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Abstract

Backgroud: Hepatic fibrosis can lead to deformation of vessel morphology and structure. In the present feasibility
study, high-resolution computed tomography (CT) using diffraction-enhanced imaging (DEI) was used to represent
three-dimensional (3D) vessel microstructures of hepatic fibrosis in rats and to differentiate different stages of hepatic
fibrosis using qualitative descriptions and quantitative measurement of microvessels.

Material and Methods: Three typical specimens at different stages, i.e., mild, moderate and severe hepatic fibrosis,
were imaged using DEI at 15 keV without contrast agents. The correspondence between DEI-CT images and
histopathological findings was determined. The 3D visualizations from different stages of hepatic fibrosis were
presented using DEI-CT. Additionally, Qualitative descriptions and quantitative evaluation of vessel features, such as
vessel trend, vascular distortion deformation, thrombus formation and texture features on the inner wall of the vessel,
were performed.

Results: DEI-CT produced high-resolution images of the vessel microstructures in hepatic fibrosis that corresponded
to information on actual structures observed from the histological sections. Combined with the 3D visualization
technique, DEI-CT enabled the acquisition of an accurate description of the 3D vessel morphology from different
stages of hepatic fibrosis. Qualitative descriptions and quantitative assessment of microvessels demonstrated clear
differences between the different stages of hepatic fibrosis. The thrombus inside the vessel of severe liver fibrosis
was accurately displayed, and corresponding analysis can provide an exact measurement of vessel stenosis rate.

Conclusions: DEI-CT may allow morphologic descriptions and quantitative evaluation of vessel microstructures from
different stages of hepatic fibrosis and can better characterize the various stages of fibrosis progression using high-
resolution 3D vessel morphology.
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fibrosis. However, this technique has some inherent limitations,
such as invasiveness and sampling error [2,3]. Vessel imaging

Introduction

Hepatic fibrosis refers to the excessive accumulation of
extracellular matrix proteins, including collagen, that occurs in
many chronic hepatic diseases, and it may result in hepatic
cirrhosis and decreased liver functional reserve [1,2]. In
general, hepatic fibrosis can cause vascular diseases of
varying severity, and thus, it can lead to deformation of vessel
morphology and structure. Conventionally, liver biopsy has
remained the gold standard for the assessment of hepatic
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plays a vital role in the diagnosis of hepatic fibrosis [4-6].
Moreover, imaging can assist in the early detection of hepatic
fibrosis and the objective evaluation of the degree of fibrosis,
which will be very helpful when studying the development of
hepatic fibrosis [3,7]. However, conventional imaging
techniques, such as conventional radiography, computed
tomography (CT), ultrasonography, positron emission
tomography (PET) and magnetic resonance imaging (MRI),
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have proved insensitive for detection of mild to moderate
hepatic fibrosis [7]. As a novel imaging techniques, magnetic
resonance elastography has been able to stage fibrosis or
diagnose mild disease [7,8]. The existing imaging techniques
can provide vessel images, but are unable to resolve the
microvasculature due to spatial resolution and contrast
limitations. Contrast agents are often used to highlight vessels
for the observation of microvessels in these imaging modalities.
However, contrast agents occasionally cause adverse
reactions ranging from minor to severe, sometimes resulting in
death [9].

Conventional radiography depends on differences in linear
attenuation coefficients between soft tissues. Unfortunately, the
attenuation coefficient variations between the vessels and the
surrounding tissues are quite small and the undesired
scattering blurs the image. Thus, imaging microvessels is
difficult with conventional radiography. Herein x-ray phase-
contrast imaging (PCI) is presented to overcome this limitation;
PCl is an emerging imaging technique that provides high
contrast and high resolution of biological soft tissues compared
to conventional radiography [10-12]. For biological soft tissue,
PCI has approximately 1000 times greater sensitivity than
conventional radiography in the detection of minute density
changes, and its spatial resolution can be on the order of
microns or even sub-microns. Diffraction-enhanced imaging
(DEI) is one of the most effective and practical PCI techniques
and has been widely applied to the investigation of biological
soft tissues [4,6,13-15]. In recent years, DEI has also been
introduced into CT, and DEI-CT possesses excellent properties
over conventional absorption-based CT when imaging soft
tissues, such as breast [16-18], brain [19,20], and liver [5,21].
Especially in vessel imaging fields, DEI-CT as a nondestructive
three-dimensional (3D) technique enables the visualization of
the vascular system down to micrometer levels without contrast
agents wherein it clearly displays 3D vessel microstructures
[5,21]. High-resolution 3D visualization of the vascular network
can improve the detection of vascular diseases hidden by
superimposed  structures that suffer from the planar
radiography mode and can better portray the anatomical and
pathological features of the vessels.

In this work, DEI was used to image different stages of
hepatic fibrosis samples in rats, and 3D vessel microstructures
of hepatic fibrosis were visualized using DEI-CT without
contrast agents. The morphologic and quantitative
assessments, which characterized anatomical properties and
pathological features of microvessels, were performed. The
purpose of this study was to investigate whether the high-
resolution DEI-CT technique could be used to differentiate
different stages of hepatic fibrosis using qualitative descriptions
and quantitative measurement of microvessels.

Materials and Methods

Hepatic Fibrosis Specimens

All experiments and procedures involving animals were
approved by the animal welfare committee of Capital Medical
University. Experiments were performed with female Wistar
rats (Charles River Laboratories; Beijing, China), each
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weighing 200 g + 20 [standard deviation]. The hepatic fibrosis
specimens from the rats, which were induced by human
albumin, were prepared at the Liver Research Centre of Beijing
Friendship Hospital at Capital Medical University. The detail of
hepatic fibrosis model can be provided in the corresponding
references 22,23. The rats were deeply anesthetized and
euthanized before the collection of liver specimens.
Subsequently, the livers were quickly removed and fixed in
10% buffered formalin prior to imaging. Three typical
specimens on which to perform imaging experiments were
chosen by a pathologist; the chosen specimens represented
mild, moderate and severe hepatic fibrosis. Based on newly
proposed fibrosis staging criterion [23], they corresponded to
different stages: stage 1, stage 3 and stage 5. The specimens
were cut into small pieces of 6 x 4 mm with a thickness of
approximately 2-4 mm. After imaging, the specimens were
embedded in paraffin, and the H&E staining of histological
sections (approximately 4 ym thick) were used to observe and
evaluate the degree of hepatic fibrosis under the light
microscope. The histological sectioning and its corresponding
analysis were performed by an experienced pathologist.
Histological findings served as the reference standard for the
interpretation of the CT images of hepatic fibrosis.

DEI Technique and Experimental Set-up

In this study, the DEI technique was used. It is an analyzer-
based x-ray imaging technique that utilizes monochromatic and
collimated synchrotron radiation beams together with an
analyzer crystal placed between the specimen and the detector
(Figure 1A). In DEI, a monochromator crystal is used to select
the energy range of the x-ray from the incident synchrotron
beam and to generate a nearly monochromatic x-ray beam.
Then, the beam is analyzed with a tunable analyzer crystal.
The angular acceptance or reflectivity of the analyzer crystal is
characterized by its rocking curve (RC). The RC describes the
reflectivity of the analyzer crystal as a function of the incident
angle, and it has a full width half maximum (FWHM) typically of
the order of a few microradians. The analyzer crystal, which
can be detuned along its RC, still acts as an angular filter for
the radiation transmitted through the specimen. The crystal is
able to modulate the x-ray beam by converting a small x-ray
propagation angular change to a variation in the intensity that
reaches the detector.

DEI image contrast depends on the width and position of the
RC. By setting the analyzer at different angular positions along
the RC, varying image contrasts can be obtained. Particularly
meaningful positions are at the peak or slope of the RC, as
shown in Figure 1B. When the analyzer is set at an angular
position on the slope of the RC, an intensity modulation can be
produced by x-ray deflection due to refraction. Moreover, the
RC slope acts as a contrast amplifier. The steeper the slope,
the greater is the image intensity variation due to refraction
effects [13]. At the peak position of the RC, the analyzer crystal
exactly parallels the monochromator, and the peak image can
be obtained. The peak image has higher contrast than the
conventional radiograph due to the presence of the extinction
contrast caused by the scattering rejection.
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Figure 1. Experimental setup at beamline BL-14B in Photon Factory. (A) Schematic diagram of the DEI setup. (B) The RC of
the DEI system in the experiment at an incident energy of 15 keV (1 s = 4.85 yrad). P, L, and H indicate the peak, low-angle, and
high-angle positions on the RC, respectively. (C) Photograph of the optical system (top view). The double-crystal monochromator is
located upstream of the experimental hutch and thus is not shown in (C).

doi: 10.1371/journal.pone.0078176.g001

The experiments were performed at beamline BL-14B in between them, and an x-ray charge coupled device (CCD)
Photon Factory, KEK, Japan. The DEI setup consisted of a camera (Figure 1). The x-ray beam energy in the experiments
double-crystal monochromator, a DEI layout of two crystals, was set to 15 keV. The detector employed a two-dimensional

i.e., one collimator and the other analyzer, a specimen stage x-ray CCD camera system that had a field of view of 8.7x6.9
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mm?. The x-ray camera was a 16-bit charge-coupled-device
camera (x-ray FDI camera; Photonic Science, East Sussex,
UK) with a matrix size of 1384 x 1032, a pixel size of 6.7 x 6.7
pm2. In the DEI imaging system, a parallel white beam
emerging from the accelerator was monochromatized by a Si
(111) double-crystal monochromator in a symmetrical
arrangement. The monochromatic beam was incident on the
asymmetrically cut Si (220) monochromator crystal with an
asymmetry angle of 9.5°, which widened the beam width and
reduced its angular divergence. Then, the beam transmitted
through the specimen was incident on the symmetrically cut Si
(220) analyzer crystal, and the intensity of the x-ray beam
reflected by the analyzer crystal was measured by a detector,
which resulted in the formation of DEI images.

For DEI-CT, a total of 180 projection images of the specimen
were obtained at intervals of 1.0° angular steps over 180° when
the analyzer was set at the peak position of the RC (Figure
1B). A piece of 50-um-thick polyimide polymer film (Kapton; Du
Pont, Les Ulis, France) was rolled up into a tube. This type of
film is an electrical insulating material with excellent thermal,
mechanical and chemical properties. The specimen was
contained in this tube and mounted on the rotating specimen
stage, which was controlled by a precise step motor. For each
projection, 10 flat-field images were recorded with no specimen
in the beam. The average of these images was used to
normalize the image intensity of the specimen to account for
non-uniformity of the incident beam. Additionally, 10 dark
images, which were recorded when no photons hit the detector,
were collected, and their average was subtracted from all
images on a pixel-by-pixel basis to correct for the detector’s
dark current offset.

In the DEI setup, the conventional radiography experimental
setup, which was based on a synchrotron source, was
constructed by setting the monochromator and analyzer
crystals in parallel and placing the specimen behind the
analyzer crystal and close to the detector. Note that the
conventional radiograph was obtained using a synchrotron light
source instead of an ordinary x-ray tube. Therefore the
conventional radiograph has somewhat better image quality
than one would expect from a clinical radiography system [24].

Image reconstruction and 3D visualization

During the image reconstruction and 3D visualization, the
projection images were firstly performed flat-field and dark-field
correction, and an image smoothing method was used to
remove noise. Then, the calibration of geometric misalignment
was implemented using the relative spatial position between
the axis of the rotation stage and the detector in the parallel CT
system. Finally, the CT images were reconstructed using a
standard filter back-projection (FBP) algorithm. Image
enhancement was used to highlight the vessel edges of the
reconstructed CT images after ring artifact correction. The 3D
vessel microstructures were visualized using 3D visualization
software (Amira; Visage Imaging, Berlin, Germany) that
allowed clear images of the anatomical and pathological
features of the vessels.

PLOS ONE | www.plosone.org

Diffraction-Enhanced Imaging for Hepatic Fibrosis

Image Analysis

Vessel distortion deformation and vessel tissue textures on
the vessel inner wall were characterized as differences
between different stages of hepatic fibrosis, and a detailed
explanation is provided in later sections [2,4]. In addition, the
development of fibrosis may cause compression on the
vessels, and thus, the vessel branch angles obviously show
stiff changes [25,26]. The vessel branch angles were
calculated as a useful metric to quantify vessel pathology
associated with hepatic fibrosis development. In severe hepatic
fibrosis stages, a thrombus (fibrinous clot) may form in a blood
vessel [27], and vessel occlusion or stenosis is usually caused
by thrombi, which in many cases may lead to visible hepatic
infarcts. In practice, the objective evaluation of the stenosis
rate has an important value, and the stenosis rate can be
evaluated based on the ratio between the thrombus area and
the vessel cross-sectional area.

Because fiber hyperplasia squeezes the vessels, hepatic
fibrosis can lead to vessel distortion deformation [4]. Moreover,
with late-stage fibrosis, the more severe distortion deformations
on large vessels become more apparent. The non-planar
nature of 3D vessel tortuosity can be measured by means of
torsion of its centerline. In this study, the 3D vessel centerlines
were derived from the main stems of the vessels at different
stages of hepatic fibrosis. Vessel torsions were calculated at a
number of evenly spaced points along the length of the
centerlines, and these values were used to characterize vessel
distortion deformation in hepatic fibrosis. A sampling frequency
of 5 points/mm was employed throughout this study, which
ensured a smooth distribution of the calculated torsions.

The adhesion of platelets to collagen gives rise to a
coarseness of vessel tissue textures on the vessel inner wall as
fibrosis develops further [2]. The texture features, which were
obtained by the gray level co-occurrence matrix (GLCM)
method, were used to explore the texture changes that
occurred within the vessel inner wall at different degrees of
fibrosis. In this study, the texture measurements of the inverse
difference moment, entropy, energy, sum average, and sum
entropy were calculated using the corresponding equations. A
total of 10 square regions of interest (ROIs) were derived from
the vessel inner wall of the main stem at different stages of
hepatic fibrosis, with each region consisting of 100x100 pixels.
For the calculation of the GLCM, the original ROl image was
converted to 64 gray-level image, a distance of one pixel was
chosen, and four orientations (0°, 45°, 90°, and 135°) were
averaged to ensure rotational invariance.

Statistical Analyses

Statistical analyses were performed by one author with the
SAS software (version 8; SAS, Cary, NC). Analysis of variance
(ANOVA) was used to determine significant changes for each
chosen texture parameter. All texture measurements were
expressed as the means + standard deviations. P values were
calculated on the basis of the ANOVA, and a P value of less
than 0.05 was considered to indicate a statistically significant
difference.
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Figure 2. Planar x-ray images of moderate hepatic fibrosis. (A) Conventional radiograph. (B) DEI projection image.

doi: 10.1371/journal.pone.0078176.g002

Figure 3. CT image and histological section of the same specimen as in Figure 2. (A) One slice of DEI-CT reconstruction
images. (B) Histological section that corresponds to the area where the CT image is acquired. The two images in (C) and (D) are
the enlarged images of the white rectangle regions in (A) and (B), respectively.

doi: 10.1371/journal.pone.0078176.g003

Results

Planar X-ray Imaging

The conventional radiograph of the liver specimen was
shown in Figure 2A, and the architecture of the vessel was
almost invisible. In contrast, vessel trees were clearly
visualized on the micrometer scale in the DEI projection image
of the same specimen (Figure 2B).

X-ray CT Imaging and Histopathologic Analysis

Figure 3A is a CT image of the specimen, and Figure 3B
describes the histological section from the same specimen.
The CT image had a close resemblance to the optical image of
the stained histological section (Figure 3), which highlighted the
high degree of sensitivity of DEI-CT.
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3D Vessel Microstructure Visualization of Different
Stages of Hepatic Fibrosis

The 3D vessel microstructure of mild hepatic fibrosis
presented with vivid shapes and stereoscopic effects (Figure
4A). The structures of vessel branch, vessel trend and vessel
morphology were clearly depicted, and the minimum blood
vessel diameter was on the order of tens of microns. As
expected, the vessel structures appeared ordered and regular
without obvious vascular abnormalities, such as vascular
distortion and deformation, and the vessel branches with
normal angles were gradually thinned. The vessel branch
angles of mild hepatic fibrosis showed less stiff changes,
mostly characterizing acute angles. For better visualization of
the vessel branch angle, the 3D model can be rotated in real
time to facilitate an exact assessment of the branch angle (See
Video S1). Figure 4B presented the structure of the vessel
inner wall, and a virtual endoscope video was also provided in
the supplementary data (Video S2). The vessel walls were
quite smooth in mild hepatic fibrosis (Figures 4B, C).
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Figure 4. The 3D vessel microstructure image of mild hepatic fibrosis. (A) 3D vessel image. See Video S1. (B) The structure
of the vessel inner wall. The virtual endoscope video is presented in the supplementary data (Video S2). (C) The enlarged image of

the white rectangle region in (B).
doi: 10.1371/journal.pone.0078176.g004

Figure 5. The 3D vessel microstructure image of moderate hepatic fibrosis. (A) 3D vessel image. The vessel branch angles,
as indicated by the arrows, show obvious stiffness changes. (B) Longitudinal section of the vessels shown in the white rectangle
region in (A). (C) The enlarged image of the white rectangle regions in (B).

doi: 10.1371/journal.pone.0078176.g005

Figure 5A showed the 3D vessel microstructure of moderate
hepatic fibrosis. Vessel deformations, such as vessel disorders
and abnormal vessel enlargement, became apparent due to
the compression caused by fibrosis, and the stiffness changes,
as indicated by the arrows, emerged in the vessel branch
angles. Additionally, platelets adhered to the collagen surface
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of the injured vessel inner wall, which caused coarseness in
vessel tissue textures (Figures 5B, C).

The 3D vessel microstructure of severe hepatic fibrosis was
shown in Figures 6A, B. Vessel deformations, such as
decreased sub-branching, abnormal vessel trend and
morphology, became more apparent as the fibrosis stage
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Figure 6. The two profiles of the 3D reconstruction are shown in (A) and (B). Obvious distortion deformation is presented in
(A), and the vessel branch angles, as indicated by the arrows, appear stiffer. (C) One CT slice and (D) the vessel segment, shown
in the white rectangle region in (B), are presented. The thrombus inside the vessel in (C) is segmented. (E) Longitudinal section of
the vessel segment in (D). The inner red part indicated by the arrows in (D) and (E) is a thrombus.

doi: 10.1371/journal.pone.0078176.9g006

increased. The main stem of the vessel was obviously
distorted, and the angles between the vessel branch and the
main stem, as indicated by the arrows, appeared stiffer (Figure
6A). In advanced stages, widespread fibrosis may obscure the
vessel architecture, showing an abrupt occlusion of the
vessels, and the vessel mostly appeared as a ‘dry stick’ (Figure
6B). Moreover, platelets continuously adhered to the bare
collagen surface of the injured vessel inner wall and were firmly
immobilized on the surface of the injured vessel intima, forming
an irreversible thrombosis. The thrombus inside the vessel was
segmented (Figure 6C); this thrombus was invisible in
conventional x-ray images. The 3D structure of the thrombus
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inside the chosen vessel segment was presented, which
consisted of 60 DEI-CT slices, and the thrombus structure,
described as the inner red part, was clearly revealed (Figures
6D, E). For the chosen vessel in Figure 6D, the quantitative
measurement of the stenosis rate in different slices can be
provided based on the ratio between the thrombus area and
the vessel cross-sectional area.

Vascular Distortion Deformation Analysis

Figure 7 showed the 3D centerlines from the main stems of
the vessels shown in Figures 4A, 5A and 6A, and they can be
rotated in real time to facilitate a clear visualization of the
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Figure 7. The 3D centerline images from the main stems of the vessels shown in Figures 4A, 5A and 6A. The 3D
centerlines at different degrees of fibrosis can be rotated in real time to facilitate a clear visualization of the vessel distortion

deformation. See Video S3, S4 and S5, respectively.
doi: 10.1371/journal.pone.0078176.g007

Table 2. Results of the texture measurements.

Specimen Energy Entropy Inverse difference moment Sum average Sum entropy
Mild 0.029+0.008 0.164+0.026 0.742+0.021 59.035+6.798 3.441£0.221
moderate 0.022+0.002 0.230+0.019 0.602+0.050 48.029+2.321 3.653+0.107
Severe 0.010+0.001 0.294+0.011 0.511+0.038 37.230+3.752 3.903+0.047
P value <.001 <.001 <.001 <.001 <.001

Note.—Data are means * standard deviations. Data were significantly different (P values of <.001 for all texture measurements).

doi: 10.1371/journal.pone.0078176.t002

Table 1. Statistical analysis of torsions.

Specimen  Mean Standard deviation Maximum Minimum Times

Mild -0.024  0.086 0.121 -0.194 0
Moderate -0.061 0.190 0.210 -0.731 1
Severe 0.047 0.323 0.965 -0.946 4

Note.—Times indicate statistical numbers when the absolute value of the
normalized torsion is higher than 0.5.
doi: 10.1371/journal.pone.0078176.t001

vessel distortion deformation (See Videos S3, S4 and S5,
respectively). The quantitative measurements of the
normalized torsions at different points of the corresponding
centerlines can be obtained, and the statistical analysis of
torsions was presented in Table 1. With fibrosis further
developed, vascular distortion deformation on the main stem of
the vessels became more apparent, and the frequency of
severe distortion deformations rapidly increased (Table 1).

Quantitative Texture Analysis of the Vessel Inner Wall
The ten square ROls, which derived from the vessel inner
wall of the main stems shown in Figures 4A, 5A and 6A,
respectively, were presented (See Figure S1 in supplementary
material). In each ROI, the texture measurements were
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calculated, as summarized in Table 2. All texture features
showed a statistically significant difference between different
stages of fibrosis. Texture features provided quantitative
descriptors that could be linked to specific fibrosis progression.
Moreover, the quantitative texture analysis showed that the
texture features offered objective and useful metrics to quantify
vessel inner wall pathologies associated with fibrosis
development.

Discussion

Planar DEI images have been shown to reveal anatomical
and pathological features associated with hepatic fibrosis
without any contrast agent [4,6]. Planar imaging with DEI may
not be suitable for vessels due to the overlapping of structures.
DEI-CT can be used to overcome this limitation, and it can
provide a clear visualization of vessel microstructures inside
the specimen on the order of microns. The present study
provides evidence that high-resolution DEI-CT depicts
microvessel anatomical details that could otherwise only be
seen using histopathology. A comparison between CT images
and the histological sections of the specimens highlights the
high degree of sensitivity of the DEI-CT technique. Additionally,
the quality and sensitivity of the DEI-CT technique are
qualitatively and quantitatively assessed by analysis of vessel
morphology and structure from different stages of hepatic
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fibrosis. Quantitative evaluation of some vessel features, such
as vascular distortion deformation and texture features on the
vessel inner wall, shows a significant difference between
different degrees of hepatic fibrosis and thus demonstrates the
feasibility of noninvasive analysis of hepatic fibrosis. Further
development of hepatic fibrosis can give rise to thrombus
formation, resulting in the occlusion of the vessels. Early and
accurate thrombus detection will reduce the risk of stroke and
could even save lives. The DEI-CT technique presents clear
visualization of the vessel internal structures, and the thrombus
inside the vessel, which may not be discerned in conventional
radiographs, can be accurately segmented and displayed.
Quantitative analysis of the thrombus can provide exact
measurements of the stenosis rate for the assessment of
vessel stenosis.

The DEI-CT images in this study were acquired at the peak
position of the RC. The contrast in the peak image arises
mostly from the reduction of intensity owing to scattering
rejection and absorption of the specimen. The presence of the
extinction contrast makes the image contrast higher than the
traditional x-ray image, thus resulting in high-contrast CT
images. DEI| derives contrast from a specimen’s x-ray
absorption, refraction and ultra-small angle x-ray scattering
(USAXS) properties, and these contrast mechanisms provide
information about the tissue structure on different scales
[24,28]. In fact, the refraction and USAXS contrast mechanisms
are ideally suited for soft tissues imaging because of the
improved sensitivity, and they can potentially reveal valuable
information regarding tissue microstructures. For the
successful implementation of refraction and USAXS contrast,
DEI-CT images should be acquired at many points along the
RC, and several algorithms have so far been proposed [29,30].
Based on the refraction and USAXS contrast mechanisms,
further investigation of hepatic fibrosis with DEI-CT images is in
progress. Additionally, in CT imaging for soft tissues, the
radiation dose delivered to the specimen is an important
research issue, and dose minimization is a fundamental goal
for researchers. In recent years, the compressed sensing (CS)-
based iterative algorithm and equally sloped tomography (EST)
algorithm have been incorporated into the DEI-CT
reconstruction, and the corresponding algorithms can
accurately reconstruct CT images using substantially reduced
radiation dose compared to the traditional FBP algorithm
[31,32]. This development provides great promise for the use of
CT imaging in biomedical applications.

It is evident that DEI-CT technique provides improved detail
visibility of the vessel morphology features, and there is a
correlation between the degree of hepatic fibrosis and vessel
features. Further investigations should be explored because
the preliminary results of this study are encouraging. In
practice, valuable information, including the structures of
hepatic lobules, pseudolobules and fiber septa, can play a
crucial role in the evaluation of the degree of hepatic fibrosis
and progression. This information can be obtained using DEI-
CT technique, which will be very helpful to better understand
pathology correlations. In the present feasibility study, the
number of samples is very small. More specimens of different
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stages of hepatic fibrosis need to be studied to achieve
statistically significant differences in DEI-CT images.

In past years, DEI-CT has opened new avenues for
biological soft tissues imaging, owing to the unprecedented
spatial and contrast resolution, and its applications have
covered a wide range of pathologies and organs [33]. Recently,
a large field of view DEI-CT system has been developed,
producing high-contrast images of large and complex
specimens [18,32,34]. Moreover, it has been shown that DEI-
CT still can maintain high sensitivity at high x-ray energies,
which opens the way to dose reduction [18,32,35]. Compared
with high x-ray energies, DEI-CT can provide the high-
resolution 3D information of soft tissues and tumors in whole
and large breasts, and deliver less radiation doses to the
sample [18,32]. Currently, the DEI images are mostly acquired
using synchrotron radiation, which hinders its clinical
application. Fortunately, a large field of view DEI system using
an x-ray tube source is under development, and several novel
techniques have been demonstrated [36-38]. This will be an
important step in the evolution of DEI-CT towards its clinical
implementation. The isolated animal specimens were the main
subjects of our experiments. To evaluate the DEI-CT value in
hepatic fibrosis diagnosis, it would be very important to
determine if clinically relevant diagnostic information can be
obtained in vivo with this technique based on human tissues. In
principle, the high-resolution and low-dose DEI-CT images can
be acquired in vivo. Proof-of-principle studies of in vivo
application of DEI-CT have been performed to investigate the
development of osteoarthritis [39]. Additionally, dual-energy CT
allows reconstruction of virtual monochromatic images avoiding
the use of synchrotron radiation [40]. A new technique that
combines the idea of dual energy with PCI is presented, and it
can provide high sensitivity for weakly absorbing materials
such as polymers and soft tissues [41]. These researches
demonstrate the possibility of implementation of the DEI-CT in
a clinical environment, which will provide access to a practical,
clinical diagnosis for hepatic fibrosis. Thus, with further
development and validation of the technology, the noninvasive
diagnosis of hepatic fibrosis with DEI-CT may become routine
clinical practice.

Supporting Information

Figure S1. The regions of interest from the vessel inner
wall of the main stem at different degrees fibrosis. These
regions originate from arbitrary selections in corresponding
vessel inner walls.

(TIF)

Video S1. Animated view of the 3D vessel microstructure
image of a mild hepatic fibrosis specimen. This is the same
3D model shown in Figure 4A. The rotation of the model
permits the viewers to better observe the vessel branch angle,
and facilitate an exact assessment of the branch angle.

(AVI)
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Video S2. The virtual endoscope inside the vessels. This is
the same model shown in Figure 4B. The virtual endoscope of
the model is provided to clearly present the structure of the
vessel inner wall.

(AVI)

Video S3. Animated view of the 3D centerline from the
main stem of the vessels shown in Figure 4A. This is the
same 3D model shown in Figure 7A.

(AVI)

Video S4. Animated view of the 3D centerline from the
main stem of the vessels shown in Figure 5A. This is the
same 3D model shown in Figure 7B.

(AVI)

Video S5. Animated view of the 3D centerline from the
main stem of the vessels shown in Figure 6A. This is the
same 3D model shown in Figure 7C.
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