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[axe npu 3HAYUTE/IbHOW YYBCTBUTE/IbHOCTU M3MEPEHUA B CUJIIbHOM MarHUTHOM MoJie Bce
elle C/I0XXHO UccaefoBaTh MejJikoMacwTabHble CTPYKTYpPbl, TaKMe Kak Kopa roloBHOro Mosra.
HepaBHUue pe3ynbTaTbl NMokasaju, YTO BO3MOXHO noJsiyvyeHne ANPEPy3MoHHbIX M306paxkeHUn
C O4YeHb BbICOKMM paspelieHMeM, 4YTO MO03BOJISIET MOHATb KOPTUKA/bHYIO 3aBUCUMOCTb
AP PY3MOHHbIX CBOMCTB BCEro 4esioBeYeCKOro mosra in vivo Brny6b. O6HapyXuaocb, 4TO
OCHOBHas oOpueHTauusa TeH3opa Auddy3nM neprneHAUKyAspHa MOBEPXHOCTU KOpbl. B TO
Xe BpeMs OCHOBHOe HanpasieHue AUdEPY3MU TaHreHuMasbHOe Ha OTKOCax U pajuanbHoe
Ha KOHUAX rpaHuubl paspena 6esoe BewWecTBO - cepoe BeWeCcTBO. Takum o6pasowm,
KOJINYeCTBEHHble U3MepeHUs TeH3opa Auddy3nmM MOryT BbiIBUTb CTPYKTYPHYIO OpraHMsauuio
KJIeTOK B KOpe roJIoBHOro Mosra 4yesioBeka M NoTeHLMa/IbHO XapaKTepmM3oBaTb KOPTUKA/IbHYIO
KJIeTOYHYI0 apXUTEKTYPY in vivo ana nccnepgoBaHus natopusmonornm 3a6oaeBaHum, CBS3aHHbIX
C UI3MEHEeHUSAMU B KOPKOBOM CEpPOM BellecTBe.

Even with substantial sensitivity at high magnetic field, it is still challenging to investigate
small-scale structures, such as brain cortex. A recent study has shown that very high
resolution diffusion imaging is possible allowing investigation the cortical depth dependence
of diffusion properties over the whole human brain in vivo. The results revealed that the main
diffusion tensor orientation in the cortex is perpendicular to the cortical surface. At the same
time the main diffusion direction is mostly tangential at banks and radial at the tips of the
white matter — grey matter interface. Thus quantitative diffusion tensor measures can reveal
structural organization of cells in the human cerebral cortex with the potential to characterize
cortical cytoarchitecture in vivo and to investigate the pathophysiology of diseases associated
with changes in cortical grey matter.

BBEAEHUE

MarHUTHO-pe30HaHCHasa JUGPY3HMOHHO-TeH30p-
Hasg BH3ya/lH3allUsi (DTI) moka3saia cBOIO 3pPex-
THBHOCTb IPH O0OHAPY>KeHUU MHKPOCKOIIHYE-
CKHX BOJIOKHUCTBIX CTPYKTYP TOJIOBHOTO MO3ra
yejJo0BeKa, TaKHX KaK 6ejoe BemecTBo (WM).
BricoKOe cTaTHUUeCcKoe MarHUTHoe 1oJe (>3Tecia)

a0 BO3MOXKHOCTb IIOJIYUeHUSI HU300pakeHUH
6oyiee BBICOKOTO NMPOCTPAHCTBEHHOIO pa3pelre-
HUS, IPelOCTAaBHUB TeM CaMbIM MOLIHBIK HHCTPY-
MEeHT /IS ollpefle/IeHH s IPAHUILL CepOTo BelllecTBa
kopel (CM) ¢ yMeHbIIeHHBM 3 PeKTOM YacCTHU-
HOro obrema 3a mpuemaeMoe BpeMsl CKAHUPO-
BaHUs. B mpencraB/ieHHOM HcclIegoBaHUU GM
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Hcnonab3syercss AuPysnoHHo-B3BemeHHass (DW)
3X0-MJJaHapHas BU3yanusauusg (EPI). Hamu
pes3yibTaThl IOKa3aaM, YTO OCHOBHAS OPHEHTa-
LK TeH30pa AU PY3UU B KOpe IepleHAUuKyIIpHa
ee [IOBePXHOCTH. B To ke BpeMs OCHOBHOe HaIlpaB-
neHue fUPPY3HUM TaHTeHIMAJAbHO HAa OTKOCAX
U pafilaabHO Ha BepllnHaxX HHTepderica WM-CM.
KonuyecTBeHHbIe MePhl TeH30pa AUPOY3UH IIOMO-
IYT IIOHATH CTPYKTYPHYIO OPTaHH3ALKIO KJIIETOK
B KOpe TOJIOBHOIO MO3ra 4ejoBeKa U IOTeHIH-
AJIPHO XapaKTepH30BaTh KOPTUKAJIBHYIO KJIETOY-
HYIO apXHUTeKTYPY ifn vivo IJIs UCCIeL0BaHUS [1aTO-
dusnonoruu 3aboneBaHUM, CBSI3AHHBIX C H3MeHe-
HHSMH B KOPTHKaabHOM GM.

MONAYYEHUE AAHHDIX

llanHble MPT 4YesoBeka in vivo 6bIIM 3arpyskKeHBbl
13 OTKPBITOM 6a3bl JaHHBIX db.humanconnectome.org.
H3o06paskeHH S ITONy4Yaad Ha cKaHepe 3T Siemens

YeTblpe Kycka
Four different slabs
12 DW (b=1000) + 1 NonDW (b=0)

M3mepeHune
Acquisition

BbipoBHATL DWI K NonDWI B Kaxaom Kycke
Realign DWIto NonDW!I in every slab

|

KoppeKkTnpoBKa ABUXEHNS MEXAY KyCKaMu
Motion correction between slabs

KoppeKkTupoBKa
Correction

Pernctpuposatb 12 DWI + 1 NonDWI Kk MP-RAGE
Register 12 DWI + 1 NonDWI to MP-RAGE

v

PaccumTath DTI: FA, MD, rnaBHbin cob6cTB. BekTop (el)

Calculate DTI: FA, MD, major eigenvector (el)

|

Paccumtatb AbsScalarProd nHaekc
Calculate AbsScalarProd index

|

HanTtun nepeceyerns DTI-mep
(FA, MD, AbsScalarProd nHaekc) c namensimm
Find intersections of DTl characteristics
(FA, MD, AbsScalarProd index) with lamellae

AHanus
Analysis

(Siemens, JpJ/laHTIeH, I‘epmaHHﬂ) C 32-KaHaJIbHOU
TOJIOBHOH KaTymKofi RX. IBeHafAllaTh KYCKOB
DWI Bcero mo3sra 6sii1u IIOJIYYeHBI A1 12 HeKolI-
JHHEAPHBIX M HEKOINJaHAPHBIX HallpaBJe-
Hun (b = 1000 c/MM?), KOTophle 4YepenoBa-
nuck TpeMms nonDWI (b = 0 ¢/MmM?) ¢ UCIONB30-
BaHHeM OJNHOKpPAaTHO IepedOKYyCUPOBAHHOU
CTenckana-TaHHepa CIHMH-3X0 IOCIefOBaTe/lb-
HocTu (FoV = 210 x180 x139 MMm3, pa3Mmep BOK-
cens = 1,25x1,25%x1,25 MM?3, pa3pelieHue B IJIO-
ckocTtu 168 x144, GRAPPA2, TE/TR = 89,5/5520 mc,
qyacTU4YHBbN DPypbe 6/8, 4acTOTHOe KOAHPOBa-
Hue 1488 Tu/mukcens, 20 cinoeB (IOKPbIBalO-
mue 2,5 cM)). 151 Bo36y>KAeHHU S TpeX CI0eB O HO-
BpeMeHHO ObIJT MCIIOTB30BAaH MHOIOYaCTOTHBIH
pamuoumnynesc (MB-RF). Kpome Toro, A/st KOppekK-
LMY reoMeTPUYECKUX UCKAKeHHUH ObLI IIOJyUeH
Habop u306paskeHUM c 0OpaTHBIM $a30BEIM KOAU-
poBaHueM rpaguenta gias b=0 c/mm?2. [pafueHT

MP-RAGE 3D-GE

BbipoBHATL MP-RAGE 1 3D-GE
Realign MP-RAGE and 3D-GE

|

RF-koppekTnposka MP-RAGE gen. 3D-GE
RF correction of MP-RAGE by division 3D-GE

MOCTPOUTL IAMENIU U UX OPTOrOHA/IbHbIE
BekTopa (n) or WM go CSF
Create lamellae and their orthogonal
vectors (n) from WM till CSF

Puc.1. MpuHuunuanbHas cxema npouedypbl 06pabomku u306pakeHuli

Fig.1. A schematic diagram of the processing pipeline
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Puc.2. AHamomu4eckoe u306pakeHue ¢ HaA0XKeHHbIMU KOHMY-
pamu nameneli (a) u (b) das 8bi6paHHol y8eaudeHHol o6aacmu
uHmepeca. Jlameau N2 1 u 7 6biau co30aHbl Ha kKpasix WM u CSF
coomeemcmeeHHo; Aamenu N2 2 u G onpedensiauch uHmepeli-
camu WM-GM (cuHuli) u GM-CSF (kpacHwili), a namenu N2 3-5
6blAU NOCMPOEHbI 8 2nY6UHE KOpbl

Fig.2. Anatomical image overlaid with lamella contours (a) and (b)
for a selected enlarged region of interest. Lamella N2 1 and 7 were
created on the edges of WM and CSF correspondently; lamella N2 2
and 6 were determined by WM-GM (blue) and GM-CSF (red) inter-
faces, and lamellae N2 3-5 were built in cortical depth.

Inddysuu xapaKTepu30BaJicad BpeMeHeM AU Y-
3UM A =22 MC, OJIUTEJIbBHOCTbIO TPagreHTa OJUP-
bysuu §=6 mc. CHHXPOHU3ALK S I10C/IeIOBATEIbHO-
CTH C CepAeYHbIMHU PUTMaMHU He UCIIOIb30Balach,

U obmiee BpeMsi CKAHMPOBAHUS JJISI BCeX H3Mepe-
HHMU COCTABJISIZIO OKOJIO 55 MHH, BKJIKOYas II0TyYeHHe
aHATOMMYECKUX H306paskeHnit MP-RAGE u 3D-GE.
9TOT 3KCIIEPUMEHT IIOBTOPSLIN YeThIpe pa3a, YToObl

[ suici-Goposakm

B Gyri-M3BuAnHbI

Puc.3. PacnpocmpaHeHue u3suAuH U 60po3d Ha pazdymoll 8usyaausayuu mMo3za
Fig.3. Distribution of gyri and sulci on the inflated brain.

INTRODUCTION

Magnetic resonance diffusion ten-
sor imaging (DTI) has proven its
strength detecting the microscopic
fibrous structures such as white mat-
ter (WM). Very high magnetic field
(=3Tesla) boosted it to even higher spa-
tial resolution, consequently provid-
ing a powerful tool to delineate the
cortical gray matter (GM) with reduced
partial volume effect in acceptable
scan time. The present study of GM
uses diffusion-weighted (DW) echo-
planar imaging (EPI) sequence. Our
results revealed that the main dif-
fusion tensor orientation in the cor-
tex is perpendicular to the cortical
surface. At the same time the main

diffusion direction is mostly tangen-
tial at banks and radial at the tips of
WM-GM interface. Quantitative dif-
fusion tensor measures can disentan-
gle structural organization of cells in
the human cerebral cortex with the
potential to characterize cortical cyto-
architecture invivo and to investigate
the pathophysiology of diseases asso-
ciated with changes in cortical GM.

DATA GENERATION

In vivo human MRI data were
downloaded from open database
db.humanconnectome.org. Images
were acquired on a 3T Siemens scanner
(Siemens, Erlangen, Germany) with a
32-channel RX head coil. Twelve slabs
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of brain DWIs were acquired in 12 non-
collinear and noncoplanar directions
(b=1000 s/mm?) and interleaved three
nonDWI (b=0 s/mm?) using the single-
refocused Stejskal-Tanner spin-echo
sequence (FoV=210x180x139 mm?,
voxel size=1.25x1.25x1.25 mm?, in
plane resolution 168x144, GRAPPA2,
TE/TR = 89.5/5520 ms, partial Fourier
6/8, bandwidth 1488 Hz/px, 20 slices
(covering 2.5 cm)). For excitation of
3 slices simultaneously multi-band
radio frequency (MB-RF) pulse was
used. Additionally, a set of reversed
phase-encoded gradient b=0 s/mm?
images were acquired for correction
of geometrical distortions. Diffusion
gradient was characterized with
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Puc.4. ROI-u3o6paxeHus MP-RAGE ¢ HanoxeHHbIMU KoHmMypamu GM-WM (cuHuii), GM-CSF (kpacHbili) u meduanbHbili GM (ken-
mblili). [anouku ¢ usemosoli KOAUPOBKOL NpedCMasAslom noAe 2/1agH020 CO6CMBeHH020 8eKkmopd meH3opa duddysuu, Komopoe
deMOHCMpupyem pasAu4Hyto HaNpasAeHHOCMb OMHOCUMeAbHO nosepxHocmell. Cmpeaka 1 yka3bledem Ha 0MKOCbl,  CMpeAKa 2
yKasbleaem Ha 8epuiUHy u3guAuHbl. OCHOBHble N0As CO6CMBEHHbIX 8eKmopos duddy3uu paccuumbiearomcs 8 u3suAuHe (a) u nep-
8UYHOL comamoceHcopHoli U momopHoli kope (b)
Fig.4. ROI of MP-RAGE image with overlaid CTX-WM (blue), CTX-CSF (red) and medial CTX (yellow) contours. Color-coded bars represent
the diffusion tensor major eigenvector field which demonstrates different directionality relative to the surfaces. Arrow 1 indicates banks
and arrow 2 indicates the tip of the gyrus. The major diffusion eigenvector fields are calculated in a gyrus (a) and primary somatosensory

and motor cortex (b)

AKCHAJIbHO CMeIeHHBIMHU KYCKaMH B 2.5 CM OXBaTUTh
Bech 06beM mo3ra.

OBPABOTKA U30BPAXEHUH

[TonHas npouenypa obpaboTrku m3obpaske-
HHUU AaHa Ha puc.l [1, 2]. IToc/e pafKo4acTOT-
HOM KOPpPeKIHUH HeOLHOPOLHOH HMHTEHCHBHO-
CTH aHAaTOMHUMUYECKHUX 1/13o6pa>1<eH1/11?1 (MP-RAGE

IeJIUJICSI Ha perUCTpUPOBaHHBIN 3D-GE) 6bl1a
opoBeJeHa CerMeHTanusa mo3ra Ha WM, GM
u CSF (cepebpanpHO-CIIMHAABHAS KUAKOCTH) [3].
YTo6BI CO34aTh KOMIIO3HUIIMIO ITOJIHOrO o6beMa
Mo3ra, dyeTteipe EPI, oXBaThIBaIONHUX pa3HEbIe
obmacTu mo3ra, 6BIJIM COBMECTHO 3apeTruCTpPUPO-
BaHBI Ha u3ob6paskeHun MP-RACE. Cepuu oboio-
yek (lamesnen) MexXxnay uHTepdericamu WM-GM

diffusion time A=22 ms, diffusion
gradient duration §=6 ms. No car-
diac gating was used and the total
scan time for all measurements was
about 55 minutes including MP-RAGE
and 3D-GE acquisitions for anatomi-
cal imaging. This experiment was
repeated four times for axially shifted
by 2.5 cm slabs to cover the entire
brain volume.

IMAGE PROCESSING

The whole procedure of image pro-
cessing is given in Fig.1 [1, 2]. After
radio-frequency (RF) intensity inho-
mogeneity correction of anatomi-
cal images (MP-RAGE was divided by
aligned 3D-CE), brain segmentation

of WM, GM and CSF (cerebrospinal
fluid) was performed [3]. To generate
a whole brain volume, four different
volumes from separated scans cov-
ering different regions of the brain
were co-registered to the MP-RAGE
image. Series of shells (lamellae)
from the WM-GM to the GM-CSF
interface were created by the surface
expansion method (Fig.2) [3]. Lamelle
Ne 1 and 7 were created on the edges
of WM and CSF correspondently;
Lamelle Ne 2 and 6 were determined
by WM-CM and CM-CSF interfaces,
and Lamellae Ne 3-5 were built in cor-
tical depth. The normalized absolute
scalar product (AbsScalarProd) of the
major DTI eigenvectors and normal

vectors perpendicular to the lamel-
lae was calculated [4]. AbsScalarProd
was mapped onto the inflated cortex
followed by statistical analysis sepa-
rately in GM banks, and GM gyri and
sulci. GM banks were identified by a
WM-GM surface curvature within
the interval [-0.15, 0.15] 1/mm?2, and
gyri and sulci were characterized by
curvature values outside this inter-
val (Fig.3). The cortical depth depen-
dence of diffusion properties includ-
ing AbsScalarProd were studied using
histogram analysis.

RESULTS
Fig.4 displays the major diffusion
eigenvector (el) fields in a gyrus of
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Puc.5. lucmozpammsl AbsScalarProd Ha omkocax (a), usguauHax u 6opo3dax (b), paccuumaHrHble Ha uHmepgelice WM-GM, u (c), (d)

Ha meduanbHol KOPmUKG/leOﬁ Aamene

Fig.5. Histograms of AbsScalarProd on banks (a) and gyri & sulci (b) calculated on WM-GM interface and (c), (d) on medial cortical

lamella

primary somatosensory (a) and motor
cortex (b). The major eigenvectors at
the WM-GM interface in banks (blue
arrow 1) are mostly parallel to the
interface and orthogonal at the tip of
the gyrus (blue arrow 2). The major
diffusion direction changes in the
medial lamella, where the major
eigenvectors are orthogonal to the cor-
tex in banks (yellow arrow 1) and gyri
(yellow arrow 2).

This observation is confirmed
quantitatively in histograms of
AbsScalarProd of vector fields calcu-
lated for the whole brain cortex at dif-
ferent depth. At the WM-CM inter-
face Fig.5a demonstrates a strong
peak of AbsScalarProd at 0 (major

eigenvector orthogonal to surface
normal) for banks while Fig.5b shows
concentration of values at 1 for sulci
and gyri (major eigenvector parallel
to the surface normal). Histograms
of the AbsScalarProd at the medial
cortex lamella at banks (Fig.5c) and
sulci/gyri (Fig.5d) evidence the radial
character of the major eigenvector at
this cortical depth throughout the
brain.

DISCUSSION AND CONCLUSION

We had shown that major DTI eigen-
vectors at high magnetic fields
has the ability detecting a sharp
fiber turning in the human cor-
tex invivo [5, 6). The analysis of DTI
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is facilitated by the AbsScalarProd
parameter which reflects the curva-
ture of the cortex and shape of lamel-
lae in the cortical depth. Thus DTI
with isotropic resolution robustly
probes structural differences along
the cortex and in the cortical depth.
Potentially AbsScalarProd as a metric
to measure the fiber bending in dif-
ferent parts of the WM-GM interface,
may serve as an index for detecting
diseases and brain malformation. m
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U GM-CSF O6bIJIM CO3MaHBl METOL0M IIOBEPXHOCT-
HOTO pacmupeHus (puc.2) [3]. Mbl paccuuTanu
HOpMaJ/iM30BaHHOe abCcoMI0THOE CKaasipHOe Mpo-
uspenenue (AbsScalarProd) rmaBHEIX cO6CTBeH-
HBIX BeKTOpoB DTI (el) 1 HOPMAJIBHBIX BEKTO-
poB (n), mepHoeHAUKYISIPHBIX 1aMensM [4]. GM
KIacCUQUIUIMPOBAJIOCh HAa OTKOCHI, M3BHJIHMHBI
U 6opo3aku. OTKockl GM ObIIM UAEHTUPHULIUPO-
BaHBI I10 KPUBH3He MoBepXHOCTH WM-GM B 1ipe-
menax uHTepBana [-0,15, 0,15] 1/mM?, a U3BU-
THUHB U 60PO3JKHU XapaKTepHU30BAJIHUCh 3HAUE-
HUSIMU KPHBH3HBI BHe 3TOro HHTepBaja (puc.3).
KopTuKaJbHble 3aBUCHUMOCTH OTUOPY3UOH-
HBIX CBOMCTB BAONAb rnybuHb GM, BKIIOYas
AbsScalarProd-uHpgexrc, U3y4aauch METOLOM
TUCTOrPaAaMMHOTO aHa/JH3a.

NMONYYEHHDBIE PE3Y/IbTATDI
Ha puc.4 npencTaB/ieH IIaBHBIN AUPOY3HOHHBIN
cobCcTBeHHBI BeKTOp (el) mHTepecyeMoM ob1acTu
(ROI) B M3BUJIIMHAX IIPUMapPHOI0 COMATOCEHCOP-
Horo (a) u motopHoro (b) kopTekca. [J1aBHBIE BeK-
Topa Ha uHTepderice WM-GM Ha oTKocax (CUHSS
CTpesnKa 1) B OCHOBHOM IapaJljieJIbHBI HUHTepdericy
M OPTOrOHAJIbHBI HAa KOHYMKAX U3BUJIHUH (CHUHSS
cTpenka 2). [maBHoe HampaBieHHe JUIPYy3UU
H3MeHseTCsl Ha CpeJHeH JaMesHu, rae cobCcTBeH-
Hble BeKTOpPa OPTOTOHAJBHBEL KOPTEKCY Ha OTKO-
cax (kenrtas cTpenka 1) u M3BHJIKMHAX (CKeaTas
CTpenka 2).

9To HabnlogeHHe MOATBEPXKIEHO KOIHUe-
CTBeHHO Ha rucrtorpamMmax AbsScalarProd Bek-
TOPHBIX nonen DTI, BeiuHcaeHHBIX Aa9 GM Bcero
Mo3ra Ha pa3JHu4YHOH raybuHe. Ha WM-GM
uHTepderice puc.5a AbsScalarProd memoHncTpu-
pyeT nuK B 0 (IIaBHBIM BeKTOP IIepIeHIUKY/IS-
PeH HOpMaJU MOBEPXHOCTH) [JISI OTKOCOB, TOTAA
Kak AbsScalarProd puc.5b moka3sbiBaeT KOHIIEH-
TpPaLlMIoO Bo3Je 1 I/Ish U3BUJIMH U 60po30K (riaB-
HBIM BeKTOP ITapaieleH HOpMaJH II0BePXHOCTH).
Tucrtorpammsl AbsScalarProd Ha cpenHer naMenu
CTX Ha oTKocax (puc.5¢c) u 60po3gKaxX-U3BUINHAX
(puc.5d) cBUIETeNbCTBYIOT O PafHaIbHOM XapaK-
Tepe IJIABHOI0 CO6GCTBEHHOIO BEKTOpPa B KOPTH-
KaJIbHOM I71yOHHe Mo3ra.

OBCYXAEHUE U BbIBOADbI

MBI mOoKa3aJau, YTO OCHOBHBIE COOCTBEeHHBIE BEeK-
Topel DTI /151 BBICOKMX MAarHUTHBIX IIOJIEH CIIO-
cobHBI 0OHAPYKKMBATh Pe3KHUU IIOBOPOT BOJIOKHA
B KOpe TOJIOBHOI'O MO3ra 4ejoBeKa in vivo [5, 6].
Auanus DTI obmeryaercs HCIIOJAb30BaHUEM
napamerpa AbsScalarProd, KoTopslil oTpaskaer

KPUBH3HY KOPHL U GOpMYy 1aMesiell B ITyOHHE KOPHL
roj0BHOTO Mo3ra. Takum obpasom, DTI c usoTpor-
HBIM pas3pelleHHeM HaJeXHO HCCIeAyeT CTPYK-
TypHBIe pa3JINUHUs BAOJb U B I1ybHHe KOpTeKca.
IMotennuansHo AbsScalarProd mMoskeT HMCIOIb-
30BaThCSl B KaueCTBe METPHUKHU [/ HU3MepeHHUus
n3ruba BOJOKHA B PAa3/IMYHBIX YACTIX HHTEp-
detica WM-CM U CIY>KHUTb UHAEKCOM [/15 BhISIBJIE-
HHUS 3a00/IeBaHUM U IIOPOKOB PA3BUTHS MO3Ta.
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JHekaapauus o KOHpAUKMe UHMepecos. ABMopbl 3a98A510M
06 omcymcmeuu KoHpAUKMO8 UHMepecos UAU AUMHbLX OMHO-
wieHuil, komopble mozAu bul nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHoll cmambe.
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