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Angiogenesis Analyzer for ImageJ 
— A comparative morphometric 
analysis of “Endothelial Tube 
Formation Assay” and “Fibrin Bead 
Assay”
Gilles Carpentier1 ✉, Sarah Berndt2, Ségolène Ferratge3, Wayne Rasband4, Muriel Cuendet2, 

Georges Uzan3,5 & Patricia Albanese1,5

Angiogenesis assays based on in vitro capillary-like growth of endothelial cells (EC) are widely used, 

either to evaluate the effect of anti- and pro-angiogenesis drugs of interest, or to test and compare the 
functional capacities of various types of EC and progenitor cells. Among the different methods applied 
to study angiogenesis, the most commonly used is the “Endothelial Tube Formation Assay” (ETFA). 

In suitable culture conditions, EC form two-dimensional (2D) branched structures that can lead to a 
meshed pseudo-capillary network. An alternative approach to ETFA is the “Fibrin Bead Assay” (FBA), 

based on the use of Cytodex 3 microspheres, which promote the growth of 3D capillary-like patterns 
from coated EC, suitable for high throughput in vitro angiogenesis studies. The analytical evaluation 

of these two widely used assays still remains challenging in terms of observation method and image 

analysis. We previously developed the “Angiogenesis Analyzer” for ImageJ (AA), a tool allowing analysis 

of ETFA-derived images, according to characteristics of the pseudo-capillary networks. In this work, we 

developed and implemented a new algorithm for AA able to recognize microspheres and to analyze the 

attached capillary-like structures from the FBA model. Such a method is presented for the first time in 
fully automated mode and using non-destructive image acquisition. We detailed these two algorithms 

and used the new AA version to compare both methods (i.e. ETFA and FBA) in their efficiency, accuracy 
and statistical relevance to model angiogenesis patterns of Human Umbilical Vein EC (HUVEC). 

Although the two methods do not assess the same biological step, our data suggest that they display 

specific and complementary information on the angiogenesis processes analysis.

Angiogenesis, the growth of new blood vessels from pre-existing ones, is a complex and critical process that takes 
place during vertebrate development, in speci�c physiological conditions in adult individuals and during di�er-
ent pathologies1,2. Endothelial cells (EC) represent the main cell type engaged in this process. Under appropriate 
stimuli, these cells sprout from a root vessel, migrate, proliferate, then align and ultimately form tubes2,3. Accurate 
and objective evaluation of these phenomena is necessary for the full comprehension of this process, for both 
fundamental approaches and pharmacological applications. For example, the use of anti-angiogenic molecules 
still represents a promising therapeutic strategy to impede the development of solid tumors4,5. Other �elds of 
interest, such as stem cell research, also require the evaluation of angiogenic capacities of EC progenitors as well 
as quantitative tools to monitor their proliferation and di�erentiation capacities3,6. In this context, in vitro as well 
as in vivo experimental models have been developed to evaluate angiogenesis features, to screen a variety of new 
angiostatic molecules and to study their properties7,8. Most in vitro angiogenesis models were designed based 
on the so-called “sprouting angiogenesis” di�erentiation process, whereby pseudo-capillary formation mimics 
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several steps of the de novo angiogenesis. �e “Endothelial Tube Formation Assays” (ETFA), based on the original 
design by Montesano and coll9,10. is now extensively used and adapted to various models for the screening and 
study of pro- or anti-angiogenic compounds11,12.

An alternative in vitro model, named the Fibrin Bead Assay (FBA) is now widely used since its initial descrip-
tion13. �is test uses a culture of EC at the surface of ∼200 µm-sized Cytodex-3 microspheres embedded in a 3D 
�brin matrix, in the presence of normal human dermal �broblast (NHDF) as feeder cells. �ese stromal cells pro-
vide a perfect mix of various angiogenic growth factors: hepatocyte growth factor (HGF), transforming growth 
factor alpha (TGF-α), angiopoietin-1 (Ang-1), as well as matrix molecules, matrix-modifying proteins and 
matricellular proteins (e.g. procollagen C endopeptidase enhancer 1, secreted protein acidic and cysteine-rich 
(SPARC), transforming growth factor-β-induced protein Ig-H3 (βIgH3) and insulin-like growth factor binding 
protein 7 (IGFBP7))12.

�e adaptation of the FBA model into 96-well plates allows high-throughput drug screening using small 
amounts of the tested products12,14–17. �is method has the advantage of being closely related, in terms of 3D 
sprouting freedom with a solid anchorage point, to an in vivo assay known as the “Rat Aortic Sprouting Assay”. In 
addition, the FBA test avoids the use of animal experimentation and favors good repeatability12.

Although the qualitative features of both ETFA and FBA have been well described, better quanti�cation meth-
ods are needed. Indeed, these assays still present technical �aws, due to physical, optical and computer con-
straints12. Among technical di�culties lays the focus default due to meniscus formed by culture gels, especially 
in small culture wells used for high-throughput microscopy in FBA experiments. Another di�culty is the choice 
of the most appropriate acquisition method (�uorescence or phase contrast microscopy) and associated so�ware 
tool for image analysis. Finally, special consideration must be given to the morphologic parameters to be taken 
into account for optimal statistical analysis.

Here, it is proposed to compare ETFA and FBA models by using a customized version of the previously pro-
posed “Angiogenesis Analyzer”18, a simple and precise tool built in the ImageJ environment19 and formerly used 
to quantify the ETFA experiment images. �e “Angiogenesis Analyzer” program was conceived to extract char-
acteristic points and elements of endothelial cells network. �is image analysis so�ware was successfully used to 
characterize meshed and/or branched structures in more than 150 di�erent studies (http://image.bio.methods.
free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ&artpage=6-6#outil_sommaire_6), which include endothelial 
in vitro ETFA cell di�erentiation in phase contrast20,21, �uorescence microscopy22, and in vivo studies using the 
mouse retina angiogenesis model23,24. �e “Angiogenesis Analyzer” has also been used to analyze branching in 
alternative meshed or branched biological sca�olds unrelated to angiogenesis, as reported for the characterization 
of diatom silicate structures in phytoplankton research25, or for in vitro neuritic branching analysis in cultured 
neurons26.

�e “Angiogenesis Analyzer” so�ware works as an integrated program, avoiding the requirement for image 
pretreatment using additional plugins, or online computation services on distant servers, such as required by 
other available solutions27. �e “Angiogenesis Analyzer” is free and open source, easy to customize and compati-
ble with several OS platforms (Linux, MacOS and Windows) thanks to a Java execution environment. Moreover, 
it can be used to obtain basic hierarchical data in the form of series of vectorial objects by modeling the analyzed 
structure at di�erent levels, while most other solutions a�ord basic measurements as total tree lengths and meshes 
areas under the form of binary measurements28.

We previously separately validated “Angiogenesis Analyzer” for both ETFA29 and FBA models14,15,30. Here, 
using the customized “Angiogenesis Analyzer”, we compared the reliability, accuracy and statistical relevance 
of parameters obtained from two sets of FBA and ETFA experiments, using both activating and inhibiting con-
ditions of angiogenesis on HUVEC cells. �ese cells spontaneously di�erentiated, aligned and branched in the 
FBA model, and formed an irregular meshed network in the ETFA experiments. Cellular organization images 
were acquired through phase contrast microscopy and analyzed with their corresponding algorithms that were 
described in details for both model. �e FBA algorithm described in this work is the �rst solution available 
for FBA fully automated computer analysis using phase contrast microscopy, allowing thousands of microbead 
analysis per day on a personal computer, without user intervention. By comparative analysis of measurements 
we observed that sprouting initiation capacities in FBA seem related to meshing development in ETFA, while 
length of pseudo-vascular tree in FBA is rather associated to a later stage of development. Our data suggest that 
the two methods do not assess the same biological step and display speci�c and complementary information in 
the analysis of angiogenesis processes.

Results
FBA image analysis. Image analysis for FBA was performed using a program developed for the ImageJ so�-
ware19. �is plugin is an extension of the “Angiogenesis Analyzer” for ImageJ18 written in the macro language of 
ImageJ. �e analysis can be divided into three main steps: (1) sphere detection (Fig. 1), (2) tree detection (Fig. 2) 
and (3) tree structure analysis of Junctions and Extremities (Fig. 3) as well as Segments, Branches and Anchorage 
Junctions (Fig. 4):

Sphere detection (Fig. 1): Sphere analysis in ideal conditions does not present particular di�culties. However, 
sphere clustering, dirt, uneven lighting due to the meniscus of the culture medium and the walls of the culture 
wells introduce di�culties, especially defaults of object closure. A series of image manipulations were necessary 
to enable sphere detection using simple threshold methods as follows:

§1 Light �eld correction (lfc) was performed using an arti�cial �at �eld obtained by applying a Gaussian 
convolution with a sigma value (σ) corresponding to the average sphere diameter. Uniform backgrounds were 
obtained by dividing the initial image (ima1) by the �at �eld with:
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=
σ

ima lfc ima Gauss ima1( ) / ( 1)

§2 Strong edges enhancement (enh) was then performed by log transforming the image and applying a vari-
ance �lter with a radius (r) corresponding to the apparent thickness of the sphere edges (Fig. 1B) with:

=Ima enh variance log ima lfc1 ( ) [ ( 1( ))]r

§3 Initial segmentation (spMask) was performed to get a coarse binary sphere mask by applying a threshold 
on ima1(enh) obtained using the « IsoData » method31, and binary objects resulting from the analysis were then 
submitted to a cycle of closing-opening operations and �lling holes (Fig. 1C) with:

spMask fillHole Open fillHole Close IsoData ima enh{ { [ ( ( 1( )))]}}=

§4 �e interior of spheres was detected by a second segmentation (inMask) applied on the di�erence of images 
“spMask” and “ima1(enh)” (Fig. 1D). �e result was then segmented by the “Minimum” threshold method32 and 
hole �lling and opening binary operators were applied, with “r” the radius of the Maximum �lter matrix (set to 2 
pixels) (Fig. 1E) with:

inMask Open fillHole MinimumThreshold Maximum ima lfc spMask{ [ [ ( 1( ) )]]}r= −

§5 Sphere edges were detected using binary object analysis of “inMask”. Some circles were �tted to the edges 
and their diameters were enlarged to take into account the thickness of the sphere envelope. Figure 1F shows the 
sphere edges using a red circle vectorial overlay.

Tree detection (Fig. 2): Tree detection consists of segmentation, avoiding shadows due to phase contrast light-
ing and small acellular structures, followed by skeletonization, as follows.

§6 Light �eld correction (lfc) was performed in the same manner as for sphere detection (§1), followed by 
noise removal using a band pass FFT (Fast Fourier Transform) �lter (FFTbp).

=
σ

Ima lfc FFTbp ima Gauss ima2( ) [ 2/( ( 2))]
v v( 1; 2)

Figure 1.  Sphere detection in FBA. (A) initial image observed in phase contrast. (B) edge-enhanced image 
(§1-2). (C) �rst binary mask of spheres (§3). (D) di�erence between B and C, highlighting sphere interiors (§4). 
(E) binary mask delineating the interior of the spheres (§4). (F) �nal detection of the sphere edges (red) (§5). “§” 
labels refer to the di�erent steps described in the Results section. Scale bar: 200 µm.
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Figure 2. Tree detection in FBA. (A) initial sample image exhibiting the detected sphere as a red vector overlay 
(§1-§5). (B) enhancement of high gradients and background removal (§6-§7). (C) “Mean” threshold. (D) �nal 
binary segmentation (§8). (E) skeleton of the binary segmentation (§9). (F) �nal skeleton a�er clearing of the 
sphere interior (§9). “§” labels correspond to steps described in the Results section. Scale bar: 200 µm.

Figure 3. Detection of Junctions and Extremities in skeletonized trees obtained through di�erent steps. (A to 
D) Represent four pixels (in red) each linked to three neighborning pixels (green). (E) �e junction between the 
three binary segments is composed of the four nodes (red) materialized by circles of seven pixels in diameter. 
(F) �e border of the overlaying of these circles (red spot) was de�ned as the Junction, materialized by its 
smoothed vectorial representation (blue). (G) An Extremity corresponds to a pixel linked to only one neighbor 
pixel. H: representation of one Extremity. See step “§10” in the Results section.
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where “ima2” is the original image (Fig. 2A), “v1” is the minimum size of structures to keep and v2 is a value 
corresponding to the size of the shadows to be removed. “v2” has the same value than “σ”. �ese values depending 
of the image resolution are typically v1 = 1.5 and v2 = 400.

§7 Edge enhancement (enh) was performed to increase the signal of the small cellular extensions. A variance 
(r) �lter was used to suppress the alternatively positive-negative aspect of objects inherent in phase contrast 
imaging as well as to increase high gradient areas, with “r”, the radius corresponding to the minimum size of 
structures to detect, set to 2 pixels). �e histogram modal value was then subtracted to reduce the background 
(Fig. 2B), with:

= –ima enh variance Ima lfc modal variance Ima lfc2( ) [ ( 2( )) ( ( 2( )))]r r

§8 �e image was then segmented using the “Mean” threshold method33, creating a binary mask (Fig. 2C). �e 
mask was smoothed and made continuous using closing and dilation binary operators (Fig. 2D).

=ima mask dilate close MeanThreshold ima enh2( ) { [ ( 2( ))]}

§9 �e area within the circles was �lled and the resulting binary mask skeletonized (Fig. 2E). Structures not 
in contact with the circles corresponding to the previously detected spheres were removed to avoid isolated 
pseudo-capillary objects. Circles in the skeleton were cleared to get the �nal tree (Fig. 2F).

Tree structure analysis: Junctions and Extremities detection (Fig. 3):
§10. Tree structure analysis started with Junctions and Extremities detection. To perform this, we de�ned three 

sub-elements: Nodes, which consisted in the minimum structure allowing a bifurcation in a skeletonized network, 
Junctions and Extremities. A pixel corresponded to a Node when it had at least 3 neighbors (Fig. 3 A-D). To avoid 
eventual further skeletonization artifacts, each pixel forming a Node was then replaced by a circular dot from 7 
pixels of diameter (Fig. 3E). Junctions were formed by the group of dots associated to a bifurcation (Fig. 3F). A 
pixel was quali�ed as an Extremity when it had only one neighbor (Fig. 3G-H). Figure 3 summaries di�erent 
con�gurations of Nodes leading to a Junction and an Extremity.

Tree structure analysis: Segments, Branches and Anchorage Junctions detection (Fig. 4):
§11. Result of step §10 (Fig. 4A) was submitted to the analysis of branch and segment content, according to 

the following de�nitions. Branches were lines, which are linked to one Junction and one Extremity (green ele-
ments, Fig. 4B) and Segments were lines connected to the main tree by two Junctions (magenta elements Fig. 4B). 
Touching Junctions, or too close Junctions (spaced less than 20 pixels apart) were fused into single Junctions to 
remove segments composed of less than two aligned cells (zoom inset 3, Fig. 4B). Artifactual small Branches were 
removed by an iterative pruning (zoom inset 2, Fig. 4B). Segments corresponding to Circle pieces intercepting 
circles selections were removed by a previously described method34. Using the same principle, the Junctions that 
intercepted Circles corresponding to sphere limits were de�ned as Anchorage Junctions (zoom inset 4 Fig. 4C). 
At this step, the automatic analysis resulted in a model of the sphere and its associated tree, consisting in a group 
of vectorial objects (Circles, Extremities, Junctions, Branches, Segments and Anchorage Junctions) (Table 1) which 
were counted and measured for statistical calculations.

ETFA image analysis. HUVEC cultured in Matrigel were treated to reduce noise and lighting inhomogene-
ity similarly than FBA images. �e tree structure detection was done as in steps §6 to §9, except for the removal 
of the sphere area (Fig. 5A-C). Analysis of the binary skeleton was performed as explained in steps §10 and §11 
except for the detection of Anchorage Junctions.

§12. Isolated Elements detection

Figure 4. Vectorial objects detection in skeletonized trees. (A) Extremities, red dots surrounded in yellow 
(inset 1) as explained in the Methods section (§10). (B) detection of Branches (green) and Segments (magenta) 
(§11). Inset 2 shows an artifactual branch (cyan) (because too small) which will be removed by the program. 
Inset 3 shows a fusion between two nearby Junctions into a single one (blue edge). (C) representation of the �nal 
analysis, including the Anchorage Junctions (violet, inset 4), which intersect with the sphere limit (red). “§” 
labels correspond to steps described in the Results section.
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Elements limited by two extremities were classi�ed as isolated elements. �ey were removed when the size was 
lower than a user de�ned value (10 pixels in our analysis) which corresponds to the minimum size of an isolated 
cell.

§13. Meshes detection:
HUVEC in 3D gel grow according to a meshed network. To implement a parameter allowing to quantify 

this level of cellular organization, a supplementary vectorial object was de�ned in analysis - “Meshes” - corre-
sponding to closed areas delimited by Segments and associated Junctions (Fig. 5D) that were detected and meas-
ured (Fig. 5E). �e �nal representation (Fig. 5F) summarizes all the detected structures from the initial image. 
Vectorial objects and measurement de�nitions are summarized in Tables 1 and 2, respectively.

We further decided to test and compare this two algorithms on the reliability, accuracy and statistical rele-
vance of some measurements obtained on two sets of FBA and ETFA experiments. �ese assays were performed 
in parallel on HUVEC cells, using both activating (VEGF-A) and inhibiting (sunitinib) conditions of angio-
genesis. Images from cellular organization were acquired from ETFA and FBA through phase contrast micros-
copy (Fig. 6) and analyzed with the corresponding algorithms to detect the di�erent vectorial objects described 
above (Table 1). We �nally made a comparative analysis of the parameters derived from the object measurements 
(Table 2), (Fig. 7).

The endothelial tube formation assay response. HUVEC in culture wells present a wide range of 
aspects a�er one day of culture, as observed by phase contrast microscopy, from short and isolated segments to 
a highly developed meshing, depending on the treatment conditions (Fig. 6). Quantitative analysis of di�erent 
angiogenic parameters derived from AA on EFTA are summarized in Fig. 7, panel A to E.

Compared to control condition, the mean size of HUVEC meshes (MMS) slightly increased when VEGF-A 
concentrations went from 5 to 10 ng/ml, and then decreased with higher concentrations (25 and 50 ng/ml) 
(Fig. 7A). Although this e�ect is not statistically signi�cant (VEGF-A 10/Ctrl = 1.18, NS), the tendency is still 
clearly visible. �e same biphasic e�ect of VEGF-A increasing dose was signi�cantly observed when considering 
the Total Mesh Area (TMA) (VEGF-A 10/Ctrl = 1.36 (p < 0.05)) (Fig. 7C). While this tendency was still visible 
with Total Segment Length (TSL) (VEGF-A 10/Ctrl = 1.13 NS) (Fig. 7D), it became erratic in terms of Junction 
Number (JN) and Total Length (TL) values (Fig. 7B,E). �is can be explained by considering the kinetic of the 
meshing network structuration during HUVEC culture in Matrigel. As previously observed in time-lapse record-
ing of EC in similar culture conditions (video at this link: http://image.bio.methods.free.fr/ImageJ/?Human-Endo
thelial-Progenitor-Cells-in-vitro-tube-forming-analysis-using-Lens), the network establishment started (3–6 h of 
culture) by the formation of a multitude of small and unstable meshes. �e size of the meshes then progressively 
increased by fusion of proximal meshes, which occurred by segments (tube) regression or disruption. Indeed, dis-
ruption of a segment can lead to the transformation of two adjacent meshes in a single one, as regression of a seg-
ment can lead to regression of a mesh until its disappearance. Examples of this phenomenon are shown in Fig. 8. 
Red double-head arrows show segment disruption leading to meshes fusion by opening a breach in segment 
continuities. Residual branches maintained the constant Junction Number (JN) at this early stage of the regres-
sion and the decrease of the Total Length (TL) was negligible. Although the disruption leads to a higher decrease 
in Total Segment Length (TSL) by a length value that corresponds to the double head blue arrow (Fig. 8B), such 
phenomena is not su�cient to be signi�cant in the TSL measurements in the VEGF-A response (Fig. 7D). MMS 
increased as TMA, segment disruptions and mesh fusion leading to an increase in residual meshes (Fig. 7A,C). 
�is tendency reversed when mesh size became too high to be entirely visible in the image �eld or when meshes 
became broken. At this step (VEGF-A 25 and 50, Fig. 7A,C), contribution of big meshes decreased, as the mean 
values of MMS and TMA.

In the presence of 5 nM sunitinib, the capillary-like network was not signi�cantly increased (MMS Sunit 5/Ctrl =  
1.18 (NS)). Comparatively, the network was highly altered with 25 nM sunitinib (MMS Sunit 25/Ctrl = 0.06 
(p < 0.0001)) (Fig. 6,8A). �is apparent contradiction - there was a non signi�cant increase of MMS with 5 nm 
sunitinib (Fig. 7), while a decrease would have been expected - can be explained by the process of mesh growing. 
As indicated above, the increase in mesh size occurs by segment disruption, thus leading to mesh fusion. A slight 
inhibitory e�ect a�ecting the tube organization as a function of time has the same e�ect - segment disruption and 
mesh fusion (Fig. 8A). �is makes the use of MMS value inappropriate in the presence of a low concentration of 
inhibitor. Interestingly, the TMA and TSL re�ected a slight decrease with 5 nM sunitinib (TMA Ctrl/Sunitinib = 
1.20 NS) (Fig. 7C,D). �is is consistent since mesh fusion did not increase the TMA whereas it decreased the TSL 

Vectorial element Abbreviation Short de�nition Text

Node Nd Pixel having at least three neighbors Fig. 3, §10

Junction Jnc Groups of nodes forming a bifurcation Fig. 3, §10

Extremity Ext Pixel having only one neighbor Fig. 3, §10

Segment Seg Binary line linked with two junctions Fig. 4, §11

Branch Br Binary line linked with one junction and one extremity Fig. 4, §11

Anchorage Junction AchJ Junction linking a branch or a segment to a sphere limit Fig. 4, §11

Isolated Element IsE Binary line connected to two extremities Fig. 5, §12

Mesh Msh Area enclosed by segments Fig. 5, §13

Table 1. Vectorial objects (elements) characterized by the so�ware analysis. �e “Text” column refers to the 
�gure and to the analytical step in the Methods section that describe each of the vectorial elements.
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(Fig. 8). When segment disruptions occured in large scale, a strong and signi�cant inhibition was observed on 
TMA values (Ctrl/sunitinib 25 = 24 (p < 0.0001)) (Fig. 7C). �e high level of inhibition (sunitinib 25 nM) led to 
a dramatic alteration of the network, as re�ected by signi�cant di�erences in other parameters: JN Ctrl/sunitinib 
25 = 1.7 (p < 0.01) and TSL Ctrl/sunitinib 25 = 5.4 (p < 0.0001).

The fibrin bead assay response. In the FBA model, each microbead consists in a little local experi-
ment in terms of EC loading and spatial HUVEC tube growing, and can be considered as an assay by itself. 
Pseudo-capillary growth on micro beads presents variability, smoothed by the number of analyzed elements 
(about 30 beads analyzable per well, 180 for each dose in this study). Depending on treatment conditions, images 
revealed diverse structural aspects going from a few number of small branches anchored to a sphere (Fig. 6 Sunit 
25) up to developed trees composed of several segments and branches (Fig. 6, VEGF-A 25). All parameters exhib-
ited a biphasic response to VEGF-A and a dose-dependent inhibition with sunitinib (Fig. 7). Within the best 
responses in terms of treated/control ratio, Junction Number/Sphere (JN/S), Total Length/Sphere (TL/S) and 

Figure 5. HUVEC network analysis in ETFA. (A) Initial image enlargement of the HUVEC network in culture. 
(B) Binary image a�er segmentation (§6-§8). (C) Skeleton of the binary segmentation (§9). (D) Detection 
of Extremities (dark dots), Branches (green), Segments (magenta) and Junctions (blue). Twigs and Isolated 
Elements that were too small to be kept in the data are in cyan. (E) Map of the Meshes consisting in closed areas 
surrounded by Segments. (F) Summary of the detected and vectorized objects, superimposed to the initial 
image. “§” labels correspond to steps described in the Results section. Scale bar: 75 µm.

Parameter Abbreviation Short de�nition Text

Mean Mesh Size MMS Mean value of Mesh size on each image (unit: pixel) Fig. 5 §12

Total Mesh Area TMA Sum of Mesh area on each image (unit: pixel) Fig. 5 §12

Total Segment Length TSL, TSL/S
Sum of Segment length encountered in each image (ETFA) or 
per Sphere (FBA) (unit: pixel)

Fig. 4, §11

Number of Junctions JN, JN/S Number of Junction per image (ETFA) or per Sphere (FBA) Fig. 3, §10

Total Length TL, TL/S
Sum of Branches and Segments length per image (ETFA) or per 
Sphere (FBA) (unit: pixel)

Fig. 4, §11

Number of Anchorage 
Junction

AJN/S Number of Anchorage Junction per Sphere Fig. 4, §11

Table 2. Summary of the measurement de�nitions performed from the vectorial objects detection.
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Total Segment Length/Sphere (TSL/S) VEGF-A/Ctrl ratios were respectively 2.9 (p < 0.001), 1.8 (p < 0.0001) and 
2.9 (p < 0.001) for the maximal activation at 25 ng/ml (Fig. 7G,I,J). Among these three measurements, TSL/S and 
JN/S gave the best results in terms of response amplitude to the treatment, under strong or low activator concen-
trations. �is shows the superiority of using segment and junction detection instead of the basic total length of 
capillaries. �e Number of Anchorage Junction/Sphere (AJN/S), which are speci�c measurements of FBA and can 
be associated to the capacity to initiate sprouting, gave the smallest SEM for the maximum activation at the dose 
VEGF-A 10 compared to control conditions (AJN/S VEGF-A 10/Ctrl = 1.35 (p < 0.001)). Another measurement 
associating a precocious phenomenon (initiating of sprouting) with a later one revealing the tree complexity, con-
sists in the sum of AJN/S and JN/S (Fig. 7H). Values from these measurements gave a nearly similar inhibition/
activation pro�le than AJN/S only, with a higher control ratio (1.6 (p < 0.001)), although with higher SEM. It is 
interesting to note that the maximum response to VEGF-A occurred at the dose of 10 ng/ml considering AJN/S 
(as for TMA in the ETFA assay) instead of 25 ng/ml for other measurements. �e FBA assay gave consistent 
results with the sunitinib inhibitor, with signi�cant inhibitions (p < 0.0001) for the higher dose of 25 nM using 
the three following measures: AJN/S, TL/S and AJN/S + JN/S (Fig. 7F,G,H), as expected. �e dose of 5 nM showed 
also signi�cant di�erences compared to the control condition with the TL/S and the AJN/S measurements with a 
control ratio of 2.1 (p < 0.001) and 1.7 (p < 0.0001), respectively.

Comparison of ETFA and FBA responses. �e ETFA and FBA tests are not directly statistically compa-
rable, since respective size of culture wells involved a di�erent number of replicates: 3 wells for ETFA (190 mm2, 
total of 570 mm2 cultured), and 8 for FBA (32 mm2, total of 256 mm2 cultured). Even with a higher cultured area 
for ETFA compared to FBA (about 2-fold more), a signi�cant di�erence compared to the control was only found 
with one VEGF-A treatment (VEGF-A 10 ng/ml, p < 0.05), and with TMA parameter only using ETFA. In the 

Figure 6. Comparative network patterns of HUVEC. ETFA (le� column images) and FBA, (right column 
images). HUVEC were grown for 1 day (ETFA) or for 4 days (FBA) in the absence (CT, control) or presence of 
VEGF-A (5, 25 and 50 ng/ml) or of sunitinib (Sunit: 5 and 25 nM). Phase contrast images with the superposition 
of vectorial objects obtained from computer analysis using the customized “Angiogenesis Analyzer” for ImageJ 
are shown: green, Branches; magenta, Segments; red surrounded by blue, Junctions; cyan, Meshes; violet, 
Anchorage Junctions; red circle, Sphere. ETFA scale bar, le�: 100 µm. FBA scale bar, right: 200 µm.
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case of FBA, several VEGF-A doses showed signi�cant di�erences (p < 0.01 or lower), considering all parameters 
(Fig. 7). As mentioned above, each sphere can be assimilated to a single test in itself, and thus, the high number 
of analyzed spheres (about 30 per well) resulted in high reproducibility, which is an advantage for this method.

Another di�erence between the ETFA and FBA methods was the amplitude of the response amongst the vari-
ous treatment doses in each method. �e strongest response was found with a dose of 10 ng/ml VEGF-A in ETFA 
experiments, with a ratio VEGF-A 10/Ctrl = 1.36 (p < 0.05) when measuring TMA (Fig. 7C). �e same condition 
using the FBA method showed ratios going from 1.35 (for AJN/S) to 2.46 (for JN/S), and 2.24, 1.57 and 1.57 for 
TSL/S, TL/S and AJN + JN/S, respectively. Except for the Anchorage Number (AJN/S), other parameters exhibited 
a higher treatment/control ratio. �is can be explained as the early meshing structure of HUVEC constrained 
di�erences in amplitude in ETFA. In the case of FBA, pseudo-capillary growth from the sphere surface is not 
spatially limited and therefore di�erences in measurements were bigger than with ETFA.

It is interesting to note that VEGF-A 10 induced nearly the same maximum response regarding AJN/S (ratio 
over control 1.35) in the FBA assay than for TMA (ratio over control 1.36) in the ETFA assay. While AJN/S can be 
assimilated to a measurement of sprouting of EC, a precocious phenomenon, other FBA parameters (TL/S, TSL/S 
and JN/S) re�ect later development processes, like segment elongation and/or pseudo-vascular bifurcations. �ey 
exhibit a maximum response for the VEGF-A dose of 25 ng/ml.

When measuring inhibitory activities, FBA proved to be more powerful and sensitive than ETFA to measure 
small changes or weak inhibitors.

Figure 7. Comparative measurement of parameters obtained from image analysis in ETFA and FBA. ETFA: 
HUVEC were cultured for 1 day in Matrigel; FBA: HUVEC were cultured for 4 days on the surface of Cytodex 
3 microbeads. Crtl, medium only (black bars); increasing concentrations of VEGF-A (5, 10, 25 and 50 ng/ml) 
and sunitinib (5 and 25 nM) (white bars). (A) MMS: Mean Mesh Size; (B) TL: Total Length; (C) TMA: Total 
Mesh Area; (D) TSL: Total Segment Length; (E) JN: Number of Junction; (F) AJN/S: Number of Anchorage 
Junction per sphere; (G) TL/S: sum of branches and segments length per Sphere; (H) AJN/S + JN/S: sum of 
number of Anchorage Junction and Junction per sphere; (I) TSL/S: sum of segment length per Sphere; (J) JN/S: 
Number of Junction per sphere. Common parameters are Number of Junction (JN), Total Length (TL) and Total 
Segment Length (TSL). Statistical analyses were performed by One-way ANOVA followed by Dunett’s multiple 
comparison test. Each result in the presence of VEGF-A or Sunitinib was compared to the corresponding Ctrl 
experiment. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Error bars correspond to the number of 
analysed images (n = 15 acquired from 3 wells of 190 mm2 for ETFA, and n = 32 acquired from 8 wells of 32 
mm2 for FBA) ± SEM providing from one experiment performed with each method used.
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Discussion
In this comparative analysis between ETFA and FBA methods, we extended the “Angiogenesis Analyzer” to 
enable FBA analysis, including sphere detection and pseudo-vessel organization. �e extended “Angiogenesis 
Analyzer” is written in the macro language of ImageJ, free image analysis so�ware from the National Institutes 
of Health19. While other so�ware o�ers some solutions for analysis of images acquired by �uorescence com-
plex confocal imaging35, here we focused on the analysis of images issued from phase contrast high-throughput 
microscopy. Although three-dimensionally distributed, the extensions of micro-capillaries preferentially devel-
oped in the horizontal plane. �anks to a short, but su�cient depth of �eld, microscopy observation in phase 
contrast was found convenient enough to get a good sampling of �eld deepness containing pseudo-capillary 
developments (not shown). Furthermore, although more di�cult to analyze, phase contrast observation method 
does not require any previous treatment of cells, has no phototoxicity and can therefore be used for kinetic exper-
imentations and time-lapse recording.

Although widely used for ETFA analysis (more than 150 citations), the “Angiogenesis Analyzer” has never 
been described in details. Here, we report the algorithm and describe the meaning of the detected and modelled 
structures. �is may facilitate the analysis of ETFA when following published protocols, which advise the use of 
“Angiogenesis Analyzer”36. �is method has the advantage of being easy to implement. In this work, we bring out 
some limitation in terms of sensitivity, especially for angiogenesis inhibitors with low activities that cannot be 
identi�ed.

Similarly, we demonstrate here that the “FBA algorithm” is adapted for performing precise analyses of 
pseudo-capillary growing on microbeads. We overrode the constraint of using phase contrast and also imple-
mented the method in 96 well plates with automatic image acquisition. By using this new approach, we dramati-
cally increased the repeatability and precision of angiogenesis measurements.

We observed a biphasic pro�le of VEGF-A treatment with the two methods, ETFA and FBA. �is biphasic 
e�ect of VEGF-A has already been reported in similar in vitro angiogenesis assays37,38, and can be explained 
by a dose-dependent e�ect of the growth factor on the expression of its cognate receptors39, or by the e�ect of 
accessory molecules interfering with VEGF-A signaling40. While this similar pro�le can be observed with both 
methods, the amplitude of di�erence between control conditions and VEGF-A treatment is far more precise with 
the FBA method, and moreover by using a smaller total cell culture area. In ETFA, the measured parameters are 
mainly followed by the regression or growing of the meshing, which is spatially limited by the network itself. �is 
limits the amplitude of the measured di�erence between a control condition and an e�ector. In the case of FBA, 
the growth in the �rst 3 days of culture is not spatially limited. �is and the high number of analyzed spheres, each 
of them being considered as an assay in itself, yields accuracy and repeatability superiority to that obtained with 
ETFA. Remarkably the maximum of biphasic VEGF curves was the same in both cases (10 ng/mL ETFA-TMA 
and FBA-AJN/S), although the two sets of experiments were performed in two di�erent laboratories, with two 
di�erent HUVEC and VEGF sources.

An advantage of the FBA method is that it is easily adapted to small culture wells. Indeed, the meniscus of 
the gel medium imposes a relatively large area of culture to get a reasonable representative EC network sample 
into single image acquisition on ETFA. On FBA, the small size of beads and their associated endothelial cellular 
extensions, allow the encompassment of this limitation. Another advantage of the FBA, is to allow the analysis 

Figure 8. Segment disruption and Mesh extension in ETFA. Image enlargement of HUVEC that have been 
cultured for 24 h in Matrigel in inhibitory (sunitinib, 5 nM), (A) or stimulatory (VEGF-A, 25 ng/ml) conditions 
(B). A red double-head arrow was set in each picture as an example of Segment disruption leading to regression 
of a capillary-like motive and consequently to Mesh extension. Lengths of the red arrows correspond to loss of 
size in the initial Segment of which only two green branches remain. �is size decrease is very modest when 
considering “Total Length” value (magenta Segments + green Branches). Blue double-head arrows show the loss 
of size - much higher - in “Total Segment Length” which does not take into account the branches contribution 
to the global tree structure. Scale bar: 100 µm.
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of several aspects of angiogenesis: sprouting (Anchorage Junction detection), as well as elongation and bifurca-
tions, which are measured through parameters qualifying and quantifying segments, junctions and branches 
organization of pseudo-capillaries. Moreover, the use of tightly packed cells on carrier microbeads represents 
characteristic features of an in vivo environment in this assay. Indeed, ETFA appears more limited to an early mix 
of sprouting and growing capacities occurring at the precocious meshing establishment. However, both assays 
can be run in a relatively high throughput manner, allowing vascular studies at a genetic, molecular, or pharma-
cological level.

In conclusion, we demonstrated that phase contrast images of ETFA and FBA experiments could be success-
fully analyzed by the customized ImageJ’s “Angiogenesis Analyzer”, from small image samples, to large batches of 
images. We also shed light on the advantages and disadvantages of both methods; ETFA in 24 wells plates being 
easy to implement, although less precise than FBA in 96 well plates, the latter approach requiring higher tech-
nicality. ETFA on the other side is faster to perform, with only 24 h of cell culture instead of 4 days for FBA. �e 
present comparison of the ETFA and FBA methods demonstrates their robustness. More generally, our approach 
in terms of image analysis represents a valuable and robust tool to the study of basic branching systems, related to 
the angiogenesis process. It can also be used as alternative applications in the analysis of neural network or of any 
other biological or physical systems in which the accurate measurement of branching or meshing morphology 
complexity is of interest. As we observed that segments, junctions and branches provide a good representation 
of low developed networks and trees, we also recognize that more complex microvascular architectures in highly 
developed biological structures may require more elaborate descriptors. Finally, using similar approaches, it may 
be possible to upgrade our present version of “Angiogenesis Analyzer” in order to analyze in vivo microvascular 
structures to better characterize tumor angiogenesis.

Methods
Reagents. FBA: HUVEC and NHDF, Endothelial basal medium-2 (EBM-2), complete �broblast growth 
medium (complete FGM) culture media, Supplement Mix, human �broblast growth factor-2 (FGF2), long R insu-
lin-like growth factor-1 (R3-IGF-1)), human epidermal growth factor (EGF) were from PromoCell (Heidelberg, 
Germany), fetal bovine serum (FBS) from Gibco. Ascorbic acid, hydrocortisone and heparin were from Sigma 
Aldrich, penicillin and streptomycin from Invitrogen, Cytodex 3 microcarriers beads from GE Healthcare Europe 
GmbH (Freiburg, Germany). Sunitinib and human vascular endothelial cell growth factor-A (VEGF-A) were 
from R&D Systems (Minneapolis, USA). All reagents were of culture grade.

ETFA: HUVEC cells were purchased from ABCell-Bio (Evry, France), culture medium endothelial growth 
medium 2-microvascular (EGM2-MV) was from Lonza (Basel, Switzerland), Matrigel from BD (Le Pont de Claix, 
France) and VEGF-A was from Miltenyi (Paris, France). All reagents were of culture grade.

Cell culture. FBA: HUVEC were cultured in EBM-2 with 1% penicillin/streptomycin supplemented with 
2% Supplement Mix, thus constituting the EGM-2 as previously described14. In all experiments, cells between 
passages 2 and 7 were used. NHDF from juvenile foreskin were cultured in complete FGM supplemented with 
5 µg/mL insulin and 1 ng/mL hFGF2 (human FGF2). NHDF were used between passages 2 and 9. All cells were 
cultured in 5% CO2 at 37 °C and media were replaced every 2 days.

ETFA: HUVEC were seeded at 5 000 cells/cm2 and cultured in EGM-2 MV medium. Media was changed 
every 2 days. Assays were performed between passages 5 and 10.

Endothelial tube formation assay. Network formation in the ETFA was carried out by seeding HUVEC 
(105 cells/well) on Matrigel (250 µl/well) into a 24-well plate for 24 h at 37 °C with 5% CO2. Cells were suspended 
in EGM2-MV medium without VEGF-A (control condition), or complemented with 5, 10, 25 or 50 ng/ml 
VEGF-A. Sunitinib, a multitargeted tyrosine kinase inhibitor was added (5 nM or 25 nM) to culture medium as an 
angiogenesis inhibitor. Five pictures per well (center of the well and four cardinal points) were taken at time 24 h 
using a camera Nikon D5300 associated to an inverted microscope Nikon Eclipse TS100 using a 4× objective (NA 
0.13) in phase contrast mode without �xation. For statistical analyses, three wells were seeded per conditions.

Fibrin bead assay. FBA was carried out using HUVEC on dextran-coated Cytodex 3 microcarriers beads 
embedded in �brin gel as previously described14. Dry Cytodex 3 microcarrier beads were hydrated in PBS for at 
least 3 h at RT and autoclaved for 15 min at 115 °C. �e culture medium used in the assay was EGM-2. EGM-2 
corresponded to EBM-2 medium supplemented with 2% [v/v] FBS, 10 ng /ml FGF2, 5 ng/ml EGF, 0.5 ng/ml 
VEGF-A, 20 ng/ml R3-IGF-1, 1 µg/ml ascorbic acid, 0.2 µg/ml hydrocortisone and 22.5 µg/ml heparin. HUVEC 
were mixed with Cytodex 3 microcarrier beads at a cell density of 400 cells per bead in a solution of 2500 beads 
per ml of EGM-2 medium. Beads and HUVEC were then co-incubated in a humidi�ed incubator at 37 °C and 
5% CO2 and gently manually shaken every 20 min for 4 h to allow cell adherence to the bead surface. Beads with 
adherent cells were transferred to a 75 cm2 tissue culture �ask and were further incubated for 24 h. Cells coated 
on beads were then washed three times with 1 ml of EGM-2 to remove non-coated cells and were resuspended 
at a density of 1000 beads/ml in a solution of �brinogen type I (2.5 mg/ml) with 0.15 U/ml of aprotinin at a pH 
of 7.4. In order to polymerize the �brin in the wells, four µl of 10 units/ml of thrombin were deposited into each 
well of a 96-well-optical plate (BD Falcon) suitable for high throughput imagers. �en, 80 µl of the �brinogen type 
I-aprotinin-HUVEC coated bead solution were delivered over the thrombin drops, gently mixed by slowly pipet-
ting up and down and allowed to clot for 2 min at room temperature and then at 37 °C and 5% CO2 for 30 min to 
promote gel formation. Eighty µl of EGM-2 medium were added to each well and allowed to equilibrate with the 
bead-containing gels for 30 min at 37 °C and 5% CO2. A�erwards, 3700 NHDF were added and allowed to adhere 
to the top of the gel. A�er 1 h, EGM-2 was replaced with fresh medium with or without VEGF-A or sunitinib. 
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Medium was changed one day a�er and then every two days. Sprouting was apparent between days 2 and 3 and 
cultures were imaged at day 4. In order to quantify the sprouting pseudo-microvessel network, samples were auto-
matically scanned with a high-throughput imager (IXM, Molecular Device) at a 4x magni�cation with de�nition 
of 4 quadrants (images) per well to cover the entire surface of each well. Eight wells were analyzed per condition. 
�e image analysis described further was performed on the largest squared area contained in the lightening area 
of quadrant images.

Image analysis. Image analysis for the FBA and ETFA were performed using a program developed for the 
ImageJ so�ware19. �is plugin is an extension of the “Angiogenesis Analyzer” for ImageJ18 written in the macro 
language of ImageJ, which is described in the Results section.

Statistical analysis. Data are expressed as means ± SEM as previously decribed14. One-way ANOVA was 
used for multiple comparisons in experiments with one independent variable. A Dunnet’s test was used for post 
hoc analysis of the signi�cant ANOVA. A di�erence in mean values between groups was considered to be signif-
icant when p ≤ 0.05. Error bars correspond to the number of analysed images (n = 15 for ETFA, and n = 32 for 
FBA) ± SEM providing from one experiment performed with each method used.

Received: 13 February 2020; Accepted: 2 June 2020;

Published: xx xx xxxx

References
 1. Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 9, 653–660, https://doi.org/10.1038/nm0603-653 (2003).
 2. Bergers, G. & Benjamin, L. E. Tumorigenesis and the angiogenic switch. Nat. Rev. Cancer 3, 401–410, https://doi.org/10.1038/

nrc1093 (2003).
 3. Logsdon, E. A., Finley, S. D., Popel, A. S. & Mac Gabhann, F. A systems biology view of blood vessel growth and remodelling. J. Cell 

Mol. Med. 18, 1491–1508, https://doi.org/10.1111/jcmm.12164 (2014).
 4. Kerbel, R. & Folkman, J. Clinical translation of angiogenesis inhibitors. Nat. Rev. Cancer 2, 727–739, https://doi.org/10.1038/nrc905 

(2002).
 5. Ferguson, F. M. & Gray, N. S. Kinase inhibitors: the road ahead. Nat. Rev. Drug. Discov. 17, 353–377, https://doi.org/10.1038/

nrd.2018.21 (2018).
 6. Ferratge, S. et al. Initial clonogenic potential of human endothelial progenitor cells is predictive of their further properties and 

establishes a functional hierarchy related to immaturity. Stem Cell Res. 21, 148–159, https://doi.org/10.1016/j.scr.2017.04.009 (2017).
 7. Staton, C. A., Reed, M. W. & Brown, N. J. A critical analysis of current in vitro and in vivo angiogenesis assays. Int. J. Exp. Pathol. 90, 

195–221, https://doi.org/10.1111/j.1365-2613.2008.00633.x (2009).
 8. Madu, C., Li, L. & Lu, Y. Selection, Analysis and Improvement of Anti-Angiogenesis Compounds Identi�ed by an Anti-HIF-1alpha 

Screening and Validation System. J. Cancer 7, 1926–1938, https://doi.org/10.7150/jca.15603 (2016).
 9. Montesano, R., Orci, L. & Vassalli, P. In vitro rapid organization of endothelial cells into capillary-like networks is promoted by 

collagen matrices. J. Cell Biol. 97, 1648–1652 (1983).
 10. Montesano, R. & Orci, L. Tumor-promoting phorbol esters induce angiogenesis in vitro. Cell 42, 469–477 (1985).
 11. Goodwin, A. M. In vitro assays of angiogenesis for assessment of angiogenic and anti-angiogenic agents. Microvasc. Res. 74, 172–183, 

https://doi.org/10.1016/j.mvr.2007.05.006 (2007).
 12. Nowak-Sliwinska, P. et al. Consensus guidelines for the use and interpretation of angiogenesis assays. Angiogenesis 21, 425–532, 

https://doi.org/10.1007/s10456-018-9613-x (2018).
 13. Nehls, V. & Drenckhahn, D. A novel, microcarrier-based in vitro assay for rapid and reliable quanti�cation of three-dimensional cell 

migration and angiogenesis. Microvasc. Res. 50, 311–322, https://doi.org/10.1006/mvre.1995.1061 (1995).
 14. Berndt, S., Issa, M. E., Carpentier, G. & Cuendet, M. A Bivalent Role of Genistein in Sprouting Angiogenesis. Planta Med. 84, 

653–661, https://doi.org/10.1055/a-0587-5991 (2018).
 15. Issa, M. E., Berndt, S., Carpentier, G., Pezzuto, J. M. & Cuendet, M. Bruceantin inhibits multiple myeloma cancer stem cell 

proliferation. Cancer Biol. �er. 17, 966–975, https://doi.org/10.1080/15384047.2016.1210737 (2016).
 16. Nakatsu, M. N. & Hughes, C. C. An optimized three-dimensional in vitro model for the analysis of angiogenesis. Methods Enzymol. 

443, 65–82, https://doi.org/10.1016/s0076-6879(08)02004-1 (2008).
 17. Queiroz, M. M. F. et al. NF-kappaB and Angiogenesis Inhibitors from the Aerial Parts of Chresta martii. J. Nat. Prod. 81, 1769–1776, 

https://doi.org/10.1021/acs.jnatprod.8b00161 (2018).
 18. Carpentier, G. Angiogenesis Analyzer for ImageJ. ImageJ News 9 November 2012 (2012).
 19. Rasband, W. S. ImageJ. U. S. National Institutes of Health, Bethesda, Maryland, USA (1997-2020).
 20. Marona, P. et al. MCPIP1 Downregulation in Clear Cell Renal Cell Carcinoma Promotes Vascularization and Metastatic Progression. 

Cancer Res. 77, 4905–4920, https://doi.org/10.1158/0008-5472.can-16-3190 (2017).
 21. Sultani, A. B., Marquez-Curtis, L. A., Elliott, J. A. & McGann, L. E. Improved Cryopreservation of Human Umbilical Vein 

Endothelial Cells: A Systematic Approach. Sci. Rep. 6, 34393, https://doi.org/10.1038/srep34393 (2016).
 22. Fortenberry, Y. M., Brandal, S. M., Carpentier, G., Hemani, M. & Pathak, A. P. Intracellular Expression of PAI-1 Speci�c Aptamers 

Alters Breast Cancer Cell Migration, Invasion and Angiogenesis. PLoS One 11, e0164288, https://doi.org/10.1371/journal.
pone.0164288 (2016).

 23. Samarelli, A. V. et al. Neuroligin 1 induces blood vessel maturation by cooperating with the alpha6 integrin. J. Biol. Chem. 289, 
19466–19476, https://doi.org/10.1074/jbc.M113.530972 (2014).

 24. Cossutta, M. et al. Weibel-Palade Bodies Orchestrate Pericytes During Angiogenesis. Arterioscler Thromb Vasc Biol, 
Atvbaha119313021, https://doi.org/10.1161/atvbaha.119.313021 (2019).

 25. Javaheri, N. et al. Temperature a�ects the silicate morphology in a diatom. Sci. Rep. 5, 11652, https://doi.org/10.1038/srep11652 
(2015).

 26. Soltani, A. et al. Increased signaling by the autism-related Engrailed-2 protein enhances dendritic branching and spine density, alters 
synaptic structural matching, and exaggerates protein synthesis. PLoS One 12, e0181350, https://doi.org/10.1371/journal.
pone.0181350 (2017).

 27. Khoo, C. P., Micklem, K. & Watt, S. M. A comparison of methods for quantifying angiogenesis in the Matrigel assay in vitro. Tissue 
Eng. Part. C. Methods 17, 895–906, https://doi.org/10.1089/ten.TEC.2011.0150 (2011).

 28. Boizeau, M. L. et al. Automated image analysis of in vitro angiogenesis assay. J. Lab. Autom. 18, 411–415, https://doi.
org/10.1177/2211068213495204 (2013).

 29. Chevalier, F. et al. Glycosaminoglycan mimetic improves enrichment and cell functions of human endothelial progenitor cell 
colonies. Stem Cell Res. 12, 703–715, https://doi.org/10.1016/j.scr.2014.03.001 (2014).

https://doi.org/10.1038/s41598-020-67289-8
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1038/nrc1093
https://doi.org/10.1038/nrc1093
https://doi.org/10.1111/jcmm.12164
https://doi.org/10.1038/nrc905
https://doi.org/10.1038/nrd.2018.21
https://doi.org/10.1038/nrd.2018.21
https://doi.org/10.1016/j.scr.2017.04.009
https://doi.org/10.1111/j.1365-2613.2008.00633.x
https://doi.org/10.7150/jca.15603
https://doi.org/10.1016/j.mvr.2007.05.006
https://doi.org/10.1007/s10456-018-9613-x
https://doi.org/10.1006/mvre.1995.1061
https://doi.org/10.1055/a-0587-5991
https://doi.org/10.1080/15384047.2016.1210737
https://doi.org/10.1016/s0076-6879(08)02004-1
https://doi.org/10.1021/acs.jnatprod.8b00161
https://doi.org/10.1158/0008-5472.can-16-3190
https://doi.org/10.1038/srep34393
https://doi.org/10.1371/journal.pone.0164288
https://doi.org/10.1371/journal.pone.0164288
https://doi.org/10.1074/jbc.M113.530972
https://doi.org/10.1161/atvbaha.119.313021
https://doi.org/10.1038/srep11652
https://doi.org/10.1371/journal.pone.0181350
https://doi.org/10.1371/journal.pone.0181350
https://doi.org/10.1089/ten.TEC.2011.0150
https://doi.org/10.1177/2211068213495204
https://doi.org/10.1177/2211068213495204
https://doi.org/10.1016/j.scr.2014.03.001


13SCIENTIFIC REPORTS |        (2020) 10:11568  | https://doi.org/10.1038/s41598-020-67289-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

 30. Sakr, O. S. et al. Arming embolic beads with anti-VEGF antibodies and controlling their release using LbL technology. J. Control. Rel. 
224, 199–207, https://doi.org/10.1016/j.jconrel.2016.01.010 (2016).

 31. Ridler, T. W. & Calvard, S. Picture thresholding using an iterative selection method. IEEE Trans. Systems, Man. Cybern. 8, 630–632 
(1978).

 32. Prewitt, J. M. & Mendelsohn, M. L. �e analysis of cell images. Ann. N. Y. Acad. Sci. 128, 1035–1053 (1966).
 33. Glasbey, C. A. An analysis of histogram-based thresholding algorithms. CVGIP: Graph. Model. Image Process. 55, 532–537 (1993).
 34. Carpentier, G. Sort Selections in Overlays. ImageJ News 2013 (2013).
 35. Eglinger, J., Karsjens, H. & Lammert, E. Quantitative assessment of angiogenesis and pericyte coverage in human cell-derived 

vascular sprouts. In�amm. Regen. 37, 2, https://doi.org/10.1186/s41232-016-0033-2 (2017).
 36. DeCicco-Skinner, K. L. et al. Endothelial cell tube formation assay for the in vitro study of angiogenesis. J Vis Exp, e51312, https://

doi.org/10.3791/51312 (2014).
 37. Chen, Z. et al. In vitro angiogenesis by human umbilical vein endothelial cells (HUVEC) induced by three-dimensional co-culture 

with glioblastoma cells. J. Neurooncol 92, 121–128, https://doi.org/10.1007/s11060-008-9742-y (2009).
 38. Nakatsu, M. N. et al. VEGF(121) and VEGF(165) regulate blood vessel diameter through vascular endothelial growth factor receptor 

2 in an in vitro angiogenesis model. Lab. Invest. 83, 1873–1885 (2003).
 39. Meng, H. et al. Biphasic e�ects of exogenous VEGF on VEGF expression of adult neural progenitors. Neurosci. Lett. 393, 97–101, 

https://doi.org/10.1016/j.neulet.2005.09.044 (2006).
 40. Shin, W. S., Na, H. W. & Lee, S. T. Biphasic e�ect of PTK7 on KDR activity in endothelial cells and angiogenesis. Biochim. Biophys. 

Acta 1853, 2251–2260 (2015).

Acknowledgements
We thank Profs. Dulce Papy-Garcia (Paris Est Créteil University, France) and Michel Moenner (Bordeaux 
University, France) for critical reading and help to enrich the manuscript. We also thank Dr Fabien Chevalier for 
providing some images of ETFA used for the �rst developments of AA.

Author contributions
G.C. conceived and programmed “Angiogenesis Analyzer” and its customized version. Conceived the project, 
performed image analysis and wrote the paper. S.B. conceived the adaptation of the FBA method to high-
throughput microscopy, participated to the paper redaction, conceived and performed FBA experiments and 
data analysis. S.F. performed ETFA experiments and data analysis. W.R. is the author of ImageJ. He adapted 
overlays (vectorial objects) functions and optimized skeletonize operation for the “Angiogenesis Analyzer”. M.C. 
supervised the FBA experiments and contributed to writing the paper. G.U. supervised the ETFA experiments. 
P.A. was at the origin of the ETFA experiments at the Gly-CRRET lab, she supervised the ETFA experiments and 
contributed to writing the paper.

Competing interests
�e authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2020

https://doi.org/10.1038/s41598-020-67289-8
https://doi.org/10.1016/j.jconrel.2016.01.010
https://doi.org/10.1186/s41232-016-0033-2
https://doi.org/10.3791/51312
https://doi.org/10.3791/51312
https://doi.org/10.1007/s11060-008-9742-y
https://doi.org/10.1016/j.neulet.2005.09.044
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Angiogenesis Analyzer for ImageJ — A comparative morphometric analysis of “Endothelial Tube Formation Assay” and “Fibrin Be ...
	Results
	FBA image analysis. 
	ETFA image analysis. 
	The endothelial tube formation assay response. 
	The fibrin bead assay response. 
	Comparison of ETFA and FBA responses. 

	Discussion
	Methods
	Reagents. 
	Cell culture. 
	Endothelial tube formation assay. 
	Fibrin bead assay. 
	Image analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1  Sphere detection in FBA.
	Figure 2 Tree detection in FBA.
	Figure 3 Detection of Junctions and Extremities in skeletonized trees obtained through different steps.
	Figure 4 Vectorial objects detection in skeletonized trees.
	Figure 5 HUVEC network analysis in ETFA.
	Figure 6 Comparative network patterns of HUVEC.
	Figure 7 Comparative measurement of parameters obtained from image analysis in ETFA and FBA.
	Figure 8 Segment disruption and Mesh extension in ETFA.
	Table 1 Vectorial objects (elements) characterized by the software analysis.
	Table 2 Summary of the measurement definitions performed from the vectorial objects detection.


