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. X-ray phase-contrast imaging (PCl) can substantially enhance contrast, and is particularly useful

. in differentiating biological soft tissues with small density differences. Combined with computed

. tomography (CT), PCI-CT enables the acquisition of accurate microstructures inside biological
samples. In this study, liver microvasculature was visuvalized without contrast agents in vitro with
PCI-CT using liver fibrosis samples induced by bile duct ligation (BDL) in rats. The histological section
examination confirmed the correspondence of CT images with the microvascular morphology
of the samples. By means of the PCI-CT and three-dimensional (3D) visualization technique, 3D
microvascular structures in samples from different stages of liver fibrosis were clearly revealed.
Different types of blood vessels, including portal veins and hepatic veins, in addition to ductular
proliferation and bile ducts, could be distinguished with good sensitivity, excellent specificity
and excellent accuracy. The study showed that PCI-CT could assess the morphological changes in
liver microvasculature that result from fibrosis and allow characterization of the anatomical and
pathological features of the microvasculature. With further development of PCI-CT technique, it may
become a novel noninvasive imaging technique for the auxiliary analysis of liver fibrosis.

Liver fibrosis is a reversible wound-healing response characterized by the accumulation of extracellular
matrix. It occurs in almost all patients with chronic liver injury following diverse types of injurious
. intrusions, such as viral infection and alcoholic, drug or chemical toxicity!. Ultimately, liver fibrosis may
. lead to cirrhosis and reduce liver functional reserve®*. The development and variation of liver fibrosis
. always correlates with changes in microvascular structure and morphology*~. The microvascular changes
are regarded as one of the most important and recently discovered pathophysiological features of liver
fibrosis®®. Microvasculature imaging in the liver can be employed to assess fibrosis progression and
© assist in the early finding of liver fibrosis and the objective evaluation of the degree of fibrosis. While the
. histologic assessment of a liver biopsy sample remains the gold standard for quantifying fibrosis, there is
an increasing interest in the use of noninvasive methods to allow more frequent sampling and avoid the
: risks of percutaneous biopsy'. Imaging modalities can present the direct morphology and structure of
. liver vessels, and they can provide more detailed information about liver vessels or even replace biopsy.
However, without contrast agents, the microvascular changes in the liver are invisible to the current
imaging techniques due to the restrictions of their spatial resolution and contrast. Thus, there is an
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Figure 1. The projection images of the livers. Images are obtained from (a) group A, (b) group B, and

(c) group C, and they characterize a normal, mild and severe liver fibrosis sample, respectively. The red
arrows indicate the bile ducts accompanying the portal veins in (b) and (c). In (c), the ductular proliferation
is shown within the yellow rectangular region.

urgent need for new imaging modalities, and these techniques need to enable physicians to reconstruct
accurate microvascular morphology of liver fibrosis and better understand pathologies.

X-ray phase-contrast imaging (PCI) is a promising imaging technique that can detect minute dif-
ferences between biological soft tissues. It has approximately a 1000-fold higher sensitivity than con-
ventional radiography!®->. PCI shows promise for improved biomedical imaging because it enables
the production of images with high resolution and simultaneously requires lower radiation doses.
Combined with computed tomography (CT), PCI-CT could exhibit the superior properties over con-
ventional absorption-based CT, promising to provide high-resolution micro-CT images, especially for
soft tissues. In recent years, it has been demonstrated that PCI-CT has outstanding potential to reveal
detailed microstructures inside biological specimens'*~?. In imaging blood vessels, previous studies have
shown that blood vessels down to the micrometer level can be clearly revealed by PCI-CT without
iodine contrast agents”?*-*!. By means of the PCI-CT and three-dimensional (3D) visualization tech-
nique, high-resolution 3D visualizations of microvascular networks are presented, and the technique
provides new possibilities for analyzing and characterizing anatomical and pathological features of the
vessels, especially for differentiating between healthy and diseased vessels.

In liver fibrosis induced by bile duct ligation (BDL), vascular lesions and bile duct lesions influence
each other, and they promote the progression of the liver disease together. The effective visualization of
vascular and bile ductular structures facilitates the study of microcirculation mechanisms and patho-
logical changes associated with liver fibrosis induced by BDL. However, in the study of liver imaging,
differentiating bile ducts and blood vessels is still a challenging work without using a contrast agent. In
this study, liver fibrosis induced by BDL in rat was used to perform the experiment without contrast
agents, and the microvasculature from different stages of liver fibrosis samples were visualized using
PCI-CT. The purpose of this study was to explore the potential of PCI-CT in microvasculature imaging
for the BDL-induced liver fibrosis model and to determine whether different types of blood vessels can
be differentiated based on 3D microvascular structures of rat livers.

Results

PCl projection images. The projection images of the livers were shown in Fig. 1. The liver vessels
were visualized to a scale of tens of micrometers without contrast agents. The architecture of the vascular
network was clearly revealed on the image, and the vessels with a minimum diameter of approximately
50pm were detected. The normal liver vessels appeared ordered and regular, and the vascular branches
were gradually thinned (Fig. 1a). The portal veins were normally accompanied with bile ducts, and the
bile ducts can be visualized in both mild (Fig. 1b) and severe (Fig. 1c) liver fibrosis samples. In the
severe liver fibrosis samples, some rough granular structures, as shown in the area of yellow rectangular
region, were presented. They were demonstrated to be the result of ductular proliferation according to
pathobiology, as described in the following sections.

PCI-CT images and pathological sections. The PCI-CT images and corresponding histological
sections were shown for different stages of liver fibrosis (Fig. 2, Fig. 3). Basically, the CT image had a
close resemblance to the histological section, and it could obtain information on the actual structures
seen in histopathologic analysis, which highlighted the high degree of sensitivity of PCI-CT. In the severe
liver fibrosis sample, abundant ductular proliferations could be clearly observed near the edge of the liver
surface and presented cluster distributions in shape (Fig. 3a, Fig. 3b). The structural details of the duc-
tular proliferation were revealed by the amplified image of the red rectangle region in Fig. 3b (Fig. 3c).

3D visualization of the microvasculature. Although the PCI projection images can clearly dis-
play microvascular structures of the livers, superimposed vessel structures cannot be differentiated. 3D
microvascular structures from the different stages of liver fibrosis samples were reconstructed by com-
bining PCI-CT images with 3D visualization technology (Fig. 4). Figure 4a clearly exhibited the vascular
tree of the normal liver sample, and the 3D microvascular structure was presented with regular shapes
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Figure 2. Histological sections and CT images of the normal and mild liver samples. The PCI-CT images
in (a) normal and (b) mild liver fibrosis samples are presented, and the corresponding histological sections
are shown in (c) and (d). The magnification of histological section is 12.5%.

Figure 3. CT image and histological section of the severe liver fibrosis sample. (a) One slice of PCI-CT
reconstruction images. The ductular proliferations are marked by blue arrows. (b) Histological section.

(c) The amplified images surrounded by the red rectangle regions. In (b) and (c), magnification is 40x and
100, respectively.

and stereoscopic effects. In the liver fibrosis samples, vessel deformations, such as vessel disorders and
abnormal vessel morphology, became apparent due to compression caused by fibrosis tissues (Fig. 4b and
Fig. 4c). In addition, the irregular vessel diameter changes and tortuous vessels became more apparent
as the fibrosis stage increased. The bile ducts, which were marked by the yellow arrows in Fig. 4b and
Fig. 4c, were clearly presented because the bile ducts expanded with the ligation operation. The ductular
proliferation, as marked by the blue arrows, was also reconstructed in the severe liver fibrosis sample
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Figure 4. 3D microvasculature rendering from different stages of liver fibrosis samples. The
microvascular structures in (a) normal, (b) mild and (c) severe liver fibrosis samples are presented. As
marked by the yellow arrows, the bile ducts accompanied by the portal veins could be observed in (b) and
(c). In (c), the ductular proliferation marked by blue arrows is revealed at the end of vessels.
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Figure 5. The segmentation of different types of blood vessels. To better differentiate blood vessels, 3D
microvascular structures of the same sample as Fig. 5¢ is shown in (a) based on another view. As shown
in (b), portal veins (blue), hepatic veins (yellow), arteries (red) and bile ducts (green) are segmented and
marked by use of different colors when omitting the ductular proliferation.

(Fig. 4c). Figure 5a showed 3D microvascular structures of the same sample as Fig. 4c from another view.
To differentiate the different types of blood vessels and bile ducts without considering ductular prolifer-
ation, the vessels in Fig. 5a were separately segmented and represented using different colors, as shown
in Fig. 5b. Obviously, the large vessels accompanied by bile ducts (green) were portal veins (blue), and
the vessels without the accompanying bile ducts were demonstrated to be hepatic veins (pale yellow).
Additionally, another small vessel accompanied by a portal vein may be the artery (red). The associated
animation in supplementary material (Video S1) clearly describes 3D microvascular structures of the
severe liver fibrosis sample.

Sensitivity, specificity, and accuracy of PCI-CT. 3D microvasculatures were reconstructed from
three mild liver fibrosis samples and three severe liver fibrosis samples. 190 regions of interest (ROIs)
were selected from the obtained 3D microvasculatures, each ROI consisting of 200%200*200 voxels. The
ten ROIs were used to train radiologists, and they were not included in the following analysis. Therefore,
a total number of 180ROIs in six samples were available for analysis.

Histological sections showed the presence of bile duct in 153 of 180ROIs (85.0%). Portal vein and
hepatic vein were detected in 128 ROIs (71.1%) and 132ROIs (73.3%), respectively. Ductular prolifer-
ation was found in 45ROIs (25.0%). According to 3D microvascular structure characteristics in liver
fibrosis samples, different types of blood vessels and bile ducts were detected with good sensitivity (all,
>90%), excellent specificity (all, >80%) and excellent accuracy (all, >90%), resulting in Cohen k values
from 0.78 to 0.94 for all types of blood vessels and bile ducts (Table 1). Interreader agreement analysis
resulted in a k value of 0.84 for bile duct, 0.82 for portal vein, 0.82 for hepatic vein, and 0.91 for ductular
proliferation (all P<0.001).

Discussion

Our present study demonstrates that PCI-CT can substantially improve the radiographic contrast of
liver tissues in vitro without any contrast agents and clearly reveal 3D microvasculature structure in liver
fibrosis of rats induced by BDL. Different types of blood vessels (portal veins and hepatic veins), ductu-
lar proliferation and bile ducts, can be distinguished with good sensitivity, excellent specificity, excellent
accuracy, and good interreader agreement based on 3D microvascular structure characteristics in liver
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k
Prevalence’ | Sensitivity (%)' | Specificity (%)" | Accuracy (%) | Value

Bile duct 153 (85) 94.1 (89.1,97.3) | 92.6 (75.7,99.1) | 93.9(90.4,97.4) 0.78
Portal vein 128 (71.1) 97.7 (93.3,99.5) | 84.6 (71.9,93.1) | 93.9(90.4,97.4) 0.85
Hepatic vein 132 (73.3) 97.7 (93.5,99.5) | 81.3 (67.4,91.1) | 92.8(89.0,96.6) 0.82
Ductular proliferation 45 (25) 93.3 (81.7,98.6) | 99.3 (95.9,99.9) | 98.3(96.5,99.9) 0.94

Table 1. Statistical data for sensitivity, specificity, and accuracy of PCI-CT in the detection of bile

duct, portal vein, hepatic vein, and ductular proliferation. Note: Data are based on 180 ROIs. For all
comparisons, P was less than 0.001. "Prevalence was determined according to histological findings. Data are
numbers of ROIs. Numbers in parentheses are percentages. 'Numbers in parentheses are the 95% confidence
intervals.

fibrosis samples. Ductular proliferation, which presented cluster distributions near the edge of the liver
surface, is detected in the severe liver fibrosis sample. A comparison between the CT images and the
histological section of the sample shows that PCI-CT depicts microvascular anatomy details that could
otherwise be seen only in histopathology.

By means of PCI technique, a study of liver fibrosis imaging has been developed by the investiga-
tors; however, these studies were performed in two dimensions and suffered from the overlapping of
structures*®. Our previous study has demonstrated that PCI-CT can present an accurate 3D morphol-
ogy of the microvasculature based on liver fibrosis model in rats induced by human albumin and can
characterize different stages of fibrosis progression based on high-resolution 3D vessel images’. Liver
fibrosis induced by BDL represents an experimental model of human chronic biliary fibrosis. In the pre-
vious studies, differentiating bile ducts from blood vessels proved to be difficult®. In our study, accurate
3D microvasculature structures are presented, and different types of vessels are distinctly distinguished.
Furthermore, the microvascular structures change as fibrosis develops further. Thus, the PCI-CT tech-
nique facilitates the study of microcirculation mechanisms and pathological changes to the microvascula-
ture in liver fibrosis induced by BDL. It can provide useful information for the diagnosis of liver fibrosis,
and the correlation between the liver fibrosis degree and vessel structure could allow for fibrosis staging.

While great progress has been made in our study, several limitations remain. First, the isolated animal
samples are the main subjects in our experiments, and this in vitro study aims to explore the potential
for future in vivo use. In principle, PCI-CT can be performed for in vivo imaging with acceptable doses
by using optimized design of experimental instrument and new reconstruction CT algorithms??-243*34, In
recent years, in vivo biomedical studies of PCI and PCI-CT have covered a wide range of pathologies and
organs?*>-38, Next work, the study will be performed in vivo to further investigate the PCI-CT value in
hepatic fibrosis analysis. Second, the CCD spatial resolution of our study is 9um, which is not adequate
for accurate microstructures observation of ductular proliferation. The theoretical spatial resolution of
PCI can reach the submicron level, and further increase in spatial resolution can solve this issue. Third,
the small field-of-view in PCI is not suited for imaging large samples; however, a recent study shows
that PCI-CT can allow the visualization of breast tissues structures and abnormalities in a large breast
sample?**. Finally, current PCI techniques are mostly based on synchrotron radiation, which hinders its
potential clinical application. Recently, PCI techniques on a conventional X-ray tube have been devel-
oped, which will be an important step toward its clinical implementation*-*2

In summary, PCI-CT can clearly depict the morphology of the microvasculature from different stages
of liver fibrosis induced by BDL without contrast agents and better characterize anatomical properties
and pathological features of the microvasculature. Furthermore, this technique can differentiate between
types of blood vessels and bile ducts. With further development of the PCI-CT technique, it may become
a novel in vivo imaging tool for imaging the microvasculature in liver fibrosis models, which will provide
a sensitive noninvasive imaging technique for auxiliary diagnosis and analysis of liver fibrosis.

Methods

Sample preparation. All the procedures involving in animal experiments were reviewed and
approved by the Research Ethics Committee of Beijing Friendship Hospital, Capital Medical University
(Permit Number: 12-1004). The methods were carried out in accordance with the approved guidelines.
Male adult Sprague-Dawley rats, weighing 180-220g, were used in the study. They were fed on a stand-
ard laboratory diet with free access to water and were housed in isolated cages with a 12-hour light-dark
cycle. Nine rats were randomly divided into three groups: control group (group A), mild liver fibrosis
(group B) and severe liver fibrosis (group C). The control group (3 rats) had a sham operation performed,
in which the common bile ducts were exposed and manipulated without ligation. In group B (3 rats)
and group C (3 rats), the ligation of the common bile duct (CBD) was conducted to induce biliary cir-
rhosis. Briefly, under phenobarbital anesthesia, the CBD was double-ligated using 4.0 silk after a midline
abdominal incision. Rat livers were excised 10 days (group B) or 30 days (group C) after ligation of the
CBD. All the liver samples were fixed in 4% formaldehyde solution for further experiments.
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Figure 6. Schematic diagram of the PCI experimental setup at BLI3W1 in SSRE. A monochromatized
synchrotron radiation x-ray is projected on a sample mounted on a rotating sample stage, and the
transmitted beam is recorded by an image detector after the x-ray propagates a proper distance from the
object. For tomographic scans, the sample can be rotated within 180° to produce the projection images at
different views.

Image acquisition. The experiments were conducted at x-ray imaging and biomedical application
beamline (BL13W1) of Shanghai Synchrotron Radiation Facility (SSRF) in China. X-rays were produced
from a 3.5GeV electron storage ring, and the tunable energy range of the x-ray beam was 8-72.5keV.
The beam was monochromatized via a double silicon crystal monochromator with Si(111) and Si(311)
crystals. The samples were placed 34m from the source, and the distance between the sample and the
detector could be adjusted from Ocm to 8 m. A thin (100pm) CdWO, cleaved single-crystal scintillator
and a charge coupled device (CCD) camera were used to obtain images. A schematic of the experimen-
tal setup was shown in Fig. 6. In the PCI imaging system, the incident white synchrotron x-ray beam
emerging from the accelerator was monochromatized by a double-crystal monochromator. By setting a
proper sample-detector distance, the object was illuminated by the highly parallel and monochromatic
x-ray beam, and the transmitted beam was measured by a detector.

The x-ray beam energy in the experiments was adjusted to 24keV, and the distance between the
samples and the CCD was 1.2m. Projection images were collected by an x-ray CCD with a pixel size of
9pm X 9pm, and the exposure time per projection image was 12ms. During the CT data acquisition, a
total of 1200 projection images were collected when the samples were rotated within 180°. In addition,
10 dark images (dark signal in the absence of photons) and 20 flat images (with no sample in the beam)
were used to perform a dark-field correction and a flat-field correction, respectively®. Projection images
were then utilized to reconstruct the CT images using the filtered back projection (FBP) algorithm.
Finally, the 3D reconstructions were performed using Amira (Visage Imaging, Berlin, Germany) and the
3D morphology of the microvasculature could be observed from different views.

Histological analysis. After imaging studies, liver samples were embedded in paraffin, cut into 4-pm
sections, stained with Sirius Red and observed with an optical microscope. The histological section and
its corresponding analysis were performed by an experienced pathologist (T.W., with more than 50 years
of experience in liver pathology). Histological findings served as the reference standard for interpretation
of the CT images of the samples.

Evaluation of the potential of PCI-CT. Combined with CT images and corresponding histological
sections, 3D microvascular structures in the liver fibrosis samples were analyzed, and the characteristics
of blood vessels, including portal vein, hepatic vein, ductular proliferation and bile duct, were established.
A method as described in ref. 23 was used to analyze sensitivity, specificity, and accuracy of PCI-CT for
the detection of the portal vein, hepatic vein, ductular proliferation and bile duct. As mentioned above,
the ten ROIs of 3D microvasculatures in liver fibrosis samples, were used to train radiologists (C.H.
and X.Z., with more than 8 years of experience in liver imaging), and two radiologists were blinded
to histopathologic findings. By applying the established 3D microvascular structure characteristics, the
presence or absence of the portal vein, hepatic vein, ductular proliferation and bile duct was assessed
independently by both readers. In cases of disagreement, a consensus was reached through discussion.

Statistical analyses. Statistical analyses were performed by one author (R.X.) with SPSS software
(version 20; IBM, Chicago, USA). Cohen k was calculated to determine agreement between PCI-CT and
histological findings and interreader agreement. A P value of less than 0.05 was considered to indicate a
statistically significant difference.

SCIENTIFIC REPORTS | 5:11500 | DOI: 10.1038/srep11500 6



www.nature.com/scientificreports/

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.
33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

Friedman, S. L. in Schiff s diseases of the liver 10th edn, Vol. 1 (eds Eugene, R. S. et al.) Ch. 14, 581-583 (Lippincott Williams &
Wilkins, Philadelphia, 2007).

. Schuppan, D. & Afdhal, N. H. Liver cirrhosis. Lancet 371, 838-851 (2008).

. Bataller R. & Brenner D. A. Liver fibrosis. J Clin Invest 115, 209-218 (2005).

. Li, H. et al. Investigation of hepatic fibrosis in rats with x-ray diffraction enhanced imaging. Appl Phys Lett 9, 124101-124104
(2009).

. Zhang, X. et al. Visualising liver fibrosis by phase-contrast X-ray imaging in common bile duct ligated mice. Eur Radiol 9,

219-224 (2013).

. Hu, D. D. et al. A New Conversation between radiology and pathology-identifying microvascular architecture in stages of

cirrhosis via diffraction enhanced imaging. PLoS One 9, €87957 (2014).

. Duan, J. H,, Hy, C. H,, Luo, S. Q,, Zhao, X. Y. & Wang, T. L. Microcomputed tomography with diffraction-enhanced imaging for

morphologic characterization and quantitative evaluation of microvessel of hepatic fibrosis in rats. PLoS One 8, €78176 (2013).

. Iwakiri, Y. Endothelial dysfunction in the regulation of cirrhosis and portal hypertension. Liver Int 32, 199-213 (2012).
. Thabut, D. & Shah, V. Intrahepatic angiogenesis and sinusoidal remodeling in chronic liver disease: new targets for the treatment

of portal hypertension. ] Hepatol 53, 976-980 (2010).

Momose, A., Takeda, T., Itai, Y. & Hirano, K. Phase-contrast x-ray computed tomography for observing biological soft tissues.
Nat Med 2, 473-475 (1996).

Davis, T. J., Gao, D., Gureyev, T. E., Stevenson, A. W. & Wilkins, S. W. Phase-contrast imaging of weakly absorbing materials
using hard x-rays. Nature 373, 595-598 (1995).

Wilkins, S. W,, Gureyev, T. E., Gao, D., Pogany, A. & Stevenson, A. W. Phase-contrast imaging using polychromatic hard X-rays.
Nature 384, 335-338 (1996).

Snigirev, A., Snigreva, 1., Kohn, V., Kuznetsov, S. & Schelokov, I. On the possibilities of x-ray phase contrast microimaging by
coherent high-energy synchrotron radiation. Rev Sci Instrum 66, 54865492 (1995).

Zysk, A. M. et al. Nondestructive volumetric imaging of tissue microstructure with benchtop x-ray phase-contrast tomography
and critical point drying. Biomed Opt Express 3, 1924-1932 (2012).

Duan, J. H,, Hu, C. H. & Chen, H. High-resolution micro-CT for morphologic and quantitative assessment of the sinusoid in
human cavernous hemangioma of the Liver. PLoS One 8, €53507 (2013).

Velroyen, Astrid et al. X-ray phase-contrast tomography of renal ischemia-reperfusion damage. PLoS One 9, 109562 (2014).
Liu, X. X. et al. Lung cancer and angiogenesis imaging using synchrotron radiation. Phys Med Biol 55, 2399-2409 (2010).
Zhang, L., Li, D. Y., & Luo, S. Q. Non-invasive microstructure and morphology investigation of the mouse lung: qualitative
description and quantitative measurement. PLoS One 6, €17400 (2011).

Zhang, J. F. et al. Phase-contrast X-ray CT imaging of esophagus and esophageal carcinoma. Sci Rep-Uk 4, 5332 (2014).
Sztrokay, A. et al. Assessment of grating-based X-ray phase-contrast CT for differentiation of invasive ductal carcinoma and
ductal carcinoma in situ in an experimental ex vivo set-up. Eur Radiol 23, 381-387 (2013).

Moosmann, J. et al. X-ray phase-contrast in vivo microtomography probes new aspects of Xenopus gastrulation. Nature 497, 374
(2013).

Horng A. et al. Cartilage and soft tissue imaging using X-rays: propagation-based phase-contrast computed tomography of the
human knee in comparison with clinical imaging techniques and histology. Invest Radiol 49, 627-634 (2014).

Hetterich, H. et al. Phase-contrast CT: qualitative and quantitative evaluation of atherosclerotic carotid artery plaque. Radiology
271, 870-878 (2014).

Zhao, Y. Z. et al. High-resolution, low-dose phase contrast X-ray tomography for 3D diagnosis of human breast cancers. Proc
Natl Acad Sci USA 109, 18290-18294 (2012).

Connor, D. M. et al. Computed tomography of amyloid plaques in a mouse model of Alzheimer’s disease using diffraction
enhanced imaging. Neuroimage 46, 908-914 (2009).

Laperle, C. M. et al. Low density contrast agents for x-ray phase contrast imaging: the use of ambient air for x-ray angiography
of excised murine liver tissue. Phys Med Biol 53, 6911-6923 (2008).

Takeda, T. et al. Vessel imaging by interferometric phase-contrast x-ray technique. Circulation 105, 1708-1712 (2002).

Hu, J. Z. et al. Visualization of microvasculature by x-ray in-line phase contrast imaging in rat spinal cord. Phys Med Biol 57,
N55-N63 (2012).

Wu, J. et al. Imaging renal structures by X-ray phase-contrast microtomgraphy. Kidney Int 75, 945-951 (2009).

Hu, C. H. et al. Information extraction and CT reconstruction of liver image based on diffraction enhanced imaging. Prog Nat
Sci 19, 955-962 (2009).

Zhang, L., Hu, C. H,, Zhao, T. & Luo, S. Q. Noninvasive visualization of microvessels using diffraction enhanced imaging. Eur J
Radio 180, 158-162 (2011).

Lewis, R. A. et al. X-ray refraction effects: application to the imaging of biological tissues. Brit ] Radiol 76, 301-308 (2003).
Stampanoni, M. et al. The first analysis and clinical evaluation of native breast tissue using differential phase-contrast
mammography. Invest Radiol 46, 801-806 (2011).

Zanette, 1. et al. Trimodal low-dose x-ray tomography. Proc Natl Acad Sci USA 109, 10199-10204 (2012).

Coan, P. et al. In vivo x-ray phase contrast analyzer-based imaging for longitudinal osteoarthritis studies in guinea pigs. Phys Me.
Biol 55, 7649-7662 (2010).

Takeda, T. et al. In vivo physiological saline-infused hepatic vessel imaging using a two-crystal-interferometer-based phase-
contrast X-ray technique. J Synchrotron Radiat 19, 252-256 (2012).

Tang, R. B. et al. CO2-based in-line phase contrast imaging of small intestine in mice. Sci Rep-UK 3, 2313 (2013).

Guan, Y. J. et al. Effect of suture properties on stability of middle cerebral artery occlusion evaluated by synchrotron radiation
angiography. Stroke 43, 888-891 (2012).

Sztrokay, A. et al. High-resolution breast tomography at high energy: a feasibility study of phase contrast imaging on a whole
breast. Phys Med Biol 57, 2931-2942 (2012).

Tapfer, A. et al. Experimental results from a preclinical x-ray phase-contrast CT scanner. P Natl Acad Sci USA 109, 15691-15696
(2012).

Gundogdu, O., Nirgianaki, E., Che Ismail, E. Jenneson, P. M. & Bradley, D. A. Benchtop phase-contrast X-ray imaging. Appl
Radiat Isotopes 65, 1337-1344 (2007).

Parham, C., Zhong, Z., Connor, D. M., Chapman, L. D., & Pisano, E. D. Design and implementation of a compact low-dose
diffraction enhanced medical imaging system. Acad Radiol 16, 911-917 (2009).

Chen, R. C. et al. PITRE: software for phase-sensitive X-ray image processing and tomography reconstruction. J Synchrotron
Radiat 19, 836-845 (2012).

SCIENTIFIC REPORTS | 5:11500 | DOI: 10.1038/srep11500 7



www.nature.com/scientificreports/

Acknowledgments

This work was supported by the National Natural Science Foundation of China (Grant Nos. 81371549,
30900333 and 81000178) and the WBE Liver Fibrosis Foundation, China (Grant No. CFHPC20131033).
The authors would like to thank the staffs from beamline (BL13W1) of SSRF, China, for their kindly
assistance in our experiments.

Author Contributions

R.X. performed experiments, analyzed data and wrote the paper; X.Z. designed experiments and
analyzed data; C.H. designed experiments, analyzed data and wrote the paper; D.H. and J.J. performed
experiments; T.W. analyzed data.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xuan, R. et al. Three-dimensional visualization of the microvasculature of bile
duct ligation-induced liver fibrosis in rats by x-ray phase-contrast imaging computed tomography.
Sci. Rep. 5, 11500; doi: 10.1038/srep11500 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11500 | DOI: 10.1038/srep11500 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Three-dimensional visualization of the microvasculature of bile duct ligation-induced liver fibrosis in rats by x-ray phase ...
	Results

	PCI projection images. 
	PCI-CT images and pathological sections. 
	3D visualization of the microvasculature. 
	Sensitivity, specificity, and accuracy of PCI-CT. 

	Discussion

	Methods

	Sample preparation. 
	Image acquisition. 
	Histological analysis. 
	Evaluation of the potential of PCI-CT. 
	Statistical analyses. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The projection images of the livers.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Histological sections and CT images of the normal and mild liver samples.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ CT image and histological section of the severe liver fibrosis sample.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ 3D microvasculature rendering from different stages of liver fibrosis samples.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The segmentation of different types of blood vessels.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Schematic diagram of the PCI experimental setup at BL13W1 in SSRF.
	﻿Table 1﻿﻿. ﻿  Statistical data for sensitivity, specificity, and accuracy of PCI-CT in the detection of bile duct, portal vein, hepatic vein, and ductular proliferation.



 
    
       
          application/pdf
          
             
                Three-dimensional visualization of the microvasculature of bile duct ligation-induced liver fibrosis in rats by x-ray phase-contrast imaging computed tomography
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11500
            
         
          
             
                Ruijiao Xuan
                Xinyan Zhao
                Doudou Hu
                Jianbo Jian
                Tailing Wang
                Chunhong Hu
            
         
          doi:10.1038/srep11500
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11500
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11500
            
         
      
       
          
          
          
             
                doi:10.1038/srep11500
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11500
            
         
          
          
      
       
       
          True
      
   




