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Abstract. Chick chorioallantoic membrane (CAM) angiogenesis assay has been widely used for finding drugs
targeting new blood vessel development in cancer research. In addition to the setup materials and protocols,
laboratory findings depend on the quantification and analysis of microscopic blood vessel images. However, it
is still a challenging problem because of the high complexity of blood vessel branching structures. We applied
preprocessing on CAM microscopic images by keeping the integrity of minor branches in the vessel structure.
We then proposed an efficient way to automatically extract blood vessel centerlines based on vector tracing
starting from detected seed points. Finally, all branches were coded to construct an abstract model of the
branching structure, which enabled more accurate modeling for in-depth analysis. The framework was applied
in quantifying Icaritin (ICT) inhibition effects on angiogenesis in a CAM model. Experimental results showed
the high accuracy in blood vessel quantification and modeling compared with semimanual measurements.
Meanwhile, a set of blood vessel growth indicators were extracted to provide fully automated analysis for
angiogenesis assays. Further analysis proved that ICT took effect in a dose-dependent manner which
could be applied in suppressing tumor blood vessel growth. © 2014 Society of Photo-Optical Instrumentation Engineers

(SPIE) [DOI: 10.1117/1.JBO.19.10.106005]

Keywords: microscopic image analysis; image processing; blood vessel quantification; chick chrioallantoic membrane angiogenesis.

Paper 140315RR received May 16, 2014; revised manuscript received Aug. 24, 2014; accepted for publication Sep. 9, 2014; pub-
lished online Oct. 2, 2014.

1 Introduction
Angiogenesis, the formation of new blood vessels, is an integral
part of both normal developmental processes and numerous
pathologies, ranging from tumor growth and metastasis to
inflammation and ocular disease.1 Angiogenesis assays are
used to test the efficacy of both pro- and anti-angiogenic
agents.2,3 Among them, chick embryo chorioallantoic mem-
brane (CAM) angiogenesis assay has been widely used for find-
ing drugs targeting new blood vessel development in cancer
research. The current CAM model gives us a way to quantify
angiogenesis, which is used to evaluate the performance of
blood vessel growth.4,5 This kind of assay uses the chick embryo
as an animal model, and this model presents several advantages
compared to mammal models, specifically, because the chick
embryo is naturally immunocompetent, thus easily allowing
mammal cell xenografts.6 The procedures are relatively simple,
involving short experimental times and low costs. Meanwhile,
the image analysis part, which contributed to improve the accu-
racy and efficiency of CAM assays,7,8 is still challenging
because of the complexity of blood vessel branching structures.
The traditional manual detection and measurement of blood ves-
sels lacks efficiency, and is always limited to small regions of
interest (ROIs) because of the high time consumption. To quan-
tify angiogenesis more efficiently, especially in in vivo CAM
assays, the automated quantification framework needs to be

further improved to detect and remodel the blood vessel branch-
ing structures.

Research on extracting linear structures in two-dimensional
(2-D) images have already been applied for tracing similar
branching structures such as neurons and retinal vessels, and
can generally be divided into three categories according to the
literature; the search-based approaches, the line–pixel detection
approaches, and the direct exploratory tracing approaches.
Search-based algorithms detect the line pixels using a live-wire
segmentation paradigm.9–11 Starting from a user-specified initial
point, these approaches search optimal paths from the initial point
to all other pixels in the image, but these approaches need human
interaction and are not fully automated. In line–pixel approaches,
the local geometric properties of each pixel in the image is con-
sidered and the optimal pixels are linked to form the lines repre-
senting the linear structures.12–14 The heavy computational work
of all pixel local geometric properties is the main drawback of
these methods. In the last category, direct exploratory tracing
algorithms automatically detect the initial points and extract
the centerlines by iteratively sampling a short distance, then
stop tracing until certain predefined conditions are satisfied.15,16

These approaches need fewer computations because only the geo-
metric properties of the sampling points need to be calculated, but
the tracing performance can be affected by low image quality or
overly complicated branching structures.
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In order to provide an efficient scheme for the quantitative
analysis of tree blood vessel structure in in vivo CAM assays,
our framework made improvements based on some aspects of
the direct exploratory tracing algorithm. First, to improve the
image quality and enhance blood vessels for tracing, image
preprocessing methods were applied to remove noises and
enhance branching structures in the original images. Second,
a direct exploratory tracing approach based on vector tracing
was proposed to track blood vessels from automatically
detected seed points, which are initial starting or ending points
on or near the center line of a blood vessel segment. Third, to
optimize the centerlines traced in the previous step, we pro-
posed the blood vessel segmentation algorithm based the
2-D Rayburst method,17 which detects uneven diameters of
blood vessels along centerlines from vector tracing. Fourth,
“end” points of all detected blood vessel segments were clas-
sified into “branch” points and “terminal” points according to
local neighborhoods, and were coded to construct an abstract
model of the branching structure. Finally, statistical features
extracted from labeled and segmented branching structures
were provided as quantitative results of the image analysis.
Experimental results showed that our algorithm has high accu-
racy in blood vessel detection and recognition validated by
semimanual measurements, and also brings a fully automated
method for CAM angiogenesis quantification with a high effi-
ciency for in vivo applications.

2 Materials and Methods
Dealing with the input microscopic images acquired from CAM
assays, the processing and modeling parts were integrated into
the automated computational framework. The workflow (Fig. 1)
was then applied in quantification of the ICT inhibition effect on
blood vessel growth, and a set of blood vessel growth indicators
were extracted as outputs.

2.1 CAM Assay and Image Acquisition

ICT (purity of 98.5%) was purchased from Shanghai Usea
Biotech Company (Shanghai, China). The fertilized eggs
were incubated at 37°C for eight days and divided into groups
(eight eggs/group), then 100 μl of 0, 10, 20, or 40-mM ICTwas
added to the top of the CAM. After incubation for three more
days, the CAM of each live egg was harvested and individually
placed in six well plates. CAM blood vessels were captured
using Motic Images Plus 2.0 (MediaCybernetics, Bethesda,
Maryland) as 24-bits RGB images. The image resolution
taken by the microscope was about 1.13 μm∕pixel. A set of
blood vessel growth indicators including the blood vessel area
were quantified using the proposed automated computational
framework, such as a percentage of the total CAM area, blood
vessel length, number of blood vessel segments, and other rep-
resentative features.

2.2 Image Preprocessing

Input microscopic images need to be preprocessed to remove
noises in acquisition and to enhance branching structures.
At first, the input RGB images were converted to a gray-scale
format while retaining all information except the colors, which
are redundant for the following pipeline processing. Usually,
an image system generates three typical kinds of noises; shot
noise, uneven illumination, and degradation. A median filter18

with a radius of 2 pixels erases shot noises efficiently by aver-
aging the local areas of images. The uneven illumination is
corrected by Gaussian smoothing with a sigma value set as 2
pixels, which is based on a low-pass filtering. We also employed
the Lucy–Richardson deconvolution method19,20 to correct out
of focus blurred images caused. Following the pipeline of
image preprocessing, microscopy images with a low quality
were enhanced for image analysis. Most of noises were erased
and the edges of linear structures were sharpened compared to

Fig. 1 Workflow of chorioallantoic membrane (CAM) blood vessels modeling and quantification.

Fig. 2 Comparison between (a) original image and (b) zoomed in enhanced image after preprocessing,
where blood vessels are sharpened in the blurred area.
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background (Fig. 2). Blood vessel structures from the original
images are enhanced for the next tracing procedure.

2.3 Seed Points Detection

In the proposed framework, the direct exploratory tracing algo-
rithm automatically detects the initial points to start tracing
blood vessels. One seed point detection method21 applied in
neuron tracing was applied. We also used two steps including
rough searching and screening to make improvements on
removing redundant candidate points. In the rough search, an
input image was divided into small blocks by N ×M grids,
where N horizontal lines and M vertical lines in the image
were considered. Ideally, the size of one block should be just
a little larger than most of the blood vessels’ widths. In the pre-
tests, we measured that the average width of blood vessels was
about 12 pixels, and the thickest could be about 15 pixels, so one
window formed by grids was normally set up as 15 × 15 pixels
in this case. By traversing each line horizontally and then ver-
tically, local intensity maxima were detected along those grids.
In practice, candidate points of local maxima would have a
higher intensity than the median intensity of the image plus
its standard deviation to ensure they are not parts of the back-
ground. Furthermore, candidate points must be screened to
remove redundant detected points according to local signal-
to-noise ratios (SNRs). As part of the blood vessel structure,
candidate points would have a larger SNR than their neighbor-
hood pixels in a local area. As the center of a 12 × 12 block of
pixels, candidate points with an SNR higher than a preset local
threshold TN for the neighborhoods using Otsu’s algorithm22

would be selected as seed points. After finishing two procedures
for seed point detection, blood vessel segments were traced and
labeled from seed points in the following steps.

2.4 Blood Vessel Tracing and Labeling

The main purpose of tracing and labeling is to find the best track
along a blood vessel centerline from a seed point. In order to
make full use of the detected seed points and to get a balance
between accuracy and speed in tracing for in vivo CAM angio-
genesis assay, we proposed an exploratory algorithm based on a
Hessian matrix23,24 in the tracing of blood vessels.

The basic idea of the exploratory algorithm is to find an opti-
mal path along the linear structure by following its natural trend
in the image. Therefore, the key is to estimate local directions of
the path at each small interval ε. Then, points on the track could
be defined as

piþ1 ¼ pi þ εdi: (1)

Starting from a seed point, the centerline is traced following
specific rules and stops when certain conditions are satisfied.
Assuming a point pi is reached and the next point piþ1 is
going to be determined after a quite small interval, the direction
di from pi to piþ1 is estimated as shown in Fig. 3.

To proceed with the tracing at small intervals, we define the
direction di of each tracing point derived from the eigen-analysis
of a Hessian matrix, i.e., the normalized direction of the eigen-
vector from the Hessian matrix. Based on Eq. (1), the next trac-
ing point is estimated, and the tracing centerline of a blood
vessel is completed by reaching the other seed point and linking
all the estimated tracing points between the two seed points.

2.5 Blood Vessel Edge Detection and Centerline
Adjustment

Since the main purpose vector tracing part of our proposed
algorithm is to improve the tracing efficiency with a rapidly esti-
mated centerline, in order to quantify the indicators of blood
vessel growth more accurately, more precise blood vessels
edges and centerlines need to be detected. A 2-D cast rays
method was used to make an adjustment on the traced blood
vessel path, and even more importantly, to estimate diameters
along blood vessels for the area calculation.

The casting rays method (Fig. 4) used in this paper is similar
to Rayburst sampling, an algorithm for both 2-D and three-
dimensional (3-D) automated shape analyses, which was first
proposed by Rodriguez et al.17 The centerline extraction then
gets an adjusted representation of the blood vessel with a center-
line and radii in different parts. Since the blood vessels always
have smooth boundaries except at the branch points, Rayburst
performs well for getting accurate edges by casting rays.

In addition to length, blood vessel width is an important fea-
ture of angiogenesis in two aspects. First, blood vessel width
shows primary and secondary orders for identifying main and
minor blood vessels, especially when only part of the vascular
structure is shown in a small ROI, and is also helpful for build-
ing the branching structure in the next step. Second, the distri-
bution of width along a single-blood vessel enables the drawing

Fig. 3 Illustration of centerline tracing. pi−1, pi , and piþ1 are traced
centerline points by interval distance ε, di−1, di , and diþ1 are direc-
tions estimated at each points using Hessian matrix.

Fig. 4 Centerline adjustment using the casting ray method. Blue
circles represent the adjusted diameters with casting rays in different
areas, whereas the green curve represents the adjusted centerline of
the blood vessels. Circles are only shown in part of one blood vessel
for a clear view.
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of a more detailed map of the vessel, and could be a useful fea-
ture for observing blood vessel growth in a timely manner.

With the blood vessel length and width being measured,
the area of a blood vessel could be estimated. Rayburst used
the same small interval ε as the tracing as shown in Fig. 3. In
each segment, the blood vessel in that section could be estimated
as a trapezium which has two edges with the lengths as diam-
eters of the two adjacent Rayburst circles, and the height as ε.
Therefore, the total area of a single-blood vessel is estimated as

Av ¼
Xn

i¼1

ðϕi−1 þ ϕiÞ × ε∕2 (2)

and could be further simplified as

Av ¼ ðr0 þ rn þ 2 ×
Xn−1

i¼1

riÞ × Lv∕n; (3)

where Av and Lv are the area, length and a blood vessel, respec-
tively. i means the i’th segment of Rayburst starting from seed
point 0 to end point n. ϕi and ri are the diameter and radius of
the Rayburst circle at the i’th segment. In practice, the adjust-
ment process optimized the blood vessel branching structure for
an in-depth analysis.

2.6 Branch Points Identification and Branching
Structure Modeling

Based on the tracing results, the skeleton of a blood vessel tree
made of centerline segments was extracted. Except for the struc-
tural measurements such as length, width, and other factors,
research on CAM angiogenesis also concern structural changes
during blood vessel growth, which is based on the in-depth
analysis of the extracted branching structures. In such a struc-
ture, the “end” point is used to indicate points at the two ends of
a blood vessel segment, which could be a seed point or the point
where the centerline tracing stops. The “end” points can be
further classified into “branch” points where blood vessels
bifurcate, and “terminal” points where blood vessels end. Like
a hierarchical tree, “children” branches protrude from a “parent”
branch at branch points in the structure. Therefore, the branch
points of each branch need to be identified to construct an
abstract tree representing the complicated structure.

Two steps were taken to automatically achieve the tree mod-
eling, including branch and terminal point identification and
coding following their natural hierarchical sequences. To accel-
erate the identification process, a set of well-defined connected
domain models were adopted. A branch point is determined to
be where the checked point has three neighbor points around in
its eight-connected field, and an end point of a blood vessel seg-
ment with only one neighbor point in its connected domain is
identified as a terminal point.

There is never an obvious main blood vessel in CAM images
because of the complex structure and the small focused region,
so it is difficult to determine parents and children braches in the
complex multilevel branching structures. We proposed a “root to
leaves” identification strategy considering the width of the con-
nected branches, where the “root” points are defined as the two
terminal points located on the widest blood vessel which is also
the main blood vessel. The main blood vessel is then determined
by finding a way between both “root” points along other branch
points. The detailed branch coding process (Fig. 5) is described
as follows:

1. Checking the width of two blood vessel segments
crossing the branch point. Setting the pair with the
largest width (normally ≥ 15 pixels) as the main
blood vessels and the pair of two terminal points at
both ends are determined as root points, such as points
0 and 1 as shown in Fig. 5.

2. Each of the identified branch points is picked up along
the main blood vessel segment, where the bifurcation
point of its corresponding branch is located. For exam-
ple, branch 10 extends from point 10 as a child branch
of the main blood vessel.

3. Usually, one branch point on the main blood vessel has
more than one terminal point connected with center-
lines, which can be seen as branch point 10 and its
corresponding terminal points 14 to 17. Logically,
a parent branch always has more branch points along
itself than its children branches. Therefore, inspecting
the number of branch points along paths from the
branch points on the main blood vessel to each of cor-
responding terminal points, the terminal point which
has the maximal branch points among the paths as

Fig. 5 A hierarchical tree representing the abstract structure of an individual blood vessel in a CAM
image. (a) Image in part of CAM region with a blood vessel tree labeled, where centerlines are repre-
sented as light green, branch points are illustrated as yellow dots, and terminal points as red dots. The
abstract structure in (b) shows the hierarchical tree of main blood vessel between terminal points 0 to 1,
where one of its children branches extending from point 10 is represented in detail.
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the terminal point of branch in this level is picked up.
In this case, terminal point 17 was identified as corre-
sponding to branch point 10, and other terminal points
14 to 16 were points belonging to children branches in
the next levels.

4. After finding the direct child branch of the main blood
vessel, iteratively do the processing above to find all
children branch points and the branches that extend
from them. Upon coding all the branch and terminal
points in the orders, the hierarchical tree of the com-
plex branching structure is extracted, such as that
shown in Fig. 5(b).

After finishing the modeling part, every end point of the
blood vessel segments was coded and located according to
its natural order. The hierarchical tree provided an insightful
new way to look at the branching structure and the growth of
blood vessels.

3 Results

3.1 Comprehensive Measurements of CAM
Angiogenesis in ICT Inhibition Assay

To evaluate the proposed framework in quantifying from CAM
angiogenesis images, the automated quantification was applied
in a set of CAM assays testing the ICT inhibition effects. The
ICT used is a hydrolytic form of Icaritin purified from the genus
Epimedium, a traditional Chinese herbal medicine,25 and has the
possibility of multiple targets and multiple mechanisms of
action through Epimedium preparations and their purified com-
pounds.26 However, it is unknown whether ICT exerts inhibition
effects on angiogenesis in any type of cancer. Following the
protocols in Ref. 27, the proposed quantification framework
was validated and applied to test the effects of ICT on CAM
angiogenesis.

To validate the proposed framework in a more comprehen-
sive way, quantification of CAM angiogenesis images generated
multiple features for in-depth analysis. We defined a series of
criteria for feature calculations as shown in Table 1, which

provide blood vessel growth indicators for more comprehensive
understandings.

Table 1 includes key indicators of blood vessel growth in
CAM angiogenesis assay. Researchers may figure out the over-
all blood vessel growth under different conditions by taking all
those features into consideration. Our computational framework
automatically generates those features without manual labeling
or measurement as required by popular image analysis software
such as ImageJ. The outputs were further validated in quantifi-
cation of the ICT inhibition effects of multiple concentrations.

Except for the multiple outputs provided, the automated
quantification also improved the analysis speed compared to
semimanual measurements. Running in MATLAB, the compu-
tational work was performed using a desktop with a 2.4-GHz
CPU and 4-Gbyte memory. Dealing with 1024 × 768 × 24-bits
CAM microscopic images, it took about 55 s to complete
the analysis of all blood vessels, which made real-time analysis
possible for various in vivo experiments.

3.2 Validation of Quantification Results in ICT
Inhibition Assay on CAM Angiogenesis

To knock-down the reproductive ability or kill the tumor, it is
key to suppress the blood vessel growth close to the tumor area,
which then blocks the blood supply. CAM assay was performed
in 8-day fertilized eggs to quantify the suppression effect of
ICT on the angiogenesis. Microscopic images were captured
by Motic Images Plus 2.0, then quantified using the proposed
automated framework. Furthermore, experts in our lab manually
measured some blood vessels growth factors using Image Pro
software (MediaCybernetics, Bethesda, Maryland) as the control
data for validating the quantification performance. In Table 2,
comparison between the results of the automated processing
and the semimanual approach was conducted by simultaneously
testing the ICT inhibition effects on angiogenesis.

The direct view of images under different conditions in Fig. 6
shows that blood vessel lengths gradually decrease when
increasing the ICT dose, and blood vessels marked with green
lines become shorter from left to right, which indicates a pos-
sible ICT inhibition on the angiogenesis took effect along with
the concentrations. In order to validate our hypothesis, the fea-
tures in Table 1 were extracted based on tracing and segmenta-
tion results. Detailed average values and standard deviations of
the measurements are shown in Table 2.

Among the feature values in Table 2, a comprehensive under-
standing of the relationship between the ICT inhibition effects
and concentrations could be drawn. Four of the most popular
features in related cancer research were taken for further evalu-
ation. Statistical analysis of the indicated features including ves-
sel area, vessel length, and the number of vessel segments is
illustrated in Fig. 7.

As shown in Fig. 7, blood vessel growth under different con-
ditions was compared in multiple ways. First, the automated
computational results were compared with results measured
by human experts. In the validation part, the two bars of different
colors under each of the conditions are quite close to each other
in Fig. 7. Taking the semimanual measurements as control data,
the error rates of the automated method are always less than
15%, which indicates the proposed framework has a high accu-
racy in CAM blood vessel quantification. Meanwhile, most of
the error bars from the automated computational results are
longer than their corresponding semimanual results, suggesting

Table 1 Feature set of proposed chorioallantoic membrane (CAM)
angiogenesis quantification framework.

Feature Definition

Total blood vessel length Total length of all labeled blood
vessel centerlines

Total blood vessel area Total area of all segmented blood
vessels based on Rayburst

Total blood vessel
segments

Total blood vessel number based on
branch and terminal points counting

Percentage of blood vessel
area in CAM region

Total blood vessel area/total CAM
area

Average blood vessel
length

Total blood vessel length/total blood
vessel segments

Average width of blood
vessels

Total blood vessel area/total blood
vessel length
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that the automated framework has a larger computational error
but is still in a reasonable range for practical use.

After validating the accuracy of the proposed method, it
could be further applied in testing the inhibition effects of
ICT on CAM angiogenesis. As the most important key indica-
tors of blood vessel growth, the downtrend of “percentage of
blood vessel area in CAM region” [Fig. 7(a)] and “total blood
vessel length” [Fig. 7(c)] showed that the newly formed vessels
were reduced in an ICT dose-dependent manner. Quantification
results of those two features also demonstrated that ICT signifi-
cantly decreased the vessel area and total vessel length with

increasing concentrations, suggesting that ICT possesses the
capacity for anti-angiogenesis, which is likely to help tumor
shrinkage in vivo.

There was an exception in that “total number of blood vessel
segments” [Fig. 7(b)] does not decrease following the dose-de-
pendent manner. Statistical results here showed that the ICT
inhibition effect was too strong to suppress most of blood ves-
sels’ growth, which caused a lot of poorly developed blood ves-
sels to appear as shown in Fig. 6(d) and marked in Fig. 6(h).
Meanwhile, the semimanual measurement results in Ref. 27
only showed branched points without counting the branches

Table 2 Average values and standard deviations of detailed CAM feature set.

Feature

Negative controlgroup

ICT concentrations

10 μm 20 μm 40 μm

Our method Semimanual Our method Semimanual Our method Semimanual Our method Semimanual

Total blood vessel
length (μm)

11612� 1604 12105� 1043 10410� 1467 10728� 899 9617� 1682 9869� 953 7821� 1751 8339� 861

Total blood vessel
area (μm2)

155650�
24613

157558�
15306

136683�
19995

139182�
12332

126935�
22740

130144�
11376

99156�
18433

116989�
12065

Total blood vessel
segments

221� 41 215� 22 245� 43 252� 21 183� 35 177� 17 279� 64 270� 28

Percentage of blood
vessel area in CAM
region (%)

15.50� 2.45 15.69� 1.52 13.61� 1.99 13.88� 1.23 12.64� 2.27 12.96� 1.13 9.87� 1.48 11.65� 1.20

Average blood vessel
length (μm)

52.5� 7.65 52.0� 5.45 42.5� 6.01 39.0� 4.22 52.6� 8.93 51.1� 6.27 28.0� 5.95 30.9� 4.31

Average width of
blood vessels (μm)

13.40� 2.35 13.01� 1.43 13.12� 1.93 12.97� 1.35 13.20� 2.51 13.18� 1.56 12.68� 3.77 14.02� 1.99

Fig. 6 Validation of Icaritin inhibition effects on angiogenesis in the CAM assay. Panels (a) to (d) are
images of the blood vessels of each CAM after treatment with 100 ml of 0, 10, 20, or 40 mM ICT added to
the top of CAM. Panels (e) to (h) show blood vessels labeled with green centerlines under multiple
conditions respectively.
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based on the tree modeling. In addition, more minor blood ves-
sel segments were detected by application of the proposed pre-
processing part in this paper. Therefore, the branch numbers of
the 40-μm ICT treated group are significantly high in Table 2
and Fig. 7, which were based on recalculating poorly developed
branches with both the automated and semimanual ways. That
caused the total number of segments to increase instead of
decreasing under the condition of a 40-μm ICT dosage.

Another exception could be found in the “average blood ves-
sel length” in Fig. 7(d), which is a feature derived by both “total
blood vessel length” and “total number of blood vessel seg-
ments.” Although the total length of the 20-μm ICT-treated
group followed the dose-dependent manner, the total number
of segments decreased much faster than the total length as
shown in Figs. 6(c) and 6(g). Unlike the total segments number
of the 40-μm ICT-treated group, there were not so many poorly
developed blood vessels in the 20-μm ICT-treated group.
Therefore, the division increased under this condition, which
made the “average blood vessel length” treated by the 20-μm
ICT higher than that of other concentrations.

Generally, statistical results proposed by automated calcula-
tion conformed to the semimanual quantification results in
Ref. 27, and were much more efficient. With analysis of the

CAM microscopic images, the most exciting finding proposed
by our framework was that ICT has overall inhibition effects on
angiogenesis in a dose-dependent manner. Since the angiogen-
esis plays an important role in the growth and progression of
solid tumors,28 with the significant effect of anti-angiogenesis,
the ICT anti-tumor effect would be further enhanced on its own
or in combination with other techniques in vivo.

4 Conclusions and Discussions

4.1 Conclusions

Blood vessel angiogenesis mainly occurs in embryo develop-
ment, wound repair and inflammation, especially tumor growth
or metastasis. The CAM assays, as some of the most widely
used techniques for observing blood vessel angiogenesis,
have many advantages, such as well-designed protocols and
visible results. However, the quantification methods of CAM
microscopic images developed far behind the application of
CAM assays.29,30 Some software were employed to semimanu-
ally quantify blood vessel angiogenesis in small ROIs, and most
of the automated linear structures extraction algorithms were
applied for tracing similar structures like neurons and retinal
vessels, but not for CAM blood vessels. Because of its complex

Fig. 7 Statistical results of ICT inhibition effects in CAM assays, in which black bars are the results from
semimanual measurements and gray bars are the results generated by the proposed computational
framework. (a) Percentage of blood vessel area in the CAM region, (b) number of total blood vessel
segments, (c) total blood vessel length, and (d) average blood vessel length in negative control
group and ICT treated groups with concentrations of 10, 20, and 40 μm from left to right.
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branching structures, a fully automated and accurate system for
the CAM blood vessel quantification is highly desired. To solve
this problem, our algorithm focused on labeling centerlines, the
segmentation of branch structures, and then modeling of the
blood vessels from image analysis results.

Dealing with the CAM microscopic images, a fully auto-
mated framework was proposed to quantify and analyze the
blood vessel tree in-depth. The framework contains image pre-
processing, centerline extraction and segmentation of the blood
vessels, tree modeling, and branch order analysis. The center-
lines of CAM blood vessels are extracted with exploratory
approach and then adjusted by applying the Rayburst method,
which considers the balance between speed and accuracy.
Meanwhile, widths along each of the blood vessels were also
recalculated along the centerlines, which was also an important
improvement of our framework and provides more detailed
information of blood vessel growth. By identifying “parents”
and “children” branches by traversing all branch and terminal
points in the image, the abstract tree of blood vessels was
built. That gave a comprehensive view of the vascular network
and its growth, which could be even more helpful for related
research as well as for the quantification part.

Based on the image processing and modeling results,
morphological features including geometrical and topological
properties are quantitatively measured. In the validation part,
we employed the framework in the ICT inhibition assays in
tumor research. Our automated labeling and analysis algorithms
efficiently extracted multiple features for quantifying blood ves-
sel growth. Experimental results showed that the newly formed
vessels were reduced in an ICT dose-dependent manner, which
pointed out a new possible way to suppress the blood vessel
growth close to the tumor area and then kill the tumor.

The proposed microscopic image processing framework is
fully automated with no human interaction required, which
avoids possible subjective errors. Except for the branching struc-
ture of the whole images, single or multiple blood vessels may
also be selected for more accurate quantification or structural
analysis.

4.2 Discussions

In addition to the advantages brought by the proposed algo-
rithm, the proposed framework could be further improved in
some aspects in the future. First, the image quality might be
unstable in acquisition, and broken lines of blood vessels
may occur, especially in the high ICT dose plates [see Fig. 6(d)
and 6(h)]. An effective linking model is needed to treat such
cases. The linking strategy in Ref. 31 might be adapted to
low-quality CAM images, which considers the directions and
distance between two breaking points. Meanwhile, in the CAM
region, blood vessel widths and branch orders also need to be
considered to link the correct breaking points together. Second,
due to the limitation of 2-D microscopic acquisition, blood
vessels in 3-D might be overlapped in the projection images,
which may bring errors in branch point identification and affect
the “average” features in quantification. It is quite difficult to
identify projected blood vessels which are not in the surface
plane. Most of the projected blood vessels on other planes
may have lesser contrast as shown in figures with the original
CAM images in this paper. A new model to erase those over-
lapped effects, based on contrast statistical differences, would be
very useful. Third, both veins and arteries develop in chicken
embryo, but it is still a problem to identify them respectively.

Veins and arteries might be classified based on some observed
and pathological criterions such as contrast and width
differences. It might be another challenging work in CAM
image analysis in the future.

Hierarchical tree modeling is critical for analyzing CAM
angiogenesis more comprehensively. The branching structure
of CAM blood vessels has more branch layers than that of neu-
rons or retinal vessels, which inherently brings more difficulty in
hierarchical tree construction. The proposed framework uses
“branch points” and “terminal points” to determine blood vessel
segments and their hierarchical relations, which may be further
improved in the modeling of other branching structures in bio-
medical applications.

In summary, as a useful technique for research of in vivo
vasodilatory effects, the presented computational framework
proved the ICT anti-tumor effects after validation. Automated
quantitative analysis of CAM is a useful tool for research on
the pathogenetic mechanism and multiple factors of blood ves-
sel angiogenesis. The application of the proposed framework
will be helpful for both CAM-related pathological study and
analysis of other complicated linear structures in microscopic
images.
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