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Abstract — Experiments oin vitro angiogenesis are important tools for studying tbbéhmechanisms of formation of new blood
vessels and the potential development of therapesitiategies to modulate neovascularisation (esgreening of new
pharmacological molecules). One of the most fretjyemsed angiogenesis assays is the culture of thetial cells on a
reconstituted basement membrane named Matrigek sire cells constitute a capillary-like networkiethcan be quantified by
image analysis. In this paper, a global, robust fatig automated methodology is proposed to segnaet quantifyin vitro
endothelial cell networks from greyscale imagesagishathematical morphology operators. After exinacthe established cell
network by means of a top-hat transformation anmasging the tubular structures and the cell aggesgby size and shape an
interpolation algorithm yields a reconstituted eldsnetwork. Using these image data results diffekamds of quantitative
parameters are calculated: size/shape, morpholagjstaibution, spatial organisation, etc. In tipiaper, we have established an
automatic quantitative analysis to evaluate a naiduleffect of a sulphated exopolysaccharide on -B@#duced in vitro
angiogenesis, according to different parameterpeHmental results allow us to draw a discussiorthef pertinence of the
alternative morphological parameters to evaluagectiaracteristics and behaviour of cell cultures.

Key words: endothelial cells, angiogenesis, quantitative imagelysis, mathematical morphology, granulometop-hat
transformation, watershed, morphological wavefront

INTRODUCTION angiogenesis assays make it possible to interpret
. . , results in a shorter time at a lower cost and syste
Angiogenesis, formation of new blood vesselggmpiayity thanin vivo assays (Vailhé et al.,
from pre-existing ones, is a complex process i@V 5401 32) " consequently, the need for quantitative

in embryonic implantation (Sherer and Abulafia,an iogenesis assavs has been arowing in recers vear
2001, 31), in development tissue (Martin et al98,9 (Dgnogvan ot al.y 2001 9)'9 Amogrllg'n Vitro y

21) and in wound_repair (Li et 6."" 20.03'.20)'. Thisangiogenesis assays the most frequently used, the
process also contributes to the dissemination lid so

. . , reconstituted basement membrane (Matrigel), ist fa
tumor growth via metastasis formation or to th

devel t of . liferative di gy eangiogenesis assay that could be accompanied by an
evelopment of angioproliferative diseases (pstwias accurate and fast quantification analysis. In the

diabetic retinopathy, rheumatoid arthritis) (Folkma contact with Matrigel, endothelial cells undergo

1995, 10). Endothelial cells constitute a monOIayelrnorphological differentiation: they assume bipolar

lining the '“m‘f‘a' S”rffj‘ce of b.IOOd vessels and/ala cytoplasmic elongations and spindle shapes, ahgh a
central r_ole IN anglogenesis process. Ur_1der aﬁésociate with others to form tubular-like struetur
angiogenic factor effect, activated endotheliallscel hey can also clump together into cell aggregatess a
?n?gradsirt::)i#giﬂerlylcgsgjf;met?ésTsm?ga\;\?;’dm'?r:ai us form anastomoses or branch points characoterize
angiogenic facto% and proliferate to increase thay, interconnecting segments. At the end of this cel
Ieng thgof neo-vessels forr%ed after cell differetitia differentiation step (about 18-24hrs) and accordng
(Ku%r k and Stewart, 2003, 18) experimental conditions, these tubular-like streesu
Mgn in vitro and,in vivo’ assé < have been set up™® organize into a capillary-like network. It has
y y Pheen shown that endothelial cells exert tractions o

for the study of angiogenesis (Auerbach et al. . ;

2003,2). Several candidate pro-angiogenic or ant}’-he matrix that generate planar gwdgnce pathwe_lys
angiogenic factors have been identified by thes%—%Sed by cells which form a polygonal-like geqmetnc
assays which allow the study of their biologicadkero network (Korff and Augustin, 1999, 17) (Davis and

or to test their potential therapeutic effdotvitro Camarillo, 1995, 8).
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Morphological analysis of endothelial cell networks

Fig. 1(a) shows the example of a culture oparameters. Experimental results allow us to draw a
endothelial cells in a Matrigel support. discussion of the pertinence of the alternative
The image (b) corresponds to the preparation aftefiorphological parameters to evaluate the
fixing and staining with Giemsa and illustrate® th characteristics and behavior of cell cultures.
different morphological phenomena observed: celstate-of-the-art on the quantification of angioggise
aggregates, interconnecting segments, branch pointssays
and capillary-like network structure. By these Quantification of angiogenesis assays has been
regularities, it is possible to develop automategroposed in literature according to different
quantitative analysis based on image processingpproaches used to compare the morphological and
techniques. geometric features of several types of cells apegy

g g— of supports. Most of these methods are manual
3 i (Nicosia and Ottinetti, 1990, 27) (Brown et al. 969
A : , L s 6) or semi-automatic (Donovan et al., 2001, 9)s¢he
“45@%’; i techniques are however slow, annoying and
L i subjective. Several previous studies have reported
attempts to use automated image analysis in ooder t
_ improve the quantification of angiogenesis. Thermai
Lineal .
— problem has commonly been the segmentation of the
cell network in the grey level images. In (Nissambv
al., 1995, 28) an automatic approach for segmemtati
of vessels in the rat aortic ring assay of angiegen
is presented, but the quantification is relatively
simple. A more elegant and interesting approach
using mathematical morphology is proposed in

la)
Polygonal
structures

|solated cells
and cell

“gEregates Branch points

ib)

Figurel. (a) Example of endothelial cells culture in  (Blacher et al., 2001, 4) which has been used for
Matrigel support. (b) Example of image to be preees advanced studies (Hajitou et al., 2002, 15). In
(culture cells after fixing and staining) illustireg the (Gidolin et al., 2004, 13) a topological analyssng

different morphological phenomena of the tubulkeli

cell network. a classical skeleton and a fractal analysis touetel

the complexity of a network is proposed.
. . Still, none of these solutions seem to be robust
From fig. 1 (a) and (b), the tubular-like I;enough to deal with a vast variety of initial images

structures formed on Matrigel before and aftecontrast noise level and lighting conditions ma
staining show that bi-dimensional morphometric ’ gnting y

. reatly vary from one case to the other. Whileabt
parameters such as size/shape paramete : L
. S .~Work remains to be done on the definition of useful
morphologic distribution of length, geodesic

parameters are not modified. However, the depth é)fuantltatlve parameters which allow the interpietat

: . . of the results. Image processing in general (Mastter
the Matrigel is affected by dehydration step l, 1990, 22) aﬁd pmathema%icalg morphf)Iogy in
towards a reduction. Compared to bi-dimensional ’

. q holoai his th articular (Laing et al., 1981, 19) (Vicent et Mast
geometric and morphologic parameters, this thre 992, 33) have already been successfully applied to

dimensional parameter is negligible and does nQly,qy thein vivo endothelial cells of the cornea:
affect the accuracy of the estimated morphometri,vever the problems are very different, since the

values. The interest of the staining is just to MmaKggiaplished cell network is homogenously constitute

easier the segmentation and quantification of thgg 51y uniform cellular tissue.

structures. Our purpose here is precisely to propose new
In this paper, a global, robust and fullyays to quantify robustly for instance the spatial

automated methodology is proposed to segmeRfogression of the vascular network, the topoldgica
and quantifyin vitro endothelial cell networks from features of the network, etc.

greyscale images using mathematical morphology
operators. The complexity of the algorithms is
relatively low and their execution is fast (i.ekiteg MATERIALSAND METHODS

less a minute by image). In particular, we have In this section are included all the details conuey the
established an automatic quantitative analysis tgjological assay (material and methods) and theiaitipn of the
evaluate a modulator effect of a sulphatedmlcrOSCOIOIC field images.

exopolysaccharide on FGF-2-induceith Vitro  gjg|ogical material and preparation

angiogenesis (23,24), with respect to the different
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ANGULO J. AND MATOU S.

Medium M199 (containing Hank's salts, L-glutaminada Tube formation was examined by phase-contrast isGoqy.
25mM HEPES), RPMI 1640 medium, antibiotics (pefiitibnd  For quantitative analysis, five fields (four quanisaand the
streptomycin), L-glutamine, Hank’s balanced saluson with  center) of the Matrigel well were digitised by ugia microscope
phenol red (HBSS), phosphate buffered saline (PBIERPES, (x 40 objective) equipped with a CCD camera conneitted
0.05% trypsin/0.02% EDTA, and versene were fromc@iBRL  computer equipped with the VEVA software. Each expent
(Cergy-Pontoise, France); HBSS without phenol red fmas1  was performed in duplicate.

Eurobio (Ulis, France); fetal bovine serum (FBS) wasm

ATGC (Noisy-le-Grand, France); collagenase A wasmfro OVERVIEW TO THE APPROACH
Boehringer (Mannheim, Germany); and gelatin was f@®igma
Chemical Co. (St Louis, MO, USA). Growth factor-reddc To automatically quantify the morphology of an

Matrigel (without detectable FGF-2) was from Becfickinson :
Labware (Bedford, MA, USA). Human recombinant basic:endOthe“aI cell network we have developed an

fibroblast growth factor (FGF-2) was from Valbiote¢Paris, approach Of_ two main st(_aps. The 'm"'j‘ge e_lnaIyS|s IS
France). based on firstly processing the original image to
Exopolysaccharide was produced and secreted by ebtain intermediate images, which are used as the
mesophilic strain (Alteromonas infernus) found irefd-sea input to the second phase, which correspond to the
hydrothermal events. This polysaccharide was matifiand . .
depolymerised according to the method describe®bgzennec quantlflqatlon of the morphologmal parameters..
et al. (1998). Added to the radical depolymerizatian over- The image analysis starts with the extraction of
sulfation step was performed. So, this sulfatecheksaccharide the cellular structures by means of a top-hat
derivative is a homogenous fraction with an averagdecular  transformation, following by the separation of the
weight of 24000g/mol, as determined by analyticabhh  + hular structures and the cell aggregates. An
performance size-exclusion chromatography. Thistifra is . . . . f )
mainly composed of 31% neutral sugars (glucoseacgase), INt€rpolation algorithm yields a reconstituted elds
19% uronic acids (glucuronic acid, galacturonicipeind of 40% network and the skeleton of the tubes is also
SO3Na. calculated by a thinning transformation. Then from
these transformed images, different kinds of
Cell culture uantitative parameters are calculated. While the
Endothelial cells were isolated from human umbllicaq P ’ .
cords (HUVEC) by enzymatic digestion with 0.1% isolated cells and the cell aggregates are describe
collagenase according to the method described fig 82 al  both by a series of scalar size/shape parameters an
(1973, 16) and modified by Giraux et al (1998, IAYVEC  py two curves of multi-scale aggregation. The
were cultured in M199 and RPMI medium (v/v) suppéetted , quantification of the tubular-like structures ingsii

with 20% fetal bovine serum, 2mM L-glutamine, 10m he d L. f the followi . d
HEPES, 2.5ug/ml fungizone, 80units/ml penicillin dan the determination of the following geometric an

80pg/ml streptomycin. They were seeded into flaskgnmorphologic parameters: (i) series of scalar
precoated with 0.5% gelatin and incubated in hufiedi5%  size/shape parameters, (ii) morphological distrdsut
COzar at 37°C. Endothelial cells were identified Wyelr of length, (i) geodesic parameters such as branch
S’;'f%?me?witﬁSH%n\fECm;rg ooy passazxe?e”me” * %€ points and extremities and (iv) spatial organisatié
the reconstituted closed network.

Endothelial cell treatment Mathematical morphology is a nonlinear image

HUVEC (3x10° cells) were seeded on 0.5% gelatin- processing theory based on the application ofckatti
covered 6-well plates. After 24hrs, the medium Wastheory to spatial structures. A tutorial can benfhin

renewed by a medium containing the sulfated .
exopolysaccharide at concentrations varying frorh €o (Serra' 1982, 1988, 29)' Additional references to

100pg/ml with FGF-2 (5ng/ml). The conditioned memiu Particular operators are also given in the text.
(with or without polysaccharide and FGF-2) was nead Further details of the different algorithmic steps
after 2 days of treatment. After 72hrs, the celler&v gre given below in Sections 4 and 5. The summary of

i - 0, . . N
detached from the well with versene -0.01% colla@® o aynerimental results achieved and the assdciate
then they were counted with a hematocytometer tased

for tubular-like structures formation assay. discussion are presented in Section 6. Finally, the
conclusions and perspectives of the present wak ar
Matrigel tubular-like structures formation assay reported in Section 7.

Forty-eight-well plates were coated with 150ul
undiluted growth factor-reduced Matrigel (10mg/ml,
Becton Dickinson, San Jose, CA), which was allowed

AUTOMATED IMAGE ANALYSIS
gel for 1hr at 37°C. Untreated HUVEC or treated HEW

were suspended in medium containing only 5% FBS The goal of t.hIS section Is j[O introduce the
(without FGF-2 or polysaccharide) and seeded onfUll automated image processing steps of the
Matrigel (3 x 1@ cells/well). After 18hrs incubation, the approach. In order to easily follow the

cells were then fixed with 1.1% glutaraldehyde. Mael algorithms some examples and intermediate
was dehydrated with 75% ice-cold ethanol then 96f6 °images are included

ethanol before staining with Giemsa. We must point out that image analysis is only

Image acquisition fully automated only if the image acquisition is
performed under relatively similar conditions
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Morphological analysis of endothelial cell networks

(e.q., staining procedure, microscopelaboratories, some parameters of the algorithms
magnification, CCD camera performance, etc.)would probably need to be adjusted.
For similar endothelial cell images from other
Notations and main operators successive openings). The pattern spectrum
In the framework of digital grids, @rey level PS(/,n) is a probability density function (a
image can be represented by a functibnD, —T, histogram): a large impulse in the pattern speciatim
whereD, is a subset of? andT={tnn,..., thag IS @an a given scale indicates the presence of many image
ordered set of grey-levels. LBtbe a subset &”and  structures at that scale. It is also possible te us
sON a scaling factorsBis calledstructuring element standard probabilistic definitions to compute the
(shape probeB of sizes. The basic morphological moments of PS. The first momenpt is given by
operators are: u=p'=Z, nPS(,n), thek-th pattern spectrum moment,
« Dilation: 6B(I(x)):suR,DB{I(x-y)} k>2, is cqmputed askzzn (n-p)“ PS_(,n). '
-Erosion:sB(I(x))=inf_yDB{I(x-y)} The distance functionof a binary setX is a

_ _ mappingdist(x) that associates to each pokhiX
The two elementary operations efosion and jts gistance to the backgroundX®, i.e.,

dilation can be composed together to yield a new S%‘istx(x)=infxg><c d(xy). The distance(x,y) between
of operators having desirable feature extractof, pointsx andy is usually defined by the length of

properties which are given by: the shortest path joiningtoy (a path Xo, Xu,..., X)
* Openingyg(1)=0g[eg(1)] being a sequence of points of the grid such thuat, f
. CIOSing:q’B(I):‘C‘B[BB(I)] eachi, x.; Is a neighbour ok). Many algorithms

have been proposed to compute the distance

. The morphologicabpenings(c_losings) filter ogt function (Borgefors, 1986, 5). The distance funatio
light (dark) structures from the images accordiog tis used as the transition between the binary images
the predefined size and shape criterion of thgnd the grey level images

structuring element. The watershed linds one of the most powerful

A. morphologi(_:al tool that complements th.etools for segmenting images (Beucher and Meyer,
opening and closing operators for feature extractio 992, 3). The watershed line of the function

(extract the marked particles) is the morphologic ssociates a catchment basin to each minimum of

. qthis function. Using the watershed on a grey tone
o ) ; mage without any preparation leads to a strong
dilation of a function market by B to a function over-segmentation. The best solution to this

mask J, i.e., & (I) = §1J6n E (1), where 51{ () = problem consists in initially determining markers
6Be£I)DJ. Thereiconstructlonby dllai1t|on is defi|+r11ed by for each region of interest (the image
Y Q) = & (1), such thatd, (I) = 8 (I) corresponding to the markers is denoM}l The
(idempotence). _ ~ other possibility is to filter the image for
A granulometry is the study of the sizeremoving the parasitic minima (the new minima
distribution of the objects of an image. Formably, can be considered as the markéts It is then
granulometrycan be defined as a family openings possible to construct a watershed line associated
F=(Yreo such thatln=0, Om=0, Yoym = Ym¥n =  with these markersVshedl,M ).
Ymaxmny Moreover, a granulometry bglosings (or
anti-granulometry can also be defined as a family of Endothelial network extraction
increasing closings ®=(¢,)w0. Performing the Let l.ure be the original grey level image of
granulometric analysis of an imadewhere " is a culture of endothelial cells. In this image, the
equivalent to mapping each opening of siz@ith a cytological structures appear as dark upon a
measurem(y,(1)) of the opened imagen(l) is the bright background relatively variable (shading
areaof | in the binary case (number of pixels) and th&ffect). In order to filter out the noise and the
volumein the grey scale case (sum of pixel valuesjsmall mistakes of digitalization, the first step is
The size distributionor pattern spectrunof | with @ Gaussian filter of sizewxn, Gn., (typically
respect tol, denoted PS(/) is defined as the n=3), followed by an opening of size svhich
following (normalised) mapping: removes the small bright particles in the tubes
PS (/,n) = [ M(ya(1)) - MCYneai(D)] 1 M (yo(1)), r=0 (they could “disconnect” the structures which
The pattern spectrum R$, n) maps each size Pelongs to the same tube), i.€.ouiure = Ys1(Gnxn
to some measure of the bright image structures witticuure)), such that the value of, smust be
this size (loss of bright image structures betwisen
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smaller than the typical diameter for a tubejnon-uniform backgrounds (Meyer,

experimentally we have fig, = 4.

extracting dark structures. Therefore, from thegena

network structures,l” cuture = Ps2 (I'cuturd = bs2

value has
20. The structuring

After different tests, the
experimentally fixed tos, =

1977, 26). The

black (or dual) top-hat transform is the residueaof
Thetop-hat transformations a powerful operator closing¢(l) and the initial imagé and it is used for
which permits the detection of contrasted objects o

In this second stage of the segmentation, the aim
I curre @ black top-hatp’s,, enhances the endothelial is the separation of the tubular-like structurebi¢iv
constitute the actual endothelial network) from the
(I curwrd - I curre Where s corresponds to the size of isolated cells and the cellular clusters or aggesga
the biggest cellular structure which can be foundWwhich have no elongated shape) on the other hand.

two criteria,

beenThat is, to classify the structures Igf; according to

elementB for the above presented transformations is * Size: The size of the connected compon¢ii
binary set) is calculated by iturface ared(i.e., the

number of pixels)A(X).

a circle.
On the imagd” ¢t @ thresholding operation,I

max 1S performed to provide the binary mask of the

endothelial network (the intervall,[tn.] determines

the set of grey levels associated to the object @fqual to 1 for a circle-shaped object.

» Shape: Based on the form factor acularity

indexof a setX, i.e.,FF(X)=P(X)* / 47A(X), which is

Th&

interest):l ner= Ty, max(I” cururd); here the choice of the increases when the shape becomes elongated or
irregular, or if its boundary becomes wiggly.

The isolated cells and the cellular clusters are
example for extracting the endothelial network bystructures with a surface area smaller than a given

threshold value is not critical (the top-hat faeilées
just the thresholding), e.gs = 40. In fig. 2 an
means of

the present algorithm

is depictedthresholdus;,¢ or structures with a larger surface area

Systematic tests on a selection of images haversholwut with an index of circularity smaller than adik

that the approach is quite robust.
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Figure2. Extraction
corresponding to the endothelial network: (a) owdi
image leynre (0) opening of size 41 curure = Ya(Goxn
(lcullur&): (C) dual tOP'hat of size 201” culture = p>20
(I" curure» (d) binary image after thresholdine = Tpo,
2551(I" curure) (here is shown the negative).

(d}

of the image  structures

Separation of tubular structures / cell aggregates
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threshold, Ucircular-

The endothelial tubes (and the

lengthened clusters or quasi-tubes) are the stegtu
with a surface larger tham,. and with an index of

circularity

larger

than Ucircular-

Connected cell

aggregates with large surfaces are also considered

a part of the network (by their irregularity, thé&Fs

are large); and in fact, this is profitable to tisese
aggregates as anchorage points of the tubes in the

network.

See in fig. 3 (a) an example of the classificatbn
the connected components in a binary image with the
tubular structuresl,nes and another image with the
isolated cells and the cell aggregatks, After an
exhaustive analysis on a representative selection o
images, we found that for our images the applicatio
of the valuesugze = 200 andugjcysr = 1.5 provides
good results for classifying the structures.

‘s ¢ ’
||
\‘.—\.4.1\.‘ ‘./ - N N ,
I % out “ — P
A A B
37 a ‘ /,} N
VN J/

A SN g ka\
(AN '..\4“ =
SR § [ .

ib)
Figure 3. Binary processing of the endothelial network dtiegy
images are shown). Separation of the tubulanstacind the cell
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Morphological analysis of endothelial cell networks

aggregflg)s (;%?g Eijaze)lcﬁtt%(r;%)lcﬁ Si,f/le aﬂd bzhcglaelfolot ang interpolation of the tubular structures (this ig ttual
Ugoua—=1.5): orphological skeleton by : ; ;
homotopic minnir% e thes imfs; =TI, (o) algorlthm of the' classic approach for the separatib
overlapping particles).

Skeleton of tubes by thinning S "

The concept of skeleton of a binary 3ets very / Lang .,
intuitive however, its mathematical definition istn Cos -
simple. Here, we propose to build the morphological -~ 3}

. S X Yooa .

skeleton using the thinning transformation. The
thinning 1s(X) is a morphological operator which is ){ S
the subtraction between the input image and the hit M rL .
or-miss transformation: "‘ = PRI

Ne-@8) =€ (X) N €5(X9) A 1/

with the structuring elemen® andB" (B'nB"=0),

e, 1,g(X) = X \ ng(X). The result is an image
preserving the pixels which center contains the
pattern specified by’ and B" marked as zero and
removing the pixels which satisfies the patterregiv
by the structuring elemeni andB". Theskeleton by
thinning Thiny, is the application until stability (ox n
times) of the thinning operator using a sequence of
structuring elementsB' and B", generated by

successive rotations of a pattern. See in (Serra,

1982,29) details on the suitable series of pattesns
be used to obtain homotopic skeletons.

Note that the skeleton is calculated only for the
endothelial tubesksy.wpes= Thing (luwed. In practice,
the iterationn, = 20 is sufficient for the structures
which one can find on these networks. In the fig. 3
(b) an example of the application of the algoritism
given, after separation of the tubular structufdse
skeletonly..wpeslater allows the calculation of several
parameters for the tubes.

Interpolation of partial tubular network

On the images of endothelial cell networks (see the
original ones in fig. 1 and 5), we can observe tiltalar-
like structures have the tendency to be organistm i
polygonal structures which lead to a network. This
geometrical organisation in a network, which disidiee
space (partition of the space), is very interestirignow the
biological/physical phenomena involved in the psscef
cellular differentiation. For instance, one coudtierested
by the state of formation of the network or by rtinenber
and the average surface of the polygons, etc. Qoasty,
it seems important to be able to evaluate whicHdxuave
been the natural differentiation of the cellulawcttires if the
network would have continued to be formed andwalgch
is the current state (after fixing the cellular tunal)
compared to the supposed final one. From the matiuam
morphology viewpoint, we can regard that as the
interpolation of the network structures. We disti@® an
algorithm for this binary interpolation.

We propose the application of the watershed
transformation on the distance function for the

27

o) (d}

Figure4. Interpolation of the tubular-like image structures:
(a) initial image lypes (Negative), (b) filtered distance
function, I gistrubes, (C) watershed lines superposed on the
original structureSlinemorubes (d) result of the interpolation
of the tubular network on the culture image.

This approach was satisfactory used for extracting

the 3D structures in polyurethane foam (7). The
common methodology is quite simple and is achiéved
three steps (see fig. 5 for an example of mtetmmi)a

Flgure 5 Three examples of morphologlcal inter-polatiorthef
partial tubular network.
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1. Computation of the distance function of the themaf
the binary image, i.8gs.qie— dist(%ne). The maxima (positive
peaks) of the function distance are the centetiseofjuasi-

polygons (the zones between the tubes) and thenanini

(valleys) are associated to the tubular structures.

2. Simplification of the distance function by meahsn
opening by reconstruction using as marker the ifmct
obtained by subtracting a constant véiueom the distance
function: I’ gspes= V Udstwbes ldseanes H). The maxima of the
distance function after filtering will depend o tralue ofh
and these maxima are important as markers foratezsived
line which interpolates the structures (ideally, meed a
maximum for each center of polygon). We found tisaig
h=5 the results are satisfactory.

3. Determination of the watershed for the negafivibe
simplified distance function:

lieporubes WShe(l” dseuned’s Min (I dseuned))-

This transformation provides a means of decidinghef
beginning of a structure must be prolonged, tanked with
ancther neighbouring structure (that is, if thigeedreates a
minimum of the distance).

In fig. 5 the result of the application of the alfym on three
networks of tubes is shown. It is possible to &irgbod trade-
off between false positives and false negativestaiine result
of the initial detection of tubes as well as the sf filtering.

MEASURED PARAMETERSAND
MORPHOL OGICAL QUANTIFICATION

endothelial network can be analysed. The diffestes of
quantification are considered in this section.
Quantification of cell aggregates

In order to quantify the cell size/shape, classiabal
parameters can be calculated from the binary dechec
components of imagkys (1) Normalised Number of Cells
(relative to the studied surface)™Nes = Noeks / Noes (2)
Relative Area of Cells (in comparison with the akaubes)
Acs=A (loeng)/ A (Inebv (3) Cell Mean Area Wanoeh: A (ler/
Neets It is more interesting to calculate the distidutnd the
spatial organisation (dispersion) of the isolatelt$/clusters
compared to the tubular-like structures. To do, that
propose a study of cell aggregation based on comgpat
granulometry, combined with the skeleton of infiieepones,
SKIZ The influence zone of a connected compokeniX is
the set of points of the plane that are closgt tiean to any
other component oK. The SKIZX) is then defined as the
boundary of all zones of influence (29).

In fig. 6 (@) an example of aggregation analysigvisn.
Starting from this morphological muti-scale decositjom it
is possible to define two curves. Thati-Granulometry
Curve of CellsPS{s, -n), which corresponds directly to the
pattern spectrum by closings, associating to déaem she
increasing surface taken up by the cell aggregéfes n
< 160).

N — PS(ees, 1) =[ MOrller)) - Mrallcesd)] / M @ollerd)

A second curve is derived from thienage<SKIZd ().
The Aggregation Curve of Cell Regiopt8GCR(es , ) is

Once these images have been obtained, the binakytained by computing for eaalthe standard deviation of area

connected components corresponding to the elewfethts

ial)
. j i
i & 3 .‘
"\. -
b |
&
" - fl _%
et
(a3} [ad)

of influence regions, i.e., AGCRY, N) =Oasz (N).

W b T o A o W
Fr = 2 !

3 R

Figure6. Aggregation analysis of cells by means of antiagtametry froml s (al)-(a4) isotropic closingg,(lcei9 Of size
n=0, n=40, n=60 and n=80 respectively; where theesponding SKIZ is superposed. (b1) Anti-granulssn€urve of Cells
associated and (b2) the corresponding AggregationeCaf Cell Regions.
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This curve yields a compact description of
dispersion in the aggregation (peaks correspond to
maximal disorder). As we will shown below the |}
aggregation curves are very useful to compare
different cell populations obtained according te th
concentration of the molecule to be tested.

ia) b1y b2}
Figure 8 Geodesic description of tubular structure: (a)
end-points and triple-points from skeleton by tliign
(b) two examples of extremities and branch pointsnf
geodesic distance function.

Quantification of tubular structures

Again, starting fromlypes and lgwpes SeVeral
global parameters can be defined in order to giyanti
the tubular structures: (1) Normalised Number of
Tubules, N pes = Nubes/ Npixelss (2) Relative Area
of Tubules, Aes= 1-Acens, (3) Tubule Mean Area,

mealibes A (lubed / Nuwbes (4) Normalised Length of
Tubules, Eormtubes = A(Isk—tube; / Npier5n (5) Tubule
Mean Length, [**ipes Allsktuwed / Niuves (6)
Thickness Factor of Tubules, T®es= % TF /

A classical way to obtain these two features
consists of, starting from the skeleton of the sibe
obtaining the end-points and the triple-points by
means of the hit-or-miss transformation, see exampl
in fig. 8 (a). However, we prefer to use the teghei
_ - _ of morphological wavefront$30), which consists in
Nubes Where the thickness factor of tubulie defined  onsidering the geodesic distance as an isotropic
as the ratio of areas, i.e., TFA siund A wbe wave, with a origin at the most distant extremity

However, in order to quantify adequately they, srydy the evolution of the connected components
tubes, a granulometry analysis can again be app“e(ﬂ)ranching points as well as the maxima of the
In fact, the most indicated transformation to bedus geodesic distance functiorextremity points The
is alinear openingof sizen which is obtained by the 45t important advantage of this method with respec
Supremum- of openings accg)ordlng 150'[0 severdly the skeleton is that the passage that we cae mak
directions, !-e-VLn =y, 0y*, 0y n_DY3 n- Then,  from a binary object to a weighted graph which
the associated granulometry drinear Pattern gescribes its characteristics (with this secondemor
Spectrum of Tube&PS(uesn), allows us to describe compact representation), the analysis of the object
length distribution of tubular structures: can be done more effectively. All details concegnin

. - 3 the implementation can be found in (1) and the

N~ LPStuwn) [m(mgﬁbf?irggfl(lm»]/m(% (et theoretical backgrouqq in (30). Fig. 8 (b) shows® tw_

Fig. 7 shows an example of LRS{sn). Its examples of extremities/branches obtained by this

derived moments (mean and variance) are verfgchnique. So, from a quantitative viewpoint, we
useful to estimate compactly the length distribatio Propose three parameters for the endothelial cell

of tubes. Besides the previous length parameter@etworks: (1)Normalised Number of End&l"™ e

for this type of tubular network, it is interesting  (for all tubes of the network with respect to the
quantify other intrinsic features to evaluate theSurface), (2Normalised Number of Branch Points
complexity of their ramified structure. TheseN' bancnes (3) Tubule Mean Geodesic Length Fagtor

characteristics are mainly the extremity points an@™uwes= Zi P'/ Nuves Wherep = TL94S, such thak
the branch points of the particles. is the geodesic length of the tube (obtained frben t

morphological wavefront) an8liits surface.

1
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Figure7. Granulometric analysis of ltubes using a linedtgua spectrum: (al)-(a3) linear openings(ltubes) of size n=0,
n=5 and n=10 respectively (negative images). (lspakted granulometric curve (linear pattern spec}r
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Finally, starting from the result of the morphokadi negative control), five image fields were acquired
interpolation ieporuses WE Propose a last set of parameters tand each experiment was ‘perfqrmed in duplicate.

characterise the progression of differentiationluleel : -t ':,Z i i -.'j:_"{ ": S
process consider as associated to the spatial rketwo [ ' \%‘v * e 3“,'-‘
organisation. The result of this polygonal pariitad space e ¥ ] 4 0
linerporubes IS very similar to the result of a SKIZ; and R ,, T {w‘% L ‘-_ﬁ\f.

mathematically, it is rather close to a known phoiistic
model of space partition (the partition of Voronoi)

However, to quantify the spatial partitions obtdiriey o Tae
interpolation we propose to use simple scalar peteam (1) e Tn\ AR S e SR SR L x
Normalised Number of Polygons, "Noygoms  (2) 2 0 TR e

Normalised Length of Polygons™™ 3) Network Figure 9. Example of an 'image field for each endothelial cell
9 Y9 pobgors (3) culture used in the study of the effect of sulptate

Progression Factor, NPF =Ia([] Iimemol-tube}/ A(Iinterpohube}’ exopolysaccharide (EPS) on FGF-2-induced netwatkcktres:
(4) Polygon Mean Area, "B}yqons (5) Polygon Standard (a) negative control, NC (untreated), (b) FGF-2 alofs) FGF-2

Deviation Areagy, + EPS tested at Quyy/ml, (d) FGF-2 + EPS atyg/ml, (e) FGF-2
+ EPS at 10g/ml, (d) FGF-2 + EPS at 106/ml.

RESULTSAND DISCUSSION Therefore ten images are available for each
cellular culture. In Fig. 9 the example of an image

After a pretreatment for 72hrs incubation offje|d for each endothelial cell culture used in the
HUVEC with or without FGF-2 (angiogenic study is given.
growth factor) in the presence of different The automated morphological analysis was
concentrations (from 0.1 to 100pg/ml) of SU”ateOberformed on four image fields (selected
exopolysaccharide, EPS, alone untreated Qindomly from the ten). All of the above
treated endothelial cells were seeded on Matr'getresented morphological parameters  were
After a FGF-2 pretreatment and during 18hrs otomputed and the mean of the four processed
culture on Matrigel, activated endothelial Ce”5images is considered as summary of these
adhered, aligned, migrated and formed tubularmgrphological parameters are depicted in Fig. 10
like structures into a partially organized capi¥tar to 15. As it is showed in Fig. 9, endothelial cell
like network. When HUVEC were previously gifferentiation into tube-like structures was only
treated with FGF-2 and EPS, this sulfatehpserved by the presence of FGF-2 with or
polysaccharide modulated the density of th&yjthout EPS (between 0.1 and 10pg/ml) whereas
capillary-like network induced by FGF-2 in anpg or a few tubule-like structures were observed
concentration-dependent manner. For the differeqtithout FGF-2 (negative control) or with FGF-2 +
concentrations of FGF-2 + EPS (and for agps tested at 100 pa/ml, respectively.

fe)
Figure 10. Summary of the values of size and number paramétethe isolated cells and aggregates: (a) nasethhumber of
cells, (b) relative area of cells, (c) cell measaarThe first bar is the negative control, the sdoone is FGF-2 alone and the
other bars correspond to the EPS concentratiorr@iogpto values of fig. 9.
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To optimize the quantification of tubes, someshowed similar profiles reaching the same peak of

parameters such as
cells were analysed. From
parameters two main cell populations
characterized, non- or less-differentiated
differentiated cells. From the non- or
differentiated cells, many isolated cells (espégial

morphological
aggregated

from negative control) were quantified with maximanormalised

values obtained for the relative area of cells esit
mean area (especially for FGF-2 + EPS abdl).
With their curves describing the pattern spectrdm
cell aggregation or aggregation of cell regionsalhi

FuIme Sapkum Ll Ay e

¥ 0.0+ FGF-C
¥ 1+FE=-2
@Y 11 4 SEF-2

isolated VvRSAG (Fig. 11 (a)) or the same start point in
theskGCR and final point in size of closing (Fig. 11
werg(b)). These morphological parameters indicate that
andsolated cells with mainly round shapes were
less-homogenously

distributed on Matrigel.
Concerning differentiated cells, low number of
isolated cells were quantified,
especially from experimental conditions FGF-2 +
EPS tested at 1 and 10ug/ml with the lowest
ovalues of cell relative area and of cell mean area
from FGF-2 + EPS at 10ug/ml only.
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Figure 11. Comparison of the aggregation curves for the caltomling to the presence of FGF-2 and concentratfdBPS

(cultures of fig. 9): (a) pattern spectrum of @bregation, (b)

Aggregation curves (pattern spectrum of cell agdiay
and aggregation of cell regions) obtained frons aeith
FGF-2 alone, reached peaks close to those obtaorad
non- or less-differentiated cells with a more intgaatrwidth.
From cells treated with FGF-2 + EPS tested betekn
and 10ug/ml, their curves reached peaks at higlhezs/of
size of closing also with a width more importarticells
treated with FGF-2 alone. Maxima values of aggi@yat
curves were obtained from cells treated with FGFEPS
tested at 10pg/ml. Among these parameters, only
relative area of cells allowed to distinguish tfifer@nt cell
populations with round shape for non- or less+difftiated
cells and elongated shape for differentiated cells.

aggregation of cell regions.

quantification of tubular structures was perfornedjive
size, number and shape of tubular structuresXgjglinear
granulometric pattern spectra (Fig. 13) and valoks
geodesic parameters (Fig. 14) were performed. Aratng
these morphological parameters, non- or lesstiffieted
cells showed the smallest values of tubule mean taisule
normalised length, tubule mean length; and linear
granulometric first and second moments (mean lesth
std. dev. respectively) and the smallest tubulengeadesic
thength factor. Only their thickness factors wes [drgest
(especially for cells from negative control) arat ttould be
explained by the analysis of very short tubuleth@rcase of
FGF-2 + EPS 100pg/ml) or aggregates considereubés s

After automated morphological analysis for thetubules (in the case of hegative control).

s

oy e

[

[a)
Figure 12. Summary of the values of size, number and sh
tubules , (b) tubule mean area , (c) normalisedtteof tubules , (d) tubule mean length , (e) thiess factor of tubules . Bars
idem fig. 10.

k)

apenpiers for the tubular structures: (a) normalisechber of
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Limu Fatas- Spechorr <l lub s
T T

reg. Cont
o o N oy TN ]
seaeal | Network | #rps | #ips |
ury ¥ -0 - FEF-2 | —
EF 10 + =5 N L 6.5 34 .4

FGF-2 33.8 | 3623
EGE-2 - EPS 01 | 355 | 3184
FGF-2 + EPS 1 370 | 5042
FGEF-2 + EPS 10 | 414 | 5894
FGF-2 + EPS 100 | 251 | 179.1

(b)
Figure 13. Comparison of the linear granulometric pattern gpefttr the tubular structures (cultures of fig. @) curves, (b)
first and second moments of the granulometries.

[ER——— r S——— - T e

ja) (hi (i
Figure 14. Summary of the values of geodesic parametershiertibular networks: (a) normalised number of ends)
normalised number of branch points , (c) tubulemgeodesic length factor . Bars idem fig. 10.

Concerning differentiated cells, their By the study of the spatial progression for
values for tubule mean area, normalisedhe interpolated networks, the non- or less-
length of tubules and tubule mean length werdifferentiated cells and differentiated cells
higher than those described from non- or lesswere more distinguishable (Fig. 15). Indeed,
differentiated cells with maxima values cells from the negative control (without FGF-
obtained from FGF-2 + EPS at 10ug/ml. Their2) or FGF-2 + EPS at 100ug/ml had the lowest
curves describing the linear pattern spectrunmormalised number of polygons, normalised
of tubules were more spread with peaks moréength of network and the lowest network
displaced to the right than those of non- omprogression factor (especially for negative
less-differentiated cells. The valuescontrol) whereas they had the highest polygon
corresponding to first and second moments ofmean area and polygon standard deviation area.
the granulometries (Fig. 13(b)) and also toConcerning differentiated cells, they almost all
tubule mean geodesic length factor (Fighad the same highest normalised number of
14(c)) showed then the highest valuegolygons, normalised length of network and an
obtained from cells treated with FGF-2 + EPSmportant network progression factor which
with a maximum in the presence of EPS addeéhcreased with the EPS concentration until
at 10ug/ml. Like for normalised number of 10pg/ml added to FGF-2. Their polygon mean
cells, these two cell populations were notarea with polygon standard deviation area
distinguishable by the normalised number ofobtained were the lowest with non-significant
tubules (Fig. 12(a)), normalised number ofdifferences between the different conditions
ends (Fig. 14(a)) nor normalised number of(FGF-2 alone and FGF-2 + EPS tested between
branch points (Fig. 14(b)). 0.1 and 10pg/ml).
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(d) (e)
Figure 15. Summary of the values of spatial progressionHeritterpolated networks: (a) normalised numbgyadygons , (b)

normalised length of network , (c) network progi@ssactor , (d) polygon mean area , (e) polygandard deviation area .
Bars idem fig. 10.

Among these morphological parameters automaticallgomparison automatic versus manual analysis
determined, some relationships could be establgletas: By using software for manual image processing bdeu
less isolated cell number was accompanied with molength was assessed by drawing a line along ehatartu
aggregation of cell regions. And an important &lbukean  like structures and measuring the length of tlediinixels.
length with important first/second moments of linea Contrary to the automatic analysis which was agpjptie
granulometries corresponded to an important neeadali all experimental conditions (even for non-diffeiast
number of extremities (in some cases), with impbhench  cells), only differentiated cells could be quaetifi for
points and tubule mean geodesic length factor.éddng manual analysis. By this manual analysis, onlyttital
the spatial progression for the interpolated nétwan length of tubular structures with the distributiaintubular
important normalised number of polygons, of length structures according to the structure length waesuned;
network, of network progression factor indicatediemse and branch points were also counted (by marking the
network composed of polygons with small size. Gilmaitar  interconnecting segments). Fig. 16 shows the sesiithe
correlation between the parameters could be datsimi manual quantification parameters.
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Figure 16. Summary of the values for the quantitative pararsetbtained manually from the initial grey levelages (cultures

(b) to (f) of fig. 9, the negative control has ha&en manually processed): (a) total number of artatructures per field image,
(b) total branch points per field image, (c) distition of tubular structures according to the larmftthe structure.
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We can therefore observe the coherence of both Concerning the perspectives of this study, we \eelie
methods of quantification: the tubule mean geodesibat the next stage to be considered is the devielapa
length factor and first/second moments ofmorphological-based mathematical model for the
granulometries obtained for each experimentatimulation of the cellular organisation into tulbtilke
condition showed the same profile obtained aftenetworks. Mathematical models using the Burgers
manual measurement of total tubular length pedfiel dynamics equation have been developed to simulate
This can be considered as a validation of thendothelial cell networks by (Gamba et al., 20Q3, 1
automatic approach.

Acknowmedgements - Dr. Sabine Matou is now working as an associate

iati research in the School of Biology, Chemistry andithleScience at The

S'[alilisgtlcs1 (;)f t%arigneggzent the mean values of th%nanchester Metropolitqn Upivgrs‘rty, UK. WewouleltomankPrpf. Georges
: . . landrin who favours this scientific collaboratifhe authors also wish to thanks

morphological parameters measured on images UNAgS reviwers and Prof. Femand Meyer for its viguglomments and
different concentrations of FGF-2+EPS and for theuggestions. Exopolysaccharide was provided byMERE(Fance).
negative control. In fact, each concentration is
represented by ten images: four by well, with dighéd REFERENCES
wells. Remember that all the parameters were Cmdetl. Angulo J., Morphologie mathématique et indexation
from four images, selected randomly between the t€fimages couleur. Application a la microscopie @omédecine
Most of parameters, especially for the tubularcstmes, Ph.D. Thesis, Ecole des Mines, Paris, December.2003

have small dispersion (CV lower than 10%). 2. Auerbach R, Lewis R, Shinners B, Kubai L and AklNar
Angiogenesis assays: a critical overview (Revie@)n Chem.

2003,49(1):32-40.
CONCLUSIONSAND PERSPECTIVES 3. Beucher S and Meyer F., The Morphological Apphotx

In thi h ted t of algorith Segmentation: The Watershed Transformation. In &igberty
n this paper we have presented a set or aigori ), Mathematical Morphology in Image Processirigarcel-

developed for quantitatively analysing the difféiggion in - pekker, 1992.
tubular-like networks oin vitro endothelial cells cultured 4. Blacher S, Devy L, Burbridge MF, Roland G, Tuc®e Noel A
on a Matrigel support. The method deals with a detely and Foidart JM. Improved quantification of angiogga in the rat

. : : rtic ring assayAngiogenesi?001;4:133-142.
automatic approach which provides a complex angf Borgefors G. Distance transformations in digitgpace.

powerful descriptor, by taking into account all thecomputer vision, Graphics and Image Processit86 ;34:344—
morphological features which describe the structure 377.

We have proved the interest of the approach for d&n Brown KJ, Maynes SF, Bezos A et al. A novelitrovassay for
improved automated quantifying (compared with mbnu@“ma” angiogenesisab Invest 996;75:539-555.

R - . . Cenens J, Huis R, Chauvaux B, Dereppe JM, Ggatiand F.
techniques) to evaluate the angiogenic modulaectesf Meyer F. 3D Cellular Structure characterization fiéxible

a molecule, and in order to determine their optimalolyurethane foam. In V. Kumar and K. A. Seelesjg@ellular and
concentration. In addition, the usefulness ofdbscriptor ~ Microcellular Materials pp. 29-44, 1994.
or a part of the present algorithms is not limiedtudy 8- Dr?ViS GE.a”% C?‘”t‘ar”!o CW. Rﬁgu!atilonf of e”dog‘gi?”

H . orpnogenesis Integrins, mecnanical Torces, X
the . assays. of endothelial cells on .M.at”gel' Oth uidgnc% pathwayéxp Cgll Res1995 ;216(1):113-23.
angiogenesis assays such as the rat aortic ingeneral, 9 ponovan D, Brown NJ, Bishop ET and Lewis CE.
other experimental models of the proliferationiofdgical ~ Comparison of three in vitro human 'angiogenesisags with
structures in tubular-like networks,branching pimeea, capillaries formed in vivoAngiogenesis2001 ;4(2):113-21.

etc. could be obiectivel uantified by means af thlo. Folkman J. Angiogenesis in cancer, vasculaymfatoid and
J y-q y other disease (Reviewjlat Med.1995 ;1(1):27-31.

suggested techniques. . . 11. Gamba A, Ambrosi D, Coniglio A, de Candia A, Qili& S,
We have shown that the most interesting parantetersguraudo E, Sereni G, Preziosi L and Bussolino Fcdtation,

guantify this kind of structures are the morphaali Morphogenesis, and Burgers Dynamics in Blood Vessels
distributions of lengths, the geodesic parametaan¢h Egméat'onpfhyl_s ReMV 't-ette'§003|>3i903—-A . Bretaudiore

. . . T . Giraux , Matou S, Bros A, Tapon-Bretaudiére J,
pomts and extremity pomts), the Sp.at""?' distidnof .the Letourneur D, and Fischer AM. Modulation of humandethelial
isolated cells and the spatial organisation ofubes into ey proliferation and migration by fucoidan andpen. Eur J
polygonal networks. Cell Biol 1998 ;77:352-9.

Obviously, the present approach can be used tg stu.lﬁ. Guidolin D., Vacca A, Nussdorfer GG, and Ribﬁ)‘.tiA new
the kinetics of the dynamic process of migratiorthef Mmage analysis method based on topological andtalrac

. e e - . parameters to evaluate the angiostatic activitydadetaxel by
endothelial cells. To do that, the main diffictityo obtain using the Matrigel assay in vitrblicrovascular ResearcR004 ;
the sequence of images, using for instance a tpsel 67:117-124.
phase contrast video microscopy (Meade-Tollin aad V 14 Grimaud M. A new measure of contrast: dynarﬂi_msF.’roc.
Noorden, 2000, 25). In view of the fact that thiseean ~ SP'E; Image Algebra and Morphological Image Progegsil,
! T . . San Diego, Vol. 1769p:292-305, 1992.

not be fixed or stained, see Fig. 1 (a), the settiamtask

becomes more difficult.

34
Copyright © 2006 OM.B. Edition



Morphological analysis of endothelial cell networks

15. Hajitou A, Grignet C, Devy L, Berndt S, BlacheD®roanne
CF, Bajou K, Fong T, Chiang Y, Foidart JM and NoelThe

antitumoral effect of endostatin and angiostatiagsociated with
a down-regulation of vascular endothelial growthctda

expression in tumor cell$ASEB Journal2002,16(13): 1802—
1804.

16. Jaffe EA, Nachman EL, Becker CG and Minick CR. @uelt
of human endothelial cells derived from umbilicakins.

Identification by morphologic and immunologic crige J Clin

Invest1973 ;52:2745-56.

17. Korff T and Augustin HG. Tensional forces irbrfilar

extracellular matrices control directional capilasprouting.J

Cell Sci.1999 ;112 ( Pt 19):3249-58.

18. Kutryk MJ and Stewart DJ. Angiogenesis of thearh

Microsc Res Tect2003 ;60(2):138-58.

19. Laing RA, Brenner JF, Lester JM and Mcfarland. JL 28. Nissanov J, Tuman RW, Gruver LM, Fortunato JM.

Automated morphometric analysis of endothelial scdivest.
Ophthalmol Vis Sc1981; 407-410.

20. Li J, Zhang YP and Kirsner RS. Angiogenesiswiound
repair. angiogenic growth factors and the extratail matrix
(Review).Microsc Res Tect2003 ;60(1):107-14.

Sinquin C, Guezennec J, Fischer AM and Helley De&fbf an
oversulfated exopolysaccharide on angiogenesis cedluby
fibroblast growth factor-2 or vascular endothegjedwth factor in
vitro. Biochem. Pharmacql69(5):751-9, 2005.

25. Meade-Tollin LC and Van Noorden CJF. Time lapkasp
contrast video microscopy of directed migration ffiman
microvascular entothelial cells on matrigeéhcta histochem.
2000;102:299-307.

26. Meyer F. Constrast features extraction. Quantitative
Analysis of microstructures in Materials Sciencégl®y and

Medecine (ed. by J. L. Chermant), 1977; 374-380, Riederer

Verlag.

27. Nicosia RF, Ottinetti A. Growth of microvesséts serum-
free matrix culture of rat aorta: A quantitative sag of
angiogenesis in vitrd.ab Invest1990;63: 115-122.

Automatic vessel segmentation and quantificatiothefrat aortic
ring assay of angiogenesisab Investl995;73:734—739.

29. Serra J, Image Analysis and Mathematical Mdaqaho Vol
I, and Image Analysis and Mathematical Morphologl II:
Theoretical Advances. Academic Press, London, H9821988.

21. Martin RJ, Hausman GJ and Hausman DB. Regulation 0. Serra, J. Morphological descriptions using @kaamensional

adipose cell development in utero (RevieRjoc Soc Exp Biol
Med. 1998 ;219(3):200-10.

wavefrontsimage Anal SteroP1:S13-S21, 2002.
31. Sherer DM and Abulafia O. Angiogenesis

22. Masters B, Lee YK and Rhodes WT. Fourier tramsfor implantation, and placental and early embryonic ettlggment

method for statistical evaluation of corneal endbh
morphology. In Noninvasive diagnostic techniques

opthalmology B. Masters ed., Spring Verlag,
pp:122-141, 1990.

23. Matou S, Helley D, Chabut D, Bros A and Fisch&i).

Effect of fucoidan on fibroblast growth factor-2dinced
angiogenesis in vitro. Thrombosis Researt86;213-221, 2002.
24. Matou S, Colliec-Jouault S, Galy-Fauroux |, Badl J,

35

(Review).Placenta 2001 ;22(1):1-13.

in 32. Vailhé B, Vittet D and Feige JJ. In vitro maalebf
New York, vasculogenesis and angiogenesis (Revidvab Invest.2001.

81(4):439-52.

33. Vincent L and Masters B. Morphological Image desing
and Network Analysis of Cornea Endothelial Cell Inmagn
SPIE Vol. 1769 Image Algebra and Morphological Imag
Processing I} pp:212—226, 1992.

Copyright © 2006 OM.B. Edition

during



