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MbI Mccnep0BaIN KOPKOBYHO MTYOUHHYHO 3aBUCUMOCTb AN PY3NOHHBIX CBOMCTB HA BCEM YE/I0BEYECKOM
Mos3re in vivo, co3gaBas NMepByl CCbUIKY Aas 6yaylmx UCCefoBaHUM KOPTUKanbHOMU anddy3noHHOM
TEeH30pHOW BM3yanmsauuu. Bo Bcex o6nactax mosra Habnopanacb cxopgHas riyé6uHHas 3aBUCUMOCTb
ANPPY3NOHHBIX MHBAPUAHTOB B KOpe C MOCTEeNeHHbIM YMeHblUeHUeM U yBendeHneM ¢pakLUOHHOM
aHusotponuu (FA) n cpegHein audoysum (MD) ot 6enoro eewectsa K CMUHHOMO3IOBOM XXUAKOCTU.
Ha rpaHuue 6enoro BewecTBa M KOpbl FOJIOBHOFO MoO3ra Habaioganocb nageHue FA m nuk MD.
CTpyKTypa 3TUX npodunen, BeposSTHO, oTpaxaeTr 3¢p¢ekTbl uU3rméa BOMOKOH HaA rpaHuue 6enoro
BELL,eCTBa M KOPbl FOJIOBHOI0 MO3ra U CHMXKEHUE MJIOTHOCTU BOJIOKOH Ha FPaHULLe KOpbl FOJIOBHOI0 MO3ra
M CMMHHOMO3IOBOM XXUAKOCTU.

We investigated the cortical depth dependence of diffusion properties over the whole human brain
in vivo establishing a first reference for future cortical diffusion tensor imaging studies. All brain
areas showed similar cortical depth dependence of diffusion invariants with gradually decreasing
and increasing patterns of fractional anisotropy (FA) and mean diffusivity (MD) from white
matter to cerebrospinal fluid. At the white matter — cortex interface a drop in FA and a peak in
MD is observed. The structure of these profiles is likely reflecting fiber-bending effects at the white
matter - cortex interface and fiber density reduction at the cortex — cerebrospinal fluid border.

BBEAEHUE

MarHuTHO-pe30oHaHCHasd JUPQPY3HMOHHO-B3Be-
meHHass ToMmorpaduss (MR DWI) denoBeue-
CKOTO MO3Tra B OCHOBHOM HccienyeT besoe Beme-
CTBO H3-3a €r0 BBICOKOM CTPYKTYPHOM aHMU30TPO-
MU U OTPAaHUYEHHOTO pa3pemreHHus nu3obpaxke-
HHUU. BO3MOXHOCTb OIIpefensiTh IudPy3sHoHHBIE
CBOMCTBA KOPBL FOJIOBHOTO Mo3ra obemraet HOBOe
IMOHUMAaHUe KJIEeTOUHOMN apXUTeKTYpPhl MoO3ra in
Vivo, KOTOpOe He TOJIBKO IIpelCTaBJsieT UHTepec
[I7151 HeBPOJIOTHH, HO M MOXKeT IIPUBECTH K II0SIB-
JIeHUIO HOBBIX OMOMapKepoB pa3IHYHEIX 3aboie-
BaHHUU Mo3ra. IIoCKOJIBKY TOJIIMHA KOPBL COCTaB-
J5leT BCEro HeCKOJIbKO MUJIIMMETPOB, IPOBeJleHUe
DWI gBJIsIeTCSI CIOKHOM 3amaderi, ¥ OOJBIIMHCTBO

KCC/IeJOBAaHUU KOPBI IPOBOAUJIOCE B MO3Te SKUBOT-
HBIX [1, 2] 1 exvivo [3].

IOuddysuonHo-TeH30pHas Tomorpadus (DTI) Beico-
KOTI'O pa3pelleHH s [I0Ka3aJla, YTO MOSKHO CeTMeHTH PO-
BaTh KOPY FOJIOBHOT'O MO3Ta 4eJIOBeKa ifl vivo Ha OCHOBe
dpakuuoHHOM aHM30Tponuu (FA) M HampaBJeH-
HOCTH TeH30pa [4, 5]. JlanHble DTI 6BITH IIOTy4YeHBI
Ha JeCSTH CMe>KHBIX OCeBBIX CpPe3axX B BePXHeH 4aCTH
mosra. Tak, FA nmpomemMoHCcTpHpoBaia AUPPY3HOH-
HYIO aHU30TPOIIHIO B CEPOM BelleCTBe KOPhI, U B TO
>Ke BpeMs B 60JIBIIMHCTBe 061acTell ceporo BelecTBa
KOpBl Habnroanach NpeuMyleCTBeHHO paguab-
Has HallPaBAeHHOCTb JUPPY3UHU (T.e. OPTOrOHAID-
Has K [I0BepXHOCTH Kopsl). Kpome Toro, FA 3aBucesna
0T IIy6HMHBI KOPBl U XapaKTepH30Balach I10JOCOM
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HU3KOH FA B ITy6OKHX KOPKOBBIX JIaMeJIsiX, IIpHUJjIe-
rapoiux K TpaHHUIle ceporo M 6ejoro BellecTBa,
U 1oj0cor 6osiee BBICOKOM FA B CpeJHHUX KOPKOBBIX
namensix. KopkoBble NpoduIN 0CeBOU U pagHalbHOM
nuddy3un He IOKA3aTH KAaKUX-THOO 3aMeTHBIX
JIOKAJIBHBIX MAaKCHUMYMOB UM MUHUMYMOB, B TO
BpeMs KaK KOPKOBbIe IIPOQHIIH PaJHaabHOCTH, OIIpe-
JensieMble KaK CKaJIgpHOe IPOH3BeJeHHe MeXIy
OCHOBHBIM COOCTBEHHBIM BeKTOPOM AUGDY3HUH K HOP-
MaJIbI0O IIOBePXHOCTHU KOPHI, II0KA3a/JhM MaKCUMYyM
B Cpe[lHel KOPTHUKA/IbHOM JIaMeJIH.

Pe3yabTaThl, HECKOJIBKO IIPOTHBOpeYallHe Pe3yib-
TaTaM HcciiefoBaHus TpyoHra et al. [4, 5], 6s11H mosy-
yeHbsl MakHabowMm et al. [6], KOTOpBIE ITOKa3a/lIH, YTO
OCHOBHOE HallpaBjeHUe JUGPY3UHU B KOpe OpHEH-
TUPOBAHO JTHM60 HOPMAJIBHO, TH60 TAHTEHIIMATBHO
K IIOBePXHOCTSM KOPTHUKAJIBHBIX CKJIAZO0K. ABTOPbI
COOOIIMIH O pe3KOM IIepexofie OT paJHaIbHOM K TaH-
reHIIMa/JIbHOM OpHeHTalluu AUPPYy3UH Ha TPaHHULle
Me>XAY IePBUYHON MOTOPHOK M COMaTOCEHCOPHOM
KOPOM B IaHHBIX in Vivo YejloBeKa C M30TPOIIHBIM Pas-
peleHyeM ¥ YaCTUYHBIM OXBAaTOM Mo3ra. OHH TaKkKe
IPOAeMOHCTPHUPOBAJIM NPH3HAKU TaHIeHIIHAaTbHOU
IUPPy3UH BO BTOPUYHOM COMAaTOCEHCOPHOM Kope
U [IepBUYHOM C/1yXOBOK KOpe.

OOHHUM H3 BO3MOXHBIX CI0oCO60B IOBBHIIIE-
HHUSI JOCTOBEPHOCTH HM300paskeHUsS U yBelHUe-
HHS IIPOCTPAHCTBEHHOr0 pa3pemeHus 6e3 ymepba
IJIs. COOTHOIIeHUsI curHaa/mym (SNR) siBnsercs
Iepexos K BbICOKOM HAIPSKEHHOCTH MarHUTHOIO
nossi. OgHako MeTox Beibopa anst 1udPy3HOHHOM
BU3yalM3alUKU ~ 3XO-IIJlaHApHAas BHU3yalMU3alL U

(EPI) - cTaJIKUBaeTCs C psanom npo6neM, CBSI3aHHBIX
C MCIIO/Ib30BAaHMEM BBICOKOTO pa3pelleHUs U BHICO-
KON HAIpPSKeHHOCTH 10/, HallPHMep C UCKasKe-
HHUSIMH U Pa3sMbITHeM H300paskeHUsI. [s1 pellleHU
3TuX Ipobnem XargeMaHH et al. 7] BHegpu cermeH-
THPOBAaHHYIO EPI CUMTHEIBAHU A B COYeTAHUH C ITapaj-
7e/bHOM BH3ya/lM3allMel, YTO M03BOJIKJ/IO 3HA4YM-
TeJIbHO YMEHBIIHUTh apTedaKThl 3a CUeT YMeHbIle-
HUA 50 PeKTHBHOTO HHTepBaja MeX/AYy 5X0-CUTHa-
naMU. biaromaps 3ToMy aBTOPBI BEISIBUJIM pagHallb-
HYI0 aHU3OTPOIIMIO B KOpe I'0JIOBHOr0 Mo3ra. XoTs
3T0 HabJII0AI0Ch U B IIPebIAYIHX UCCIeJOBAHHUSIX,
TaKas paBHOMEpPHaAsl aHU30TPOI U B 60bIION 061a-
CTH KOpBL paHee He Oblia ommcaHa. IIo3ske TOT Ke
aBTOP MpencTaBUJI aflaliTUPOBAHHYIO II0CIeL0Ba-
TeabHOCTh EPI ¢ KoMOUHaI el MaCLLITa61/Ip0BaHHofI
BU3yaJH3alMK U YaCTUYHO I1apajieIbHOTO 01y~
yeHUs curHaaa (ZOOPPA) [8], koTopas TakKe yayd-
IIMJIa KauecTBO AUPPY3HOHHBIX H300paskeHUH BBICO-
KOTO pa3pellleHH s OFHOMOMEHTHOM EPI c YacTHUYHBIM
OXBAaTOM MoO3Ta. [JaHHBIK MeTO/ BBISIBUJ YIIOPSIIOYeH-
HYIO OPHEHTAIIHIO BOJIOKOH, a TAKJKe CJIOUCTYIO CTPYK-
TYPY B KOpe TOJIOBHOTO MO3ra C CYOMHUJITMMETPOBBIM
paspelleHHEM.

HepasHo By et al. [9] ucmons3oBan MHOromosoc-
HOe YCKOpeHHe [J1s [oJIyUYeHU S TUPPY3HOHHBIX JaH-
HBIX, OXBATBIBAIOIINX BeCh MO3T invivo. ABTOp 06Hapy-
SKUJI TeMHBIE I10I0CHI FA IIpeuMyIeCTBeHHO B CAMBIX
r1y60KUX CI0SIX Ceporo BemmecTBa. O6GHAPYSKHUIIOCH,
YTO TeMHBIE [10JI0CHI FA ObIIM Hauboee CUIbHBIMU
BIO/Ib CYJIbKAIbHBIX OeperoB U Haubosee cnabbIMuU
B TMPa/IbHBIX KOPOHAX.

INTRODUCTION

Magnetic resonance diffusion
weighted imaging (MR DWI) of the
human brain has mainly focused
on white matter due to its high
structural anisotropy and limited
resolution of the measurement.
The ability to determine corti-
cal diffusion properties prom-
ises new invivo insights into the
brain’s cytoarchitecture, which
are not only of neuroscientific
interest but also may lead to new
biomarkers for various brain dis-
orders. Since the cortical thick-
ness is only a few millimetres,
DWI is challenging and most
studies of the cortex were carried

out in animal brain [1, 2] and ex
vivo [3].

High resolution diffusion ten-
sor imaging (DTI) has shown to
allow segmentation of the human
cortex invivo based on fractional
anisotropy (FA), and tensor direc-
tionality (4, 5]. Multishot DTI data
were acquired in ten contiguous
axial slices at the top of the brain.
In particular, FA demonstrated
diffusion anisotropy in the corti-
cal grey matter, whereas most of
the cortical grey matter regions
showed primarily radial diffu-
sion orientation (i.e., orthogonal
to the cortical surface). In addi-
tion, FA depended on the cortical

depth characterized by a band of
low FA in the deep cortical lamella
adjacent to the grey-white matter
interface and a band of higher FA
in the middle cortical lamella. The
cortical profiles of the axial and
radial diffusivity did not show
any notable local maximum or
minimum, whereas the cortical
profiles of the radiality, defined
as the scalar product between
the major diffusion eigenvector
and the cortical surface normal,
showed a maximum in the middle
cortical lamella.

Somewhat contradicting find-
ings to the study of Truong et al. [4,
5] were reported by McNab et al. [6],
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Llenpi0 HACTOSIIEN PaboTHI SIB/ISIeTCS. HU3yUeHUe
CJIOKHOM TOIIOJIOTMH BOJIOKOH Ha rpaHuIle besnoro
U Ceporo BelleCcTBa U MUKPOCTPYKTYPBI KOPHI [0JIOB-
Horo Mosra. JlanHbsle DTI 6bIIM HpoaHATIHU3UPO-
BaHBI [/Is1 ©300paskeHU s U KOJTMYeCTBEHHOM OLIeHKH
MHKPOCTPYKTYPhl BO BCeH KOpe TOJIOBHOIO MO3Ta
YeJI0BeKa U MOT'YT CJIY>KUTH B KaueCTBe CIIPABOYHOI0
aTiaca gas 6y,uyumx uccnenoBaHuM DTI KOpbI [OIOB-
HOTO MO3ra.

MATEPUA/IbI U METOAbI UCCIEAOBAHUA

leHepaLya faHHbIX

Nauuble MPT 4enoBeKa in vivo 6bIJIM 3arpy-
KeHbl M3 OTKPBHTOHM 6a3b JaHHBX
db.humanconnectome.org. M3obpaskeHus 65111
nonydeHsl Ha 3T-ckaHepe Siemens (Siemens,
dpnaHreH, l'epMaHus) ¢ 32-KaHAJBHOMN T'OJOBHOU
KaTymKon RX. Beuto nmonydeno 12 kyckoB DWI mosra
B 12 HeKOJIJIMHeapHbIX U HeKOIIJIAHAPHBIX HallpaB-
nenusx (b=1000 c¢/mm?) u Tpex nonDWI (b=0 c/mm?)
C MCIIOJIb30BaHHUEM OJHOKPAaTHO CPOKYCHPOBAHHOU
rocienoBaTenbHOCTH CTeskcKaia -~ TaHHepa CIIMHO-
Boro 3xa [10, 11]. [lsist BO36y>KI€HH I TPeX CPe30B OHO-
BpPeMeHHO HCII0/Ib30BaJICSI MHOTOIIOJIOCHBIN Pafuo-
vacToTHEIM (MB-RF) uMmnynsc. KpoMe Toro, 11t KOp-
PeKLHH reoMeTPHYECKHX MCKa>KeHUH Mojaydalun
Habop n3obpaskeHUM ¢ 06paTHBIM Ppa30BEIM KOJH-
poBaHHeM rpagueHTa b=0 c¢/mm?. JuPPy3rnOHHBIN
rpajgHeHT XapaKTepH30BaJCs BpeMeHeM OUOPY-
3UM A=22 MC C JJIMTeIbHOCTbIO TUPPY3HUOHHOTO
rpaguenTa §=6 Mc. KapguonoruyecKUH KOHTPOJIb
He HCII0/b30BaJICcs, U 0bIlee BpeMs CKAHUPOBAHHUS

who showed that the main diffu-

IIsl BCex M3MepeHMI COCTAaBHJIO OKOJIO 55 MUH,
BKJIouasgs MP-RAGE u 3D-GE a1 aHAaTOMUUYeCKOH
BU3yalIH3aluu [12-14].

06paboTka U aHaNN3 AaHHbIX

[Ipesxkme BCero, Iocjie CerMeHTAallUM U Mapliesisi-
LMK KOPBl TOJTOBHOTO MO3ra Ha aHaTOMHUYeCKHUX
n306pakeHUsX, OBIIM CO3MaHBI KOPKOBBIE TaMelH
(15, 16]. Konu4yecTBeHHble XapaKTePUCTUKH DWI
OBIIM OIpeseeHBl B aHATOMHUYECKHUX 06/1acTaX,
3aperuCcTpHUPOBAHHEBIX I10 KOpe.

a) 06paboTKa aHaTOMUYECKUX U306paXKeHuit

ITocne KOppeKIHUH ons Bo3bykaeHHUs Bl B 06beMe
MP-RAGE u MacKHPOBKH Mo3ra [13, 14] 6r1a
BBIIIOJIHEHA CerMeHTAallMsl KOPbl Ceporo Belle-
ctBa (GM CTX), 6enoro BemectBa (WM) U COUH-
HOMO3TroBoMt KUAKOCTU (CSF). CoracHo aTjacam
Desikan - Killiany u Destrieux [17, 18], 6s111a mpo-
BeJleHa IapLe/ISL s KOPKOBOU JTeHTHl U pacCuu-
TaHBI JIOKAJIbHAS TOJIIHHA U U3BUJIMCTOCTD KOPHI.
DTHU Npolecch OBITU BBIIIOTHEHBl C MTOMOIILBIO
FreeSurfer [16].

V3-3a TPYyZLHOCTH IIOJIHOCTBIO OLLEHUTH CBO-
CTBa KOPKOBOTO TeH30pa AU Py3HUH OTHOCUTETBHO
3aMeTHO H30THYTOMN IFeOMeTPHUH KOPBI, 0OBIUHO
HCIIONb3YIOTCSL ABYMEePHBIe OPTOrOHAa/JbHEIE UIHU
Cpe3oBBle IIpeACTaBIeHU . [103TOMY faHHBIE ObIIH
NIPOAHAJM3UPOBAHEI B 3aBUCUMOCTH OT ITTyOHHEI
KOPBIL. BBIJI IPHMeHeH MeTOJ, PacllMpeHU s [IOBepX-
HOCTH [IJIs CO3/IaHUS [IOBePXHOCTEN MeXAYy IPpaHHU-
naMu WM-CTX u CTX-CSF (OHPEL[eJIEHHbIMI/I Kak

sion direction in the cortex is
oriented either normally or tan-
gentially to the surfaces of cor-
tical folds. They reported a sharp
transition from radial to tangen-
tial diffusion orientation at the
border between primary motor
and somatosensory cortex in
human invivo data with isotropic
resolution and partial brain cov-
erage. They also showed evidence
of tangential diffusion in second-
ary somatosensory cortex and pri-
mary auditory cortex.

One possible way to improve
imaging veracity and increase
the spatial resolution without

sacrificing signal to noise ratio
(SNR) is to move to high mag-
netic field strength. However,
the method of choice for diffusion
imaging - echo planar imaging
(EPI) - faces several challenges
related to the use of high resolu-
tion and high field strength, for
example distortions and image
blurring. To address such chal-
lenges, Heidemann et al. [7]
introduced readout-segmented
EPI in conjunction with paral-
lel imaging, which significantly
reduced artefacts by decreas-
ing the effective echo spacing.
With high resolution the authors
identified radial anisotropy in
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the cortex. Although this had
been observed in previous stud-
ies, such a uniform anisotropy in
a large region of cortex had not
been described. Later the same
author introduced an adapted EPI
sequence with a combination of
zoomed imaging and partially
parallel acquisition (ZOOPPA) [8]
which also improved the diffu-
sion image quality of high resolu-
tion single-shot EPI with partial
brain coverage. The method con-
sistently resolved fiber orienta-
tion as well as layered structure
in the cortex at submillimetre
resolution. Recently Vu et al. [9]
used multi-band acceleration
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Fig.1. Desikan - Killiany atlas with labels for all areas

to acquire diffusion data cover-
ing the whole brain invivo. The
authors recognized dark bands of
FA predominantly in the deepest
layers of grey matter. The dark
bands of FA were reported to be
strongest along sulcal banks and
weakest in gyral crowns.

The goal of the current work is
to resolve complex fiber topology
at the interface between white
and grey matter and microstruc-
ture within the cortex. The DTI
data were analysed to depict and
quantify microstructure in the
entire human brain cortex and
may serve as a reference atlas for
future cortical DTI studies.

MATERIAL AND RESEARCH METHODS
Data generation

In vivo human MRI data were
downloaded from open data-
base db.humanconnectome.
org. Images were acquired on a
3T Siemens scanner (Siemens,
Erlangen, Cermany) with a
32-channel RX head coil. Twelve
slabs of brain DWIs were acquired
in 12 noncollinear and noncopla-
nar directions (b=1000 s/mm?)
and interleaved three nonDWI
(b=0 s/mm?) using the single-refo-
cused Stejskal-Tanner spin-echo
sequence [10, 11]. 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 dis-
tortions. Diffusion gradient was
characterized with diffusion time
A=22 ms, diffusion gradient dura-
tion §=6 ms. No cardiac gating was
used and the total scan time for all
measurements was about 55 min-
utes including MP-RAGE and 3D-GE
acquisitions for anatomical imag-
ing [12-14].

Data processing and analysis

Initially, after brain cortex was
segmented and parcellated from
the anatomical images, cortical
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6) O6pa6oTka DWI

Haunubie DWI, cKOppeKTHPOBaHHbBIe Ha BbI3BaH-
Hble BOCOPUHMMYUBOCTEIO U BUXPEBHIMH TOKAMHU
reoMeTpUUYeckHe HCKa’keHHUS U pasMbiTus T2%,

riybuHa Kopsl 0% 1 100% COOTBETCTBEHHO) C IIaroM
r1yOUHEL KOPHL 25% BMeCTe C IByMS JOIOTHHUTENb-
HBIMHU Iapajje/ibHBIMH IIOBePXHOCTAMU B WM
(-25%) u B CSF (125%).
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Fig.3. Histograms of averaged CTX DTI FA (a), MD (b) and CTX thickness (c) for different areas of the Desikan - Killiany atlas. Color coding
corresponds to the look up table of FreeSurfer. Results for Destrieux are similar

PerucTpUpOBAIMCh HA AHATOMHUYECKOM H306paske-
HUH, 3aTeM BBIUHCISINCh MeTpUKU DTI, Takue Kak
dpaknuonHas anusotponus (FA), cpenHss guddy-
3usi (MD) u raBHBIe cobcTBeHHBIe BeKTOphI DT (19, 20].
Bce peructpanuu nu3obpaskeHUH U pacdeTsl DT mpo-
BOJIMJIKCH C [TIOMOIIIBIO TMHENHOM perucTpaluu u3o-
6paskenuit (FLIRT) u FDTI B FSL. JIoka/IbHASI KPUBH3HA
KOPBI oIlpefensiziach nyTeM guddepeHIIUPOBAHUS

rnopepxHOCTH WM-CTX. TIpsiMble y4aCTKH KOPHI OIIpe-
IensIuch Kak bepera (KpUBHU3Ha B Ipefenax [-0,15,
0,15] 1/MmM?), TorAa KaK U3BHIMHBI K O0PO3IKH XapaK-
TepH30BaIHCh OO/IBIIeN KPUBHU3HOM.

PE3Y/IbTATDI
ATnacel [le3ankaHa - KUanauaHu (pHc.l) U JleTpokca
(puc.2) 6p11M Ompe/ie/ieHbl C IIOMOIIBIO IPOrPaMMBI

lamellae were generated [15, 16].
Quantitative DWI properties
were determined in the coregis-
tered anatomical regions. Further
details are described in the
following.

Processing of anatomical images

After Bl bias field correction of
the MP-RAGE volume and brain
masking [13, 14], segmentation
of grey matter cortex (GM CTX),
white matter (WM) and cerebro-
spinal fluid (CSF) was executed.
According to the Desikan-Killiany
and Destrieux atlases [17, 18],
the cortical ribbon was parcel-
lated and local cortical thickness

and curvature were calcu-
lated. These processes were done
by FreeSurfer [16] without any
down-sampling.

It is difficult to fully appreciate
the cortical diffusion tensor prop-
erties relative to the notably curved
geometry of the cortex using two-
dimensional orthogonal or slice
representations. Therefore, the data
were analysed according to their
cortical depth. A surface expan-
sion method was applied to create
surfaces between the WM-CTX and
CTX-CSF interfaces (defined as cor-
tical depth of 0% and 100%, respec-
tively) with cortical depth incre-
ments of 25% together with two

additional parallel surfaces in WM
(-25%) and in CSF (125%).

Processing of DWIs

DWI data corrected for suscepti-
bility- and eddy-currents-induced
geometric distortions and T2*
blurring were used and each vol-
ume was registered to the ana-
tomical image before combination
and DTI metrics such as fractional
anisotropy (FA), mean diffusiv-
ity (MD) and principal DT eigen-
vectors were derived [19, 20]. All
image registrations and DT cal-
culations were performed with
the linear image registration tool
(FLIRT) (Jenkinson, Smith, 2001)
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Puc.4. AHanu3 CTX FA (a) u MD (b) 8 namensix om WM do CSF das 8cex o6aacmeli (a) Ha ocHoge amaaca [le3ukana — Kuaauadu
Fig.4. Desikan - Killiany atlas based analysis of CTX FA (a) and MD (b) in lamellae from WM to CSF for all areas (a) CTX mean FA

‘aparc.annot’, goctynHou B FreeSurfer. [lns aTUX
aTaacoB OBIIM PACCYUTAHBI yCpeLHEHHble MHBA-
puanTel (FA, MD) 4 TonImMHA KOpTeKca, a Takke UX
CTAaHZAPTHBIE OTKJIOHEHH I IJIsI MO3Ta OJHOro no6po-
BosIbIIA (pHC.3).

Ha puc.4 mokasaHa 3aBUCHMOCTh FA u MD
oT rnybuHs Kopel (0T WM go CSF) B KaXXaoH
obnactu atinaca JesukaHa - Kunnuanu (1esBoe
U IIpaBoe IIOJyIIapus BMecTe). Bce obnacTtu
HUMeIT CXOXHUH npodunp FA, Kak ImokasaHO
Ha puc.4a. CaMble BBICOKHE (0,38+0,11) u caMble

Huskue (0,11+0,10) 3HayeHus FA OblIM H3Me-
pesbsl B WM u CSF, COOTBETCTBEHHO, U BhIPaskeH-
Hoe IageHue 3HaueHus FA (0,15 + 0,15) Habnroma-
Jnoch Ha rpaHune WM-CTX. OgHaKoO 3TH 3Hauye-
HUA 6b11M Beilne, yeM B CSF. I MD Habnmoma-
JIOCh IIOCTeIleHHoe MmoBblmeHue go 0,92 [MrRM?2/Mc]
ot CTX Kk CSF (puc.4b). B ornuuue ot FA (puc.4a),
3HauyuTeJbHOe yBenuueHue MD Habnmogma-
nock Ha rpaHulie WM-CTX, u 3Ta KapTUHA 6bl1a
OuYeHb I10XOXKa I10 Bcel Kope (puc.4b). 3HaueHUe
MD 0,87+0,36 [MkM?/Mc] Ha rpaHune WM-CTX

and FDTI in FSL. The local cor-
tex curvature was determined by
differentiation of the WM-CTX
surface. Straight cortex areas
were defined as banks (curvature
within [-0.15, 0.15] 1/mm?), while
gyri and sulci were characterized
by larger curvature.

RESULTS

Desikan-Killiany (Fig.1) and
Destrieux (Fig.2) atlases were
defined by ‘aparc.annot’ available
in FreeSurfer. For these atlases
averaged invariants (FA, MD) and
cortical thickness and their stan-
dard deviations for one subject’s
brain were calculated (Fig.3).

Fig.4 demonstrates the cor-
tical depth dependence of FA
and MD from WM to CSF at each
Desikan-Killiany atlas regions
(Ieft and right hemispheres
combined). All areas present a
similar FA profile, as shown in
Fig.4a. The highest (0.38+0.11)
and lowest (0.11+0.10) values FA
were measured in WM and CSF,
respectively and a pronounced
drop of FA value (0.15 +0.15) was
observed at the WM-CTX inter-
face. However, the values were
higher than those in CSF. In
MD, a gradual raise of up to
0.92 [pm?/ms] was observed
from CTX to CSF (Fig.4b). In
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contrast to FA (Fig.4a), a signif-
icant increase of MD was seen
at the WM-CTX interface and
the pattern was very similar
over the entire cortex (Fig.4b).
The MD value of 0.87+0.36 [pm?/
ms] at the WM-CTX interface
is slightly smaller than in CSF
0.92+0.37 [pm?/ms]. The same
analysis was performed for
Destrieux atlas (Fig.5) which
qualitatively similar to previous.

The spatial distribution of FA
(>0.45) overlaid onto the inflated
brain surface (Fig.6a) indicates that
high FA regions, in particular at
the WM-CTX interface are localized
primarily in sulci.
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Puc.5. AHaau3 CTX FA (a) u MD (b) 8 namensix om WM do CSF das ecex ob6aacmeli (a) Ha ocHoge amaaca [lecmpue
Fig.5. Destrieux atlas based analysis of CTX FA (a) and MD (b) in lamellae from WM to CSF for all areas (a)

HeMHOro MeHbIe, yeM B CSF 0,92+0,37 [MKM2/Mc]).
AHAJIOTUYHBIN aHAIK3 O6BII IPOBeJeH A/ aTaaca
HeTpokca (puc.5), KOTOPBIK KaueCTBEHHO CXO0X
C IpefblAyIIHNM.

IIpocTpaHCTBeHHOe pacipezeneHue FA (>0,45),
HaJOKeHHOe Ha Pa3[yTyl IIOBePXHOCTb MO3ra
(puc.6a), mokassiBaeT, YTO 0671aCTH ¢ BEICOKUM FA,
B YaCTHOCTH Ha rpaHuiie WM-CTX, 10Ka/IM30BaHBI
MperMyIIecTBeHHO B 60po3IKax.

I[IpocTpaHCcTBeHHOe pacmpepgeneHue MD
(>1lmxM?/Mc]), HaHeceHHOe Ha Pa3/yTyIo IOBEPXHOCTb

Mo3ra (puc.6b), IToKa3sIBaeT, 4YTO caMble BBICOKKe MD,
0c0beHHO B CpeJHUX JIaMeJIsIX KOPHI, IOKAJIH30BAHBI
IIperMYyIIeCTBeHHO B U3BUIMHAX.

OBCY)XXAEHWUE U BbIBO /bl

B 3TOM HCCIeq0BaHUK MBI IIPOaHA/TM3HUPOBAIH JaH-
Hble TeH30pa AHGPYy3UH BCEro MO3ra 4yejaoBeka.
Hauuble DTI EPI 6bII1M CKOPPEKTHPOBAHBL C yUe-
TOM reoMeTPHUYeCKHUX HMCKa>KeHHUH, BbI3BAaHHBIX
3aBUCAIIMMU OT HallpaBleHUA OJUPPY3UH BUX-
PeBBIMU TOKAMHU M JIOKaJbHBIMH BapHaLlUIMHU

The spatial distribution of MD
(>1[pm?/ms]) mapped onto the
inflated brain surface (Fig.6b) dem-
onstrates that the highest MD, par-
ticularly in the middle lamellae of
the cortex are localized mainly in

gyri.

DISCUSSION AND CONCLUSION

In this study we have analysed full
brain diffusion tensor data. The
DTI EPI data are corrected for geo-
metric distortions caused by dif-
fusion direction dependent eddy
currents and local susceptibil-
ity variations. This allowed pre-
cise matching of the very thin cor-
tical lamellae and the diffusion

invariants, i.e. FA, MD and diffu-
sion eigenvectors.

Our study has demonstrated
substantial sensitivity of MRI
to depict patterns of tissue cyto-
architecture. This is shown by
lamellae analysis of DT mea-
sures and investigation of local
directionality of major eigenvec-
tors. Although this was observed
in previous studies to different
extent (i.e., not for the whole
brain, or not with uniform voxel
size), our results verify depth
dependent cortical profiles of DT
measures in all areas of the brain
proving to be a robust marker of
cortical microarchitecture and

establishing a first reference of
cortical DTI. The obtained quan-
titative values (Fig.3) are in accor-
dance with the range reported for
cortical thickness [21, 22] and for
DTI measures [6].

With the high resolution and
geometric fidelity of the data a
detailed analysis of invariant dif-
fusion properties and the rela-
tion between local structural ori-
entation and the main diffusion
direction is feasible, in particu-
lar in the thin cortical ribbon,
extending diffusion tensor imag-
ing from a white matter modal-
ity into the cortex. The analysis
showed that diffusion properties
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Puc.6. MpocmpaHcmaeHHoe pacnpedeneHue CTX FA (a) u MD (b), omo6paxkeHHoe Ha pa3dymom mo3ze ¢ 6UHAPHBLIMU CezMeHmamu

60p0300K U U38UAUH

Fig.6. Spatial distribution of CTX FA (a) and MD (b) mapped on inflated brain with binary gyri and sulci segments

BOCIIPUMMYHMBOCTH. ITO IIO3BOJIMJ/IO TOYHO COBMeE-
CTUTh OUEeHb TOHKHE KOPTHKAJIbHBIE TAMeIH U THUP-
Gy3sHuoHHBIe MHBAPUAHTHI, TO eCTh FA, MD u cob-

CTBEHHBIEe BeKTOPHL AUPDY3HH.

Hamre rcciegoBaHue IIPOAeMOHCTPUPOBAJIO 3HA-
YHUTENbHYI YYBCTBUTENIBHOCTE MRI K pacmpenere-
HUIO [IaTTePHOB KJIETOUHOM apXUTEeKTYPhl TKaHeH.

are very similar throughout the
entire human cortex. In partic-
ular, the cortical depth depen-
dence of FA and MD with a grad-
ual reduction / increase from
white matter to CSF and a pro-
nounced drop / peak at the
WM-CTX interface seem to be
ubiquitous features throughout
the brain.

The consistency of the results
leads us to hypothesise that the
WM-CTX interface behaviour is
based on the bending of fibres that
enter the cortex. In WM FA is high-
est due to densely packed fibres char-
acterized by well-expressed anisot-
ropy (Fig.4, 5).

9TO IMOKA3aHO C IIOMOIIIbIO TAMEeJIPHOIO aHaIHu3a Mep
DTI 1 uccaemoBaHHS JIOKaJIbHOH HaIlpaBJ/JIeHHOCTH
OCHOBHBIX COBCTBEHHBIX BEKTOPOB. XOTS B IIpeabIay-

IIMX UCCIeOBAHUSIX 3TO HAOMI01aI0Ch B PA3HOM CTe-

At the WM-CTX interface FA
shows a strong decrease together
with a local rise in MD that may
reflect fibres that bend sharply into
the cortex [23]. Thus "pseudoisot-
ropy" appears because different
fibre orientations exist in these vox-
els. The return of FA to higher and
MD to lower values within the cor-
tex reflects the preferential radial
arrangement of neuronal connec-
tions in cortex, which, however, is
lower than in WM due to tangen-
tial within-cortex connections. We
have also shown that this effect may
be stronger in straight segments
(banks) of the cortex where the
fibres seem to turn by approximately
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neHH (T.e. He /ISl BCeTO MO3ra U/IH He IIPU OJHHA-
KOBOM pa3Mepe BOKCeJIeH), Halllk pe3y/IbTaThl MOJ-
TBeP>K/AAIOT 3aBUCHMBIe OT IIyOHHBI KOPBI IPOGUIU

90° compared to the tips of sulci/
gyri where they enter cortex in a
straighter manner. In parcellated
cortex regions this is obviously aver-
aged but nevertheless the "pseudo-
isotropy" at the WM-CTX interface
remains clearly visible.
Interestingly a similar lamella-
based analysis performed by McNab
et al. [6] did not show any notice-
able local variation of FA and MD
at the WM-CTX interface. The
authors reported a gradual decrease
of FA and increase of MD between
WM-CTX and CTX-CSF interfaces.
This may be due to lower sensitiv-
ity at a lower main magnetic field
and approximately double the voxel
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DT-u3MepeHUI BO BceX 06J1acTsX MO3ra, JoKa3blBas,
YTO OHHU SBJIAIOTCS HaJeXKHBIM MapKepoOM MHKpPOap-
XUTEKTYPhl KOPBI M YCTAHABIKMBAIOT IIePBOE pacIpe-
ndeneHue Kopkosou DTI. TTosy4eHHBIe KOTHYeCTBeH-
Hble 3HaUeHU S (PUC.3) HAXOASATCS B COOTBETCTBUHU
C AMAIla30HOM, OIIMCAHHBIM JJIs TONIIMHEI KOPTeKca
(21, 22] u pis mep DTI [6].

bnaropaps BBICOKOMY pa3pelleHHIo U reoMmeTpruye-
CKOM TOYHOCTH JaHHBIX BO3MOKEH JleTaIbHbIM aHa-
JIM3 UHBAPUAHTHBIX JUPPY3MOHHBIX CBOKCTB U CBSI3H
Me>XAYy JTO0KaJIbHOU CTPYKTYPHOM OpPHeHTaIllHeu
Y OCHOBHBIM HaIlpaBjeHHeM JUPPYy3HM, B 4ACTHO-
CTH, B TOHKOK KOPTHUKA/IbHOM JIeHTe, PacIIUpsisd Aud-
dy3HUOHHYIO TeH30PHYIO BHU3ya/lIH3allKIo0 0T 6eoro
BelecTBa [0 KOPhI FOJIOBHOI'O MO3ra. AHAJ/IM3 IIOKa~
3a71, 4To 1M Py3rOHHBIe CBOMCTBA OYeHb [I0XOXKH BO
BCeH KOope r0JIOBHOI'0 MO3Ta YeJIoBeKa. B 4acTHOCTH,
3aBUCHUMOCTb FA 1 MD 0T I/1y6HHBI KOPBI C IIOCTeIeH-
HBIM YMeHblIIeHHeM / yBelIHueHueM oT 6es1oro Bele-
cTBa K CSF ¥ BEIpa>keHHBIM CIIaJloM / IUKOM Ha rpa-
Hule WM-CTX, mo-BUAHUMOMY, SIBJISeTCS [IOBCeMeCT-
HOM 0c06eHHOCTBIO0 Bcero mMo3ra. COrylacoBaHHOCTB
pe3yabpTaToOB 3aCTaB/seT HaC MPeAIOJIOKHUTE,
4uTO mnoBefeHue HHTepderica WM-CTX ocHOBaHO
Ha usrube BOJIOKOH, BXOAAIIUX B Kopy. B WM FA Hau-
boree BbICOK Oy1arofiaps IIOTHO YIIaKOBAHHBIM BOJIOK-
HaM, XapaKTepH3yIOIIHMCS XOPOLIO BhIPa’KeHHOU
aHu30Tpomnuen (puc.4, 5).

Ha rpanunne WM-CTX FA mokassiBaeT CHUJIBHOE
CHHUYXKeHUEe BMeCTe C JIOKAJIbHBIM ITOBbIIIeHUEeM MD,
YTO MOKET OTPa’KaTh BOJIOKHA, KOTOPbIE Pe3KO HU3IU-
6arorcs B kopy [23]. TakuM o6pa3omM, BO3HHKaeT

"IICeBIOM30TPONUS", IIOCKOJIBKY B 3THX BOKCENISX
CYIIeCTBYIOT pa3lIHM4YHbIe OPHEHTALIMU BOJIOKOH.
BosspaineHue FA K 6os1ee BBICOKMM, a MD K 6ojiee HU3-
KHM 3HAaYeHHSM B KOpe OTpaskaeT IperMylleCTBeH-
HOe pajiuaibHOe PACIIONIOKeHHe CBSI3el HEeUPOHOB
B KOpe, KOTOpoe, 0OfHaKo, HUKe, yeM B WM, 13-3a TaH-
FeHLIHUAJIBHBIX CBSI3eH BHYTPH KOPBl. MBI TaKk>Ke [TOKa-
374, 9TO 3TOT 3ddeKT MOsKeT ObITh CHJIbHEE B IIPS-
MBIX cerMeHTax (DaHKax) KOpHI, Ie BOJIOKHA I10BO-
pavuBaiT IpUMepHO Ha 90° 10 CpaBHEHHIO C Bep-
IIMHAMHU 60PO3LOK/U3BUIKH, ITle OHU BXOAST B KOPY
6osiee IPSIMOTMHENHO. B aTiacHBIX 06/1aCTSIX KOPHI
3TO0, O4eBU/IHO, YCPeIHSIeTCsI, HO, TeM He MeHee, "IICeB-
nousoTpomnus” Ha rpaHuiie WM-CTX ocTaeTcst 4eTKO
BUIHMOH.

HHTepecHO, YTO aHAJIOTUYHBIH aHAJIN3 Ha OCHOBE
n1amernen, npoBefeHHBIE McNab et al. [6], He mokaszan
3aMeTHBIX JIOKAJIbHBIX U3MeHeHUM FA u MD Ha rpa-
HU1le WM-CTX. ABTOPHL COOOLIMIIN O ITOCTEIIEHHOM
CHU>XeHUH FA u yBenuuyeHuu MD mesxay IrpaHu-
HaMud WM-CTX u CTX-CSF. 2To MOsKeT ObITh CBsI3aHO
c 60ee HU3KOM YYBCTBUTEIBHOCTHIO IIPH 60slee HU3-
KOM OCHOBHOM MAarHUTHOM IT0JIe U IPUBIU3UTETBHO
yoBoeHHOM 06BeMe BoKcens. IOPeKT YaCTHUHOTO
ob6peMa B 1P PY3HOHHBIX U300paskKeHUIX C HEU30-
TPOIIHBIM pa3MepoM BOKcCeJsel ITpU bosee HHU3KOM
OCHOBHOM II0JIe TAKKe MOXKeT OBITh IPUYNHON pa3-
HHUIIBI B paJHaJIbHOMN U aKCHaAbHOM AU PYy3HUH, IIPO-
neMOHCTpupoBaHHON Tpyonrom et al. [4, 5]. Xots
npoduau FA TaM O4YeHbB ITOXOXKH Ha II0Ty4YeHHBIe
HaMu, mageHue FA 6bI710 3HAYHTEIBHO CMeIeHO
B INy6KHY KOPBI K HHTEPIIPeTUPYETCS KaK I0BOPOT

volume. Partial volume effects in
diffusion images with non-isotro-
pic voxel size at lower main field
may also be the cause for the dif-
ference in radial and axial diffusiv-
ity demonstrated by Truong et al.
(4, 5]. Although FA profiles are very
similar with those we obtained, the
drop of FA was significantly shifted
in cortical depth and is interpreted
as turning fibers in areas away from
the WM-CTX interface.

Our results derived from DTI
are supported by histologic brain
anatomy studies [23]. Cell stained
images of excised tissue show how
the neuronal dendrites extend radi-
ally toward deep cortical layers

where they spread out tangentially
along the cortical surface. The high-
est bifurcation can be observed in
the superficial CTX lamina, show-
ing a very strong branching. The
adjacent external and deep lamellae
show mainly radial orientation due
to fibers that are extending from
the WM radially into the cortex.
In the adjacent WM, the fibers run
mainly parallel to the CTX-WM
boundary.

In conclusion this study shows
that quantitative DT measures can
reveal patterns of architectural
organization of the human cerebral
cortex invivo. The local depth depen-
dent results qualitatively agree with

histologic brain anatomy. High res-
olution cortical DTI may allow char-
acterization of cytoarchitecture
and improved understanding of the
pathophysiology of diseases associ-
ated with changes in cerebral cor-
tex. This can extend MR diffusion
tensor imaging from a white matter
modality to a cortex modality open-
ing new clinical and research appli-
cations. [ |
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BOJIOKOH B 00/1aCTSX, YOAJI€HHBIX OT TPAHHUIIBL Pa3-
nena WM-CTX.

Hamu pesynbTaThl, IOJyYeHHBIE C IIOMOIIBIO
DTI, moaTBepKAaI0TCSA TUCTOIOIMYeCKUMHU HCCIIe-
NOBAHHUSIMH aHATOMUH Mo3ra [23]. Ha u3zobpaske-
HHUSIX TKAaHU BHUJHO, KaK JeHJPUTH HEeHPOHOB
IIPOCTUPAIOTCS PAZHATIBHO K INIYyDOKUM CI0OSIM
KOPBI, Ile OHU PAaCIPOCTPAHSAIOTCS TaHTeHIIU-
AJIbHO B/IOJIb TOBEPXHOCTH KOpbl. Haubonpmas
budpypranus HabnomaeTcs B MOBePXHOCTHOM
namenu CTX, JeMOHCTPUPYS OYeHb CHIbHOE pas-
BeTBJIeHHe. [IpHUeraronue Hapy>XHas U riayb6o-
Kas JIaMeJIM UMeIOT [IPeMMYIIeCTBeHHO pPaJuallb-
HYIO OpPMeHTaIlHI0 32 CYeT BOJIOKOH, OTXOOSAIIKUX
oT WM pajguanbHO B KOpy. B npunerarmomen WM
BOJIOKHA UAYT B OCHOBHOM I1apaJ/ijie/IbHO IpaHHIIe
CTX-WM.

B 3aknw04UeHUe, JaHHOE HCCJIeJ0BaHHEe IT0Ka3bl-
BaeT, 4TO KOJIHMYeCTBeHHble u3MepeHusa DT MoryT
BBISIBUTD IaTTEPHBI aPXUTEKTYPHOU OpraHU3alluU
KOPBI TOJIOBHOT'O MO3Ta YeIoBeKa in vivo. JIokaipHbIe
pe3yabTaTHl, 3aBUCSANHMe OT IAYOHMHBI, Kade-
CTBEHHO COIJIACYIOTCA C THUCTOIOTUYEeCKOH aHaTO-
Mmuen mo3ra. DTI Kopsl TOJIOBHOTO MO3ra BBICOKOTO
paspelleHU s MOXKeT II03BO/IUTH OXapaKTepPU30BaTh
KJIEeTOYHYIO apXHUTeKTYpPy U yAYUYIIUTH IOHUMA-
HHe MaTOQHU3MOIOruM 3ab0eBaHUM, CBA3aHHBIX
C U3ME@HEeHUSIMHU B KOpe roJIOBHOT'O MO3ra. 3TO pac-
MUPUT OUPPY3HOHHO-TEH30PHYIO TOMOrpadpuio
MRI oT MogaJIbHOCTH 6e/10ro BeliecTBa 10 MOLAJIb-
HOCTH KOPBI FOJIOBHOTO MO3ra, OTKPLIBasl HOBEIE
KJIMHHUYeCKHe U UCC/IeloBaTeIbCKHe IIPUJIOKeHU .
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0mHOWeHuULl, Komopble Moz2Au bbl nosAuAmb Ha pabomy, nped-
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Hoewid iPHEMOS MPX ot Hamamatsu Photonics npeactasnaet cobol HHEEPTUPOBAHHRIR
IMHUCCHOHHBIA MUKPOCKON BRICOKOMD paspelledna ANA nokanwsauwn aedektos
NenyNPOBOAHMKOBLIX NPMBOROE, ABNAKWWACA BEICOKOTEXHONOMMYMHOA CHCTEMOR,
KOTOpaA MOXET OCHAWATLCA PasNUYHBIMK TUNaMKM Nasepos, obbexTHBOB
W AeTeKTOpoR ANA Nokanuaauwy AedekToB pasMepaMy 00 7 HAHOMEeTpOB.

MpeuvmywecTea:
B 11 nonoxeswi obbexTea

B [lazepHuie MeTodbl Buayanuaauwn: OBIRCH, OBIC, SDL, LADA,
(VIS) EOP/ECFM, OPTIM, MOCI, NasepHuiid mapkep

B [leTexkTopbl W3ny4eHuA: Ha ocHoee MN3C, InGaAs, KPT
B leTexkTopsl TENNOBOMO M3NYYEHWA HA ocHoee: InSh, OPTIM
B Hacagkw anA paboTel B AWMANA3I0HAX: BUOWMBIF + GnvscHui MK, Tennoeoi + GnuskHue MK

I www.hamamatsu.com
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