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dopmMa NOBEPXHOCTM BHYTPM BOKCesnem B  pasHoOHanpaBaeHHOW ANPPY3NOHHO-
B3BELWIEHHOW MAarHUTHO-pe30HAHCHOW ToMoOrpadumu xapakTepusyeTcss TOMOJOrnYeckom
HEeOAHOPOAHOCTbIO. EC/AM KOHTYp HenpaBu/bHOW (GOPMbl MOXHO UAEHTUPULUPOBATL
M cerMeHTUpoBaTb U3 LUUPpoBOro uMsobpaxxeHUs, TO COOTBETCTBYKOLME FreoMeTpuyeckue
[eCKpUNTOpbl MOTYT NMPUMEHSTbCS A1 ero YMC/0OBOW XapakTepucTuku. B Hawen pabote
6bl1M BBeAeHbl ¢pakTasbHble U eBKJIWAO0BbI pasMepHOCTUM ob6bema, NMioWaAuM U CpefHero
paguyca pAns ONUCaHUS NOBEPXHOCTU. DTU nMnokKasaTeaum MOryT 6biTb MCMNOJIb30BaHbl
B KayecTBe CypporaTHOro napameTrpa And onpepfesieHUs ee LWIepoxoBaToCTU. BzauMmocBssb
MeXAy nokasaTessMuU pasHblX BOKCeJield MokasbiBaeT CyLL,eCTBOBAaHMWE OTAE/IbHbIX rpynn
CO 3HAYUTENIbHbIMU CTPYKTYPHbIMU pas3iMuUSAMM, KOTOpble 3afaHbl TUMNOM 6MONOrM4Yeckon
TKaHu. HoBbIM MeToA nMpeacTaBiAsieT CTaHAAPTUINPOBAHHYIO HEMpPEpbIBHYIO YMUC/0BYIO
knaccupukauuio ¢Gopmbl, KoTopas noJsiesHa AAS KOJIMYECTBEHHOro aHajiMsa U3MeHeHus
Mop$OsIorMn NOBEPXHOCTU B 3aBMCUMOCTU OT BOCMaJUTesNibHbIX 3a60/€BaHUI, NMPOLLECCOB
CTapeHus N pa3BUTUSA BUONOTrNYECKUX TKAHEeN.

Voxel-based surface shape in multi-directional diffusion-weighted magnetic resonance
imaging exhibits remarkable topological heterogeneity. Once the outline of an irregular shape
is identified and segmented from a digital image, geometrical descriptors can be applied to
numerical characterization the irregularity of the shapes surface. In our work the fractal and
Euclidean dimensions of volume, area and mean radius for each surface were determined. These
indices can be used as a surrogate parameter for determining the roughness of the surface. The
relationship between indices from various voxels reveals the existence of distinct groups with
significant structural differences which may be caused by underlying biological tissue types.
This new method allows for the standardized continuous numerical classification of shape,
which is useful for the quantitative analysis of altered surface morphology, e.g. biological tissue
inflammatory diseases, aging, and development.
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BBEJAEHUE
M3mepenue sUPy3MH METOLOM MATCHHUTHO-Pe30-
HaHCHOM ToMorpaduu (MPT) sBisieTCcs OOHUM
13 Haubosee pacIIpoCTPaHEHHBIX CIIOCOOOB He MHBA-
3UBHOT'O U3y4YeHHUs HeOLHOPOJHOCTH HHOIOrHUeCKOM
TKaHU. HebosnbInre pa3nudus B Ko3boULHeHTaX JUb-
dy3uHU B TKaHH, IIOMellleHHOH B MarHUTHOe I10JIe, [TPH-
BOIAT K 3pdeKrTaM, KOTOpble MOKHO U3MepuTh MPT.
PacueT HesiBHOro Ko3ddunuernta nudpdysunu (HKI)
10 pa3/IMYHBIM HaIlpaBJIeHUIM IpajreHTa fJUPPy3uu
B MPT 1103BOJISIeT UCC/IEA0BATh AHU30TPOITHBIE CBOKICTBA
OHOIOrM4YecKor TKAaHHU B Ka>KIOM BOKcesle (MJIH MUK
ceJie) C ICII0/Ib30BaHHEM TeH30PHOM Mofie/nH (1] uiu pas-
TIO’KeHH s cpepHUeCcKHUX FapMOHHK [2].
YcoBepIIeHCTBOBAHUS B 06/1aCTH IIHPPOBBIX H300pa-
SKeHUH 1 KOMIIBIOTEPHOIO aHaIM3a, a TAaK>Ke JOCTH Ke-
HHUS B HOBBIX MaTeMaTHYeCKUX METOJaX, TAKKUX KaK
dpakTasnbHasi reOMeTpHs [3], 40T BOSMOXKHOCTD HOBBIX
[0, X0J0B K TeOMeTPHUYECKOMY OIIMCaHHI0 GOPMBEIL.
dpaKTanbHBIN aHA/M3 BCe 4Yallle NPUMeHseTCs A1
aHa/IM3a pa3IUYHBIX OHoNOruueckux mpobiem [4]
M OKa3aJICs IIOJIe3HBIM IIPU aHa/IKM3e MeJHULMHCKHUX
usobpaskenut [5]. C BBefleHHeM QPaKTaTIbHOM reoMe-
TPUHU B Hadase 1980-x rozoB 6Bl onpefe/ieH HOBBII
ImapaMeTp, TaK Ha3blBaeMas PppaKTaJbHas pa3Mep-
HOCTb (PP). OHa I10 Cy1eCTBY M3MepsieT HePOBHOCTD U/IH
IIePOXOBATOCTh GOPMBI IIOBEPXHOCTH U, TAKUM 06pa-
30M, SBJISeTCS KOJIHYeCTBeHHBIM JeCKPUIITOPOM PaK-
THYeCKOM reoMeTpHueckor popMsl [3]. BeruncieHue OP
[103BOJISIeT COOTHECTH MX YMCJIOBbIE 3HAYeHU S U CIIell-
“bHrUecKHe KayeCTBeHHble IIPU3HAKH IIPOCTPAH-
CTBEHHBIX CTPYKTYP, TAKHUX KaK HePaBHOMEPHOCTb,

INTRODUCTION

Measurement of diffusion in mag-  sition [2].

or spherical harmonics decompo-

Mopdorormuyeckasi CJIKHOCTb U [I€POXOBATOCTb, KOTO-
pble MOSKHO HCII0/Ib30BaTh /151 XapaKTePHUCTHUKHU K30~
OpaskeHH I Pa3TMYHOIO IIPOUCXOKAECHHUS HIIK Pa3HBIX
GYHKIMOHAIBHBIX /UM [IaTOJIOTMYeCKUX COCTOSHUM
OHOJIOrTYeCcKoM TKaHH.

J71s1 TOro 4To6BI OIIpefieTUTh AHU30TPOIIHIO K HEO -
HOPOJHOCTb B BOKCeJe, Mbl BBOJAUM aJIbTepHATUB-
HBIM MeTOJi, KOMIIAaKTHOK pa3fyBalollelcs MOBepx-
HOCTH, IIPUBOASIIMH K 3aJaHHI0 HOBOH I'PYIIIIbI CKa-
JISIPHBIX I1apaMeTPOB — TOIIOJIOTHYeCKHX Helle/IbIX pas-
MepHoOCTeH [6, 7]. PasgyBaromascs chepa U 3/IHUIICOU
BbIOpAHBI B KaueCTBe 30HAUPYIOUIUX [T0BEPXHOCTEL.
Hamuy pesysibTaThl IIOKAa3bIBAIOT, YTO HErayCCOBCKOE
pacopeneneHue U y3MOHHOIO CUTHasIa JOMUHHU-
pyeT B GHOIOrMYeCcKOk TKAaHU U HeceT boree IogpobHyIo
HHPOPMAIIHIO O ee CTPYKTYPe.

B 3TO CTaThe MBI OIIHCBIBAEM AaBTOMATH3HPOBAH-
HBIM U, CJIeIOBaTeIbHO, CTAHJAPTU3HPOBAHHBII IIOA-
XO[I, 17151 KOIMYeCTBeHHOMN XapaKTePUCTUKU GOPMBI.
OH 0CHOBaH Ha KOMOHMHAIIUK KOMIIBIOTEPHBIX METO/OB
IJIs1 aHA/IK3a U300paskeHUH M PacIo3HaBaHHUS 0bpa-
30B. B Hamel pabore u306paskeHUs OBLIH 10Ty YeHBI
C MCII0Ib30BAHUEM SIBJIEHUSI MAalHUTHOI'O Pe30HaHCa,
KOTOPBIK obecrieunBaeT MPeBOCXOAHBIN KOHTPACT
I151 Pacrio3HaBaHHUS ITOBEPXHOCTHBIX CTPYKTYp HK/I.
KoHTypbl popm 6bLIM aBTOMATHUYeCKH CEIMEHTHPO-
BaHBI U3 IUPPOBHIX M306pasKeHUH C UCIIO0Ib30BAHHUEM
pa3paboTaHHOro HAMU aIropuTMa. [eoMeTprYecKkue
rapameTpsl GOpMBI OBIIH 3aTeM OLIeHEHBI, BK/II0Yas
®P 1 BBIUHC/IEHUE NeCKPUIITOPOB GOPMBI, TAKUX KaK
06beM U IIOLmAb [IOBEPXHOCTH, a TaKXKe CpeHHUI

The FD essentially measures the
irregularity or roughness of a

netic resonance imaging (MRI)
is one of the most sensitive
ways to explore the heterogene-
ity of biological tissue non-inva-
sively. Small differences in dif-
fusivity within tissue placed
in a magnetic field give rise to
effects which are well measur-
able in diffusion weighted MRI.
Calculation of the apparent dif-
fusion coefficient (ADC) over the
various diffusion gradient direc-
tions in MRI allows us to investi-
gate the anisotropic properties of
biological tissue in every voxel (or
pixel) using the tensor model [1]

The improvements in digi-
tal imaging and computer-based
analysis, as well as advances
in new mathematical meth-
ods such as fractal geometry [3],
are enabling new approaches to
the geometrical description of
shape. Fractal analysis is being
increasingly applied to a variety
of biological questions [4], and
has proven useful in the analy-
sis of medical images [5]. With
the introduction of fractal geom-
etries in the early 1980s a new
parameter, the so-called frac-
tal dimension (FD), was defined.

shape or surface and thus, FD is
a quantitative descriptor of the
actual geometrical shape [3]. The
determination of the FD outlines
enables the attribution of numer-
ical values to peculiar qualita-
tive features of spatial structures
such as irregularity, morpho-
logic complexity and roughness,
which can be used to character-
ize images of different origins
or in different functional and/or
pathologic states.

With the aim of contributing
to the clarification of the anisot-
ropy and heterogeneity within
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Puc.1. a - dugpdysuoHHas 4acme cxembl MPT-nocaedosamenbHocmu. C3 0603Ha4dem cnuHoO80e 3x0, a PY — umnyabc paduo4acmomHoz0o
MazHUMHO20 noAs.. Makcumym cuzHand nosigasiemcs 60 8pems 3xa (B3); b — 0dHopodHoe pacnpedeneHue HanpagneHuli dugdy3LuoHHoz0 zpa-
oueHma no cepe. VIHOeKc 0bycnosneHHOCMU MAmpuLbl 0 MAK020 CAyHAst NpUubALKaemcs K MUHUMYMY

Fig.1. a - diffusion preparation part of the schematic magnet resonance sequence. SE stands for spin echo, and RF is a radio-frequency
magnetic field pulse. Echo appears at the echo time (TE); b — homogeneous distribution of diffusion gradient directions over the sphere. A

condition number for such case approaches a minimum

pazuyc. Mbl IIpeIocTaBIsieM oA PO6HYI0 KOTHYeCTBeH-
HYI0 HHQOPMALIHIO O TOIIOJIOTHUYECKUX 0COOeHHOCTSIX
buryp, BriepBbie OIMChIBAS B3AKMMOCBS3b MKy CJIOXK-
Hol reomeTpuer HK]I u ®P, uTo mose3Ho A1 aBTOMa-
TH3MPOBAHHOIO, CTAHJAPTU3HPOBAHHOIO U BOCIIPOM3-
BOJIMMOTO OITMCAHH ST HEPOBHBIX II0BEPXHOCTEH.

METO/bI UCCNEAOBAHUSA

65 MarHUTHO-Pe30HAHCHBIX M300paskeHUI TOJIO0B-
HOT'0 MO3Ia 4Ye/ioBeKa, 3arpyskeHHBIX U3 0011e0CTyII-
HOM 6a3bl JaHHBIX (8], OBUTH ITOTyYeHbl HAa MAarHUTHO-
pe30HaHCHOM CKaHepe 3 Tecsa ¢ UCII0/Ib30BaHKUEeM 1 -
by3HMOHHO-B3BeIIeHHOM I10C/Ie0BaTeIbHOCTH CIIH-
HOBOI'O 3Xa (pI/IC.la). 60 nrdPy3MOHHO-B3BEIIEHHBIX
usobpaxkenuut (IBU), Sy . 6o OBLIM H3MepeHBI C
b=1000 [c/MM?], cCOOTBeTCTBYOIIKX 60 HATIPABIEHHUSM,
8ket,... 601 = (8x8y82)ke,... 60} TPAMHEHTOB N Qy3HH, pan-
HOMEPHO pacIpefie/eHHbIX o chepe (puc.16). Kpome
TOTO, IISTh M306paskeHUMN Sy c b=0, 6bIIK CITy9aiHO pac-
npezieneHbl MexkIy OHubdy3HOHHO-B3BellleHHBIMH K30~
OpaskeHHSIMH, YTOOBI GAKTOPH30BaTh T,-B3BEIIeHHBIH
CUTHaJ. Bce m306paskeHHUs OBIIM CKOPPEKTHPOBAHBL
B COOTBETCTBHUM C MpOLIeAYPOH, MpeAcTaBIeHHOU
Ha puc.2 [9, 10]. Ha puc.3 moka3aHo CerMeHTHUPOBaH-
HOe aHaTOMMYecKoe H306paskeHHe II0IIePeYHOr0 Cpe3a
(mpaBas cTopoHa), u npodunu JBU-curHana (neBas
CTOpPOHA) BBIBOASTCS /151 BOKCeJIeH, PacIIONOXKeHHBIX
B Pa3sHBIX THIIaX TKaHeH roJI0BHOro Mo3ra. IIpodunu
POAeMOHCTPHUPOBAIN OUYEHb CJIOKHYIO CTPYKTYpY,
COOTHECEeHHYIO C aHAaTOMHYeCKOH apXHUTeKTypou. Jis
3THX NPodH/Iel MOXKHO BOCCTAHOBUTD NJHUMPY3HOHHOE
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TeH30pHOe u3obpaskeHue (ATU) unu Ko3bOUITHEHTE
OYHKIUU IUIOTHOCTH OpHEHTAlLlMK BOJIOKHA (GITOB),
HCII0/1B3yst MeTof Mypa - ITenpoysa (1, 2J:

D=C"s, @
rie KBaZpaTHYHbIe [ICeBAOUHBEPCHBIE MATPHUILbI,
C*= (H§ugH§ug)’1 f’ﬁug, 1 HK]I-BeJTUYMHEI,

sT=(n(S,/Sy) ... In(S,/Sy) ... In(Sgy/Sy)), )

3a/JaHbI IPUBEJEHHBIMU YPaBHEHUSIMHU. PacIivpeHHas
MaTpHIia, ﬁaug, ucronb3oBaHHasg aasg ITH u ¢IIOB
MOKeT ObITh HalileHa B Tabi. 1. M3 yp. (1) B ciydae T
cpenHsst nuodysus (CID), MD = LAty (]5), Hu ,upoGyaH aHU-
sotponus (IA), FA=(2)? (3-Tr*(D)/Tr((D)’))?, moryT
OBITB OLIeHeHBI. 37ech TT SIB/IsIeTCsI C7IefIoM MaTpPHUIIbL, TO
ectsTr(D)= Y D

1={x,y,z};l=m

Im*

ITpoounu HK], BOCCTaHOB/IEHHBIE 10 YPABHEHUIO
(2) [11] m BrIOCTIEICTBHMY MHTEPIIOIMPOBAHHBIE JISI BOK-
ceslell BHYTPH U CHapys>kH M0O3ra, MOTYT OBITh ITpOaHa-
JIM3UPOBAHBI C IIOMOIIBIO HeJIaBHO IIPeJIJIOKEHHOTO
MeToJa UTepPaTHBHOIO pa3fgyBaHus [6, 7]. B KauecTBe
30HUPYIOLIel II0BePXHOCTH /11 H30TPOITHOIO CIydast
Obl71a BeIOpaHa paspyBaromasics cepa (puc.4a, Bepx-
HUU paf). [1st aHU30TPOIIHOrO cay4as 6bl1 BeIOpaH
3JUIMIICOM /[, IIOCTPOEHHBII Ha COOCTBEHHBIX BEKTOPaX
C COXpAaHEHHBIM COOTHOIIEHHEM MeXKAY Pa3sIHuYHbBIMU
COOCTBEHHBIMHU 3HAUEHUSIMHU (PHUC.4a, HUKHUH PSI).
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KoHBepTupoBaTth
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Perform gradient
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HOCTb CMrHana

Reduce radio-frequency
signal inhomogeneity

Puc.2. Cmandapmu3suposaHHas npouedypa 0As Koppekuuu u3o6paxkeHull. ICMoYHUK Wymad c8s13aH ¢ Gu3U0A02U4ecKuMU U menao-
8blMU KONebaHUSMU 8 6U0A02U4ecKol MKAHU U Memanaudeckux KomnoHeHmax MP-ckaHepa coomgemcmaeHHo. Konbuesble apme-
dakmbl Tub6Cca ces3aHbl € 02paHu4eHuem noAoChl Hacmom. JI0KanbHble OMKAOHEHUS MAZHUMHO20 NOASl 0M HOMUHAAbHbBIX 8bi3bl-
8aK0OMCS U3MEHEHUEeM 8UXPEeBblX MOKO8 U 80CNpuumM4usocmu. [108bILEHHAS HY8CMBUMeAbHOCMb NPUEMHbIX KAMYLWEK 8 6AUXKHEM
none coz0aem paouo4acmomHyt He0OHOPOOHOCMb NOAS CMeleHus. [padueHmHAash HeAUHelHOCMb 8bl3biedem 00NOAHUMeAbHbIe

2eomempuyecKkue ucka>keHus

Fig.2. A pipeline procedure for correction of images. The source of noise is related to physiological and thermal fluctuations in a biological
tissue and metal components of the MR scanner respectively. Gibbs ringing artefacts are associated with frequency band limitation. Local
deviations of magnetic field from nominal produce eddy-current and susceptibility distortions. Near field enhanced sensitivity of receive
coils imposes a bias field radio-frequency inhomogeneity. Gradient nonlinearity produces additional geometrical distortions

the voxel, we introduce an alter-
native blowing compact-surface
method leading to the setting
the new group of scalar param-
eters - topological non-integer
dimensions [6, 7]. The blowing
sphere and ellipsoid are chosen
as probing surfaces. Our find-
ings suggest that non-Gaussian
distribution of the diffusion sig-
nal dominates in the biological
tissue and carries more detailed
information.

This article describes an auto-
mated and thus standardized
approach for the quantifica-
tion of shapes. It is based on a
combination of computer-based

tools for image analysis and pat-
tern recognition. In this study,
images were acquired using mag-
netic resonance phenomenon,
which provides excellent con-
trast for the recognition of sur-
face structures of ADCs. Outlines
of shapes were automatically
segmented from digital images
using a newly developed algo-
rithm. Geometrical parame-
ters of shape were then prospec-
tively evaluated; this included
the determination of the FD,
the calculation of shape descrip-
tors such as volume and surface
area as well as mean radius. We
provide detailed quantitative

information on the topological
features of shapes, describing for
the first time the relationship
between the complex geometry of
ADCs and FD, which is useful for
the automated, standardized and
reproducible description of irreg-
ular surfaces.

RESEARCH METHODS

65 magnetic resonance images
of the human brain, down-
loaded from public database [8],
were acquired on a 3Tesla mag-
netic resonance scanner using
diffusion-weighted spin echo
sequence (Fig.la). 60 diffu-
sion-weighted images (DWI),

Vor.12 No. 7-8 (93) 2019 NANO INDUSTRY
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Puc.3. a - munu4Hoe pacnpedeieHue cuzHaAa 8 cepom selecmee (KpacHblli) u 6enom seuiecmae (3eneHbill); b — cezmeHmMuUpo8aH-
HOe aHamoMuH4ecKoe U306paXkeHUe nonepeyHozo cpesd (Cnpasa) C MUnUYHbIM peKOHCMpYUpo8aHHbIM meH3opom duddysuu (ATH)
U yHKUUel nAomHocmu opueHmauuu 80A0kHa (prioB)

Fig.3. a - typical distribution of the signal in grey matter (red) and white matter (green); b - a segmented anatomical image of a transverse
slice (right) with typical reconstructed diffusion tensor (DTI) and fiber orientation density function (fODF)

Ta6nuua 1. OcHoaHble ypasHeHUs das pekoHcmpykuuu yp. (1)
Table1. Basic equations used for reconstruction in Eq. (1)

ke, ...,60} (gxgygz)ke{1 ..... 60} (9e gqa)ke{] ..... 60}
éaug —by2[(9,gm) ---(9iGmn--(919m)so (91 9m)sol” —by2 [(Y5(gy) .. (Y{(@y) ... (YR(gDh - (Y4(gy) ... (Y;(gp)
< (YR(@))n - (V1(ggo) - (Y(Ge0) ---(Yr(T60) Jsol"
I, m={x,y, z}
V2Re (v™), m<0
Yj = ij ) m=0
\/E(—l)m*1 Im(Y™), m>0
1=02,....LLm=-l,...,0,.... I;
j=(P+1+2)/2+m;
R=(L+1)(L+2)/2
Cdepuryeckme rapMOoHUKN:
Spherical harmonics:
ym= [2l+1 (I=m)! P™ (cos ()) eme
! 4 (I+m)! !
DT (Dy Dy, Dyz Dy Dy D) (G...cp)
K1roueBoM MOMEHT 3TOTO MeTOa 3aKJ/JII0YaeTCs B ITOCTe- OT MUHHMAJIBHOTO O MAdKCHMAJIBHOTO 3HAYEHM . HPI/I
IIeHHOM yBe}II/I‘IeHI/II/I XadPpaKTepHUCTHUYeCKOT0 Mac- PacCHIMpeHH U I[IOBEPXHOCTHU B OIIpeie/IeHHOM HAIlpaB-
mraba o BceM HaIlpaBJIeHUSIM rpajueHTa AUGOY3UH:  JIEHHH POCT IIPeKpPaIlaJICs, eC/IH MacIITab mpeBblIal
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..... 60} = (gxgygz)ke{l,...,GO}’
of diffusion gradients distributed homogeneously

over the sphere (Fig.1b), were used. Additionally,
five images S, with b=0, were randomly acquired
between the diffusion-weighted images to fac-
tor out the T,~weighting of the signal. All images
were corrected according the procedure presented
in Fig.2 [9, 10]. In the Fig.3 the segmented anatomi-
cal image of a transverse slice (right side) is shown
and the DWI profiles of signal (left side) are output
for voxels located in different types of tissues of the
brain. The profiles demonstrated a very complex
structure, correlated with the anatomical architec-
ture. For these profiles it is possible to reconstruct a
diffusion tensor image (DTI), or coefficients of fiber
orientation density function (fODF) using Moore-
Penrose method [1, 2]:

D =G*s', (1)
where quadratic pseudo-inverse matrices,
G* = (BlugBly) ! Blyg, and ADC values,

$'T=(In(S;/Sy) ... In(S,/Sy) ... In(S4,/Sy), ()

are presented respectively. Augmented matrices,
Baug, used for DTI and for fODF can be found in Table
1. From Eq.(1) in the case of DTI mean diffusivity
(MD), MD= 1/3T1r(D) and fractlonal anisotropy (FA),
FA=(2)7 (3-Tr( D)/ Tr((D) f , can be estimated.
Here Tris a trace of matrlces ie. Tr(D)— > D,

1={x,y.z}jl=m

The ADC profiles recovered with Eq.2 [11] and
afterwards interpolated for voxels within and
outside the brain can be analyzed by the newly
proposed iterative blowing surface method [6, 7].
As a probing surface, the blowing sphere was cho-
sen for the isotropic case (Fig.4a, upper row). For
the anisotropic case, an ellipsoid built on eigen-
vectors with kept ratio between different eigen-
values was selected (Fig.4a, low row). The key
point of this method consists in the step-by-step
increase of the characteristic scale over all diffu-
sion gradient directions from the minimal to the
maximal value. During expansion of the surface
in the certain direction the growth was stopped
if the scale exceeded the acquired ADC profile
boundary in a given direction. In the Fig.4a,
the 3D process is depicted with some intermedi-
ate steps in plane (in these figures the equatorial
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WTtepauwmu | Interations

Puc.4. a - onucaHue memoda pasdyseatouielics Nn08epxHo-
cmu: gepxHuUl psio 048 cepbl; HUXKHUL psid 048 3aauncoudad.
MosepxHocmu xapakmepHbl 045 6eaozo (A) u cepozo (B) ee-
wecmea. MosepxHocmsb wyma (C) makke susyaausupyemcs;
b - kpueble mononozuyeckux nokazamenel. CnaowHas Kpu-
8as1 — 045 cepbl, NYyHKMUpPHAs — 0as 3aauncoudd. Pasau4us
MeXK0y Kpusbimu 0As1 cepbl U 3Aauncouda demoHcmpupyrom
2eoMempuyeckull KoHmpacm

Fig.4. a - depiction of the blowing surface method: upper row for
the sphere; low row for the ellipsoid. Surfaces are characteristic
for white (A) and grey (B) matter. Noise surface (C) is also visu-
alized; b - collapsing of topological indices curves. Solid curve is
for the sphere and dashed curve is for the ellipsoid. Differences
between the curves for sphere and ellipsoid demonstrate geomet-
rical contrast
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HAHOTEXHONOrMu

rpaHuIy moaydeHHoro npoduasa HK/ B 3amaHHOM
HamnpaB/leHHUH. Ha puc.4a nsobpaskeH TpexMepHBIH
IIPOLIECC C HEKOTOPBIMH IIPOMESKYTOUHBIMHU IIaraMU
B IIJIOCKOCTH (Ha 3THX PUCYHKaX IIpe[CTaB/IeHbl 3KBATO-
puasbpHble ceueHHUs Tpodutert HK]).

®pakTajnbHas pa3sMepPHOCTDb MCII0/1b30BaJIach B Kaye-
CTBe MepBhl IIepPOX0BAaTOCTH IoBepxHocTer HK], To
eCcTb IIPOCTPAaHCTBEHHOU HeOJHOPOJHOCTH HX KOH-
Typa. Knaccuvyecku, ®P cTporo omnpeneneHa TOIbKO
IJIs1 CAMOIIOOOHBIX 06BEKTOB, KOTOPBIE UMEIOT OJH-
HaKOBYIO CTPYKTYpPy B Pa3HBIX MacmTabax AJIHHBI,
R;. CymiecTBYIOT pa3Hble IIOAXOAbI K U3MepeHHio OP
Ha OCHOBe OIlpefie/IeHH s 3TOM BeJTMUMHbI. HaMu 6511
IprMeHeH MeTo[, IIOACTPOHKH Mepbl, KOTOPBIH pabo-
TaeT /ey KM 06pa3oM: 6bL1 PeKOHCTPYHPOBAH KOH-
Typ HK/I A1 omHOro BoKcens (1), 6p1H 06Hapy>KeHbI
MHHHMAaJbHOE U MaKCHMaJjibHOe 3HaueHus HK]I (2),
OBLIN BBIYLC/IEHBI COOCTBEHHBIE 3HAUeHUS U COOCTBEH-
Hble BeKTOPHI (3), 6bLIM IOCTPOeHbI chepa U JIIUI-
COU/JI, U UX FeOMeTpHUYeCKHe CBOMCTBA, TO eCTh 06beM
(V), mnomanb II0BepXHOCTH (S) 1 cpenHUM panuyc (R),
OB BBIPAsKEHBI Yepe3 CTeIleHHOM 3aKOH MacIuTaba
(4). 3aTeM mpoLiecc ITOCTPOeHU s Chephl U SIUIICOHIA
IIOBTOPSLIU [JIS1 PA3HBIX MAacHITabOB JIKUHBEI, TO €CTh
OT MHHHMAJIbHOIO 10 MaKCHMaJIbHOIO, UTOOBI 0XBa-
THUTB Bech Tpoduib HK/I. 1715 MeaIbHO CAMOIIOLOOHBIX
06peKTOB rpaduk 3aBucuMocTH log (R;) ot log (S), log (V),
uu log (R), sB/IsleTCS PSIMOM IMHUEH. B Hamem ciy-
4yae ®P 3aaeTcs Helle/IbIMU U LIeJIbIMH 3HaYeHUIMHU,
YTO XapaKTepPHO [Ijid HeUJeaJIbHOro ppaKTaabHOIO
obbexTa. B 3TOM citydae ®P BbIpaskaeTcsi KaK KacaTesb-
Hasi K IIPSIMOH.

PE3Y/IbTATDI

M5l BEraucnuIn obbeM (V), II0ma b IIOBEPXHOCTH (S)
U cpenHUM paauyc (R) B mporiecce pa3ayBaHUs cheprl
Y 3/UTHIICOMA METOJOM UTEePAaTHBHOI0 MacIITabKpo-
BAaHUS U CPABHUIH HUX C LIeJIBIMU MEPaMHU, OTPery/u-
poBaB Mepy ®P 1151 mapamMeTpa R; MacmTabupoBaHUs
noBepxHocTeH (yp. (3, 4); 1 - Homep uTepaluu). s ciy-
Yasi 3JUTUIICOMAA A, A,, A; eCTh COBCTBEHHBIE 3HAYeHHU .

M| pov s r~ R 3
V~REP (A0, (4a)
S~REPO A, + M A+ 0,0, (4b)
R~REPO\ + A, +)y). (40)

MacmTabupypomas HTepallMOHHAs Ipoliefypa
H3MeHeHHUst MoIHOCTH PP (prc.4b) meMOHCTpHpYeT TpH
pe>kuMa IoBeJleHHUs: CTabUIbHBIE peskuM (11ato) (D),
TIlepexOIHbIM PesKUM U PeXKUM JIMHeHHoro Kojarca (II),
Y BOCCTAHOBJIEHHBIH UJIH CTAOM/IBHBIN PeXKUM (I1JIATO)
(III). PeskuM JTHHENHOTO KoJIamca mpubnuskaercs
K TOYKaM aTTPaKTOpa, COOTBETCTBYIOIIUM C/Iy4alHON
roBepxHOCTH (mpodruib HK]I). B cTabunpHOM peskuMe (1)
17151 06beMa, IIOBepXHOCTH 1 CPeflHEero pajiuyca 3Have-
HHUSA @P-MephbI COCTaBIAAN 3, 2 ¥ 1 COOTBETCTBEHHO. ITO
Pa3Mephl HCXOAHBIX, He HCKaKeHHBIX UTEPATUBHO pas3-
JlyBaeMBIX ITI0OBepXHOCTeH. Ko/IanCHPYIOIIUI peskuM
(II) HeLie/IBIX TOIIOJIOTMUECKUX MH/IEKCOB e MOHCTPHUPYeT
reoMeTpHYeCKHI KOHTPACT MeKAy cdepor U 3/THIICOU-
noM (puc.4b). KOHTpACT 0TUeT/IMBO [TOKa3aH Ha KapTax

cross sections of the ADC pro-
files are presented).

Fractal dimension was used
as a measure for the roughness
of ADC surfaces, i.e. the spatial
heterogeneity of their outline.
Classically, FD is strictly defined
only for self-similar objects
that exhibit the same struc-
ture at different length scales
R;. Different approaches to mea-
sure FD exist. Here, the adjust-
ing power method was applied,
which works as follows: The out-
line of ADC for a single voxel was
reconstructed (1), the minimum
and maximal values of ADC were
detected (2), eigenvalues and

eigenvectors were calculated
(3), sphere and ellipsoid were
built and their geometric prop-
erties, i.e. volume (V), surface
area (S), and mean radius (R),
were expressed via power law of
the scale R; (4). The process of
building of sphere and ellipsoid
was then repeated for different
length scales, i.e. from minimal
to the maximal in order to cover
the whole ADC profile. For per-
fectly self-similar objects, the
plot of log (R;) versus log (S), log
(V), or log (R), is a straight line.
In our case, the FD is given by
the integer and non-integer val-
ues, which is a characteristic for
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non-perfect fractal behavior. FD
is expressed as a tangent of a line
in this case.

RESULTS

We calculated the volume V,
surface area S and mean radius
R during the blowing sphere
and ellipsoid iterative scaling
process and compared them to
the unit measures by adjust-
ing the power FD of the scal-
ing parameter R; of the surfaces
(Eq.3, 4; i is an iteration num-
ber). For the case of ellipsoid A,
A,, A;are the eigenvalues.

FD
M|M=v,s,R"Ri ’ 3)
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Puc.5. a - kapma ®A; b - HopmaausosaHHas kapma C/; ¢ — kapma uHoekca o6vema 045 3aauncouda; d - kapma uHdekca ob6sema
0/ cdepobl; € = Kapma uHOeKca nAowadu nosepxHocmu 0As 3Aauncoudd; f — kKapma uHoekca nAowaou nosepxHocmu 0As coepobl;
g - Kapma uHoekca cpedHezo paduyca 05 3nauncouda; h — kapma uHoekca cpedHezo paduyca 0As cepbi

Fig.5. a - FA map; b - normalised MD map; c - volume index map for the ellipsoid; d - volume index map for the sphere; e - surface area
index map for the ellipsoid; f - surface area index map for the sphere; g - mean radius index map for the ellipsoid; h - mean radius index

map for the sphere

napaMeTpoB (Todek aTTpakTopa ®P-Mepsl), KOTOphIe
IpeACTaB/eHbl Ha PUC.5 (C, e, g COOTBETCTBYIOT JLJIHII-
couny, d, f, h coorBercTByIOT Chepe). 15 cpaBHEHUS
MBI TaKsKe IIPeCTaB/IsieM KapThl LPOOHON aHU30TPoO-
nuu ([JA) 1 HOpMa/IM30BaHHOM cpefHer nudoysuu (CL)
Ha puc.5a, b cooTBeTCTBEHHO.

OBCYXXAEHUE U BbIBO/1bl

MBI IpefCcTaBUIN MeTO[ [JISI OMMCAHHUS CJIOKHOM
CTPYKTYypHl npoduner HK]. KnrodyeBBIM MOMeH-
TOM MeTOJa SIBJISIeTCSI UTepaTHBHOe MacmTabu-
poBaHHe pa3lyBaIOLIMXCS IOBePXHOCTeM: cHepel
U inuIiconga. C MCII0Nb30BaHMEM IIPe/IOKeHHOI 0

V -~ Rll:D ()\1 Az }\3), (48.)
S~RIP( A, + A A5+ A, Ay, (8b)
R~REPO +A,+1). (40

The scaling iterative pro-
cedure of FD-power changes
(Fig.4b) exhibits three regimes
of behaviour: stable regime
(plateau) (I), transition and lin-
ear collapsing regime (1), and
recovered stable regime (pla-
teau) (III). The linear collapsing
regime approaches the attrac-
tor points corresponding to
the random surface (ADC pro-
file). In the stable regime (I) for

the volume, surface and mean
radius values FD-power was 3, 2
and 1 correspondently. These are
the dimensions of the initial,
non-corrupted iteratively blown
surfaces. Collapsing regime (II)
of non-integer topological indi-
ces demonstrates geometrical
contrast between the sphere
and the ellipsoid (Fig.4Db).
Contrast is clearly depicted
in the maps of the collapsed
parameters (attractor points of
FD-power) which are presented
in Fig.5 (c,e,g correspond to the
ellipsoid and d,f,h correspond
to the sphere). For compari-
son, we also present fractional

anisotropy (FA) and normalized
mean diffusivity (MD) maps as
well in Fig.5a,b respectively.

DISCUSSION AND CONCLUSIONS
We presented a method to char-
acterize the complex struc-
ture of the ADC profiles. The
key point of the method com-
prises the iterative scaling of
the blowing surfaces: a sphere
and an ellipsoid. With the use
of the proposed method, a new
set of parameters were mapped.
These parameters represent
the topology of the ADC pro-
files and correlate with the ana-
tomical structure of the brain.
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HAHOTEXHONOrMu

criocoba Ol IIpefcTaBlieH HOBBIM Habop mapaMe-
TPOB. DTH IIapaMeTphl 3a,al0T TOIIOJIOT IO IPOPH ek
HKJ]I 1 KOppenupyIoT C aHaTOMHUYeCKOU CTPYKTYpPOH
TKaHHU Mo3ra. JTOT MeTof obecrieYrBaeT HOBBIH IO/
XOZ,, KOTOPBIH MOXKET IIOBBICUTDH YYBCTBUTE/IbHOCTD
U CHeIUPHUUHOCTD AUPPY3HMOHHO-B3BelleHHOM MPT
[/151 YTOUHEeHHOU OLleHKH CTPYKTYPHBIX U3MeHeHHH,
KOTOPBIe IIPOMCXOAAT BO BpeMs Pa3BUTHS U IIpOrpec-
CHUPOBAHUS Pa3JMUYHBIX HEHPOMATOJIOTUI 61oI0ru-
YeCKOH TKaHH.

BerunciuB OP MBI [I0Ka3aJIK, YTO IIPOPHUIIH C O H-
HAaKOBOM IIJIOIIA/[bI0, OAMHAKOBBIM 06b€MOM KU
OJHMHAKOBBIM PaJHUyCOM MOI'YT LeMOHCTPHUPOBATh
BeCcbMa HeOJHOPOAHBIe CTPYKTYyphl. TakuUM obpa-
30M, CTPYKTypa npodus siBasieTcss Haubonee Basxk-
HBIM IIapaMeTPOM B KadeCTBeHHOH MOpdoJoru-
yeckou kjaaccuoukanmu HKJ. MBI Toka3aau, 4To
CTPYKTYPhl GOPM AeMOHCTPHUPYIOT 3HAYUTEJIbHbIe
Pa3IMuYKA B HAIKMX aBTOMaTHYeCKU HU3MepsaeMbIX
napamerpax. Takske MbI IPOJAEMOHCTPHUPOBAJIN, YTO
®P MOKHO MCIIOJIb30BAaTh B KaueCTBe CyppOraTHOIO
rapaMeTpa fJ/isl OllpeJie/leHHus IepPOXOBATOCTH KOH-
Typa HK/.

M5l mpeamonaraeMm, 4To ¢ IIOMOIbIO pa3paboTaH-
HOI0 HAaMH MeTOJa aHaJIKM3a KOHTYPOB JJISl KOJIHYe-
CTBEHHOIO pa3auyus UX PopMa U JUHAMHUKA H3Me-
HeHUU MOTYT OBITh OLleHEeHEI B Pa3/IMYHbIX QH3H0JI0-
FHYeCKUX U HaTOPU3HOJOTUYECKHX YCIOBUAX. ITO
YJIYYLIXT Hallle IOHMMaHKHe POJIU ABJIeHUs Tuddy-
31U IIPU PA3BUTHU 60T€3HU, KOTOpasi COIIPOBOXKIA-
eTCsl IIOBBIIIEeHHON MOJIeKY/ISPHON aKTHUBHOCTBIO
[IPH BOCIIa/IMTe/IbHBIX IIPOLieccax.

TouHas KonK4YecTBeHHasl OLleHKa $OPMBI KOHTYpa
NpeAcTaB/aseT UHTepec A1 MeJULIMHCKHUX IIPUJIO-
SKeHHH, a TaKXKe /IS MCCIef0BaHHUS MaTepHaJsIoB.
Bynymire Hccief0BaHUS JOMKHEI OBITh HAIlpaBIeHbI
Ha TO, YTOOBI TOYHO OLIEHUTh BIHSHHE [1aTOJOTHYe-
CKHX COCTOSIHHI Ha [TOBEPXHOCTb KOHTYyPa C aKLeH-
TOM Ha BHOBb OIIMCaHHBIe JeCKPUIITOPBI, U UTOOBI
M3y4YHUTh B3aHMOCBSI3b MeXAy $OpPMOL KOHTYpa
U1 QH3HOIOTHUYECKMMH M MaTOQHU3HO0TOTUYeCKUMH
YCJIOBUSIMHU B OHOJIOTMYeCKOM TKaHH.
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The method provides a novel
approach that may enhance the
utility and specificity of the dif-
fusion-weighted MRI to better
assess the structural changes
that occur during the develop-
ment and progression of various
neuro-pathologies.

To summarize, by measur-
ing FD, we have shown that
profiles with the same area,
the same volume or the same
radius can exhibit highly het-
erogeneous outline structures.
Indeed, outline structure is
the most important parameter
in the qualitative morphologi-
cal classification of ADC. We

showed that outline structures
exhibited significant differ-
ences in our automatically mea-
sured parameters. We showed
that FD can be used as a surro-
gate parameter for the determi-
nation of the roughness of the
ADC outline.

We hypothesize that with
this method for the sensitive
quantitative analysis of out-
lines, potential differences in
shape and the dynamics of its
change can now be numerical
evaluated in different physio-
logical and pathophysiological
conditions. This will improve
our understanding of the role of
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diffusivity in the development
of illness that is accompanied
by increased molecular activity,
such as inflammatory diseases.

The precise quantitative eval-
uation of outline shape is of
interest in the medical appli-
cations, as well as in materi-
als research. Future investiga-
tions should seek to precisely
evaluate the influence of path-
ological states on outline sur-
face with a focus on the newly
described descriptors to explore
the relationships between out-
line shape and its physiological
and pathophysiological condi-
tions. |
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