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Abstract The micro-CT imaging of vasculature is a
powerful tool for evaluation of angiogenesis, a prominent
characteristic of hepatic fibrosis. The segment or bifurca-
tion density, which is usually adopted to evaluate the
degree of hepatic fibrosis, does not always work and may
lead to incorrect assessment, especially when the three-
dimensional vasculature obtained is imperfect in sample
preparation or image collection. In this paper, we propose a
new parameter to solve this problem. The experimental
results demonstrate that the method is robust and reliable,
and is practical for angiogenesis evaluation, despite of
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image data imperfections. This quantitative analysis
method can be extended to investigate other kinds of dis-
eases in which vasculature change is a key indicator.
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1 Introduction

Nowadays, liver fibrosis and its end-stage, cirrhosis,
become a major threat to the public’s health. It occurs in
many chronic hepatic diseases and may lead to severe
complications [1, 2]. The evaluation of the hepatic fibrosis is
critical in the diagnosis and treatment of such hepatic dis-
ease. Angiogenesis is one of the prominent characteristic of
hepatic fibrosis [3, 4]. With the development of imaging
techniques, particularly the synchrotron radiation-based
micro-tomography (SR-puCT) [5], hepatic vasculature
imaging and its quantification are widely used in studying the
development of hepatic fibrosis [6, 7]. Phase-contrast
imaging (PCI)-based SR-pCT is able to detect minute den-
sity variation between biological soft tissues, which allows
inspection of vascular microstructures without contrast
agent. However, three-dimensional images with elaborate
hepatic vasculature introduce challenges to the structural
analysis and extraction of quantitative information.

For quantification of angiogenesis to evaluate the fibrosis
progression, a series of parameters should be extracted from
the vasculature, such as micro-vessel density (MVD), the
ratio of extreme vessel to volume (£/V) and the ratio of
junction point to volume (J/V) [3, 4, 8, 9]. However, vessels
in the liver do not distribute uniformly, so the density
descriptors limit accurate assessment of angiogenesis. Due
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to limitations in the sample preparation and the imaging, the
intact vasculature in a specimen may not be imaged inte-
grally and three dimensionally, which means that available
parameters for angiogenesis assessment cannot ensure the
accuracy and reliability. In this paper, based on the tree
structure of hepatic vasculature, a quantification is intro-
duced to assess the degree of angiogenesis. Experiments
based on a series of collected and simulated liver specimens
at different stages of fibrosis are performed to evaluate
practicability of the proposed method.

2 Specimen preparation and image acquisition
2.1 Specimen preparation

All animal experiments were performed with approval of
the Institutional Animal Care and Use Committee of
Shanghai University of Medicine. Twenty-six experimental
BALB/c mice (males, 5 weeks old, weighing 20-30 g) were
maintained under specific pathogen-free conditions. Sterile
solutions of thioacetamide dissolved in 0.9 % saline were
intraperitoneal injected to induce liver fibrosis, administered
twice weekly (40 mg/mL, 200 mg/kg body weight) for
8 weeks. In order to access the progression of fibrosis, two
mice per time point were euthanized at the end of two
injections, and a saline solution was injected into the portal
vein to displace the blood. We excised the liver samples,
fixed and embedded in 10 % formalin, and stained with
haematoxylin and Masson’s trichrome for liver fibrosis
staging. The control group received just saline injections.

All pathological evaluations were made by two experi-
mental pathologists according to the METAVIR score for
standardization purposes [10]. Any discrepancies between
the two observers were settled by consensus. The staging
system consists of no fibrosis = FO; portal fibrosis without
septa = F1; a few septa = F2; numerous septa without
cirrhosis = F3; and cirrhosis = F4 [11]. Two subgroups
were set up corresponding to mild fibrosis (including F1 and
F2) and advanced fibrosis (including F3 and F4). SR-uCT
images were reviewed independently by two radiologists
with 6 and 8 years of experience, respectively. Both readers
were blinded to all clinical and pathological findings.

2.2 Imaging by synchrotron radiation-based micro-
tomography

Phase-contrast SR-puCT using propagation-based tech-
nique was used to capture images of the specimens at
Beamline BL13W1 (SSRF, Shanghai, China) [12]. This
imaging technique that utilizes phase shifts rather than
absorption information greatly improves the density
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resolution, being able to image different regions of the
sample where attenuation coefficient is too small to be
detected.

The X-ray beam at 15 keV, from a double-crystal
monochromator (Silll), was used in the experiments.
X-ray photons transmitted through the specimen were
detected by a detector (a scintillator plus a charge-coupled
device), positioned at 70 cm downstream the sample. The
image pixel size was 3.7 pm, and the field of view was
498 mm (H) x 5.04 mm (V). For each CT scan, 720
projections were taken at angles evenly distributed from 0°
to 180°. Exposure time per project was 2 s. The total time
of X-ray exposure was approximately 35 min. The sample
holder was glued on stands adapted to the rotation stage.
The rotation centre of the sample was positioned perpen-
dicular to the X-ray beam. In the data collecting, 20 flat-
field images (without sample in the X-ray) at every 40
projections were taken, and ten dark-field images (no X-ray
beam hitting the detector) were recorded, which were used
for image preprocessing to the projections.

2.3 Image reconstruction

All the image datasets are reconstructed by the software
PITRE [13]. Phase retrieval was implemented to each
projection image, and the stack image was reconstructed
using the filtered back-projection algorithm. The output
32-bit stack images are converted to 8-bit so as to conduct
further image processing and analysis. There are 8 stack
images in total. Figure 1 shows the 3D rendering of all the
reconstructed images, some of which miss a portion of the
specimen so that the vasculature inside the liver is not
intact.

3 Quantitative analysis to the vascular tree

In this section, we explain the method of tree analysis
for the hepatic vasculature in details so that the acquired
quantitative parameters are able to evaluate the degree of
liver fibrosis efficiently. The procedures of acquiring
quantitative information of the vasculatures from the
micro-CT images are illustrated in Fig. 2.

3.1 Image preprocessing

Figure 3a is the raw image after CT reconstruction and
image preprocessing. Figure 3b is the liver mask obtained
by employing a Gaussian filtering to Fig. 3a with a high
sigma value. The major outline of the liver is isolated from
Fig. 3a using the liver mask, and Fig. 3d shows the image
processed further by Ostu thresholding in which the vas-
culature and image background voxels are shown at the
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Fig. 1 Typical reconstructed images for eight pieces of mouse liver samples at different liver fibrosis stages
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same grey value. Figure 3e is a dedicated mask image used
to isolate vasculature, which is generated by the convex
hull of the liver shape in Fig. 3¢ and used for morpho-
logical 3D erosion to confine the vasculature out of the
background if necessary. After all these procedures, the
slice image of the isolated vasculature is achieved (Fig. 3f).

The particle-removing and cavity-filling procedures are
as follows.

Cavity is a region where grey values of all voxels are 0,
and it is surrounded by object voxels. There is only one
background component in an image. All the cavities are
filled once the only background component is segmented
by region-growing method. Then, the grey value of the
whole 3D image is inversed.

All the object components are labelled and counted by
ImageJ plugin  “3D Objects Counter” [14]. The

components of smaller sizes than a threshold are removed.
And the binary image containing the solid vasculature is
ready for further quantification.

3.2 Generating vascular skeleton
3.2.1 Skeletonization

Generally, skeletonization is an efficient approach to
analyse the vasculature, because the structural parameters
such as the vessel length, the number of vessel segments,
and the number of bifurcations are effectively conveyed in
curve skeleton, a “compact” representation. A vascular
skeleton used for quantitative analysis should focus on
some properties [15] of this linear structure, such as
homotopic, thinness, centeredness, computational -effi-
ciency. Particularly, the hierarchic feature of skeleton plays
an important role in the tree structure analysis of vascula-
ture. The LKC skeletonization algorithm [16, 17], which
preserve well the topology of the vessels, is exploited to the
segmented vasculature to generate the vascular skeleton.

3.2.2 Pruning

The skeleton is intrinsically sensitive to small changes at
the object’s boundary. Therefore, the resulted skeleton may
contain many spurious branches which are the erroneous
representation of the vascular branches. Pruning [18] is a
common solution to remove the spurious branches by
eliminating short terminal branches smaller than a
threshold.

3.3 Quantification and vascular tree analysis

The segmented vasculature and its associated skeleton
are prepared to extract the statistical information of the
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Fig. 3 Procedures for isolating vasculature from background

vasculature based on its tree structure. This section
describes the quantitative analysis of hepatic vasculature in
details. We highlight the analysis of the characteristics of
the vascular tree, whose output contains the geometry
information of each vascular branch in hierarchy.

3.3.1 The root of vascular tree

This is the start position for tracing the whole tree
structure of vasculature. The root is identified automati-
cally. We scan each slice from the first frame to the last one
along six directions of the axes in the 3D image space
Z3(:|:X, +Y, 7). In the first frame every object voxel is
searched, the largest and central connected region in the 2D
frame is selected as the candidate root area. Therefore,
there are six candidate root regions in terms of the six
scanning directions. Then, we calculate the largest inscri-
bed sphere inside the vasculature to obtain the approximate
location of the root. The candidate root area being the
closest to the largest inscribed sphere is considered as the
reference root. If a 3D image has more than one vascular
tree, we could label all the connected components to dif-
ferentiate all trees and identify trees’ roots based on the
tree labels. Besides, the manually specified root can also be
accepted if this is preferred.

3.3.2 Elements of the vasculature

The 3D vascular tree analysis method is developed from
the 2D image analysis of neurite outgrowth [19]. This
method outputs quantitative information of the vascular
trees on both statistics and tree hierarchy images.

Figure 4 illustrates the tree structure of vasculature. The
r1, S1_s, b1_3 and e;_4 are the root, branches, bifurcations
and extremities, respectively. Table 1 lists definitions of
the elements in a vascular tree, and the serial properties
concerning measurements and structure information.
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The following values are given to ry, s,, b3 and ey in
Fig. 4.

ri: RL(ry) = 1, RST(ry) = s;

so: VL(s3) = 2; VLen(s,) = length of s,; VRad(s,) =
radius of s,; VLV(s,) = 2; VR(sp) = ry; VP(s») = by, by;
VT(s,) = sub-tree 1

b3: BL(b3) =3: BV(bJ) = 83, ¢, 57, S8

es. EL(ey) = 4. ELR(ey) = VLen(s;) + VLen(s3) +
VLen(sy), EB(e4) = s7

Then, the vasculature quantification is to traverse the
vascular tree and assign property values to each element.

3.3.3 Traversing vascular tree and the related
measurement

There are several preprocessing workflows before con-
structing the vasculature tree. Firstly, a label is given to
each root of vascular tree. Next, the skeleton of vasculature
is divided into unique vessel segment, by removing the
intersection voxel from the skeleton. An intersection point

€1 € e, e

Fig. 4 Tree structure of vasculature
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Table 1 Elements in a vascular tree and the serial properties

Elements Serial properties

', Vasculature root RL (r,,), root label

RSL (r,,), connected branches, as sub-trees
VL (s;), branch label

VLen (s;), branch length

VRad (s;), mean radius of vessel branch
VLV (s;),branch level

VR (s;), associated root label

s;, vessel segments

VP (s;), associated connection points’ labels
VT (s;), associated sub-tree label
bj, bifurcations BL (b)), connection point label
BV (b)), associated branches’ labels
ex, extremities EL (ey), extremities label
ELR (ey), length from root to extremity

EB (ey), associated branch

refers to points having more than two 26-connected
neighbours. Each segment is assigned with a unique label.
Then, all the intersection points are isolated and morpho-
logically dilated by a 3 x 3 x 3 structure element. Each
component is considered, and labelled, as a bifurcation of
the vasculature. Finally, tree roots are dilated to overlap the
vessel segment connected to the root. These segments are
considered as root segment which are assigned the tree
level VLV(s;) = 1, the associated root label VR(s;) and a
sub-tree labels VT(s;).

Finally, some properties listed in last section can be
accumulated before the tree growing process. The branch
length VLen(s;) is assessed by the path from one extremity
to the other. The distance between two neighbour voxels is
Euclidean distance 1, v/2 or v/3 in terms of the connection
type, including face-connected, edge-connected or vertex-
connected, respectively. The associated connection points
VP(s;) are the overlap bifurcations. Each voxel of indi-
vidual segment is regards as the centre of the maximal
inscribed sphere of the vasculature. Therefore, the mean
radius of a vessel VRad(s;) is computed using the radius of
all these maximal inscribed sphere.

The graph-based watershed methodology [20] is used to
associate isolated vessel segments to grow vascular tree.
Typically, the watershed method is applied for image
analysis-based pixels which are named as nodes and seeds.
In this case, the nodes are the individual vessel segments
instead of pixels and seeds are the root segments. Root
segments are initially put in a priority queue. Vessel seg-
ments are repeatedly taken from the top of the queue, and
its neighbouring vessel segments are added with priority of
mean radius VRad(s;). Radius is used to determine the
priority as it is the reasonable indicator of the tree hierar-
chy. Once a segment is taken out of the queue, it passes the

properties to its neighbours being never added into the
queue. Accordingly, the segments inherit the associated
root VR(s;) and the sub-tree label V1(s;). The same branch
level VLV(s;) is assigned to the segment with the highest
priority, while a higher level to the others. Meanwhile, the
length to the root is accumulated at this stage. The process
that segments are passed in and out of the queue terminates
until all the segments are removed out of the queue.

3.3.4 The quantification output

The quantification result is presented in both statistics
and image patterns. The image-wide summary of vascu-
lature includes the following statistics:

Number of roots—number of vascular tree

The total length of all the vascular branches (in pixels)
Total number of vascular segments

The longest length extended from the root

Total number of extreme vessels

Total number of branch points.

For the tree structure-based quantification, the statistics
are grouped in terms of sub-tree label. Each sub-tree con-
tains following measurement:

Tree label

Total length of the tree

Length of longest vessel from the root
Max branch layer

Mean branch layer

Number of branch points

Number of vessel segments

Number of extreme vessels.

The length and mean radius of the individual vessel
segment are output in a list. Two images produced to
present the vascular tree intuitively are shown in Fig. 5.
One is vessel trees, in which the vessel branches are of grey
values according to its sub-tree label. This image presents
different trees in whole. The other one is the branch level
image. It shows the hierarchy of the vasculature with dif-
ferent grey values in terms of the branch level.

4 Quantification results

A series of mouse liver images are used to evaluate the
proposed quantification method of tree analysis. The ima-
ges are grouped according to different stage of hepatic
fibrosis. There are 8 set of images for mouse livers in total,
including three normal livers, three sets at mild stage of
hepatic fibrosis and two sets at advanced stage. In order to
achieve statistical significance, we truncated the images of
relatively intact samples to obtain more images, which
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Fig. 5 Visualization of vascular tree structure by output images. a Vessel trees; b branch levels

simulate the incomplete or non-intact samples. First, the
longest axis is found inside each sample’s convex volume.
The orthogonal plane at one-third of the axis is used to
remove some part of the liver samples. One non-intact
sample is generated from samples called “NA”, “NB”,
“3A” and “mouse2”, respectively. In advanced group, the
sample “mouse3” generated two non-intact samples, and
the existing non-intact sample “mouse5” removes one-
fourth of its tissue to generate worse non-intact samples.
Therefore, there are 5 samples in each fibrotic group, which
are enough to demonstrate the statistical significance to
some extent. They are quantified according to the tree
analysis workflows described in the section above. As an
example, the images for the tree analysis of one normal
mouse liver (Sample “NB”) are given in Fig. 6.

Figure 6b is the segmentation result of the vasculature,
and Fig. 6¢ is its skeleton. They are the critical interme-
diate step of our quantification method. Figure 6d, e are the
final output images of proposed tree analysis, which intu-
itive display of the vasculatures in hierarchy. Corre-
sponding statistics of the liver “NB” are listed in Table 2.

The data in Table 2 tend to be too abstract to study the
hepatic fibrosis. To evaluate the level of angiogenesis for the
investigation of hepatic fibrosis or other vasculature-related
diseases, the fractional volume and densities of vascular
segments, terminal vessel branches and bifurcations are
usually used [21, 22]. These parameters are employed in our
analysis to all the three sample groups. These densities,
described by the volume used for density evaluation, are
computed by integrating the convex hull of the vasculature.
The correspondent results are shown in Fig. 7.

According to the density values given in Fig. 7, only the
average value of segment density shows obvious increasing
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trend (106.4, 121.0 and 142.4 for samples at normal, mild and
advanced levels of fibrosis, respectively), while those for the
extremities and branch points do not follow this regularity of
fibrotic progression. Abnormal values could be found in the
charts, such as the density for sample “NA” and “3A”. In
addition, the large standard deviations in Fig. 7 show obvi-
ous fluctuation of density value among samples in the same
group, implying that a normalized parameter should be
defined to evaluate the level of fibrosis more accurately.

The angiogenesis is a prominent characteristics of hepatic
fibrosis [22]. It is a process that vasculature rapidly prolif-
erates. The vessel segments outgrow from existing vessels
[23], and the newly generated vessels normally occupy
higher levels of the vascular tree. Thus, the mean level of a
vascular tree increases as the angiogenesis develops. The
indicator for branch level is normalized so that it can be used
in statistics. To evaluate the level of angiogenesis, a new
parameter called high-level vascular ratio is defined as
HVR = average level/maximum level, where the average
level denotes the mean level of a single vascular tree and the
maximum level is the highest level of the same tree.

The HVR is extracted from the level quantification of the
vascular tree. The parameter is defined based on a typical
kind of vascular tree so that criterion for comparison
among samples can be standardized. As well known, most
of liver blood flow is through the hepatic portal vein,
vasculature of which contains the thickest vessel segment
in the liver tissues. The hepatic portal vein is characterized
in terms of the vessel radius and the branch level in vas-
culature trees. Therefore, the hepatic portal vein of each
specimen is identified from the quantitative parameters,
including mean radius of vessel segment and branch level.
For a compromise between accuracy and efficiency, branch
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Branch Levels

Fig. 6 Quantification for a normal mouse liver: a raw image, b the vasculature, ¢ the vascular skeleton, d vascular trees of the liver and e the

branch levels of all vessel segments

Table 2 Statistics for a normal mouse liver (sample “NB”)

Sample Total Total number of vascular Tile longest Total number of extreme Total number of branch
name length segments vessel vessels points
Quantification of image-wide vasculature (The length measurement is in pixel unit)
NB 67,885.4 3317 741.736 1697 1507
Tree label Total length Longest vessel Max level Mean level Total number of Total number of Total number of
branch points vascular segments extreme vessels
Statistics of each vascular tree
1 8424.48 482.28 8 4.14 180 399 204
2 31,1714 741.74 11 6.14 691 1512 771
3 7292.82 525.41 7 3.67 167 374 195
4 5620.86 347.04 7 3.21 130 280 143
5 3099.46 390.63 6 3.31 61 139 71
6 12,276.3 552.17 9 4.36 278 613 313

level of 5 for the vessel segments is usually large enough to
identify the hepatic portal vein. Figure 8 shows the HVR
value of each hepatic portal vein in all samples. The HVR
correctly reflects the trend of angiogenesis when the degree
of hepatic fibrosis aggravates, the larger the HVR value is,
the higher the angiogenesis level. For samples in the same
group in Fig. 8, the fluctuation of HVR value is greatly
reduced compared to the conventional density parameters
in Fig. 7. This means that the proposed HVR parameter can
be used to evaluate the degree of fibrosis accurately.
Among all the samples, most of the vasculatures used for

the quantitative analysis are not intact, implying that the
HVR parameter is robust even if a specimen misses a
portion of vasculature.

5 Discussion
The segment or bifurcation density is usually adopted to
evaluate the degree of hepatic fibrosis in some cases.

However, these parameters do not always work and may
lead to incorrect assessment results, in cases that the three-
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Fig. 7 Common use indices of
evaluating angiogenesis for all
specimens. a Micro-vessel
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dimensional vasculature of the samples is not imperfect
due to factors in sample preparation or image collection.
The experimental results demonstrate that the proposed
parameter HVR is robust and reliable in the evaluation of
the angiogenesis, compared to those commonly used den-

sity measurements. As the vessel segments are not
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uniformly distributed inside a liver, the density measure-
ments relying on the segment number and the vascular
convex volume may vary significantly in different liver
regions. With the proposed measurement in this paper, the
tree analysis of hepatic portal vein for each specimen
shows that the new measurement can obtain a robust and
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