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OndoysnoHHas MPT - 3TO MeTOoA MarHUTHO-pPe30HAHCHOMW ToMorpaduu, KOTOpbiA OUEeHUBaeT
cy4ariHoe MoJieKy/IsipHOe ABUXXeHue Monekys B 6uonormyeckom TkaHu. Hambonee nonynspHoe
ero rmnpuMeHeHWe - WUCC/efOBaHUE aHU3OTpPONUU TKaHel. B HacTosuwee BpeMs MeTOAbl
BU3yaniMs3auMm C BbICOKMM paspelleHMeM MOo3BOJISIOT AefiaThb BbiBOAbl O CTPyKType 6esoro u
ceporo BelecTBa mMo3ra. TeM He MeHee, Takue MOTEHLMANbHO LeHHble mMeToabl MPT 06bl4HO
He MNCNonb3ylTCA B MEAULIMHCKOW MpaKTUKe, MOCKOJIbKY OHU Tpe6yloT A/NNTe/IbHOro BPEMEHU
usMmepeHus. B 3Tor pab6oTe Mbl ucnosnblyem AuPPysMoHHyo MPT C HU3KMM paspelieHuem
M paccuuTbiBaeMm U306paKkeHUsi C BbICOKAUM paspelleHMeM C MOMOLbIO PEKOHCTPYKLUMU
CBEpXBbICOKOro paspelleHuUsa. Mbl TakXe paccuyuTbiBaeM TeH3op AudpPy3uuM U TOYHOCTb ero
OLLeHKN MO CpaBHEHUIO C a/ibTePHAaTUBHbIMU MeToAaMU WMHTepnonsuun. Mbl JeMOHCTpUpyeM
npeMMyLLecTBa TEXHUKU CBEPXBbICOKOrO paspelleHMsi C TOYKU 3peHus cpefHeKBaApaTU4YHOMN
owun6KM U NyTeM aHanmnsa Apo6HON aHU3O0TPONUU U APYrUX TEH30PHbIX UHBAPUAHTOB.

Diffusion MRI is a magnetic resonance imaging method that estimates random molecular motion
of molecules in biological tissue. The most popular its application consists in disentangling of tissue
anisotropy. Nowadays high resolution imaging techniques allow to make conclusions not only
about brain white matter structure but also a gray matter attracts a great attention. However,
such potentially valuable MRI methods are not used in clinical environment routinely because they
require a long acquisition time. In this work we process low-resolution diffusion MRI and calculate
high-resolution images by means of super-resolution reconstruction. We calculate diffusion-
tensor and estimate quality of its fitting comparing with alternative interpolation methods. We
demonstrate benefit of super-resolution technique in terms of root-mean-square error and by
analyzing fractional anisotropy and other tensor invariants.

BBEAEHUE

HccnepoBanue 1udPy3HMOHHBIX CBOMCTB MO3TOBOM
TKaHH YaCTO OTPAaHHUYeHO pa3pelleHueM MarHUTHO-
pe3oHaHCcHOM Tomorpaduu (MPT). Hanpumep, pas-
peleHHMe M300paskeHUs] UTPaeT KIOYEBYIO POJib B
CerMeHTallMH1 Ceporo BellleCTBa MO3Ta M aHaJIK3e ero
AHH30TPONHKHU. TaKOM IVIABHBIKM OTPAaHUYHBAIOII NI
bakTop, Kak 3dpdeKkT yacTuuHOro ob6vema, Memaer
TOYHOMY pPacCMOTPeHHI0 H306paskeHUs. [Jpyrou
BasKHOM ITpobieMoit npu 06paboTKe n306paskeHUN

SIBJISIeTCSI OTHOLIEHHe CUrHala K myMy (SNR), KoTo-
poe yMeHBbIIAeTCsl C YBeJTHYeHHEeM pa3pelleHUs
U yMeHbIIeHHeM pa3Mepa Bokcensi. OLHO U3 BO3-
MO>KHBIX PeIleHHH 3TUX IIPobieM sBIseTCs MONy-
YyeHHe N306paskeHUH C TOJICTBIMU CPe3aMHU U BbICO-
KHUM pa3pelleHHeM B IIJIOCKOCTH U IOC/IeyoIel
peTpoCreKTUBHOM 06paboTkon. CieayeT OTMETHUTb,
4TO IIPU 3TOM UCXOAHBbIe naHHBIe 3D MPT He H30-
TPOIIHBI, YTO MOXKET CMeIaTh [TapaMeTpHl OL[€HOK

nudoysuu [1].
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Ha mepBbIM B3I/ NPsIMOe IIPHMeHeHHe MeToza
MHTepIoNsAnuu [2] TeH30pa 1UdPYy3UU MOKET OBITH
HeoOXOMMMBIM JJISl YIyUIIeHUs OLleHKH I1apaMe-
TpPOB O6HMOTOrMYeCcKoN TKaHU. NHTepHonsaus 1u3o-
OpaskeHUI SIBJIIETCS OUeHb PACIIPOCTPAHEHHOM IIPO-
LieypOr BO MHOTHX a/ITOPUTMaxX M MOXKeT OKa3bl-
BaTb 3HAUMTe/IbHOE BIHSIHHE Ha JPyTHe IIpoLelyphl
06paboTku (3], Takue KaK perucTpalus, cerMeH-
TallMs UK BEIYHMC/IeHHe 10714 TeH30pa AUPPY3HH.
[IprMeHeHHe HHTEPIIOAS UMY ylIydllaeT BU3yalb-
HBIN KOHTPOJb HU300paskeHUs, HO, C IPYyroM CTO-
POHBI, CTAHOBSITCS 3aMeTHBIMHU apTedaKThl Pa3Mbl-
THS U [I0TePH KOHTPACTHOCTH.

ANbTepPHAaTUBHBIM MeTOJ yNAy4IIeHHUS Kaue-
CcTBa M306paskeHHUS - 3TO METOJ CBEPXBBICOKOIO

paspemeHus (SR) [4, 5]. B oTnu4YMe OT HHTEPIIO-
NSALHH, OH 06befHHSeT HOBYI0 HHPOPMAIIHUIO U3
HeCKOIBKHX BOKCeNleH, obecrieurBasi 6oee BEICOKYIO
HaleXHoCTb MPT, 4To, B LieioM, foDaBIsgeT H306pa-
SKeHUSIM HeHpoOHOIOrn4YecKyIo HJIH MeJUIIMHCKYIO0
[10JIe3HYI0 JUATHOCTUYECKYIO LIeHHOCTD.
CoBpemeHHBIe CKaHePhl MPT ocHaIeHBI I10C/IeN0-
BaTeJbHOCTIMH, 0becreunBaOIUMU CyOMUIIHMe-
TpoBoe pa3spelieHre. OZHAKO Ioly4ueHHe U306pake-
HHUU C BBICOKMM pa3pelleHHeM A1 JUPPYy3HOHHO-
B3BeIleHHBIX U306paskeHUH ([JBU) mo-mpeskHeMy
SIBJISIETCS CJIOXKHOM 3a/iauell K3-3a BBICOKOTO YPOBHS
GH3MO0IOrMYeCKOr0 U CUCTeMAaTHYeCKOTO0 IyMa,
HeITPOM3BO/IbHOIO IBHKeHU I 06beKTa BO BpeMsI CKa-
HUPOBAHUS U I/INTEJIbHOTO BpeMeH! cOopa JaHHBIX.

INTRODUCTION

Investigation of diffusion proper-
ties of brain tissue are often limited
by the magnetic resonance image
(MRI) resolution. For example, reso-
lution plays a key role in brain gray
matter segmentation and anisotropy
analysis. Such major limiting factor
as a partial volume effect hinders a
fine image consideration. Another
important challenge in image pro-
cessing is a signal-to-noise (SNR)
ratio which reduces with increase of
resolution and downsizing of voxel
dimension. One of the possible solu-
tion of the problem is to acquire
images with thick slices and high
resolution in plane and perform ret-
rospective post-processing. However,
initial 3D MR data are not isotropic
which might bias diffusion tensor
parameters [1].

On the first view, applying
interpolation technique [2] to
diffusion tensor may be necessary
to improve tissue parameters
estimation. In general image
interpolation is a very common
procedure in many processing
pipelines and it may have a
significant influence on other
processing procedures [3] such
as registration, segmentation or
diffusion tensor field calculation.
Applying interpolation improves

visual inspection of the image but,
on the other hand, blur and contrast
loss artifacts become pronounced.

Another method which
improves image quality is a super-
resolution (SR) [4, 5]. Opposite to
the interpolation it concatenates a
new information from several voxels
providing a higher reliability of
MRI which, in general, adds to the
images neuroscientific or clinically
useful diagnostic value.

Modern MRI scanners are
equipped with sequences allowing
sub-millimeter resolution. However,
high-resolution diffusion weighted
imaging (DWI) is still challenging
because of high level of physiological
and systematic noise, involuntary
motion of the subject during
scanning, and long acquisition
time. Small lesions in gray matter
is difficult or even not possible
to visualize and then perform a
fair analysis. Subtle changes in
biological tissue during maturation
or aging, Alzheimer decease, and
plaques development, for example,
are very tiny for MRI. This hinders
to improve specificity and sensitivity
adjustment of diffusion sequences’
protocol parameters.

In this circumstances SR possess
a number of advantages, such as
processing high SNR low-resolution

images acquired in a reasonable
acquisition time, independence from
main magnetic field strength and a
number of receivers.

In this short communication
we describe how process low-
resolution through plane DWIs and
reconstruct a high-resolution image
by means of SR method. To achieve
isotropic resolution several images
with axial sub-voxel shifts were
created. We calculate diffusion-
tensor and estimate quality of its
fitting comparing with alternative
interpolation (linear, cubic, spline)
methods. We demonstrate benefit of
SR technique in terms of root-mean-
square error (sse) and by analyzing
fractional anisotropy and diffusion
tensor invariants in the human
brain tissue in vivo.

METHODS

Data generation

The main approach to implement
SR consists in combining several
low resolution images in high-res-
olution one if it is known the sub-
voxel transform of the low-resolu-
tion images (Fig.1a). In particularly,
in our work we used through plane
(slice encoding direction) translation
of low resolution images. Modern
MR scanner consoles are developed
in a way to be flexible and meet all
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M306pakeHns HU3KOro paspeLleHuns: U3mMmepeHus Cy6BOKCeNbHbIX CABUIOB
a Low resolution images: measurements of subpixel shifts
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Puc.1. a - cxema noayveHus U peKOHCMpyKUUU U306pakeHUl 0As CBEPXBbICOKO20 paspelleHus; b — cxema o6pabomiu usobpaxe-
HUU 048 MUHUMU3AUUU UCKAXeRUU, wyma u m. 0. Bce 3manel 06pabomku 8bIN0AHAAUCE 00 PeKOHCMPYKUUU U306paXKeHUs c8epx-
8bICOK020 pa3peleHus; ¢ — ouazpamma MPT nocredosameAabHOCMU, UCNOAb308AHHAS OASl NoAYYeHUSsT OUPPY3UOHHO-838ELEHHbIX
u306paxkeHul. mb-rf 6biA UCN0Ab308AH 0AS YCKOPEHUS NoAyYeHUSs U306paxkeHul

Fig.1. a - schematic of acquisition and reconstruction of data for super resolution; b - processing pipe-line for minimization of distortions,
noise, and etc. All processing steps were performed prior to super resolution reconstruction; c - MR sequence diagram applied for diffusion-
weighted imaging. mb-rf was used in order to accelerate acquisition procedure
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Heb6onbire 06pa3oBaHUs B CEPOM BellleCTBe I'0JI0B-
HOIr'0 MO3ra TPYAHO UJIH [Ja’ke HeBO3MOKHO BU3yaJIk-
3UPOBaTh, YTO BIMSET Ha IIPOBeJeHKe TOUHOr0 aHa-
nu3a. HesHauHuTe/nbHbIe H3MeHeHHS B buooruye-
CKHX TKaHAX, HaIIlpUMep, BO BpeMs UX GOpMHUPOBa-
HUS UK CTapeHus:, 60me3Hu AnblLirerimepa u obpa-
30BaHMs 6JsilIeK He BU3YaIU3UPYIOTCS C IIOMOIIBIO
MPT. 310 MeIIaeT yay4YIHuTh CIIeNUPHUIHOCTD U Yy B-
CTBUTEJIPHOCTH IIapaMeTPOB IIPOTOKOJIA AU PY3HOH-
HBIX [IOC/Ie/I0OBATeILHOCTeH.

B sTux ycimoBusx SR obnazmaeT psoom MpeuMy-
IecTB, TAKHUX Kak 06paboTka u306paskeHUH C HU3-
KHM pa3pelleHreM U BBICOKMM COOTHOIIeHHeM SNR,
MOoJIy4eHHBIX 33 pa3yMHoe BpeMs cbopa JaHHBIX,
HEe3aBUCHUMOCTD OT HAIIPS>KeHHOCTH OCHOBHOI'O Mar-
HUTHOTO I10JIS ¥ KOJIMYeCTBA KaHAJIOB PaH0YacTOT-
HBIX IPUEeMHUKOB.

B 9TOM KOPOTKOM COOOILIEHUH MBI PACCMOTPUM
JOBH c HU3KMMHU pas3spelieHUsIMH U PeKOHCTPYHpyeM
1306paskeHHe C BBICOKUM pa3pelleHHeM C [IOMOII IO
meToma SR. I MOCTH KeHHST U30TPOIIHOTO paspe-
IIeHHS MBI CO3/JaJUM HeCKOJbKO M300paskeHUH C
aAKCHATbHBIM CyOBOKCEIBHBIM CABUIOM. MBI pac-
CYyrTaeM TeH30p AUGPY3HUH U OLIEHUM KayeCTBO ero
AINIIPOKCHMMAalIMK, CPAaBHUBAA C a/IbTePHATUBHBIMHU
MeToJaMU MHTePIOoJsLHH (TAaKUX KaK THHeHHas,
KybHUecKas UIH CIIAKH). MBI IPOJeMOHCTPHUPYEM
IIperMyInecTBa MeTofa SR ¢ TOUYKHM 3peHH S OLleHKH
rmapameTpa CpefHeKBAaLPAaTHUHOM OMUOKY (sse) U
IyTeM aHaJIM3a MHBAPHAHTOB JIPOOHOIM aHU30TPO-
IIUU U cCpefHer AUPPY3UHU /I TeH30pa B TKAHU
TOJIOBHOI'O MO3Ta 4eJIoBeKa ifl vivo.

demands of the MR researcher. The
position and the slice orientation of
the images can be easily adjusted to
achieve consecutive number of shifts

spin-echo
(FoV = 210 x 180 x 139 mm3, voxel
size = 1,25x1,25x 5 mm?3 after

METO/AbI UCCNIEAOBAHUA

leHepauua faHHbIX

OCHOBHO¥ IIOJXOZ, B peasik3aliuu SR COCTOUT B 06be-
JUHEHHUU HEeCKOMbKUX N300paskeHUH C HU3KUM Pas-
pelIeHKeM B OJHO C BBICOKUM Pa3pelieHHueM, eciu
K3BeCTHO cy6-BoKcelbHOe ITpeobpa3oBaHue H306pa-
SKeHUH C HU3KHUM pas3pellleHHeM (puc.la). B Hamen
paboTe mcmonbp30BaHA THHENHAsI KoMbuHanus (110
HaIlpaBIeHUIO KOTUPOBAHUS Cpe3a) H300paskeHUH
C HU3KUM paspenieHueM. CoBpeMeHHBIe KOHCOTH
MPT-cRaHepoB pa3paboTaHbl TAKUM 06pa3oM, YTOOEI
6BITh THOKHMMHU U OTBEYATh BCeM TPebOBaAHUIM
uccinenosartenert MPT. IIo/lo>KeHHEe U OPHEHTAI U0
Cpe30B K306paskeHUH MOKHO JIerKO HaCTPOUTH IS
IOCTHKeHHU S IT0CeL0BATeIbHOIO YK C/Ia CIBUTOB B
SKe/laeMOM HaIlPaBIeHHUH.

Janusle MPT 4estoBeKa in vivo 6BIIH 3aTPysKeHbI U3
OTKpBITOM 6a3bl faHHBIX db.humanconnectome.org.
H306paskeHus monydaaud Ha ckaHepe 3T Siemens
(Siemens, dpnaHreH, [epMaHus) ¢ 32-KaHAJIbPHOHU
TOJIOBHOM KaTyImKkoM RX. JleBSIHOCTO ob6bveMoB JIBU
BCero Mo3ra 6sI1u IoydeHs! A1 90 HeKo/THHeap-
HBIX U HEeKOIIaHapHBIX HampasieHuu ([gy, gy, 8,
b =1000 c/MM?) 1 YyepemOBaNUCh C TPeMs He TUD-
dysuonnbMU n3zobpaxkenusmu (b = 0 c/mm?) ¢
KCII0NIb30BAHKEM OJHOKPATHO IepedOKyCHPOBAH-
Hou CrTerckana-TaHHepa CIHH-3X0 IIOCAeL0Ba-
TenbHOCTH (FoV = 210 x180 x139MM3, pa3mep BOK-
censt =1,25x1,25x5 MmM?3 ociie mpouenypsl orpybie-
HMS, pa3pelleHHUe B IIJIOCKOCTU 168 x144, GRAPPA2,
TE/TR = 89,5/5520 Mc, 4acTu4HHHN Pypbe 6/8,
JacTOoTHOe KogupoBaHUe 1488 I'l /mukcesns) [6].

sequence images were shifted along the slice
encoding direction 4 times with a

step 1.25 mm (Fig.1a).

in desired direction.

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. Ninety volumes of whole-
brain DWIs were acquired in 90
noncollinear and noncoplanar
directions ([gy, gy, g,I: b=1000 s/mm?)
and interleaved three non-diffusion
weighted images (b = 0 s/mm?) using
the single-refocused Stejskal-Tanner

coarse graining, in plane resolution
168 x 144, GRAPPA2, TE/TR =
89,5/5520 ms, partial Fourier 6/8,
bandwidth 1488 Hz/px) [6]. 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 diffusion
time A = 22 ms, diffusion gradient
duration § = 6 ms. In order to perform
a super-resolution reconstruction

Data processing

Before applying high resolution
reconstruction DWIs were processed
using mrtrix [7] and FSL [8] (Fig.1b).
The steps of correction included (1)
noise and Gibbs ringing artifact
reduction; (2) susceptibility and eddy
current distortion correction was
performed using topup and eddy
algorithms which processed a set
of reversed phase-encoded gradient
b = 0 s/mm? images; (3) for distor-
tion free images radio-frequency bias
field correction was applied.
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[t BeIeNIeHUS TPeX Cpe30B OJHOBPeMEeHHO Obl
HCII0/Ib30BaH MHOIOYaCTOTHBIM PaJHOMMIIYJIbC
(mb-1f). Kpome Toro, a1t KOppeKIMU reoMeTpUUe-
CKHUX MCKa>keHUH OB mosyueH Habop mu3obpaske-
HUH C 00paTHBIM $a30BBIM KOAHUPOBAHUEM Ipaiu-
eHTa st b = 0 c/MmMm?. TpagueHT nudPy3sun Xxapak-
TepH30BaJICd BpeMeHeM NUPIy3uu A = 22 McC, AU~
TeJIPHOCTBIO IpasiueHTa Auddysuu 6 = 6 mc. [ng
IIpoBeJeHHsl PeKOHCTPYKL MU CO CBePXBBICOKHUM
pa3pemeHueM H300paskeHUs OBIIM CABUHYTHL B
HaIlpaB/ieHUHU KOOHUPOBAHUS CI0€B YeThipe pasa
c marom 1,25 mm (puc.la).

06paboTKa AaHHbIX

Ilepen mpUMeHeHHEM PEKOHCTPYKIIMH BBICOKOTO
paspemenus JBU o6pabaThiBaiuCh C IIOMOIIBIO
mrtrix [7] u FSL [8] (puc.1b). Tamsl KOppeKILHH BKJIIO-
yanu: 1 - yMeHblIeHHe IIyMa U apTedakTa [166ca;
2 - MUHMMH3AIHI0 UCKa>KeHU I BOCIIPUUMYHBOCTH
Y BUXPEBBIX TOKOB BBIIIOJIHS/IACH C UCII0/Ib30BAHHEM
anroputmos topup u eddy, KoTopsle 06pabaTeBanu
Habop u3obpaskeHUN ¢ 06paTHBIM $a30BBIM KOAU-
poBaHHeM rpaauenTta b = 0 c/mm?; 3 - nns uzobpa-
>KeHUH 6e3 HCKakKeHUH IPUMeHSJIach KOPPeKIUs
PagHo4acTOTHOM HEOLHOPOLHOCTH.

MbI BBIIIOZTHUIIH pacyeT AU Y3MOHHOI0 TeH30pa
n306paskeHUH C HU3KUM paspenteHueM [9]. [Tocre
BOCCTAHOBJIEHU S TeH30pa AUPPy3UH oH 6B HHTEP-
MOJIMPOBAH B HAIIPaB/leHUH KOLUPOBAHUS OJHO-
MepHOT0 cpe3a C IIoc/ae/yIomeH oLleHKOM TeH30pa.
MBI Tak>Ke MONYyYHUIH TeH30pPHble HHBAPHUAHTHI,
TO eCTh CpeIHHUU Ko3ddunueHT nuddysuu (MD),

dbpakuHOHHYI0 aHHU30Tponuio (FA), paguans-
HBIM U 0CeBOM Ko3pouuueHTH nuddysuun (RD,
AD). UHTeprnionsinus 6bl1a BRIIIOTHEHA C IIOMOIIBIO
JOr-eBKJIM/I0BA IIpeobpa3oBaHUsI, YTOOBI YIOBIET-
BOPUTD CBA3b MeKAY CUrHajom JIBH 1 31eMeHTaMH
TeH30pa [9]. MHTepHoIs LS BBIIIONHSIACh TPeMS
Pa3IHUYHBIMU MeTOLaMHU: JTHUHEHHBIM, Kybude-
CKMM U CIlJIalH. [Ipollefypa UHTEPIOASLIUU pea-
JTM30BaHa C IIOMOIbI0 CKPUIITOB COOCTBEHHOMN pa3-
paborku B matlab [10].

MeTon SR 6BIJI OCYyIIeCTBJIeH IO CAeAyIOIleH
cxeMe. Kaskgblll BOKcenb m306paskeHUM OblII
aKCHAJIPHO pa3zereH Ha KOJIUYeCTBO CyD-BOKceleH,
COOTBETCTBYIOIHUX KOJIHUYECTBY OCEBBIX CABUIOB.
3aTeM CMelleHHBle H300paskeHH s [IepeBOIUIUCE B
Ty >Ke CHCTeMy KOOpAMHAT (puc.la). BnociencTBuu
NepeollpefeseHHAasl CUCTeMa JUHEHNHBIX ypaBHe-
HUU OblyIa pelreHa Tpems crmocobaMu. B metome I
MBI PAaCCUMTANH 3HaUeHHe HAaUMeHBIIUX KBajpa-
TOB /I KasKO0Tro Bokcena. s metonsa 11 MbI ITpu-
MEeHMJIH IayCCOBCKOe SIIPO CBEPTKH C MaKCUMaslb-
HBIMH BeCaMH, COOTBETCTBYIOIIHUMH MaKCHMaJsb-
HOMY curHany. Meton III 3aka04ancsg B MYJIbTH-
IJIMKAaTHUBHOM yCpegHEeHUHU.

MareMaTH4YeCcKHU TaKas IIpoLiesypa MOKeT ObITH
IpeAcTaB/eHa ClAeAyIOLeld CUCTEMON TUHENHBIX
YPaBHeHHH:

X = ABy, (1)

rae B - omeparop paszeneHus BoKcens, a A - ollepa-
TOP CABUTA [JIsl llepeBoJa M300paskeHUI B eHUHOe

We performed calculation of DTI
of the low resolution images. After
reconstruction of diffusion tensor, it
was interpolated in 1D slice encoding
direction with subsequent tensor
estimation. We also obtained tensor
invariants, i.e. mean diffusivity
(MD), fractional anisotropy (FA),
radial and axial diffusivities (RD,
AD). Interpolation was done with
a log-Euclidean transformation to
satisfy the relation between the DWI
signal and the tensor elements [9].
Interpolation was performed with
three different methods, i.e. linear,
cubic, and spline. Procedure of
interpolation was implemented with
matlab [10] home developed scripts.

SR method was implemented
by the following procedure.
Every voxel of images was axially
divided on the number of sub-
voxels corresponding the number
of axial shifts. Then shifted
images were translated to the
same coordinate system (Fig.1a).
Afterwards overdetermined liner
system was resolved by three
methods. In the method I we
calculated least mean square
value for every voxel. For the
method II we applied Gaussian
convolution kernel with maximal
weights corresponding maximal
signal. The method III consisted
in multiplicative averaging.
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Mathematically such procedure
can be represented by the following
system of linear equations:

x = ABy, @

where B is an operator of dividing
of the voxel, and A is an operator of
shift in order to translate images
in the uniform space. We found
an optimal value c by averaging of
vector x:

c =TTKx, 2
where T'T is a pseudo-inverse

matrix, K is a kernel operator.
In case of method I of super
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Puc 2. a - sse nodzoHKu DTI 451 SR I-I11 U pa3AuYHbIX Munos UHmMepnoAauul dugGy3UoHHO-838elUeHHbIX U306paxkeHull (cm. nodnucu
Ha nezeHde). Takyke NOKA3AaHA MOYHOCMb 8blYLCAEHUS QU DY3LOHHO20 MeH30pd BAs UCXOOHbIX DAHHBIX. Lisemosas KoduposKka nped-
CMasAneHa Ha Ae2eHOe pucyHKa 8Mecme ¢ 0CHOBHbIMU CMAmucmuy4eckumu napamempamu pacnpedeneHul; b-e - coomeemcmeayroujue
2ucmozpammnl FA, MD, AD, RD nocae pacdema DTI. Lisemogasi koOuposKka npedcmasaeHd Ha AezeHoe pucyHKa emecme ¢ 0CHO8HbIMU
cmamucmudyeckumu napamempamu pacnpedeneHutl. Bce memodsl demoHcmpupyrom eblcokull yposeHb cxodcmeaa; f — FA-kapmel, pac-
cHUMaxHble 0151 AuHelHoU UHmMepnoasuuu u SR-memooda. Takxke npedcmasneHa FA-kapma 04l nepeuyHbIX OaHHbIX

Fig.2. a - sse of DTl fitting for SR I-11l and different types of DWI interpolation (written bellow maps). DTI fitting of original data is also
shown. Color-coding is presented in figure legend together with major statistical parameters of distributions; b-e - corresponding histo-
grams of FA, MD, AD, RD dfter DTI fitting. Color-coding is presented in figure legend together with major statistical parameters of distri-
butions. All methods demonstrate high level of similarity; f - FA maps calculated for linear interpolation and sr method. FA map for origi-
nal dataset is also presented

VoL. 14 No. 3-4 2021  NANO INDUSTRY



HAHOTEXHONOrMu

IIPpOCTPaHCTBO. MBI Hall/I¥ ONITUMAJIBHOE 3HAaye-
HHe C - IIyTeM yCpeLHEeHHU S BeKTOpa X!

c = T'TKx, 2

rpe T'T - iceBmo-obpatHas martpuua, K - omeparop
appa. B caydae meTona I CBepXBBICOKOIO pa3pelie-
HUs K = L, rae L - MaTpuIia IPpsSIMOYTOIBHOM GOPMEL.
Onsa metoga II K =G, roe G - Ha6op KO3 PULIEHTOB
rayccoBckoro saapa. Merog III mpeamonaraa MyJIbTH-
IUIMKAaTHBHOE YCPeTHEeHHe:

c = (Px)?, A3)

rae P - orepaTop IIpou3Be/ieHU s, a PABHO 06paTHOMY
YHCITY CABUTOB. AJITOPUTMBI SR 6BLIM peasii30BaHEL B
CKpHUIITaX cobcTBeHHOM pa3paboTku matlab.

ITocrie peKOHCTPYKIIMH H300paskeHUE SR 65171 BEIUHC-
7leH TeH30p AuGOY3UU C IOCIeIyIOU MU COOCTBEH-
HBIMU 3HaUeHHUSIMHU U OLIeHKOH CO6CTBEHHOI0 BeKTOpa.
MBI TaK>Ke OLIeHM/IH TeH30PHbIe MHBAPHAHTEI, TO €CTh
MD, FA, RDu AD.

Kpome Toro, AJig Bcex CaydaeB pacCUHThIBajach
CyMMa KBaJpaToB OMIHKOKHU (Sse) MOATOHKHU TeH30pa
Iuboy3un. Mbl UCII0/1b30BaIM FUCTOTPaMMBI OLIEHOY-
HBIX 3HaueHUH (sse, MD, FA, RD, AD) nisa CpaBHeHHU S
Pa3sIMYHBIX METOLOB.

MOJIYYEHHDIE PE3Y/IbTATDI

Ha puc.2 MBI e MOHCTPHPYeM IHCTOIPaMMBI Pa3Ind-
HBIX MeTPHUK TeH30pa AuPPy3HUU U Sse alllIPOKCHMaA-
LU TeH30pa:

sse = log(S)TIX(XTX)1XD)]log(S), X =gxgT. @)

B ypasHeHuu (4) g = [gy, 8y, 8,/ - HampaBieHwe rpa-
OYeHTa, S - B3BelleHHHIHN o AUGPYy3UH CUTHAI,
envHHUYHasg Matpuna I u T - TpaHCIIOHHMpPOBaHHUe,
I'HCcTOrpaMMBI pACCYMTBIBAJIMCE [IJ15 Pa3/IMYHbIX TUIIOB
TeH30PHOM MHTEePHOISLHNU U MeToioB SR. CymMMa Bcex
YaCTOT HOPMHUPOBaHa K 1. TucTorpaMMmsl sse (prc.2a)
JeMOHCTPUPYIOT CU/IbHYIO ACHMMETPHIO C MAKCUMY-
MOM B OKPeCTHOCTH HYJIsl. OCHOBHBIE CTATUCTUYECKHE
[apaMeTphl, TO €CTh CpefHee 3HaUeHHe, MeJHaHa,
CTaHJApTHOE OTKJIOHeHHe, IIpe/ICTaB/IeHEl Ha JIereH/ Ie
PHCYHKa U CBUJETeIbCTBYIOT O BbICOYAMIIIeM KauecTBe
IIOATOHKHU TeH30pa B MeTone SR I. IIpermMyImecTBo SR
MOKHO OOBSICHUTB ITPOLIely POk PeKOHCTPYKIIHUH, KOTO-
pasi mpezronaraer o6beAMHEHHEe HECKOJIBKIX BOKCE/IOB
B ofMH. HeoskumaHHO 6osiee yIIHpeHHOe pacIpeerne-
HHUe sse [/I51 KyOHM4YeCcKO! U CIIJIANH-TeH30pHOM UHTep-
MOMISILIA Y MOSKHO OO BSICHUTB IIOJTMHOMHA/IbBHBIMHU ITPH-
OMM>KeHHSIMU OKOJIO y3/I0BBIX TOUEK, IIPU COXPaHe-
HHUH CBOMCTB HeIIPePhIBHOCTH U INIaJJKOCTH KPHBBIX.
CTOUT OTMETUTbh, YTO TUCTOTPAMMA SSe JIJISI AIlIIPOK-
CUMAaLIUU TeH30Pa AJIsl HCXOLHOro Habopa JaHHBIX C
HHU3KHUM paspelleHHeM 61K3Ka K MeTOLy THHEHMHOM
MHTEePIIOJALMH.

Ha puc.2b-e MBI AeMOHCTPHPyeM TeH3OPHEIE
MeTPHUKH, BbIUKC/IIeHHbIe Pa3/IMYHBIMU METOLAMH.
MeTpHKH KCXO0JHOT0 MHOKECTBA JAHHBIX TaKKe IIpe[-
CTaBJIeHBI. SICHO, YTO OHU JEeMOHCTPHUPYIOT OYeHb
CXOKHe pacrpeneneHusi. Kak ciencrsue, FA-KapTel
MeTPHK (puc.2f) oueHb CXOKHU ¢ HeOOIBIIOHN BapHaLIHek
B HeOOIBIIKX 00/1aCTSIX.

resolution K = L, where L is a box-
car matrix. For method II K = G,
where G is a set of coefficients
of a Gaussian kernel. Method
III assumed multiplicative
averaging:

c=(Px), ©)

where P is a product operator and
a is equal to the inverse number
of shifts. Algorithms of SR were
implemented in matlab [10] home
developed scripts.

After reconstruction of SR images,
diffusion tensor was calculated
with subsequent eigenvalues and
eigenvector estimation. We also

estimated tensor invariants, i.e.
MD, FA, RD, and AD.

Additionally, sse of diffusion
tensor fitting was calculated for
all cases. We used histograms of
estimated values (sse, MD, FA, RD,
AD) to compare different methods.

RESULTS

In Fig.2 we demonstrate histograms
of different diffusion tensor metrics
and sse of tensor fitting:

sse = log(S)TIX(X™X) X )]log(S), (4)
X =gxgl.

InEq.(4) g =gy, 8y, 8, isa gradient
direction, S is a diffusion weighted
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signal, I identity matrix, and T
is a transpose. Histograms were
calculated for different types of
tensor interpolation and SR methods.
Sum of all frequencies there was
normalized to 1. Histograms of
sse (Fig.2a) demonstrate a strong
asymmetry with maximum located
in vicinity of zero. Major statistical
parameters, i.e. mean, median,
standard deviation, are presented in
figure legend and provide an evidence
of highest quality of tensor fitting in
case of SR I method. Superiority of
SR can be explained by the procedure
of reconstruction which assumes
combining of several voxels in one.
Unexpectedly broader distribution
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OBCY)XAEHUE 1 BbIBO/Lbl

MeToz, cBepXBBICOKOTO pa3pelleHus 3pdeKTHBeH, KOrAa
IOJTyYeHHBIN pa3Mep BoKcesns 6omble MeTKUX CTPYK-
Typ, a 3eKT YaCTHIHOTo 06beMa MellaeT PaBHUIb-
HON XapaKTePUCTHUKe BasKHBIX ob1acTel, HAIIpUMep,
B CEPOM BellleCTBe FOJIOBHOI0 M03ra. Hallu pe3yJbTaTsl
[IOKA3BbIBAIOT, YTO IPHMeHEHHe XOPOLIO 3apeKOMeH-
MOBABIIUX Cebsl METOZOB CBEPXBBICOKOTO Pa3pelleHH s
K HabopaM JaHHBIX TUPY3HOHHO-B3BEIIEHHBIX H30-
OpaskeHHM, KOTOPBble MOTYT He KMeThb BBICOKOTO IPO-
CTPaHCTBEHHOIO paspelleHus, [I0TeHIIHalbHO MOKeT
BBISIBUTb AaHATOMUUeCKHe IeTa/IH, BUJUMBIe TOJIbKO IJIs1
1306paskeHHH C BBICOKMM pa3pelleHHeM. ITOro HeBO3-
MOKHO JOCTHUYb C IIOMOIIBIO CTAHJAPTHOIO MeIUIIHH-
CKOT0 ITPOTOKO/A AUGPY3HOHHON BU3yaTH3aI[UH, KOTO-
PBIF maeT u3obpaskeHus, 6onee orpybreHHbIe 10 CPaB-
HEeHMIO C pa3MepoM aHaTOMHYeCKHX CTPYKTYP CEpPOro u
6estoro BemecTBa Mo3ra. Ha stamax 06paboTKH BaskHYIO
POJIb UT'PaeT perUCTpALUs U300paskeHUH, I0JyYeH-
HBIX OT Pa3sHBIX CKAHHUPOBAHUH, €C/IH IPUCYTCTBYIOT
ABUSKeHUS, GU3HONOTUYeCKHe U CHCTeMaTHYecKHe
mymbl. Takske TOYHOCTh KOPPEKITUH MCKasKeHUH MOKeT
IIOB/THSITh HAa OKOHYATeIbHYI0 PeKOHCTPYKITHIO.
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Baazodaprocmu. lavHas paboma bbiaa nposedeqa npu GuHaH-
cosoii noddepskke ERC u BIF-IZKF UKA RWTH.

Iekaapayus o KoHdaukme uHmepecos. Asmop 3assaqem 06
0mcymcmauu KOHPAUKITIOB UHMePecos UAU AULHBIX OMHOLWeHUL,
Komopble MozAu bl nosAusMms Ha pabomy, npedcmasaenHyto 8
daHHoll cmamee.

of sse for cubic and spline tensor
interpolation can be explained
polynomial lobes near nodes’ points
keeping the property of continuity
and smoothness of curves. Itis worth
mentioning that histogram of sse
for tensor fitting for original low
resolution dataset is close to linear
interpolation method.

In Figs.2b-e we show histograms
of different tensor metrics calculated
with different methods. Metrics for
original dataset is also included.
Obviously that they demonstrate
very close distributions in general.
As a consequence, FA maps of
metrics (Fig.2f) are very similar with
variation in small areas.

DISCUSSION AND CONCLUSIONS

Super-resolution method is efficient,
when acquired voxel size is larger then
small areas, and partial volume effect
hinders correct characteristic of clini-
cally significant structures, for exam-
ple in gray matter. Our results dem-
onstrate that the application of well-
established super-resolution meth-
ods to diffusion weighted imaging
datasets, which might do not have
high spatial resolution, can poten-
tially reveal anatomical details only
seen for the images with high resolu-
tions. This is not possible to achieve
with clinical routine diffusion imag-
ing protocol, which produces images
coarser compared to the size of the

gray and white matter anatomical
structures. In the processing steps
registration of images, acquired from
different scans, plays important role
if motion, physiological and system-
atic noise are present. Also accuracy
of distortion correction may influence
on the final reconstruction. [
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