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ABSTRACT
The chick chorioallantoic membrane (CAM) provides a suitable in vivo model to study angiogenesis and
evaluate several pro- and anti-angiogenic factors and compounds. In the present work, new developments in
image analysis are used to quantify CAM angiogenic response from optical microscopic observations,
covering all vascular components, from the large supplying and feeding vessels down to the capillary plexus.
To validate our methodology angiogenesis is quantified during two phases of CAM development (day 7 and
13) and after treatment with an antiangiogenic modulator of the angiogenesis. Our morphometric analysis
emphasizes that an accurate quantification of the CAM vasculature needs to be performed at various scales.
Keywords: angiogenesis, CAM model, image analysis, mathematical morphology.

become divided by transluminal tissue pillars. Intussusception leads to vascular beds expansion, increasing
capillary network complexity, vascular surface and
volume.

INTRODUCTION
The chick chorioallantoic membrane (CAM) is
formed by the fusion of the chorion with the allantoic
membrane. In this double mesodermic layer, an
extremely rich vascular network develops and serves
as the respiratory organ of the embryo until the time
of hatching. CAM vascularization is characterized by
a dense network of arteries and veins from which a
delicate and intricate capillary plexus is formed.
Initially, the CAM was used as an in vivo assay to
study angiogenesis, the budding and sprouting of
blood vessels from pre-existing ones. The later
process has been shown to take place in numerous
physiological and pathological processes (Pepper et
al., 1996; Auerbach et al., 1997; Ausprunk and
Folkman, 1997; Carmeliet and Collen, 2000; Auerbach
et al., 2003; Carmeliet, 2003). More recently, several
reports indicate that the process of intussuception,
initially described during the postnatal lung
development (Caduff et al., 1986; Burri and Tarek,
1990), plays a crucial role in capillary network
formation of the CAM (Patan et al., 1993; 1996;
Djonov et al., 2000a, b; 2002). Intussuception occurs by
internal division of the pre-existing capillary plexus
without sprouting. It involves enlargement of capillaries
and small supplying vessels which sub-sequently

The CAM assay provides a suitable model to
assess the effects of angiogenic or anti-angiogenic
agents. However, the quantification of those effects is
not easy. Actually, large vessel-counting methods
based on visual examination, manual vessel counts or
global measurements of the spatial pattern and
distribution of vascular network, is usually used. The
following methods have been used to quantify image
obtained from light microscope observations: (a)
blood vessels enclosed in a silicone ring laid randomly
in a treated zone are manually counted (DeFouw et
al., 1989; Célérier et al., 2002); (b) binary images of
vessels are manually drawn or automatically thresholded and then global parameters like vessel areal
density (Rieder et al., 1995), vessel length density
(Strick et al., 1991), fractal dimension (Kirshner et al.,
1996; Parsons-Wingerter et al., 1998; Vico et al.,
1988; Parsons-Wingerter et al., 2000) or complexity
measurements (Sandau and Kurz, 1997; Kurz et al.,
1998) are determined; (c) individual parameters like
the end-points (Strick et al., 1991), number of drawn
vessels (Strick et al., 1991) and the length density of
radially arranged capillaries during vasculogenesis
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(Jakob and Voss, 1984; Voss et al., 1984) are
determined. This last method, which is completely
automatic, is appropriated to characterize large changes
in vascularity, but unable to quantify more subtle
changes. From scanning electronic microscopy, mercox
cast images are used to determine automatically
vessel areal density and pillar mean area. However,
the number and the mean diameter of vessels were
still manually determined (Dimitropoulou et al., 1998).
In an attempt to make progress in the complex
problem of the quantification of angiogenesis in the
CAM model, we present here new developments in
automatic image processing and measurements. Optical
microscope images at two scales are considered in
order to obtain a complete description of the CAM
vasculature. To validate our methodology, angiogenesis
was quantified during two phases of normal CAM
development (days 7 and 13) and after treatment with
an antiangiogenic modulator of the angiogenesis,
Angiotensinogen (AGT) (Célérier et al., 2002).

Fairfax, VA). The vehicle-treated area (control) was
always compared to the compound-treated area of the
same embryo. At least five images of different areas
of each animal were analyzed.

IMAGE ANALYSIS
Image analysis was performed on a PC using the
software ‘Aphelion’ from Adcis (France). Algorithms
developed in this work have been carrying out using
traditional tools of signal processing and mathematical
morphology (Coster and Chermant, 1985; Soille, 1999).
Five images of different areas of the same animal were
analyzed. Statistical analysis was performed with
MATLAB v.6.5 software.
Depending on the scale of observation, different
features can be expected. Figs. 1a,b and 2a,b present
CAM images taken at day 13th of development at two
different magnifications. At the lowest optical
magnifications (×24) branching vessels of various
sizes and lengths are observed (Figs. 1a,b). At this
scale, global measurements like the vessel area and
length densities allow characterising the degree of
development of the vascular network. For this kind of
images, the centripetal ordering method (Fenton et
al., 1979) is usually used for classifying vessels (see
inset in Fig. 1a). In this method, the smallest vessels
that are in contact with the capillary plexus as
indicated in Fig. 2b are defined as first-order vessels
(Order 1). When two first-order vessels converge an
Order 2 vessel is formed (see Fig. 2b and inset of Fig.
1a). Likewise, the convergence of two second-order
vessels forms an Order 3 vessel. When two unequal
order vessels converge, the highest order is retained.
Taking into account that vascular growth (or inhibition)
is mainly detected by an increase (or decrease) of the
number of vessels that are in direct contact with the
capillary plexus, the first-order vessels density seems
an accurate parameter to quantify those phenomena.
Some first-order vessels are shown in Figs. 1b and 2b.

MATERIAL AND METHODS
CHORIOALLANTOIC MEMBRANE
ANGIOGENIC ASSAY
Fertilized White Leghorn chicken eggs were
incubated at 37°C in a humidified atmosphere (>60%
relative humidity). By day 3, post-incubation eggs
were cracked open and the embryos were deposited
in plastic Petri dishes (Auerbach et al., 1974). After 7
days of incubation, a silica ring (10-mm ID) was laid
randomly on the CAM for the deposition of testing
solution. Each treated animal received the solvent of
the tested substance (control treatment) in a second
ring laid on the CAM. All protein samples were
extemporaneously diluted. Human recombinant angiotensinogen (hAGT) was purified from CHO-cell
supernatants as previously described (Célérier et al.,
2002) and dissolved in 20 mmol/L of Tris-HCl pH 8,
150 mmol/L NaCl. AGT was applied inside the ring
twice at an interval of 24 hrs, as previously described
(Célérier et al., 2002). Each experimental group
contained at least 5 animals. Photographs were taken
48 hrs after the first treatment.

At higher optical magnification (×60), the honeycomb-like structure of the capillary plexus is clearly
visible (indicated by arrows in Fig. 2b). Black holes,
corresponding to nonvascularized regions, can be
observed more clearly in the vicinity of the first order
vessels. It has been shown that the size of the nonvascularized regions can be influenced by the presence
of pro- or anti-angiogenic factors (Drexler et al., 2000).

MICROSCOPY AND IMAGE
ACQUISITION

In the next sections the proposed algorithms for
preliminary image processing and quantification of
images at the two scales described above (low and high
optical magnification images), are presented. The whole
procedure of image processing and measurements for
both vessels and nonvascularized regions is schematised
in Fig. 3.

Observations were performed after i.v. injections
of 0.1 ml 2.5% high molecular weight FITC-dextran
(70 or 2,000 kDa) (Sigma) in 0,9% NaCl employing a
MZ FLIII Leica stereomicroscope, Coolsnap digital
camera (Roper) and IPLab software (Scanalytics,
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Fig. 1. Binary processing of vessel images at low magnification (×24). (a): Original RGB colour image, and
principle of centripetal ordering of the vessels, (b): histogram equalization of the green channel image. Arrows
indicate the end of some first-order vessels, (c): extraction of large vessels, (d) extraction of small vessels
(venules and arterioles), (e): noisy binary image in which some vessels are disconnected, (f): final binary
image, (g): skeletonized binary image in which dots represent the end-point vessels (g).
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Fig. 2. Binary processing of capillary plexus images: (a) original RGB colour images at ×60 optical magnification,
(b): histogram equalization of the green channel image, arrows indicate the capillary plexus, two order 1 and
one order 2 vessels are also indicated, (c) binary processed image.

172

Image Anal Stereol 2005;24:169-180

Image processing and measurements of CAM Images
High magnification images

Low magnification images
Images are registered in the full-colour red,
green, blue (RGB) space.
(Fig. 1a)

Images are registered in the full-colour red,
green, blue (RGB) space.
(Fig. 2a)
Contrast optimization
of the green channel image
(Histogram Equalization)
(Fig. 2b)

Contrast optimization
of the green channel image
(Histogram Equalization)
(Fig. 1b)

Extraction of large vessels

Extraction of small vessels

Removal of small vessels
(Opening Transformation)

Removal of large vessels by masking
them by their binarized images

Large vessel binarization
(Threshold transformation) (Fig. 1c)

Enhance of vessels edges
(LoG filter)

Binary extraction of
nonvascularized regions
(Detection of regional minima)
(Fig. 2c)

Pillars surface area
(S)

Small vessels binarization
(Threshold transformation) (Fig. 1d)

Addition of the binarized images of large and small vessels
(Fig. 1e)
Reconnection of isolated capillaries
(Closing transformations by a line segment with various
orientations) (Fig. 1f)

Vessel area
density

Removal of boundary pixels
of vessels until reaching a line
(Skeleton Transformation)

Vessel length density

First order vessels density
(Fig. 1g)

Fig. 3. Schematic representation of image processing and measurements of CAM vascularisation at two
magnifications.
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PROCESSING AND MEASUREMENTS
OF VESSELS OBSERVED AT LOW
OPTICAL MAGNIFICATION
Images are registered in the full-colour red, green
and blue (RGB) space (Fig. 1a). In this space, the
vessels are the most contrasted and continuous in the
green channel. However, non-linear effects introduced
during digitalisation prevent to distinguish small
vessels. In order to enhance the image contrast, the
histogram equalisation of the grey level intensities is
performed (Fig. 1b). At this low magnification (×24),
a large set of vessels can be observed, and statistically
relevant results can be obtained. The first step consists
in applying a binary mask on the original grey level
image in order to eliminate the capillary plexus
background, which appears darker than vessels. The
binary mask is obtained by performing a low-level
threshold transformation of the original image. Binary
image processing is performed by a two-step procedure
consisting in the successive extraction of large and
small vessels (venules and arterioles) according to the
intensity of the fluoresceinated Dextran injected into
CAM vessels. To extract large vessels, the small vessels
are first filtered out using an opening transformation.
Then an automatic threshold technique, which consists
in selecting the threshold that maximises the global
average contrast of edges (Kohler, 1981) is applied
(Fig. 1c).
To extract small vessels, large vessels are masked
using as mask the inverse of the previously obtained
binary image. Then, to detect small vessel edges, the
convolution of the image with a Laplacian of a
Gaussian blurring filter (LoG filter) (Marr and Hildreth,
1980), is applied. This process is equivalent to taking
the difference between two Gaussian filters images
with different standard deviation (DoG filter; Burt
and Adelson, 1983). As vessels present a variety of
sizes, 5×5/3×3 and 3×3/1×1 kernels were considered.
Finally, the image was thresholded assigning a value
of 1 to all pixels with positive grey level, and a value of
0 to the others (Fig. 1d). After superposition of large and
small vessel binary images (Fig. 1e), some isolated
capillaries are reconnected to the vascular network, by
computing the maximum of closing transformations by
a line segment of 5 pixel (0.05 mm) long oriented in
several directions from 0° to 180°. Finally every
isolated object smaller than an arbitrary size fixed at
5 pixels (0.05 mm) is removed. Fig. 1f shows the
resulting binary image after complete image processing.
To characterize the obtained binary image, the
following global parameters are determined: (a) the
vessels area density defined as the number of pixels
174

that belong to the vascular network on the image
divided by the total area of the image, (b) the vessel
length density per area defined as the number of
pixels that belong to the skeleton of the vascular
network on the image divided by the total area of the
image and (c) the first-order vessels density per area,
defined as the number of vessel extremities divided
by the total area of the image.
End-points are determined from the skeleton of
the binary image using the appropriate hit-or-miss
transform (Coster and Chermant, 1985). Previously,
artifacts (i.e., ‘prunes’) resulting from small distortions
on the edges were eliminated from the skeleton. Endpoints corresponding to Fig. 1f are represented in Fig. 1g.

PROCESSING AND MEASUREMENTS
OF THE NONVASCULARIZED
REGIONS OBSERVED AT HIGHER
OPTICAL MAGNIFICATION
At a higher magnification (×60), the structure of
the capillary plexus can be observed (Fig. 2b). In this
image, nonvascularized regions correspond to regional
minima. As the grey levels of “holes” are not homogeneous, minima are taken in a prefixed grey level
range. After thresholding, nonvascularized regions
appear as white ‘grains’ (Fig. 2c) and their surface
size distribution is determined.

RESULTS
EVALUATION OF VASCULAR
CHANGES DURING NORMAL
GROWTH OF THE CAM
The CAM vasculature at 7 and 13 days of incubation was first quantified from images obtained at
×24 magnification. Representative resulting processed
images for those days are illustrated in Fig. 4. At day
7, CAM vasculature is mainly characterized by large
vessels with only few branching (Fig. 4a). The
histogram equalization shows (Fig. 4b) that first order
vessels are thin, tortuous and merge in the capillary
plexus. At this point, the identification of the endpoints is complex because the transition from a vessel
to the capillary plexus is progressive. Such a problem
of end-point determination has been already reported
by Strick et al. (1991) who called “blind-ended” the
vessels that are connected to the capillary plexus. On
the contrary, at day 13, a low magnification image
reveals the typical vessel hierarchy of CAM vasculature
(Figs. 4d,e). At this stage, end-points are clearly defined
and can be more easily determined. Fig. 4c and f show
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the resulting binary images from which the end-points
density was determined.
Quantification at low magnification, i.e., at the
vessel level, reveals that all the measured parameters
increase significantly from day 7 to day 13 (see Table 1).
Images taken at ×60 magnification (Figs. 5a and
c) show clearly an evolution of capillary mesh during
the CAM development. As the measured surfaces of

a

nonvascularized regions spread on a very large interval
for both days 7 and 13, distribution are represented in
a logarithm scale (Fig. 5e). Statistical parameters for
these distributions are presented in Table 2. A
Kolmogorov-Smirnov test (KS-test) indicates that the
surface distributions of the two populations differ
significantly. As the distributions are both grossly
non-normally-distributed, percentiles are used to give
an idea of the centrality and spread. For the sake of
completeness the mean is also included in Table 2.

b

c

e

f

2 mm

d

2 mm

Fig. 4. Original color images taken at day 7 (a) and day 13 (d) of CAM development, at x24 magnification. (b,
e): Histogram equalization of green channel images (a) and (d), respectively. (c, f): Binary processed images
obtained from the original images (a) and (d), respectively.
Table 1. Vascular changes observed at low magnification (x24) between days 7 and 13 of the normal
development of CAM and between control animals and after AGT inhibitor treatment.
Vascular Area
density

Sample
Normal growth (Day 7)
Normal growth (Day 13)
Control
AGT

0.17 ± 0.03
0.32 ± 0.07
0.29 ± 0.01
0.24 ± 0.04

Vascular Length
Density
(10-3 1/mm)
0.14 ± 0.02
0.30 ± 0.03
0.31 ± 0.04
0.25 ± 0.03

Vessel End-Points
Density
(1/mm2)
1.92 ± 0.16
5.07 ± 0.80
5.84 ± 2.02
3.09 ± 1.08

Table 2. Statistical parameters of capillary mesh surface distributions obtained at high magnification (x60) for
days 7 and 13 of the normal development of CAM and for control animals and after AGT inhibitor treatment.
x25*
(102µm2)

Sample
Normal growth (Day 7)
Normal growth (Day 13)
Control
AGT
th

th

2.786
1.300
5.0155
8.731

th

x50**
(median)
(102µm2)
4.830
2.229
9.102
18.576

x75***
(102µm2)

Mean
(102µm2)

10.077
4.644
16.718
43.282

10.457
7.452
14.336
60.889

*: 25 percentile; **: 50 percentile; ***: 75 percentile; KS-test: Kolmogorov-Smirnov test.
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KS-test
P < 0.05
P < 0.05
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Fig. 5. Capillary plexus images at ×60 magnification at day 7 (a), and day 13 (c) of CAM development.
Corresponding binary images of the nonvascularized regions for day 7 (b) and day 13 (d). (e) Surface distribution
of nonvascularized regions for days 7 and 13.
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Fig. 6. Capillary plexus images at ×60 magnification for control (a) and AGT-treated (b) animals. Corresponding
binary images of the nonvascularized regions for control (c), and AGT treated (d) animals. (e) Surface distribution
of nonvascularized regions for control and AGT treated animals.
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A comparison of the three quartiles of the distributions,
x0.25, x0.50 and x0.75, shows that the area of the
nonvascularized regions at day 7 is approximately
two times larger that at day 13. Moreover, the interquartile range, x0.75 – x0.25, evolves from 7.29 102 µm2
at day 7 to 3.34 102 µm2 at day 13 indicating a
decrease of the area dispersion. These observations
indicate that at day 7, the capillary plexus is a
heterogeneous honeycomb-like structure composed
of meshes with a broad size distribution. From day 7
to 13, nonvascularized regions shrink in a way that
the capillary network organization becomes more
homogeneous. This latter arrangement is characteristic
of a mature CAM structure.

EVALUATION OF VASCULAR
CHANGES UPON AGT INHIBITOR
TREATMENT
Vascular changes were evaluated at low (x24)
and high (x60) magnifications on control animals and
after modulation by human angiotensinogen AGT.
Measurements of the vessel surface area, length and
end-points densities show a significantly decrease
after treatment with AGT (see Table 1). These results
are in agreement with previous manual measurements
(Célérier et al., 2002). Representative high magnification images of the control and the treated animals
and the surface distributions of the non-vascularized
regions are shown in Figs. 6a,b. Statistical parameters
are presented in Table 2. A KS-test indicates that the
area distributions of the two populations differ
significantly. The interquartile range increases from
11.70 102 µm2 for the control to 34.55 102 µm2 for the
treated animal, for which the distribution spreads
towards the largest values (Table 2 and Fig. 6e). This
indicates clearly that AGT treatment gives rise to a
more heterogeneous capillary plexus than that observed
in the control sample. The presence of the large
structures contributes strongly to the mean value that is
five times greater than the control counterpart. The
measurements performed at low and high magnifications show that the inhibitor affects the structure
of the CAM both at vessel and capillary plexus levels.

DISCUSSION
The CAM assay is classically used in order to
study in vivo the vasculature development and the
effects of pro- or anti-angiogenic agents. Objective
assessment of useful angiogenic parameters is difficult
to achieve. Quantifications on this model are usually
performed manually at low magnification by counting
all or some order vessels. Since such a manual quanti-

fication means extremely tedious work, digital image
analysis has been used to determine global parameters
(surface and length vessel densities or the fractal
dimension). In the present work, we propose an
objective method of quantification adapted to the
various magnifications at which CAM vascular network
development can be observed. At low magnifications,
global parameters such as vessel surface, vessel length
and vessel end-points densities can be determined. Endpoints represent the connection between large vessels
(first order vessel visualized at low magnification) and
capillary plexus (evidenced at high magnification).
Consequently, they can be determined only if the
used magnification is low enough not to detect the
small capillary extensions that connect the first order
vessels to the capillary plexus.
The accuracy in the determination of the vessel
surface area, vessel length and end-points densities
depends not only on the magnification but also on the
stage of CAM development. Indeed, at the early stage
of growth (up to day 7), large vessels contribute mainly
to the surface and length densities. In this case, the
used magnification must be low enough to consider a
homogeneous image, i.e., an image containing almost
the entirety of the CAM. If not, the results will depend
on the particular region of the membrane arbitrarily
chosen in which large vessels could be or not present.
Similarly, end-points are not easily detected and
quantified at the early stage of development. At this
stage, the first order vessels are hardly formed, i.e.,
they are small and thin and merge in the plexus. At a
later stage of CAM development (day 13) global
parameters mentioned above can be determined more
accurately. However, the vessels are so well developed
that end-points evaluation is certainly distorted by threedimensional effects.
On the contrary, the image processing of nonvascularized regions observed at high magnification is
more straightforward than the processing at vessel level.
Indeed, its quantification accounts merely to detect
on the images the black spots. In this work, the size
distribution of nonvascularized regions was measured. It
should be noted that since size distribution of the
nonvascularized regions depends on experimental
condition (state of CAM development, application of an
angiogenic modulator), the used magnification allowing
to observe the more potent structural modifications
must be chosen according to the specific phenomena
studied.
The methodology proposed in this paper was
firstly tested at two stages of the normal CAM growth
(days 7 and 13). According to previous studies (Strick
et al., 1991), these days are an important develop-
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