences a periodic compression and the others change slightly, as Figure 4.
Based on all of the experimental results and related analysis, we conclude that the shrinkage and expansion of the
insect’s air sac is anisotropic and that is most possibly what drives air to the tracheae, resembling bellows34.
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Figure 4. Picture of the bell cricket and its related in vivo images. (a) The photo of the bell cricket used in experiments. (b)
The longitudinal section in the middle of ROI reconstructed from the three-dimensional microtomography. (c) The extracted
tracheae. (d) The air sac extracted individually from (c).

X-ray propagation-based phase contrast imaging combined with equally sloped tomography (PPCI-EST) has been used
for the nondestructive 3D imaging of the mouse brain35. The experimental results have demonstrated that the structures,
such as the corpus callosum, the optic chiasma, and the caudate nucleus, could be clearly depicted. The 3D structures of
the whole brain were obtained. As Figure 5 show that this method has the ability to image extremely low contrast soft
tissue samples. Compared with PPCI-FBP, PPCI-EST reduced the projection number by ~73%, with a deterioration in
the image quality of 6% for the cerebellum and 13% for the cerebrum. It could reduce the radiation dose and speed up
the data acquisition process while simultaneously retaining sufficient contrast sensitivity and image quality.
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Figure 5 Slices reconstructed from PPCI-FBP (a, b. 1553 projections) and PPCI-EST (c, d. 400 projections).

5. QUANTITATIVE MICROTOMOGRAPHY
With the rapid detector technique development, which tends to decrease the pixel size while increasing the pixel number,
a large number of SR-µCT projections are required for existing CT algorithms to generate reconstructions without
significant artifacts. SR-µCT processing and analysis are a critical issue in CT experiments. Nowadays, phase-sensitive
imaging techniques are widespread in SR-CT experiments. Besides the qualitative reconstructions, which are obtained by
applying the FBP to the phase-sensitive projections, the quantitative reconstructions are also wanted. These require postprocessing of the phase-sensitive images/projections and corresponding 3D information reconstruction methods. We
developed PITRE software, a freeware, for phase-sensitive X-ray image processing and tomography reconstruction.
PITRE supports phase retrieval for PPCT, DEI information extraction, and parallel beam tomography reconstruction for
conventional absorption CT data and for PPCT phase retrieved and DEI-CT extracted information; it provides useful
sinogram pre-processing functions5.
Knowledge of three-dimensional (3D) microstructures of biomedical samples is significantly important for
understanding its properties and functions. X-ray CT is a powerful tool for 3D structures investigations of the samples;
however, μCT is difficult to obtain details smaller than resolution36. Currently it is still a big challenge to characterize 3D
structures of biomedical samples with multi scales. The method of the multi-energy X-ray micro-CT and dataconstrained modeling (DCM) was used to quantitatively characterize the three-dimensional structures of sample with
multi-scale from milli- to nano- meter without destroying it37. DCM models each volume of compositions on a simple
cubic lattice using multi CT datasets, which is able to characterize compositional microstructures and extract nano-scale
information from multi-energy X-ray μCT datasets. The microscopic 3D compositional distributions of corroded zinc
wire sample have been obtained using the CT slices, as shown in Figure 6. It is found that the interface between zinc and
zinc oxide with a transition range of about 5μm is characterized by a triple layer where the innermost layer consists of
zinc and zinc oxide and the outer layers of zinc oxide with differing density38. Clearly the multi-energy μCT and DCM
approach, with high resolution 3D images of the compositional distributions, allows spatial visualization of the multiscale structure without having to physically section the sample, which has widely potential applications in biomedical.
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Figure 6 A cross section of DCM predicted structures. (a) and (b) are zinc and zinc oxide distribution maps,

respectively; (c) is the compositional volume fraction along the lines in (a) and (b). Dashed line means zinc and
solid line represents zinc oxide. (d) is a 3D compositional image of corroded zinc sample, in which red is zinc,
green is zinc oxide, and yellow means mixture of both.
The quantification of micro-vasculatures is important for the detection of angiogenesis on which tumor growth depends.
Synchrotron-based X-ray computed micro-tomography (SR-μCT) allows rapid acquisition of the microvasculature
images at micron-scale spatial resolution. Through the quantification, the statistical features of the microvasculature can
be extracted from its skeleton. This requires a critical step, thinning, which is widely used in producing the skeleton of
the vasculatures. Existing 3D thinning methods normally emphasize on generating the skeleton of a volumetric object
while preserving its topological structure rather than its geometrical features. This results in three problems and limits the
accuracy of the quantitative results related to the geometrical structure of the vasculature. The problems include the
excessively shortened length of elongated objects, eliminated branches of vessel tree structures, and numerous noisy
spurious branches. The inaccuracy of the skeleton directly introduces errors in the quantitative analysis, especially on the
parameters concerning the vascular length and the number of vessel segments. Therefore, a robust method by using
consolidated end-point constraint for thinning is proposed, which generates geometry-preserving skeletons in addition to
maintaining the topology of the vasculature6. The improved skeleton can be used to produce more accurate quantitative
results than existing methods. Experimental results from high-resolution SR-μCT images show that, the end point
constraint produced by the proposed method can significantly improve the accuracy of the skeleton. The produced
skeleton has laid the groundwork for the accurate quantification of the angiogenesis. Application of the developed
method to the evaluation of angiogenesis, a prominent characteristic of hepatic fibrosis, is also carried out7. To overcome
the robust problem while the three-dimensional vasculature obtained is imperfect in sample preparation or image
collection, a new parameter is proposed to evaluate the level of hepatic fibrosis. The experimental results (Figure 7)
demonstrate that the proposed parameter is robust and reliable, which means that the developed method is practical for
the evaluation of the angiogenesis, despite of image data imperfections. This quantitative analysis method can also be
extended to investigate other kinds of diseases in which vasculature change is a key indicator.
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Figure 7 Visualization of vascular tree structure by output images. (a) Vessel trees; (b) Branch levels; (c) Images

for the eight pieces of mouse lever samples at different liver fibrosis stages

6. CONCLUSIONS
X-ray microtomography is the dominated method at the X-ray biomedical imaging beamline (BL13W) at Shanghai
Synchrotron Radiation Facility, covering the research fields in material science, biomedicine, physics, environmental
science, archaeology and paleontology. Since its formal user operation from May 2009 on, the beamline is keep
upgrading the hardware and software system and new imaging methods are become available, thus improve the sensitive,
spatial and time resolution of the X-ray microtomography that is the domain experimental method at the beamline.
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