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Visualization of the microvascular network and thrombi in the microvasculature

is a key step to evaluating the development of tumor growth and metastasis, and

influences treatment selection. X-ray phase-contrast computed tomography

(PCCT) is a new imaging technique that can detect minute changes of density

and reveal soft tissues discrimination at micrometer-scale resolution. In this

study, six human resected hepatocellular carcinoma (HCC) tissues were

investigated with PCCT. A histological stain was added to estimate the accuracy

of PCCT. The results showed that the fine structures of the microvasculature

(measuring 30–100 mm) and thrombi in tiny blood vessels were displayed clearly

on imaging the HCC tissues by PCCT. Moreover, density distributions of the

thrombi were obtained, which could be reliably used to distinguish malignant

from benign thrombi in HCC. In conclusion, PCCT can clearly show the three-

dimensional subtle structures of HCC that cannot be detected by conventional

absorption-based computed tomography and provides a new method for the

imageology of HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common

tumor type and the third leading cause of cancer-related death

worldwide (Bosch et al., 1999). HCC usually arises in cirrhotic

livers (Parkin et al., 2005). The presence of malignant thrombi

(tumor thrombi) serves as a crucial determinant of tumor

staging, as well as prognosis, and influences treatment strate-

gies (Takizawa et al., 2007; Sakata et al., 2008). Although

surgical resection is one effective treatment for the disease,

tumor recurrence in the remnant liver becomes unavoidable

and uncontrollable if the malignant thrombi have reached

beyond the extent of resection (Tsai et al., 2000). Thus, the

accurate visualization of malignant thrombi in hepatic vessels

can promote an effective treatment strategy to reduce the risk

of tumor recurrence. In recent years the possibility of using

current clinical imaging modalities such as contrast-enhanced

sonography, contrast-enhanced computed tomography (CT)

and magnetic resonance imaging (MRI) to detect malignant

thrombi in major vasculature has been reported (Okumura et

al., 1999; Ueno et al., 2006; Shah et al., 2007). However, there

are still some difficulties in the observation and diagnosis

of malignant thrombi in microvasculature. Firstly, micro-

vasculature, and malignant thrombi in microvasculature, are

beyond the detection limit of conventional angiography (Liu
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et al., 2010). Secondly, malignant and benign (fibrin clot)

thrombi can coexist in patients with cirrhosis and HCC (Ogren

et al., 2006; Sotiropoulos et al., 2008). However, differentiating

between benign and malignant thrombi in microvasculature

is difficult without histological examination of the thrombus

(Piscaglia et al., 2010). Although the reference standard is

pathologic examination, if performed improperly, tumor cells

could be obtained from the adjacent HCC rather than from

the thrombus, leading to misdiagnosis (Catalano et al., 2010).

To overcome these challenges, a novel imaging method

should be applied. Currently, X-ray phase-contrast imaging

(PCI) is an emerging imaging technique that provides excel-

lent image contrast for soft tissues (Davis et al., 1995; Momose

et al., 1996). PCI, utilizing the phase shift, has approximately

1000 times greater sensitivity than conventional radiography

(Momose et al., 1996). Previous studies of PCI were mainly

based on projections, which might omit the lesions hidden by

superimposed structures (Takeda et al., 1995; Lewis et al.,

2003). CT is a non-destructive technique widely used for

visualizing interior features within samples, and for assessing

quantitative information on their three-dimensional (3D)

geometries and properties (Kak & Slaney, 2001). Fortunately,

PCI has been successfully extended to CT mode recently,

resulting in X-ray phase-contrast computed tomography

(PCCT, also called PCI-CT in some studies) (Zysk et al., 2012;

Herzen et al., 2014; Xuan et al., 2015). In the technique of

PCCT, hundreds or thousands of projections are acquired via

PCI and subsequently reconstructed into CT slices using the

filtered back-projection (FBP) algorithm (Duan et al., 2013).

Actually, PCCT is still based on the PCI technique and utilizes

the phase shift as imaging signal. Thus, PCCT has the advan-

tage of both PCI and CT in the detection of minute density

changes in the soft tissues. Several applications of PCCT have

already been reported. Microvasculature of hepatic fibrosis in

rats (Hu et al., 2009; Duan, Hu, Luo et al., 2013) and sinusoid in

human cavernous hemangioma of the liver (Duan et al., 2013)

have been clearly shown without contrast agents via PCCT.

Moreover, due to the advantages of PCCT, visualization of the

internal structures of microvasculature becomes possible and

benign thrombi inside the microvasculature have already been

displayed in 3D images (Zhang et al., 2011; Duan, Hu, Luo et

al., 2013).

The value of PCCT has not, to our knowledge, been studied

for characterizing microvasculature and intravascular

thrombus in human HCC tissues. In this study, six HCC

samples were used to perform the experiment without contrast

agents via the PCCT technique. The aim of this study was to

explore the potential of PCCT in microvasculature imaging

for HCC tissues and to determine whether different types of

thrombi at micrometer resolution could be differentiated

based on PCCT images.

2. Materials and methods

2.1. Sample preparation

The project was designed as an in vitro experimental study.

This study was approved by the ethics committee of Tianjin

Medical University, Tianjin, China, and written informed

consent was obtained from all patients. Six human HCC

samples were prepared in the Department of Hepatobiliary

Surgery, Tianjin Medical University Cancer Hospital. Patients

had undergone hepatectomy without embolotherapy. The

samples were cut into small pieces of 5 mm � 3 mm with a

thickness of approximately 5 mm and fixed in 10% buffered

formalin prior to imaging. During CT imaging, the samples

were placed in cylindrical polyethylene containers, 6 mm in

diameter. After imaging, the samples were imbedded in

paraffin, and 4 mm-thick sections were cut and stained with

hematoxylin and eosin (H&E). The histological sectioning and

its corresponding analysis were accomplished by an experi-

enced pathologist, and served as the reference standard for

interpretation of the CT images of the HCC samples.

2.2. Image acquisition

All samples were imaged using the X-ray in-line PCI

technique at beamline BL13W1 of the Shanghai Synchrotron

Radiation Facility (SSRF) in China. A schematic of the

experimental setup is shown in Fig. 1. The X-ray beam energy

in the experiments was set at 20 keV, and the detector

employed an X-ray CCD camera system with 9 mm � 9 mm

pixels. One thousand two hundred projection images were

obtained from each sample over 180� in rotation steps of 0.15�.

The projections were recorded with a sample-to-detector
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Figure 1
Schematic of the experiment setup. A monochromatic synchrotron X-ray beam is projected onto a sample fixed on a rotation stage, then the transmitted
beam is recorded by an image detector and displayed by the image acquisition system. For tomographic scans, the stage can be rotated within 180� to
acquire the projection images of the sample at different angles.



distance (SDD) of 1 m and exposure time of 10 ms. In addi-

tion, 20 flat-field images and ten dark-field images were

collected.

2.3. Phase retrieval

The behavior of the X-rays while traversing a sample can be

described by the 3D complex refractive index distribution,

n x; y; zð Þ ¼ 1� � x; y; zð Þ þ i� x; y; zð Þ; ð1Þ

where the real part � is the refractive index decrement and

results in a phase shift; the imaginary � is the absorption index;

and ðx; y; zÞ are the spatial coordinates. Referring to (1),

the obtained projection images display a mix of absorption

information and phase information. Phase retrieval is a tech-

nique for obtaining quantitative phase information (i.e. the

refractive index decrement �) from obtained projection

images. In general, phase retrieval requires at least two

images, taken at two different SDDs (Nugent et al., 1996).

However, hundreds or thousands of projections will be taken

in PCCT experiments. Taking PCCT data at two different

SDDs will increase the exposure time and deliver a higher

dose to the samples, which could hinder its biomedical appli-

cations (Burvall et al., 2011). Therefore, a single-distance

phase-retrieval algorithm, which only requires one CT data set

obtained at a single SDD, has many advantages. Recently,

several phase-retrieval algorithms using single-SDD PCCT

data have been proposed (Gureyev et al., 2004; Groso et al.,

2006). Phase retrieval employing only one-SDD PCCT data

definitely makes the procedure much easier and will boost its

applications, especially when the dose is an essential issue in

the experiment. Moreover, comparison studies among phase-

retrieval algorithms, utilizing single- and multi-SDD(s) PCCT

data, have been conducted (Burvall et al., 2011; Langer et al.,

2008; Yan et al., 2011; Boone et al., 2012), and these studies

have proven that single-distance phase-retrieval methods also

yield good results with the experimental data.

In our study, a single-distance phase-retrieval method, i.e.

the phase-attenuation duality Born algorithm (PAD-BA), was

used to extract the quantitative phase information. This

method was proposed by Gureyev et al. (2004) and was

designed for low-Z and homogeneous materials. Later it was

extended to tomography and applied to quasi-homogeneous

objects such as soft tissues (Chen et al., 2011). Since this

method has been available for processing PCCT data, the

studies cover both qualitative and quantitative investigation,

such as 3D microvascular morphology investigation of rat liver

(Xuan et al., 2015), 3D visualization of an ant sample (Chen et

al., 2012) and 3D distribution of the real part of the refractive

index reconstruction (Chen et al., 2011). For this algorithm,

a priori knowledge of the ratio " between � and � of the

refractive index is needed. Here we use " = 1000 at a SDD of

1 m for the HCC tissues, and this value has been considered a

typical ratio for the soft tissues in some other experiments

(Chen et al., 2011; Xuan et al., 2015). Thus, the 3D quantitative

phase information reconstruction via PCCT was based on a

two-step approach: first, the phase information was extracted

from the projection images by the PAD-BA, and then the 3D

distribution of the phase information was reconstructed by

applying the standard FBP algorithm. Moreover, the recon-

structed phase information is proportional to the density

distribution of the sample (Willner et al., 2013; Hoshino et al.,

2014). Thus, PCCT images after phase retrieval are particu-

larly suitable for quantitative density evaluation.

2.4. Image reconstruction and 3D visualization

Projection images were taken with flat-field and dark-field

correction, and the single-distance phase-retrieval method, i.e.

PAD-BA, was utilized to extract the phase information. Then,

the phase images were reconstructed using a standard FBP

algorithm. The 3D microstructures of the HCC were visua-

lized using Amira 5.2 software (Visage Imaging, Berlin,

Germany), which allowed a clear 3D visualization of the

anatomical and pathological features of the microvasculature.

3. Results

3.1. X-ray CT imaging and histopathologic analysis

Fig. 2(a) shows the histological result obtained with H&E

staining and Fig. 2(c) shows a CT image of the samples.

These two findings are very similar. Based on matching

of outstanding characteristics (arrows), a good correlation
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Figure 2
Comparison of imaging results (axial tomography slices) and the
corresponding histological slice obtained from the HCC samples. (a)
Histological section. (c) CT image. (b) and (d) are magnified images of
the black rectangle regions in (a) and (c), respectively. Black arrows:
vessels. Black arrow heads: malignant thrombi.



between CT images and the histological sections was

demonstrated, especially for the vessels with diameters of less

than 200 mm (black arrows). The malignant thrombi (black

arrow heads) in microvasculature were clearly visible in the

CT image.

3.2. Differentiation of malignant from benign thrombi via
density distribution

Fig. 3 shows CT images and density distributions of thrombi

in HCC tissues by PCCT. Figs. 3(a)–3(d) display thrombi

(arrows) in microvasculature and density profiles of the

thrombi are shown in Figs. 3(e)–3(g). Benign thrombi were

made up of fibrin, which expressed a non-uniform density

distribution and sometimes had a higher density than the

vascular walls caused by calcium deposits, as shown in

Figs. 3(b) (white arrow) and 3(e). In contrast, malignant

thrombi mainly consisted of tumor cells, so the density would

be equally distributed and lower than the blood vessel walls, as

shown in Figs. 3(d) (black arrows) and 3( f). Additionally,

Figs. 3(d) (line 3) and 3(g) show that the density in normal

vessels was close to zero.

3.3. 3D visualization of microvasculature and thrombi

Fig. 4 shows 3D microvasculature images of HCC. The

network of hepatic blood vessels could be observed clearly in

Fig. 4(a) and the smallest visible vessels were approximately

30–40 mm in diameter [marked by white arrows in Fig. 4(b)].

For better visualization of the vessel, the 3D model could be

rotated in real time (see Video S1 of the supporting infor-

mation). Figs. 4(b) and 4(c) present 3D structures of the

thrombi, and the 3D reconstruction videos are also provided

in the supporting data (Videos S2 and S3). In Fig. 4(c), the

vascular walls were made transparent so that the inner of the

vessels could be clearly presented. As can be seen, the upper

parts were benign thrombi with a high density, and the lower

parts were malignant thrombi with a low and equally distrib-

uted density.

4. Discussion

Our PCCT experiment on HCC samples at the beamline

BL13W1 of the SSRF demonstrates that PCCT can clearly

depict the 3D structure of the microvascular network (smallest

diameter between 30 and 40 mm) and thrombi in micro-

vasculature. Moreover, the PCCT images are found to be

consistent with histological sections. By utilizing phase

retrieval, density distributions of the thrombi make it possible

to distinguish malignant thrombi (tumor cells) from benign

thrombi (fibrin clot, often accompanied by calcium deposits)

in HCC.
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Figure 3
Slices with thrombi and density distributions of the thrombi. (a) and (c) are slices with thrombi. (b) and (d) are magnified images of the white rectangle
regions in (a) and (c), respectively. (e) Profile of the red line numbered 1 in (b). ( f ) Profile of the red line 2 in (d). (g) Profile of the red line 3 in (d). White
arrow: benign thrombus. Black arrows: malignant thrombi.



PCCT is a new imaging technique that can detect minute

changes of density and reveal soft tissues discrimination at

micrometer-scale resolution (Duan et al., 2013). By means of

the PCCT technique, imaging of murine HCC has been

developed by the investigators (Tao et al., 2012), but the study

of human HCC imaging has rarely been reported before. The

study has demonstrated that PCCT can present an accurate

morphology of the microstructures in HCC tissues by

comparing CT image with histological section. Visualization

of the microvasculature is an important step to understand

mechanisms of tumor growth and develop effective ther-

apeutic strategies (Liu et al., 2010). However, micro-

vasculature involved in HCC is beyond the detection limit of

conventional angiography. In this study, the network of

microvasculature in HCC tissues could be clearly observed via

PCCT, and the 3D structure and diameters of the micro-

vasculature were studied. The smallest visible vessels were

approximately 30–40 mm in diameter. The results show that it

is feasible to image microvasculature in human HCC tissues

using PCCT. In addition, malignant thrombus is a contra-

indication for liver transplantation in HCC (Piscaglia et al.,

2010), especially for the malignant thrombus in micro-

vasculature which cannot be detected by current clinical

imaging modalities but may cause tumor recurrence after liver

transplantation. Due to the development of the PCCT,

detection of thrombi in the microvasculature becomes

possible. In this paper, the 3D structure of the thrombi in

microvasculature is clearly observed using PCCT. However,

patients with cirrhosis and HCC may have either malignant

or benign thrombi, and differentiating between malignant

and benign thrombi is difficult with-

out histological examination of the

thrombus. Moreover, benign and

malignant thrombi are formed through

different pathophysiological mechan-

isms with differing density distribution.

Benign thrombus, which develops from

sluggish blood flow, is characterized by

blood clots or fibrin without viable cells

(Piscaglia et al., 2010) and may show

calcium deposits (Catalano et al., 2011).

This type of thrombus will display a high

density distribution. Conversely, malig-

nant thrombi, which are often caused

by the direct invasion of HCC into the

hepatic vasculature (Lee et al., 2008),

are associated with a lower density

distribution compared with benign

thrombi. Thus, the difference in the

density distribution can be utilized to

differentiate between malignant and

benign thrombi. Recently, the single-

distance phase-retrieval method has

been developed (Chen et al., 2011) and

small density differences can be clearly

visualized via PCCT images after phase

retrieval (Hoshino et al., 2014). There-

fore, the present study has successfully utilized density

distribution to discriminate malignant from benign thrombi in

PCCT images after phase retrieval, which will be greatly

helpful to accurately detect malignant thrombi in the micro-

vasculature.

It is noteworthy that the PCCT technique provides a novel

and promising approach for the direct visualization of

microstructure in HCC tissues. However, there are still some

limitations in PCCT. Above all, compared with the clinical

technology, the setup we used for the current study was limited

to a small field of view, which is not suited for imaging large

samples. Actually, a recent study has shown that PCCT can

allow the visualization of breast tissues structures and

abnormalities in a large field of view (Sztrókay et al., 2012).

Secondly, in vivo PCCT still remains a challenge; we designed

this in vitro study in order to investigate the possibility for

future use. Finally, current PCCT experiments are mostly

performed using synchrotron radiation, which hinders its

potential clinical application. Recently, PCCT techniques

using a conventional X-ray tube have been developed, which

will be an important step towards the clinical implementation

of PCCT (Hetterich et al., 2014).

In conclusion, PCCT can clearly depict tiny blood vessels in

the HCC tissues and thrombi in microvasculature without the

help of a contrast agent. Demonstrations of the fine structure

of thrombi and microvasculature and the differentiation of

malignant from benign thrombi via density distribution all

provide useful information for the diagnosis of HCC.

Although this technique is presently not applicable in clinical

practice, the potential for its application demonstrated by this
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Figure 4
(a) 3D vessel microstructure image of HCC. (b) and (c) are magnified images of the region in the
white box in (a). (b) Surface reconstruction image. (c) Volume rendering image. The color bar on
the right represents the density of the relative thrombi area, and graded levels from white to red
indicate an increase in the density.



research may provide a new direction for the future imaging

of HCC.
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