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FURTHER STUDYING

Abstract

In clinical practice, management of abdominal aortic aneurysms (AAA) is predominantly based

PO UIF EJBNFUFS PG UIF MVNFO 4UBUF PG UIF BSU uVJE TUS
proven to be superior in estimating rupture risk, although they still have considerable shortcom

ings. In this paper we address one such unresolved problem, and present the outline of biome
DIBOJDBM NBUFSJBM QBSBNFUFS EJTUSJCVUJPO JEFOUJgDBU
OVS NFUIPE JT CBTFE PO UIF OPO JOWBTJWF BQQS-PYIJNBUJPO
cardiogram-gated computer tomography angiography (ECG-gated CT-angiography, CTA) and
FTUIJNBUJOH UIF MPBE gFME XJUI VTVBM DPNQVUBUJPOBM uV
eters of our model connecting the two abovementioned sets of variables result from-an optimiza

tion algorithm minimizing a work and energy related variational functional. Consequently, also
supported by experimental measurements, we are able to assess local distribution-of the biome
chanical material properties of the arterial wall and give a functional characterization of vessel

wall degeneration.

Keywordsabdominal aortic aneurysm, risk of rupture, in vivo measurement, biomechanical ma
terial parameters, ECG-gated CTA, clinical application

1. Introduction Therefore, any prediction rule regarding the
risk of rupture is of paramount importance.

In healthy elderly men, the diameter of the

infrarenal abdominal aorta ranges betwe@nMotivation

15 mm and 24 minrAbdominal aortic aneu

rysm (AAA) is a persistent and irreversible, clinical practice, the management ef as

circumscribed, spindle-shaped dilatation gmptomatic aortic aneurysms is predomi

the vessel with diameters exceeding 15 timastly based on the measurement of maximal

this valué:3 Ensuing rupture of these lesiontumen diameter and its rate of expansion with

is extremely hazardous, with lethal outcomestical values being 5.5 cm and 1 cm/year, re

in the overwhelming majority of the ca3esspectivelyAlthough, a strong correlation has

Since the advent of modern imaging technoloeen observed, that also can be well explained

gies and regular screening tests, aortic debyr Laplace’s law of thin membranes; there is

mations are often discovered at an early stagegxclusive causal relation between these fac

and although, elective repair by open surgéoys and the probability of rupture.

or endovascular stent grafting at this point can

EFDSFBTF NPSUBMJUZ SBU36 TNGIOD BB TG 5 FDIRBAUAOHOT PG

of these lesions remains a high risk procedugical repafr and the still occurring rupture
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of untreated small aneurysms (dilatations l&s$Purpose

than 5.5 cm in diamet@rpised the demand

of an improved decision strategy based-on lfdur aim is to develop a new, non invasive

mechanical concepts: rupture occurs wherethod to measure material parameters in

UIF CMPPE uPX JOEVDFE TUuw;RUS, dhaydihgRhe\aBdgudemonXiz Mal

SFBDIFT UIF TUSFOHUI MJ MNtiddsé&sGaldulbted by EXigEing lBdthddsOdnd

TQFDJgD OVNFSJDBM N P-E Fadnifetind tkReDdhard®evizfiorB & Ph@ Eneu

ing this conceft*are proven to have higherysm with the assessment of tissue degenera

discriminatory value, with a proper repredution. The procedure involves 5 cornerstones:

ibility,’>than the maximal diameter. EJTQMBDFNFOU gFME EFUFSNJO
SFTQPOEJOH MPBE gFME DBMDVMB

These methods handle the liquid blood arzhtion of local material model parameters, (4)

the solid wall phases separately by solvassessment of vessel wall degeneration, and (5)

the respective differential equations in a fulllge validation of the methodology. In the fol

DPVQMFE 0VJE TUSV DU V-S HodiggUweprseit e Dasic 4deasbdhidPthese

SJUIN *O QSBDUJDF gS-TUstepdF HFPNFUSZ PG UIF MV

men is captured at a single timestep with CTA

imaging; the blood pressure is measured uguMethod

ally on the arm, and then transformed te tran

TIJFOU WPMVNFUSJD UPX SBUBROMFNIBGREI RS TG WIF EJTQME

outlet boundary conditions for the examined

segment using the method of characteristics@maracterizing the dynamic movement of the

a one-dimensional branching mdé®l&Vith living tissue is possible in theory by following

BO BEFRVBUF uUVJE NPEFMFIBRASESUOBICWSBENE MBIGBENBSLT PS E

CFD calculation yields the pressure actingens® 5IF gSTU SFRVJSFT-B TPQIJTU

the wall as the boundary condition for the Hierimental setup, while the second is highly

model, which itself is embedded in an elasiiwvasive, both of which we want to avoid. Our

support environment. Conversely, the displaeceethod stems from the novel application of the

NFOU gFME SFTVMUJOH G ShebttroddréioganNdated- bnipGtet) tdmogra

solid phase augments the boundary conditiphy angiography (ECG-gated CTA) — eom

for the CFD simulation of the liquid phasemonly used in cardiology — opening new hori

This concept requires an iteration algorithmons for investigation of the dynamic behavior

in each timestep of an unsteady problem urdflithe artery in contrast to the more commonly

UIF EZOBNJD FRVJMJC SJV NisddTst@iv/ vopéttidiss E

One of the greatest shortcomings of thdseage acquisition

methods — beside the complex support bound

ary condition$ — is the lack of individual eali 8F VTFE B 11JMJQT #SJMMJBODF J$¢
bration of the material parameters of the wall,IIMJQT /7 #FTU J/FUIFSMBOET EF
51FJS EJTUSJCVUJPO |B%¥ Bha aett@ hvialDdc@ thickNe®sBdd U mm and

on the stress distribution and on the ruptuteansverse voxel size of approximately 0.5 mm.

criterion as well. In concordance with clinicdlhe reconstruction was performed at 10 dis
observations, at the dilated part local stiffenioigte timesteps of the R-R interval with-an ac

of the hyperstatic structure concentrates tive contour algorithm. The total displacement

stresses exactly where the resistance decreasgiitude of a point of interest at the aortic

8




Biomechanica Hungarica VIII. évfolyam, 2. szam

UDYING

wall was comparable to the estimated measurés to amend the local, strong formulation by (',—,
NFOU QSFDJTJPO JEFOUJaoREngrxiliahFconsRair oh thedhbveh@nt. o

the transverse direction). Based on FSI simulation observations, we as
sume the incremental displacement vector ofE
Parametric surface representation the reference surface to align with its correcteda

normal vector. The correction accounts for

At each timestep we constructed a paramethie periodic movement and plays the role as
bicubic spline surface of the arterial lumen iylF NFBTVSF PG UIF BTTVNQUJPO
minimizing the smoothness measure of thliégure 1 shows, the necessary correction de
surface under the condition that the deviati@neases with increasing temporal resolution.

PG UIF NFBTVSFE QPJOUT GSPN UIF gUUFE TVS
face exceeds the estimated measurement ésamyeometric analysis

JEFOUJgFE CZ UIF WPYFM TJ[F JO UIF USBOTWFSTF
direction) with probability less than a givehhe idea of using the functions describing
TIHOJgDBODF MFWFM 5IF WMIFFUHFE® NFSBESYL BOHCBG JTIFEVODUJP(
resulting surface point is an ill-posed probleglement analysis was introduced by Hughes
since we have no information on the in-plare@ ak2 and summarized by Cottrell e€3al.
displacements. Two approaches are at haapplying the non-uniform rational B-spline

5/1F ¢STU JT TPMWJOH UIKNKRES) desériptinrnwitlidrutiePisogdd@etric
the problem by minimizing an image simiparadigm to close the gap between CAD based
larity measure combined with the variationdkesign and analysis not requiring the interme
functional of the mechanical energy. The seatiate step of mesh generation and enabling the
ond — which is followed in this paper due twork on the exact geometry. This approach is

JUT OVNFSJIJDBM FGgDJF O adopBed i ourl ifveBtl @O 40 Bidt FhePoBn
restricting the problem to geometric propertié¢sSPM QPJOU NPUJPO GVODUJPO E

Figure 151F UPQ MFGU gHVSF TIPXT UIF TVSGBDF OPSNBM WFDUPST CM
BGUFS B QFSJPE BOE UIF EJTQMBDFNFOU JODSFNFOUT CMVF 5IF
average closure error convergence with increasing temporal resolution. The spatial distribution of the error
in the converged state is presented on the right
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Figure 3Amplitudes of the kinematic variables in

a cardiac cycle. The sides move with displacement

amplitude approximately 1 mm, while the frontal
dilated part virtually remains in place

Figure 2Natural and periodic univariate cubic

uniform basis function constituting the bicubic

uniform spline, the parameter mesh an@iFhe
control point values

matics of the structure with the given set of
basis functions as demonstratddgare 2
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The reference surface motion functignig
DPOTFRVFOUMZ EFgOFE J
® 2% ™are the surface parametdjsM are
the basis functionisis the time and_ is the
duration of the heartbeat. The velocity and
celeration — components that are also nee
in future dynamic analysis — are easily deri
by partial differentiation. The displaceme
amplitude and the maximal velocity and ¢ 1

Height: Z [mm]
0

celeration magnitudes are showFignre 3. Z
0o Figure 4Green-Lagrange strain amplitude
FARTA : NP MY P wg L, components at the lumen
! (1)
The main load bearing direction is the circum
Wyt W i V\/IJk cos(z—t) w,e sm(s—t) g

ferential onek,,) with peak strain amplitude
values of 01 surrounding the bulge region,
while the values of strain amplitude are with
Fgure 4shows the amplitudes of the in-planan order of magnitude smaller within this re
Green-Lagrange strain components in loagion. This fact squares well with the expect
orthonormal coordinate system at the-refed behavior of a stiffer inclusion, and is also
ence surface. These values oscillate aroundsiiygported by observations of rupture, mostly
initial strain, which is approximately 35 occurring at the dilated part by having small
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_strams in aweakeqed region and high values at EFOUJsDBUJPO PG MPD
its border with a thin transition zone. In-plane

. . rameters
shear ;) behaves similarly with peak values
around 3%. Axial stretds,{) is also small at
the dilatation and large at locations of hiq

axial curvature.

NBU I

he power of these forces should be equal to
e time derivative of the sum of the strain en
ergy and kinetic energy. The power is calcu
lated from the loads and the reference surface
velocity function. The kinetic energy is given
. . . by the shell model and the reference surface
In this example only the inner side of the ar’, . . . .
. . velocity function, while for the estimate of
terial wall was extracted from the images, 1n _. »
. . . strain energy we needed additional character
order to characterize the rotational displace,. . .
. . . IStics of the material model, for which well de
ment of the material points situated above thi . .
. . ien’§ oped formulae were found in the literature
reference surface, since it was convenlenb 0

suppose that the directors (straight materi Sed on a microstructural appréabiodel
lines normal to the initial reference surfac? BSBNFUFS JEFOUJsDBUJPO XBT D

. . st Levenberg-Marquardt local optimization
remain straight and normal to the deforme . L . .
-algorithm where the objective function gradi

lumen throughout the whole process, leadin

, i f i praed pumpricalydnime cqpparghle
S e e b Andor Sl e

surface of the wall, as well, in a similar manner(,:al Support property of the spline basis func
. . : L tions
which provides the linear approximation of the

EFUFDUJPO PG UIF EJSF-DUfS GSPN UIF TYd':‘.GBDF. OPS
. 4. Degree of vessel wall degeneration

mal, which accommodates the transverse shear

deformations using the Reissner-Mindlin sh%l

formulation.

FURTHER

Material point kinematics

hanges in material properties will usually
be accompanied by slow, gradual distension

%FUFSNJOBUJPO PG UIPF Pl [%eon?'—eW This phenomenon can be
observed both on the macro- (stiffening) and

. . microscale (decreased elastin content).-We re
Simultaneously with the geometry scan; OV%

E I F = F EFM QBSB
QSFTTVSF BOE WFMPDJUZObSQgEdﬂMLf: N‘I]:FB.TQ/ %%FE?D‘

were carried out at a limb, which was ther? fve ph_enomena In order to g a_t resh
. . . .old of material strength and to determine the

transformed to the desired aortic section Vida | ¢ degenerative process

1D systematic model — analogous to the electfic 9 P '

circuit model — serving as boundary condition ) ] ]

GPS UIF 0V JBThehaviblBIYderO Aneurysmal aortic sections were dissected (see

mined wall displacement served as a movfgUre » from patients undergoing to open

wall boundary making the resource consu SHFSZ BU UIF )FBSU BOE 7BTDV|

ing FSI calculation unnecessary, which is &g TMelweis University, where ECG-gated
advantage of our model in terms of real-tine! A images were also taken preceding the op

applicability. The simulation was carried ofrations.
within the ANSYS framework yielding the _ _ _
UPX JOEVDFE QSFTTVSF BYWENRBIGIMMIGREWICLgLgRepavior of

distribution acting on the wall. the specimen by using displacement controlled
equi-biaxial tensile tests shownFigure 6
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while the microstructure of the same sampl&G UIF gCFS PSJFOUBUJPO CZ BQQ
was assessed by multi-photon microscoper transform.

which is capable to visualize collagen through

out the cross-section of arterial constitutive 7BMJEBUJPO BOE WFSJgDBUJPO
layers, as shownHkigure 7Then, we stacked

image slices together in order to get 3D dafhe applicability of the method components

and by the aid of an automatic image procesBould be validated individually. The hypoth

ing algorithm we were able to determine thesis of the displacement to be aligned with

collagen content and the distribution functiothe corrected actual normal is observed by FSI
simulations on geometries with small changes

in curvature with homogenous hyperelastic

material model. Deviations are expected at lo

cations with negative Gaussian curvature. Ex
QFSINFOUBM WFSJgDBUJPO JT BMT
posed in the near future by natural landmark
USBDLJOH 5IF MPBE gFME EFUFSN
dure is documented extensively in theitera

turel’ 51F NBUFSJBM JEFOUJ@gDBUJPQ
carried out on noisy data is an optimization

problem of well described approximating solu

tion algorithms as well. To verify the process
JUTFMG JO TJMJDP NFBTVSFNFOU
TIMJDPO BSUFSZ MPBEFE XJUI QVI
are also planned.

Figure 5Dissected aneurysm sample (Semmelweis
60JWFSTJUZ )FBSU BOE 7BTDVMBS $FOUFS

Figure 6Equipment for equibiaxial tensile testing
aneurysm specimens (Semmelweis University
Department of Biophysics and Radiation Biolog
*OTUJUVUF PG )VNBO 11ZTJ FiguRHZis&eCdr shkLiyeni Batple (Semmelweis
Experimental Research) 60JWFSTJUZ )FBSU BOE 7BTDVMBS
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Abstract

X-ray synchrotron tomographic microscopy enables the acquisition of large amount of images
XJUl B HFPNFUSJD BOE SBEJPNFUSJD SFTPMVUJPO-TVG@gDJFOI
sis of vascular and even of microvascular network of different organs. In this study cylindrical
shaped, NiDAB labelled brain samples of a diameter of half a millimeter were imaged and ana
lyzed with an effective pixel size of 0.38 um. Several thousands of tomographic slices build up each
reconstructed volume meaning that an automatized analysis tool is indispensable. These big data
sets are processed by the developed algorithms on commercially available PCs with an automated
image analysis technology in acceptable processing time. The obtained vessel segments are stored
for further topological and morphometric analyses or surface/volumetric visualization purposes.
These analyses contain vessel feature distribution analysis followed by 3D reconstruction. The
obtained results are in accordance to the literature data.

Keywords:image processing, object reconstruction, 3D modelling, micro punching, high
throughput, vascular network, cerebral cortex

1. Introduction beam with the possibility to selectively tune the
XBWFMFOHUI UP GVMgMM UIF SFRV]J

The knowledge of brain blood circulation-is egy the sample size and its electron density. In
sential to understand the functioning and diaddition to the attenuation we can also exploit
eases of the brain. The imaging techniquestloé refraction of the X-ray wave-front on the
nowadays is getting more important thanksitderfaces in the sample arising as a -conse
the increasing quality, resolution and speedagfence of the partial coherence of synchro
image acquisition. Our research focuses on tlen X-ray beanisThis unique combination
algorithmic development to process these iof attenuation and phase contrast is very use
agery, especially on handling large amountfof for the studies of the vascular system at the
images. A very promising imaging techniqumicrometer scale. The spatial resolution in the
is the X-ray synchrotron tomography (XRST)hree dimensional volumetric representation
where the synchrotron delivers bright photai the sample is isotropic and is determined
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by the pixel size of the detector, the numetB440, USA) and 5% sucrose in PB for 60 min
cal aperture of the objective and the phosplubes). All three samples were dehydrated and
screen thickness converting the X-rays-to viiO s MUSBUFE XJUIl SFTJO BT EFTD:
ible light? order to contrast x-ray-imaged vessels, barium
sulfate solution was perfused in the general
From the large XRST data sets of micrometdood circulation in advance of the transcardial
resolution, it is reliable to characterize merphperfusion, according to the protocol described
metric and topological characteristics of vesgel®louraboué et al. (2004) and Risser et al.
networks> Moreover such data provide vesg@009Y*
networks that can be used as a realistic basis
for a numerical simulation of hemodynamidethod
phenomena inside tens of cubic millimeters
of cerebral cortex, which at the present timhbe samples were imaged at the TOMCAT
are not accessible through experimental meaamliné of the Swiss Light Source at the
surements. XRST is applicable post morteRaul Scherrer Institut in Switzerland using
which is very important in human studies{RST. Monochromatic synchrotron X-rays
Also, XRST does not require complicated hisere used for the probing radiation with an
tological processing for vessel visualization.energy of 10 keV (wavelength of 0.12 nm). The
X-ray beam traversing the sample produces
The developed complete 3D model is suitalleadow images that were recorded by a CCD
for morphometric analysis of vascular netwarkmera coupled to a scintillator screen through
of brain tissues. For the reconstructonwe d8 NJDSPTDPQJD PCKFDUJWF XJUI E
veloped software in Matlab environment.  tion. The effective pixel size of the detector
system was 0.38 um. The specimens were ro
Materials tated during acquisition with the axis perpen
dicular to the X-ray beam direction. With 1501
XRST images were obtained from differenhdiographic projections the angular range of
samples of cerebral cortex of an adult rmarmi80° was covered in an equidistant manner to
set Callithrix jacchusThe animal was treatedobtain tomographic images. Each sample con
in accordance with the Guide for the Care asists of 204$ixels covering a cylinder with a
Use of Laboratory Animals (National Researbbight and diameter of 780 um both. Aecord
Council 1996), European Directive 86/609 antj to the stance and position the unnecessary
the guidelines of the local institutional animamages were remové&igure Ishows a small
care and use committee. detail of the tomographic slices.

Transcardial perfusion of an aldehyde- solAccording to the size of the specimens each

tion was applied to preserve brain structiegamined sample was represented on numer

and the samples were treated with Avidin Bious cross-sections. Because of the high amount

tin Complex (ABC) protocol (Elite kit, Vectodata manual image processing is not an option.
Laboratoires, Burlingame, CA 94010, USAhe presented method could replace this la

BOE OJDLFM JOUFOTJgFE EIBNIOREPOPVEBOEFUIJIOFGgDJIFOU
DAB; Sigma-Aldrich, Saint-Quentin FallavierFE BMHPSJUINT VTJOH QSFEFgOFE
France) as the chromo§eatter the NiDAB The parameters are depending on the sample’s

reaction, sample A9 was osmicated (1% Os¢hape and size, and on the staining method of
&MFDUSPO .JDSPTDPQZ 4Dherkanplest AlspRheabrdiion df the sample

y/5)
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has to be taken in consideration because e generalized modehtains multiple devel
samples could have internal cracks, or the spped visualization and analysis procedures, but!
face of the sample could contain dirt particke connection must be established betweenzZ
or metal fragments and tissue shreds make itfi@ discrete regions. It has to be determined©
generally rough. which regions compose a continuous vessel%
and where bifurcations are located. The de
The image processing starts with the setgloped method analyzes and collects statistics
mentation of the vessel cross-sections usihgut each vessel cross-section. The centroid’s
QSFEF@gOFE JOUFOTJUZ W eowrdiraes afd the\m&ching s£mi-rmiBar axis
been stained only non-homogenously, thetengths of each detected region are used. Each
fore it needed additional image enhancemes@introid is projected to the adjacent tomo
technics, like local rescaled-range calculat@i@phic slices and a search radius is drawn with
(LRRC) that is used generally for texture anéte length of the matching semi-minor axis
ysi This method processes the whole imageound the projections on the particular slices,
by dividing it into smaller regions, and evalincluding one around the centroid itself. Then
ating the intensity range inside the neighbdhe number of detected centroids inside the
hood of each pixel. The implementation of thgojected circles is counted, and if there is one
LRRC technique supports to detect the textiyemore centroids inside, the detected elements
of an image therefore the non-homogenoage supposedly connecting. Each element is
staining process could be compensated. labeled uniquely, but in case of the cennec
tion is stated between different centroids, all
"GUFS TFHNFOUBUJPO OPJHFUzMUF-SBONHK BEFBINGRBMIPO OVN
imperfection removal is necessary. A digontinuous vessel branches could be located.
tal “punch” technique was applied, that cuidt each bifurcation the vessels are partitioned,
off the unwanted part from the detected seand the labels of the sub-branches differ, so it
ments? and contain the analysis of statisticsigfimportant to recognize the breakpoints. This
each region to remove misassignments. JEFOUJ@gDBUJPO NFUIPE QSPWJEFT
analyze both vessel cross-section and the con
The developed method supports two typesnefcted elements togetAer.
vessel reconstruction solution: a generalized
model of the vessels and a surface model offtiethe reconstruction of therface modef
vessels. Both type requires different input date vessels, the boundary of each detected ves

a) b) c)
Figure 1Tomographic slices of Samplg#®9Sample Al@), Sample Al&).
Arrows point to vessel cross-sections
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sel cross-section is extracted. The coordinabegraphic slices for the given sample pro
of each boundary pixel are exported from tbessed. Although the sample’s volume maybe
images resulting in a large, three-dimensiorsmilar in the different cases (11), the sample
data set, where a triangulated irregular nean be represented on a smaller number of
XPSL 5*/ TVSGHBJERT gU Udsntographic slices depending on the orienta
tion during the tomographic acquisition. The
Results & Discussion algorithm detects vessel cross-sections (4) on
each tomographic slice and connects them
The developed method has been performedtogether into separate vessel segments (5). At
several samples processed with XRST compaery bifurcation the vessels are partitioned, so
ible histological techniques. NiDAB staininghe vessel segments are obtained with different
resulted in enough parenchymal backgroundEFOUJgDBUJPO OVNCFST 5IF SFT!
staining, which allowed the labeling of the vesire analysis of sample A12 is showigire
sels. 4. A segment of the tissue was analyzed, and
three perpendicular cross-sections containing
Image processing including vessels aBd0 x 200 x 200 voxels are presented, where
branching pattern reconstruction is an athe voxel size is 0.38 pm x 0.38 um x 0.38 pm.
tomated process. It took 2378 seconds with
Matlab on a regular PC for a 1135-slice samplee calculation of statistics was software
(A9). The image analysis methodology céased and did not require user interaction.
be taken as of computation requirement ®&ble 1 presents also some derived statisti
21 sec/image. cal data about the vascular morphometry in
each experimental condition. Vessel segments
Figure Zpresents the detected boundaries lidve the meaning of vessel fragments labeled
the vessel cross-sections with white outlinesiquely (5). The table indicates the mean- (7)
on the same images=@ure 1 BOE MPOHFTU MFOHUI PG UIF JlI
segments. Median (10), mean and standard
Table Ipresents statistics describing the sadeviation (9) of vessels’ diameter are also pre
ples and the detected vessel structure. Rented. The total length (8) and volume (12) of
no. (3) shows the number of pixels in the dhe reconstructed vessels are used to evaluate
rection parallel to the tomographic rotatiothe tissue blood supply by calculating the ratio
axis, hence the number of reconstructed @i vascular length to the volume of the tissue

a) b) c)
Figure 2Tomographic slices of Samplg#®9Sample A1), Sample Al&).
White outlines represents vessel cross-sections
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Sample’s hame A9 Al12 Al4
1 Staining method NiDéAaItBr,iJ?nsq, NiDAB, Barium | NiDAB, Barium
2. Sample size (cylindrical shape
diameter x th(lciness) [um] 500 = 60 500x9 300 = 90
Number of images 1135 915 460
Number of detected vessel cross-
sections 6058 8854 2901
5. Number of detected vessel segments 934 2190 843
6. Length of the longest vessel [um] 69.16 49.02 50.16
7. Mean length of vessel segments [um] 2.46 45.82 154+ 3.51 1.31 +3.81
8. Full length of detected vessels [um] 2302.04 3364.57 1102.34
9 Vessel diameter (mean +standard -
deviation) [um] ( 3.99 + 3.14 1.91 + 2.06 143+14
10. Median of the vessels’ diameter [um] 3.37 1.30 1.47
11. Volume of the examined sample Jum 11 780 972 17 671 458 6 361 725
12. Total vessel volume [Im 235 060.89 176 375.6p 53672.1
13. Relative volume of vessels [%] 2.00 1.00 0.84

1.904 x 16 1.733 x 16#

14. Tissue supply (vessel length/ tissue
volume) [p?]?yr(ﬁ] d 1.954 x 16

Table 1Statistical analysis of the examined samples

sample (14) and the volume of vessels relatif/drain tissue vasculature at high resolution.
to the tissue sample volume (13). Vessel volurhe applied XRST technique doesn't require
is calculated from the number of voxels in eamdmplicated histological processing. The pres
vessel cross-section. ent study also provides evidence for the interest
to use micro-tomography in brain research, as
This study describes a high throughput-autit provides large dataset appropriate for auto
mated process of reconstruction and analysedged processing in a reasonable time. XRST

Figure 34VSGBDF NFTlI gUUFE UP UIF WFTTFM CPVOEBSJFT q B EFUBJI
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has a great advantage against multiphoton 185 mm/mrd The relative volumes of vessels
ser microscopy, scanning electron microscapy also similar to the literature, where 2.5%
or optical confocal microscopy, namely thEUBOET BHBJOTU PVS gOEJOH PG
technique has excellent spatial resolution longest vessel segment lengths are also very
the range of micrometer level and has not ttlese to the literature: our values are between
depth limitation of a few hundreds of micron¥9 and 69 prh.
eters.
There is a strong evidence that changes in pa
Previous studies based on XRST of vessel ugsetkters such as vessel diameter, tortuosity
barium staining. However, inherent of the pr@and density are related to the disease in large
cess is the uncertainty of complete perfusisessels,-1°few results are reported at the mi
FTQFDJBMMZ PG UIF gOF &hoBChiEMatESTREdNE iT is ikrdstirfg
barium staining suspension. This is a majoy develop a multiscale approach and irnova
PCTUBDMF JO TUVEZJOH Utite quarkifalive @SaB/SsDodisTto ehhidoterize
are the most vulnerable in clinical conditionghe capillary networks at different steps of the
disease progression in the brain.
However, the distribution of the vessels is not
homogeneous at a small stakapse size is 4VNNBSJ[JOH UIF CFOFgUT PG UIF
close to the thickness of the sample (50-60 pmgthod, we would highlight the following
Therefore situation may be different from orfeatures:
sample to another, independently of the-staisuitable on commercially available PCs (no
ing method. need for high performance computers),
-automated image analysis technology (no
Concerning the morphometry data, our re need for manual work of human operators),
sults are similar to those published previouslgicceptable processing time (required process
The vascular length (tissue supply) is compang time is ~2 seconds per image).
rable, but smaller: 269 mm/fim marmoset
monkey$; our values are between 173 and

s F H &£ 8 8 8 3 8
Vil Al A r o g

Figure 4Vascularity analysis. Sample A12 with highlighted vessels (black @)#inds)n analyzed
part in detai(b). The gray scale shows the distance of any point of the tissue from the vessels. The vessels’
boundaries are presented in red. This analysis shows that the largest distance between any point of the
tissue and the closest vessel is around 50um. The coordinates and the color bar are in um (voxel size
0.38 pum x 0.38 pm x 0.38 um, and 200 x 200 x 200 voxels are represented)
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