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Testovaci a kalibracni obrazova data pro mikro-CT
vysetrovani vliaknitych a poréznich materialu

Zbynék Tonar, Miroslav Jirik, Martin Bartos, Tereza Kubikova, Jana Horakova,
David Lukas, Tomas Suchy, Pavla Sauerova, Marie Hubalek Kalbacova
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Odkud pochazime a kde pracujeme

Ustav histologie a embryologie a Biomedicinské centrum LF UK v
Plzni

Laborator kvantitativni histologie
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Zpracovani tvrdych tkani




Mekké tkane - parafinove rezy,
Imunohistochemie




Zakladni strategie: Unbiased stereology

Randomizace orientace a viceurovnové systematickeé a

nestranné vzorkovani pfi @ ’ ——
e odbéru organtl a blo¢ku ( ( e

FE R )
.

1
PN W

e vybéru histologickych rezl( a mikroskopickych zornych poli

Slozeni vzorku je vizualizovano
e prehlednymi metodami
* imunohistochemicky

Stereologie: Popis 3D objektl na zakladé studia 2D rezl

e pocitani mikroskopickych objektu (disektor, frakcionator)
e odhady a méreni délek, ploch, objem

* hodnoceni hustoty mikrocév

* plosné a objemové podily vicefazovych struktur
e tortuozita vlaknitych struktur

e shlukovani objektu

¢
I vertikalni
@ osa
l
9
horizontalni rovina

— —>Popis slozeni
vzorkd pomoci
spojitych
kvantitativnich
proménnych




Priklady resenych vyzkumnych otazek
Objem a rovhomeérnost distribuce novotvorené kosti v
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Compartment
Parameter Outer Middle Central
Circle diameter (mm) 6 4 2
Area per section (mm?) 15.71 9.42 3.14
Area label Al A2 A3
Volume in 4 s (mm?) 3.142 1.884 0.628
Volume fraction 0.552 0.331 0.114
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@ mean A (bone) mm? (L)
—— estCE(A) (R)

34567 8 91011121314 1516 17 18 19 20
Number of serial sections sampled
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Estimated coefficient of error estCE(A)
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Collagen/hydroxyapatite scaffold enriched with polycaprolactone
nanofibers, thrombocyte-rich solution and mesenchymal stem cells
promotes regeneration in large bone defect in vivo
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VS/hOdy IJ-CT INJURY AND SKELETAL

. v oo L, BIOMECHANICS
° natlvne 3D 9 mlnlmalnl Edited by Tarun Goswami

vzorkovaci chyba e

Correlating Micro-CT Imaging
with Quantitative Histology 2012

Tomas Gregor, Petra Kochova, Lada Eberlova, Lukas Nedorost, Eva Prosecka,

* obejde histologickeé artefakty

— teplota
— rozpoustedl|a

— smrsténi

— demineralizace

— ztrata materialu rezanim a
krajenim...)




mikro-CT jako slibna metoda pro posouzeni
in vivo degradace biomaterialu?
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—objemovy
podil
—povrch



kvannﬁkace

status: September 2016
location: Herbertov

e objemové podily vldken i porozit jsou bezesporné

e CAVE: méreni povrchu a délek silné zavisi na
zpusobu segmentace

 Navrh: provést analyzu citlivosti a doporucit
nejvhodnéjsi postup

Ponauceni: U nékterych charakteristik nemame ,,zlaty
standard” ani kalibra¢ni nastroje!



Realné materialy predlohou testovacich dat

1. nanovlakenne textilie z polykaprolaktonovych

VEGAI TESCAS

polylaktidovych vlaken
a fosforeCnanu vapenatého

47.0wt%




Mikro-CT, rozliseni 0,5 um

‘ miCT, 0.7um, TXT -1 ‘




Mikro-CT — vizualizace textilie | porozity

TUL - TXT, Structure Thickness, vx 0.5 um, VOI 250x250x250 um, microCT SkyScan 1272, 1.LF UK

TUL - TXT, Porosity, vx 0.5 um, VOI 250x250x250 um, microCT SkyScan 1272, 1.LF UK
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Mikro-CT

vyzaduje binarizaci
bézna morfometrie ve 2D i 3D
charakteristiky celku i jednotlivych objektt v ném

an/izotropie (mira 3D symetrie, analyza preferencnich
orientaci)

konektivita (redundance spojek branicich rozpadu na
samostatné objekty) pomoci Euler-Poincarého Cisla

= J (connected components) — 2(bridges, ,,handles”, loops) + 2 (holes, voids)
analyza porozit
uplatnéni stereologie v analyze p-CT obrazu

Figure 2. For the MIL analysis, a grid of lines is sent through the volume over a

large number of 3D angles (just two are illustrated here). The MIL for each a

is calculated as the average for all the lines of the grid.

ngle



binarni obraz je silné ovlivnén kontaktem
vlaken

zaporna 3D Eulerova charakteristika se
projevi podcenénim odhadu délky, ktery se
pocita z 2D Eulerovych charakteristik ve 3
kolmych rovinach

Xpristup zaloZeny na skeletonizaci naopak
nadhodnocuje délku o nadbytecné spojky

riznymi druhy filtrace lze pred binarizaci
ziskat vyrazné vétsi a kladnou Eulerovu
charakteristiku a odhad délky ze zvysi
xskeletonizaci a vyhlazenim dostavame pak
o neco kratsi délku




Software Teigen
https://mjirik.github.io/teigen/

Teigen teigen
Test Image Generator Test Image Generator
\r:jiﬁ\k/rt:ginProject on GitHub InStaI Iation
g?gnII:oiailg 'IEK)\I;nB;c:I élﬁvﬁgg conda install -c mjirik -c simpleitk teigen
Windows

Windows installer

This project is maintained by mijirik

Hosted on GitHub Pages — Theme by orderedlist




Flowchart — generator neprotinajicich se
valcu a kouli

vstupni parametry

pocet objektu
objemovy podil
distribuce priiméra
valct/kouli

distribuce délek valcl
profily intenzit uvniti/na
okraji objekt(
izotropie/anizotropie
rozliseni

gaussovskeé rozostreni
parametricky generator
nahodného Ssumu
pocty iteraci

seed

TP [P S s oy =
Soubor  Uptiet Meodnedti  Kédevini  Napowids =%

load
YAML

save

konfiguracni
soubor

generate skeleton

generate
and save
volumetric
data

* micro-CT
SW

Image)
interaktivni
stereologie
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Parameter Value Cylinder | Gensei g I Cylinder conti J Unconnected cylinders ‘

2l Batch processing

element_number 100 =

uniform_radius_distribution
: norme radus_dsbution

4 voxelsize_mm
0 Imm fixed_radius_distribution
1 imm
2 lmm radius_distribution_minimum 2,000000 i_%]
4 areasize_mm
radius_distribution_maximum 10.000000 @
radius_distribution_mean 2.000000 E

radius_distribution_standard_deviation 5.000000

4

length_distribution_mean 150.000000

P

el Appearance

show_surface

length_distribution_standard_deviation  10.000000

oS

Ll Postprocessing

g 7 i
gaussian_blur ] intensity_profile_radius 0.400000 | 0.700000 [#] 1.000000 <] 1.300000 2]
gaussian_filter_sigma_mm 1
add_noise
e : intensity_profile_intensity 195 = 190 2] 200 2] 3 B
noise_preview a
limit_negative_intensities
. = e ) orientation_anisotropic
noise_random_generator_seed 0
exponent 0.0001 i J g
orientation_main 1.000000 [#] 1.000000 | 0.000000 =
lambda_start 01 T m 9
lambda_stop 3 : : =
noise_amplitude 40 orientation_variance_rad 0.100000
noise_mean 30
surface_measurement 1 volume_fraction 0.150000 =
measurement_multiplier -1
measurement_resolution 20 5| | maximum_1000_iteration_number 10 B
output_dtype uint8 )
negative B | | random_generator_seed 1000 =
last_element_can_be_smaller B
output directory  C:\Users\tonar fteigen_data/{seriesn:03d}/data{:06d}.jpg Set dir
C:\Users\tonarfteigen_data/005/data_parameters. yaml
[ Save parameters ] [ Save parameters and add to batch ] [ Load params ]
[ Step 1 -Preview - Generate skeleton ]
[ Step 2 - Generate and save volumetric data ]

N



Parameter Value ator | Gensei generator continues | Unconnected cyinders | A B
Graphs C | Summary € | Visuslization €

element_number 100

uniform_radius_distribution

normal_radius_distribution

fixed_radus_distribution

radius_distribution_minimum 2.000000
radius_distribution_maximum 10.000000
radius_distribution_mean 2.000000

radius_distribution_standard_deviation 5.000000

length_distribution_mean 150.000000 =

how_sur:
show_surface length_distribution_standard_deviation  10.000000 =]
Pl Postprocessing

ga"ﬁfa"‘::" . 1 intensity_profile_radius 0.400000 +| 0.700000 [+] 1000000 +] 1.300000 =
gaussian filter_sigma_mm

add_noise

intensity_profile_intensity 195 & 190 200 R

noise_preview

limit_negative intensities

- orientation_snisotropic
noise_random_generator_seed 0

exponent 0.0001

T — 01 orientation_main 1,000000 %] 1000000 [+ 0.000000 B

lambda_stop 3

eI 0 orientation_variance_rad 0, 100000 N
noise_mean 30

surface_measurement volume_fraction 0.150000

measurement_multiplier T N BN | AR

measurement_resolution 20 maximum_1000_iteration_number 10

output_dtype uint8.

negative random_generator_seed 1000

[ast_clement_can_be_smaller

output directory - C:Wsers\tonar/teigen_data/{seriesn:03d}/data{:06d}.jog Setdir




[E] Teigen0217

Parameter Value [ cylinder generator | Gensei generator | Cyinder continues |  Unconnected cylinders | Ale D
Pl Batch processing GraphsC | SummaryC | Visualization C |
element_number 100 B
length [mm] radius [mm)] surface [mm*2] wvolume [mm*3]
uniform_radius_distribution mean 81.9487545497 612591035536 3587.68376712 11764.7184661
normal_radius_distribution std 478644308078 223079630823  2306.27586275  10799.0898717
123253913783 2103469356959 27665291985 278.223579392
fixed_radius_distribution mn
25% 421977806325 4.53746024993 184530088212 3989.75168567
radius_distribution_minimum 2.000000
H 50% 694306301508 571180473516  3014.58355404 791038532356
radius_distribution_maximum 10.000000 E' 5% 120.77496663 8.05536676887 4616.51613452 161349908616
max 166.712334465 9.99921444204 10948.0755644 519479719283
radius_distribution_mean 2.000000 =
radius_distribution_standard_deviation 5.000000 E
length_distribution_mean 150.000000 E
£l Appearance
show_surface
length_distribution_standard_deviation | 10.000000 E]
Pl Postprocessing
gaussian_blur intensity_profile_radius 0.400000 12 0.700000 [+ 1.o00000 1+ 1300000 [
gaussian filter_sigma_mm
add_noise
- intensity_profile_intensi 135 190 200 30
noise_preview RE v EI EI EI EI
limit_negative_intensities
o gative orientation_anisotropic
noise_random_generator_seed 0
exponent 0.0001
orientation_main 1.000000 1000000 0.000000
lambda_start 01 =] = [
lambda_stop 3
noise_amplitude 40 orientation_variance_rad 0.100000 5
noise_mean 30
surface_measurement volume_fraction 0.150000 S
measurement_multiplier -1
measurement_resolution 20 maximum_1000_iteration_number 10 E
output_dtype uintd
negative random_generator_seed 1000 E
engthd. [mm”-2  volumed.[]  urface d. [mm”*-1
-
fast_clement_can_be_smaller 0.00030351390574 0.043573031356  0.013287717656
~ & ~ i
output diectory C:\Users\tonar teigen_data/{seriesn:03d}/data(:06d}.og cet dir length [mm] volume [mm*3]  surface [mm*2] eavolume [mm count [] veric volume [mi neric surface
8194 87545497 1176471 84661 358768.376712 27000000.0 1000 115624693267 357007.50941
C:\Users\tonar fteigen_data/005/data_parameters. yaml ‘ [ — b
[ Save parameters | [ save parameters and add to batch il Load params. ]
H Save in one raw
[ Step 1 - Preview - Generate skeleton ]

[ Step 2- Generate and save volumetric data ]

I 0 [ sor ]




T Tegen0217

Parameter Value [ cylinder generator | Gensei generator | Cylinder continues |  Unconnected cylinders a8 c o]
Pl Batch processing | Graphsc | summaryc | visuslization C
element_number 100
uniform_radius_distribution )
normal_radius_distribution B
4 voxelsize_mm
0 1mm - fixed_radius_distribution =
1 1mm
2 1mm = radius_distribution_minimum 2.000000
4 areasize mm
0 300mm E radius_distribution_maximum 10.000000
1 300mm 5
2 300 m S | raciue_detribution mean 2.000000
4 areasize px

radius_distribution_standard_deviation 5,000000

H
w
=
8
]

length_distribution_mean 150.000000
PR Appearance

hi if: V|
=IO sLTace @ length_distribution_standard_deviation  10,000000
Pl Postprocessing
bl v A = S
gaussian_blur = intensity_profile_radius 0.400000 + 0.700000 + 1000000 =] 1.300000
gaussian filter sigma_mm 1
add_naise ]
¥ i intensity_profile_intensity 195 3 190 = 30
noise_preview i)
limit_negative_intensities (el
orientation_anisotropic
noise_randorn_generator_seed 0
exponent 0.0001 ) = o
orientation_main 1.000000 = 1.000000 ¥/ 0.000000
lambda_start 01 =
lambda_stap 3 :
1 2 < orientation_variance_rad 0.100000
noise_amplitude 0 =
noise_mean 30
surface_measurement B = | velume_fraction 0.150000
measurement_multiplier a1
measurement._resolution 20 S| | masximum_1000_iteration_number 10
output_dtype uintd
negative random_generator_seed 1000
last_element_can_be_smaller i}
output directory  C:\Users\tonar/teigen_data/{seriesn:03d}/data{:06d}.jpg
C:\Users\tonar fteigen_data/005/data_parameters., yam|
[ Save parameters ] [ Save parameters and add to batch ] [ Load params
[ Step 1 -Preview - Generate skeleton

[ Step 2~ Generate and save volumetric data ]

|







|zotrople a anizotropie
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How to asses, visualize and compare the anisotropy of linear structures
reconstructed from optical sections—A study based on histopathological
quantification of human brain microvessels
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Mira shody pfi pouziti ruznych SW a metod
© volume(mm®) relativeeror  surface (mm?) relative error

known (analytic
geometry)
calculated
(Teigen
triangulation)
estimated using
FiJi 3D Manager
(Imagel)
estimated using
pointgrid in
Ellipse SW
estimated using
thresholding in
Ellipse SW
estimated using
Bruker micro-CT
SW

4105593

4029915

4405818

4388875

4390000

4271889

relative percent error =100* | (value-estimate)/value |

1.84

7.31

6.90

6.95

4.05

436449

433681

453426

470919

486237

0.63

3.89

7.90

11.41



Analyticke pocitani povrchu a objemu
geometrickych primitiv vs. numericka

triangulace
30 T
— surface error [%)]
—  volume error [%]
25
20 F
15
10
5L
.D i i 1 1 i ]
5 10 20 25 30 35 40 45

measurement_resolution



Levels
1and 16 Levels

Levels
2 and 15 3and 14 Levels

4 and 13

Levels
8and9

Levels
7 and 10

http:/fwenw. brillig.com/lego/ 2002 Ed Hall



surface error [mm*2]

Vliv rozliseni na numerickou chybu

0———-=—_
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-1000
— resolution=15
-1500 — resolution=25
— resolution=45
—  resolution=65
-2000
5 10 15 20 25 30 35
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o
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E
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S
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o -—-15000
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nutno provést analyzu citlivosti
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Analyticky spocitana data vs. SW mikro-CT
Bruker

e standardné vzorek 10x10x10 mm

e voxel 0,02x0,02x0,02 mm

e 6 parametru po 10 hodnotach = 60 sad
obrazovych sérii:

polomér valcu

. délky valcu

umele pridany sum
rozliseni

mira izotropie
pocet objektu

s WNKH



Cet objektu

uzny po

o

R




Mira shody a priori znamych dat vs. mikro-CT
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Ruzné polomeéry valcu




Mira shody a priori znamych dat vs. mikro-CT

relative error (%)
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Ruzné délky valcu




Mira shody a priori znamych dat vs. mikro-CT
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Ruzny pfidany sum




Mira shody a priori znamych dat vs. mikro-CT
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Ruzné rozliseni




Mira shody a priori znamych dat vs. mikro-CT
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Ruzna mira izotropie




Mira shody a priori znamych dat vs. mikro-CT
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Distribuce pruméru realisticka, ale zaplnéni
prostoru dosud nedostizné...

* simulace

120 16 . | Graphs& | Summarya | Visuslization A

e zadani: primér vldken H

14

tubular PLC:

e Min 0,91 um

e Max 14,05 um
e Prlmér 5,4 um
e SD2,1um N ’
e Median 5,5 um

3 Y
o

12

80
10

401}

20+

length [mm] radius [mm)

. .
zaplnéni prostoru cca 80 % zapIneni prostoru 6,03 %



Prace pokracuje...

e generator kolidujicich a vétvenych struktur

e problém s vyssim zaplnénim prostoru
srovnatelnym s realnymi materialy

e generator porozit
e ukazatel priubéhu
e davkové zpracovani



Shrnuti — software Teigen

e nezavisly na platformeé

e volné dostupny pro nekomercni pouziti

e s analyticky pocCitanym i verifikovanym
numerickym odhadem objemu, povrchli a délek

e bude nasledovat

— implementace dalSich generatoru
e kolidujici objekty s vlivem vzajemnych kontakt(, vétveni
* porozity
— popis doporucenych postupu pro minimalizaci chyb pfri
segmentaci dat v mikro-CT
— nalezeni a popis rizikovych postupu ohrozujicich validitu
vyhodnocovani obrazovych dat v mikro-CT



Spoluprace a inspirace:

e Technicka univerzita v Liberci
— Katedra netkanych textilii a nanovlakennych materialt

o Ustav struktury a mechaniky hornin AV CR, v.v.i.
— Oddéleni kompozitnich a uhlikovych materiald

 Ustav experimentdalni mediciny AV CR, v.v.i
— 0Oddéleni tkanového inzenyrstvi
o 1. lékarska fakulta Univerzity Karlovy v Praze a
Vseobecna fakultni nemocnice v Praze
— Stomatologicka klinika
e Biomedicinské centrum, Lékarska fakulta

Univerzity Karlovy v Plzni

— Laborator studia interakci bunék s materialem projekty:

— Laborator nadorové |écby a regenerace tkané AZV 15-25813A
NPU LO10503



Dékuji Vam za pozornost!




Diferenciace hyalinni chrupavky v

osteochondralnim defektu
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Oseointegrace nanostrukturovanych titanovych
implantatu u zvifecich modelu
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Kvalita jizvy brisni steny pri aplikaci
nanovlakenne sitky
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Co histologie ,,umi fici® a co ne

kvalita a kvantita mikroanatomickeho slozeni
bunécny fenotyp
zastoupeni bunék a slozek mezibunééné hmoty

prestavba tkané oproti puvodnimu stavu, , historie®
vzorku

rozmisténi utvaru, bunék, matrix, antigenu... na
vhodné orientovanych fezech v méfitku 1 pum-103um
(xhomogenizace u biochemickych vySetreni)

The view of a cell by:

a biologist

a chemist

x vysvétleni mechanismui zmén na bunécné urovni
—> paralelné biochemicka (molek. biol.) analyza

x extrapolace strukturalniho obrazu do
mechanickych vlastnosti - paralelné
biomechanické testovani

x 3D informace v omezené mire (cf. mikro-CT) [ }
a physicist




Mikro-CT — automaticka kvantifikace
omoci SW QuaptAn QuantAn
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Stereological quantification of microvessels using semiautomated
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Mikro-CT — interaktivni kvantifikace ve
stereologickem software Ellipse

e jiné techniky binarizace a skeletonizace

Meéreni binarniho obrazu

ROI volume: 1le+006
Volume: 334953

Surface area: 198346
Length: 5503.67

Euler characteristics: -647

Skeleton binarniho obrazu

: Thresh, Skeletonization3D 10, 20;
ResampleGeom1D 5

Total length: 16310.7

Total curvature: 2231.46 radians
No. of branchings: 1022

No. of ends: 362

Euler characteristics: -416







Rozmery hodnocené veliCiny a
stereologické sondy
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