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4D FLOW MPT B oueHKe ANnacToSIN4EeCcKOoro
KPOBOTOKA B JIEBOM XeJyaouke y NnauMeHToB
Cc rmnepTpodunyecKkon KapamommonaTmen

°Inaskosa E.}0.*, fapwii 0.10., Anekcangposa C.A., MakapeHko B.H.,
Bepcenesa M.WU., Bokepus J1.A.

OrbY “HaumoHanbHbI MeANUMHCKWIA UCCNef0BaTENbCKUI LLIEHTP CEPAEYHO-COCYANCTOM Xxmpyprim nmenn A.H. Bakynesa”
MwuHagpasa Poccun; 121552, Mockea, Pybnesckoe wocce, a. 135, Poccuiickas depnepaums

Llenb uccnepoBaHus: OLEHUTb U3MEHEHUS FEMOANHAMUKA JIEBOIO XeyAo4ka C MOMOLLbO $Ha30BO-KOH-
TpactHoM MPT y naumeHToB C pasnvyHbiMu dopMamMu rmnepTpodPUIecKon KapamoMmonaTun.

Matepuan u metoapbl. O6cnenoBaHo 11 nauveHToB: 6€3 NaTonornm CEpAeYHO-COCYANCTON CUCTEMBI (N = 3),
C anukanbHou (n = 3), anddyaHo-cenTanbHON (N = 2) n pokanbHo-6a3anbHol (n = 3) popmamu rmnepTpoduye-
CcKOM kapguomuonaTtum. Bcem naumeHtam BeinonHeHo MPT-unccnepnosaHmne cepaua ¢ A0NOSHUTENbHON (a30Bo-
KOHTPACTHOW MOCNeLoBaTENLHOCTLIO 06M1acTn NeBOro xenynodka. MNocrnpoueccopHas 06paboTka NpoBeaeHa
B npunoxexHun 4D FLOW (Siemens).

Pe3ynbratbl. [Mony4yeHbl JaHHbBIE O FTEOMETPUM U OMHAMUKE BUXPEBbLIX AMACTONNYECKUX MOTOKOB B JIEBOM
Xenyaoyke y BCeX MauMeHTOB. Y NauMeHTOB ONpeaenseTcsa anMkanbHOe CMELLEHNE BOPTEKCA, YMEHbLUEHNE HOP-
MasM30BaHHOW MOWAaAn M NUKOBOM CKOPOCTM BopTekca. AnddysHo-centanbHas dopma xapakTepusyeTtcs
MUHUMaJIbHOM CKOPOCTbIO BUXPEBOrO MOTOKA, anukanbHag ¢dopMa — MakCMMasibHbIM UHAEKCOM CHEPUYHOCTU
BopTekca. [Ins naumeHToB ¢ hokanbHO-6a3anbHON GOPMOo MakCcMMasbHbIE U3BMEHEHUS KDOBOTOKA OMPEAENSIOT-
CS B NO3ZHIOI0 AMacToy (OTCYTCTBUE BOPTEKCOB)

3aknioyeHue. Metog 4D FLOW ¢a3oBo-koHTpacTHOM MPT no3BOASiET BbISIBUTb Y OLEHUBATb M3MEHEHUS
OMNaCTONNYECKNX BUXPEBbIX MOTOKOB B NIEBOM XeNyaouke. KonnmyecTBeHHbIN aHann3 AaHHbIX MOXHO UCMOSIb30BaTh
L)1 XapaKTeEPUCTUKN PEMOENMPOBAHUS KPOBOTOKA B JIEBOM XXEJNTYA0HKE NPWU PasdinyHbIX TUnax runeptpoduye-
CKOW KapamomMmonatuu.

KnioueBble cnoBa: pa3oBo-koHTpacTHas MPT, 4D FLOW, remoauHamuka neBoro xenyaoyka, BOPTEKChI, rMnepTpo-
dunyeckas kapamommonaTtms
ABTOpPbI NOATBEPXAAIOT OTCYTCTBUE KOH(PJINKTOB MHTEPECOB.

Ana uutnpoBanua: Mmaskoea E.JO., Oapun O.10., Anekcangposa C.A., MakapeHko B.H., BepceHeBa M.U.,
Bokepus J1.A. 4D FLOW MPT B oueHKe OMacTONNYeCKOro KpOBOTOKA B JIEBOM XENy[04Ke Yy NaLMeHTOB C rMnepTpo-
duryeckon kapanomunonatuein. MeanumHckas sudyanmsaums. 2019; 23 (4): 42-49.
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Assessment of left ventricular diastolic flow
in hypertrophic cardiomyopathy by 4D FLOW MRI

©Elena Yu. Glazkova*, Ol’ga Yu. Dariy, Svetlana A. Aleksandrova,
Viadimir N. Makarenko , Marina |. Berseneva, Leo A. Bockeria

A.N. Bakulev National Medical Research Center of Cardiovascular Surgery of Ministry of Health of the Russian Federation;
135, Rublevskoye shosse, Moscow, 121552, Russian Federation

Objective. To assess phase-contrast MRI in the evaluation of left ventricular hemodynamics changes in various
forms of hypertrophic cardiomyopathy.
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Materials and methods. 11 patients were examined: without pathology of the cardiovascular system (n = 3),
with apical (n = 3), diffuse-septal (n = 2) and focal-basal (n = 3) types of hypertrophic cardiomyopathy. All patients
underwent MRI of the heart with an additional phase-contrast sequence of the left ventricular area. Postprocessing

carried out in the 4D FLOW application (Siemens).

Results. Data were obtained on the geometry and dynamics of vortex diastolic flows in the left ventricular of all
patients. In patients with hypertrophic cardiomyopathy, an increase in the distance to the center of the vortex and
a decrease in the normalized area and peak velocity of the vortex is determined. The diffuse-septal type is character-
ized by a minimal vortex peak velocity; apical type - by the maximum vortex sphericity index. For patients with a focal-
basal type of hypertrophic cardiomyopathy the maximum changes in blood flow are determined in late diastole

(absence of vortexes).

Conclusion. 4D FLOW Phase-contrast MRI allows identifying and assessing LV vortical flow. Quantitative analy-
sis can be used to characterize the remodeling of LV blood flow of various types of hypertrophic cardiomyopathy.

Keywords: phase contrast MRI, 4D FLOW, left ventricular hemodynamics, vortexes, hypertrophic cardiomyopathy
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BeepeHue

CnoxHasi reomMeTpus KpOBOTOKA M e€e B3anMO-
CBSI3b CO CTPYKTYpOn U YHKUMEN Kamep cepaua
SBASIOTCA BAXHBIM, HO A0 CUX MOP MasiiOU3yYEHHbIM
HanpaefeHnem ©GU3NoNorMn  KPoBoobpalleHus.
A. Pasipoularides 1 coaBT., aHanM3npyss MHOIOYn-
ClIEHHbIE MCCNEefoBaHMs U MPOBOAS COOCTBEHHbIE
9KCMepUMeEHTaNbHble HABMIAEHWS, MPULLIM K BbIBO-
[y, YTO CTPYKTypa NoTOKa SABASETCA HE TOSIbKO Cnej-
CTBMEM COKpaLLEHMS KaMep cepaua, Ho 1 obecneyun-
BaeT ero HopManbHoe ¢GyHkuUnoHuposaHue [1]. Mpu
naTonornm fokasaHa BaXxHas posfib PeMOLEeNnpoBa-
HMS1 MOTOKA KPOBW B PA3BUTUM aTePOreHesa 1 aHeB-
pU3MaTUYECKNX NBMEHEHWI COCYONCTOM CTEHKN [2].
BeposTHO, MBMEHEHUS CTPYKTYPbl KDOBOTOKA BAUSIOT
Ha HebnaronpusTHbIE MCXOAbl MOCNE MMMAaHTaLMK
NpoTEe30B COCYOOB W KJlanaHoB, BCMOMOraTesbHbIX
NCKYCCTBEHHbIX XENyA04KOB [3].

Mmneptpodunyeckasa kapgmomuonatua (FKMIT)
obbeavHsaeT rpynny GeHOTUNNYECKM-Pa3HOPOAHBIX
reHeTN4eckn-00yCNOBNEHHbIX 3abofieBaHnin ¢ yTon-
LLIEeHWeM CTeHKM neBoro xenypodka (JIK) 6e3 npu-
3HaKOB runepTeH3nn 1 3aboneBaHWin KnanaHos.
leomeTpusa nonoctn kamep cepaua npu NKMI Beipa-
XEeHHO MoauounumposaHa. MN3mMeHeHus CTPYKTypbl
n dyHKuMm JDK nprBoaaT K TpaHchopManmm NnoTOKOB
B ero nosnoctu. Mel npegnonaraem, 4T0 TUMUYHOE
ong kaxgon dopmbl 'KMI pemogennposaHme CTeH-
kun JIOK MoXeT ObITb CBSI3AHO C XapakTepHbIM pemMoae-
JIMPOBAHNEM KPOBOTOKA B €0 MONMOCTU.

M3BecTHO, 4To npu F’KMIT npexae Bcero ctpagaet
Onactonuyeckasa ¢yHkuma [4]. Bo Bpemsa gnactonsl
B nNonoctn JIK GopMmnpyroTcs BUXPEBbIE CTPYKTYPbI —
BOPTEKCbl. B page paboT BMXpU paccMaTpuBaloTCs
KaK WHEPLIMOHHbIE CTPYKTYpbl NMOTOKA, CMOCOOHbIE
nepemeLLatb XMAKOCTb 6e3 AONONHUTENbHBIX SHEP-
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reTMyeckmx 3atpar CUCTeMbl 3a CYeT JI0KaJibHOro
CHWXEHUA OaBneHns B OKpyXaloLleM NpoCTpaHCTBe
[5]. Buxpesoe apuxerune B JIXK obecneynBaeT nnas-
HOe nepeHanpas/ieHne NoToKa KPOBU K BbIBOAHOMY
OTAeNy C MUHUMAJIbHOW reHepaumen TypOyneHTHO-
CTU 1 COXPaHEHWEM KUHETUYECKOW aHeprum [6].
MccnepoBaHne BUXPEBLIX MOTOKOB MOXET MMETb
3Ha4YeHNs B MOHMMAHUM MexaHn3Ma pa3BuTus 3a00-
neBaHUsl, MPOrHO3e TeyeHust 3aboneBaHns n, BO3-
MOXHO, CTEMNeHW peanusauun reHeTUYecKom npo-
rpammbl [KMIT.

B TeopeTunyeckmx 1 npuknagHbix paboTtax npes-
JIOXEHbI €ANHNYHBIE MOENN 419 ONNUCAHUSA CTPYKTY-
pbl MOTOKOB B kamMepax cepiua U MarncrpasbHbIX
cocygax U KOJNMYECTBEHHbIE KPUTEPUU €€ OLEHKMN
B HopMme. OgHako elle He CHOPMUPOBAH CUCTEMHBbIN
noaxo4 Ans MOHMMaHWS BCEro Kommiekca rmgpo-
OVNHaAMUYECKMX NMPOoLLeccoB GOPMUPOBAHNSA U PEMO-
OEennMpoBaHMa NOTOKOB B HOPME WM MpW naTtoaornu
CUCTEMbI KPOBOOOpaLLEeHMsl. ITO CBA3AaHO C OTCYT-
CTBMEM U, MPAKTUYECKU, HEBO3MOXHOCTbLIO CO34aHNA
NMOSHOLLEHHbIX (PU3NYECKUX MOAENEN KPOBOTOKA,
HegoCTaTOYHO pPas3BUTON TeopeTudeckoin 6ason
M OrpaHnUYeHAMN METOONK N3MePEeHNst NOTOKOB [3].

MHHOBaLMn B TEXHONOIMMN KapAMOBU3yanmMsaumm
0Al0T HOBbIM CTUMYN ANS U3YYEHUS TeoMeTpun
KpPOBOTOKA. 0SIBMIOCH Cpasdy HECKOSIbKO AOCTYMHbIX
HEeWHBA3VMBHbIX METOL0B: LBETOBAd A0MMIepaxoKap-
anorpaduns ¢ KapTMpPOBaHMEM BEKTOPOB CKOPOCTH,
KOHTpacTHas axokapguorpadusa ¢ TexHonormen PIV
(particle image velosymetry) n ¢da3oBo-KoHTpacTHas
MPT. BaxHbiM npeumyliectsoMm MPT aBnsieTcs BO3-
MOXHOCTb MOJIHOLEHHOIO TPEXMEPHOro U3MepeHns
BEKTOPOB CKOPOCTU OBVMXXEHUS XMIOKOCTU B 0Obeme
nccnefoBaHns, NOKPbLIBAOLWEM BCe cepaLe 1 Maru-
CTpasibHble COCyApbl. ITO NO3BONSET PETPOCMNEKTUBHO
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BbIOMPATL Nt0BYI0 MIOCKOCTb U NPOEKUMIO 4J19 aHanu-
3a noToka B npepenax ckaHnpyemori obnactu. Metoz,
He TpebyeT OOMOSIHUTENbHOrO BBEAEHWUSI KOHTPAcCT-
HOrO BELLECTBA, Tak Kak UCMOJIb3YET pasnnyms B no-
BEAEHUN CTaLMOHAPHbIX W OBMXYLIUXCA CMUHOB
B rpajMeHTHOM MoJie, T.e. eCTECTBEHHbIE CBOICTBA
TEeKyLLEen KpoBK.

Llenb nccnepoeaHus

OueHnTb N3MEHeHMS NapaMeTPoB KpoBoToka JIK
y NauMeHToB ¢ pasnnyHsiMu popmamu 'KMIT ¢ nomo-
wpio metoaa 4D FLOW ¢dazoBo-koHTpacTHoM MPT.

Martepuan n metoabl

B nccneposaHue BkoyeHo 11 naumeHToBs: 3 na-
umMeHTa 6e3 naTosiorMmM CepaevyHo-coCyAMCTON cuc-
Tembl 1 8 — ¢ TKMI (3 - ¢ dokanbHO-6a3anbHON,
2 — ¢ ouddysHo-cenTanbHOM U 3 — C anukanbHOWM
dopmon). B rpynnbl HE BKOYANM NALWNEHTOB C Ha-
pyLLEHMEM PUTMA, NPU3HAKamMu aopTanbHOM peryp-
rmTaunn, BbIPaXeHHOW O0OCTPYKLMEN BbIBOAHOMO
otoena JDK, muTpanbHOM peryprutaumen Bbille
| cTenenu.

Bcem naumeHtam BbinonHeHO MPT-uccnepo-
BaHue cepaua (1,5 Tn Avanta, Siemens). lNpoTokon
BKJIIOHAJT CMUH-3X0, MPaANEHT-3X0, KMHO N $Ha30oBo-
KOHTpaCTHble MnocnemoBaTesbHOCTKU obnactn JIK.
®a30B0O-KOHTPACTHOE UCCNEOOBAHNE NPOBOAUIN
¢ OKI-cuHXpoHM3aumen Ha CBOOOOHOM [ObIXaHUW.
MapameTpbl $a3oBo-KOHTpacTHOM MPT: matpuua —
108 x 192 x 5 mm, FA - 15°, pa3mep Bokcens —
2,2 x 1,7 x 5,0 mm, TR - 79,95 mc, TE - 3,36 mc,
Bpems ckaHmpoBaHusa — 12-15 muH. B npeablaymx
ncecnegoBaHmsx Obin NnogobpaH ONTUMasbHBIN Napa-
MeTp kogmposaHus ckopoctu VENC pnsa aHanusa
kpoBoTOka B JIK, paBHbiii 80 cm/c [7].

MocTnpoueccopHas obpaboTka npoBOAMIACH
B npunoxeHnn 4D FLOW C noCTpoeHnem Tpexmep-
HbIX MOZENel KPOoBOTOKA C MOMOLLbIO TPaekTopumn
BMPTYyanbHbIX Yactuy, (3D-particle traces). BopTtekcol
aHanmaupoBanum B 2D-NA0CKOCTU C MakCUMasbHbIM
pasmMepoM MoLaamM 3aKpyYeHHOro NOToKa, KoTopas
00bIYHO COOTBETCTBOBANA TPEXKAMEPHOW MPOEKLIMM
JOK (puc. 1).

B nccneposaHum oueHvBanu napameTpbl Nepes-
HemMeauanbHOro BopTekca B OBe dasbl ANacToNbl:
nocie OKOHYaHWUs BbICTPOro HamnoJSIHeHUs — amacTa-
3uc, korga gopmupyetcs bonee ctabunbHbIA BOpP-
TEKC, W MOCNe OKOHYaHMA CUCTONbI Mpeacepanii.
Bbin n3amepeHbl abCoNOTHbIE pPa3Mepbl BOPTEKCA,
MakCUMarbHbIA U MUHUMaJbHBIN AnameTp, nnowanp,
paccTosiHMe OT CepeguHbl MUTPanbHOrO KnanaHa
00 LeHTpa BopTeKCa 1 MMKOBasi CKOPOCTb KPOBOTOKA
B BOpTeKce. B aToi xe nnockoctn 6bliv M3MepeHs
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OAvHHAsa ocb JIK, KOHEYHbI OMacToNn4eckmnin pas-
mep (KAP JIX) v nnowaab JTXK.

[Inga aHann3a mcnonb3oBanu pacyeTHble napa-
METpbI:

* MIHOEKC CPepn4HOCTM BOpTEKCA (OTHOLLEHNE MU-
HUMAJIbHOro JnamMeTpa K MakCrmasibHOMY AnameTpy);

* nHgekc cpepunyHocTm JIK (OTHOLWEHME ANMHHOWN
ocu JIK k KAP JIX);

* HOpManM30BaHHas naowanb BopTekca (OTHO-
LeHne naowaan BopTekca kK nnowaan JK Ha aTom
Xe YPOBHe);

* HOPMaNIM30BaHHOE PACCTOSIHME A0 LiEHTPA BOP-
Tekca (OTHOLWEeHME PacCTOAHNUS K AJIMHHOM ocu JTXK).

YunTbiBass MUAOTHbBIA XapakTep wuccnegoBaHus
N Manblii pa3amep BbIOOPKMW, AaHHbIE NPeacTaBfieHbI
B BMOE CpefHUX 3HAYEHWN M CTaHOLAPTHOro OTKJIO-
HEeHNs.

Pe3ynbraTtbl

Y BCex nauneHToB B Anactosy B nonoctun JIK dop-
MUPOBAnNCcs 3aKpy4eHHbI BUXPEBOM NOTOK — BOPTEKC.
B TpexmepHOM npocTpaHcTBe GOPMY BOPTEKCA MOX-
HO annpoKCUMMPOBaTL K cepounay. [locne oTKpbITUA
MUTPaNbHOrO KnanaHa B LeHTpasnbHbiX otaenax JIK
6mXe K MEeXCKENYA,04KOBOW Neperopoake nosiBisics
M MOCTEMEHHO YBEAMYMBA/ICS B pa3mepax OGonee
KPYMNHbIA NepegHemMenmnanbHbii BopTekc (puc. 1, 2).
B 6asanbHbiX oTAenax non, 3afHel CTBOPKOW MUT-
panbHOrO KfanaHa BO3HWMKAn BTOPOM HeBOJbLION
BOpTEKC. BopTekchl AnMHamMuyeckn TpaHCchHOpMUpPo-
Ba/NCb, MOMM CMeLLaTbCs, pacnagaTbCs U OnsTb
dopmupoBaTbca B a3y CUCTONbI Npeacepaun.
B omacTtasuc BOPTEKChl ONPeaensnuch y BCEX naum-
eHTOoB. B ¢asy cucronsl npeacepanin nepegHemMenm-
anbHbI BOPTEKC HE Onpefensncs y 2 nauneHToB
¢ KM (¢pokanbHo-6a3anbHas ¢opma), a BOPTEKC
3aiHen CTBOPKM MUTPAJIbHOrO KfianaHa — y 3 naumneH-
T0B ¢ KMII. BOopTekchbl MOMHOCTbLIO pPacCcenBannCb
NPV OTKPbLITUN @0PTasNbLHOIO KnanaHa B Havyasne CUCTO-
Nl JIXK.

B 3D-particle traces Mmoaensax KpoBoToKa y 340P0-
BbIX [,0OPOBOJbLEB ObINO NOKa3aHO, YTO MakCUManb-
Has nnoLwaab nepegHeMeamnanbHoro BopTekca oobbly-
Ho HabnlogaeTcs B TpexkamepHoW npoekuun [7].
B Tekywem uccneposaHun y 2 naupeHtos ¢ TKMI
C BbIPQXEHHOM CnMpasibHON 3aKPy4EeHHOCTbIO Ama-
CTOJINYECKOro NOTOKa BOKPYr AnVHHOM ocu JIXK Bop-
TEKC CMeLancsl, U naocKoCTb AJis aHanmM3a oTanya-
Jlacb OT TPEXKaMepPHOMN.

BopTekchbl y BCex nauMeHToB UMenn 3nnmncons-
HYt0 HOPMY, C MaKCUMaSIbHbIM NHOEKCOM CHEPUYHO-
CcTn npu anukansHo ¢opme KM (cm. Tabnuuy).
B3anmocBsasn mexay nHaekcamm coepudHocTr JIK
1 BOpTEKCA B rpynnax nauMeHToB He Habnoaanocs.
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Puc. 1. MP-tomorpammel, particle traces, TpexkamepHas npoekuus cepaua 340POBOro Ao6poBoJibLA, AvacTona.
BopTekchbl cxeMaTnyecky BblAENEHBI OBANIOM. @ — Nepuop, 6bICTPOro HanoIHEHNS — AuacTas3uc; 6 — Nepuos, CUCTONbI NPea-
cepaouvii. 1 — nepegHemenunanbHbI BOPTEKC, 2 — 3aaHebokoBon BopTekc. AO — aopTta, JIXK — neBbit xenynoyek, MK —
MUTpanbHbIn knanat, JIM — nesoe npeacepane.

Fig. 1. MRI, particle traces, 3-chamber heart image healthy volunteer, diastole. The vortexes are schematically marked with
an oval. a — the period of rapid filling — diastasis; 6 — the period of atrial systole. 1 — antero-medial vortex, 2 — posterior-lateral
vortex. AO — aorta, JIX - left ventricle, MK — mitral valve, JIT - left atrium.

Puc.2. MP-tomorpammsl, particle traces, TpexkamepHas npoekumsa cepgua nauneHtos ¢ KM, gnactaduc. BopTekchl
CXeMaTU4ecKu BbieneHbl 0OBanoM. a — Andy3Ho-centanbHas dopma FKMI; 6 — dokanbHo-6a3anbHas popma FKMIM.

Fig. 2. MRI, particle traces, 3-chamber heart image healthy volunteer, diastole. The vortexes are schematically marked with
an oval. a — diffuse-septal form HCM; 6 — focal-basal form HCM.
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Ta6nmua. KonvyecTBeHHas oLgHka nepeaHeMeamnanbHbix BopTekcos JIK B rpynnax

Table. Quantification of antero-medial LV vortexes in groups

MapameTp Anurl;(ahj;ulzluaa Cenr'rl'(ahxllulzluaﬂ Ba:r*,la(:nb;an Hopma
Mnowaab BopTekca, %:
B AvacTas3unc 29 + 34+£18 174 62 £ 23
B CUCTONY Npeacepamni 30+ 16 147 * 75+ 33
PaccTosHue 0o ueHTpa BopTtekca, %:
B Omacrasuc 57+13 64+7 64+5 50+ 14
B CUCTONY Npeacepamni 264 50+ 28 * 35+20
MunkoBas CKOPOCTb BOPTEKCA, CM/C:
B Amacrasuc 19+9 15+8 26*5 28+8
B CUCTONY Npencepann 30+13 107 * 313
NHaekc chepryHocTH:
B AMacTasuc 0,83+0,01 0,47 £0,17 0,7%£0,03 0,54 +0,08
B CUCTONY Npeacepanin 0,89 +0,21 0,74 +0,02 * 0,56 + 0,06
0,53 +0,05 0,47 £0,07 0,45+ 0,11 0,62 £0,02

* BopTekc Habnoaancs y 0a4HOro 13 Tpex naumeHToB.
* Vortex observed one of three patients.

B kaxgon rpynne naumeHToB ONpeaensnmchb Bbipa-
XEHHbIE U3BMEHEHWS FeMOAMHAMUYECKNX NapamMeTpoB,
KOTOpPbIE MO3BONSAIOT OXapakTepmn3oBaTh KOy rpyn-
ny. Mexay anukanbHon 1 centanbHom dopmoin MKMI
MakCuMaJibHbIe pasnuyns onpesensioTcs B pasy cu-
CTONbI Npeacepanii. BeisgBneHbl TpexkpaTHas pasHuLa
MeXay MMKOBbIMKW CKOPOCTSIMU, Bonee Yem OByKpaT-
Has pasHuLa B pa3Mepax naoLlaam BUXPEBOro NOToKa
N paccTosiHMS A0 LeHTpa BopTekca. MaumeHTsl ¢ 6a-
3anbHol dopmoit TKMIM B amacTtasuc nmetot Gonee
BblPaXXEHHbIE Pa3nunyusa ¢ centanbHom popmon F'KMI,
4eM C anukanbHon ¢opmon. B dasy cuctonbl npea-
cepavii Mbl BUAMM OTCYTCTBME BOpTeKkca y 2 u3 3 na-
LMeEHTOB ¢ 6a3anbHoi dopmont FKMIT.

AHanmM3 reMoaMHaMn4eCcKnx napameTpoB MO3BO-
NIIET BbISIBUTb HECKOMBbKO OOLIMX TEHAEHUMA Y BCEX
naumeHToB ¢ KMIT:

* YMEeHbLUEHNe HOPMaNM30BaHHOM naoLann Bop-
Tekca B 06e ¢asbl ANacTobl;

* YMEHbLLEHWE NNKOBOW CKOPOCTM BOPTEKCA B 00€
dasbl AnacTonbl;

* YBE/NNYEeHne pacCTosiHUSA 00 LLeHTpa BOpTekca
B PaHHIOI0 AMacTony.

B xone nccnenosaHus BbISBAEHO, YTO N3MEHEHUS
reMoguHaMmnyecknx napameTpoB y MNauMeHTOB C
FKMI B paHHIOO M MO3OHIOI AMACTONlYy HE UMEKOT
4eTKOM B3anMOCBA3UN. Hanpumep, nnkosas CKOPOCTb
BOpTEKCa B rpynne ¢ centanbHom dopmon TKMI
yMeHbLUeHa B 06e dhasbl AnacTosbl, a B rpynne ¢ anu-
kanbHon ¢opmon NKMIT ymeHbLlUeHA TONBKO B paH-
HIOIO OuacTosy. BenuvyunHa HOpMannu30oBaHHOM Mio-
Lanm BopTekca ymeHblleHa B 06e dasbl AnacTossbl,
HO Npu 3TOM B rpynne ¢ centasnbHOn Gpopmon KM
B PaHHIOK0 ANACTONY OHA CHUXKEHA MUHUMAJIBHO Cpe-
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oun octanbHbix popm FKMTI, a B no3gHio0 anactony
MakCuMaJsibHO.

OGcyxpeHue

3a nocnenHee BpeMs OTMEYAeTCs POCT KONMYECT-
Ba Ny6GavKauuii, CBA3aHHbIX C M3Y4YEHNEM FrEOMETPUN
KPOBOTOKA. TO CBA3AHO C PA3BUTMEM HOBBIX TEXHO-
JIOrVi BU3yanusaumm 1 aHannaa KpoBoToKa, NoHMMa-
HMUEeM BaXKHOM POJSIY CTPYKTYPbl KDOBOTOKA B Pa3BUTU
CEepAEYHO cocyancThbix 3aboneBaHunin. B naHHoi pa-
60Te MCMONb3yEeTCS HOBbLIN NOAXOL K aHann3y name-
HeHwnin B JTX npm FKMIT yepes oueHKy HOBbIX reMoau-
HaMWYyeCcKuxX napameTpoB — AMACTOSINYECKNX BUXPE-
BbIX MOTOKOB.

HecMOTpsa Ha pasfnnyHble TEXHUKU BU3yanuaaumnmn
N MaTemMaTMyeckmin annapaT 49 OLEHKM 3aKpy4veH-
HOro KPOBOTOKa, B MHOIOYMUCIIEHHBLIX paboTax 6blIo
NnoKasaHo, 4YTO Yy NALUMEHTOB C HapYLUEHHOW CUCTO-
INYECKOM 1 Amnactonmnyeckon gyHkumen JIK onpene-
JINEeTCA BbIPAXEHHOE N3MEHEHWE CTPYKTYPbl BHYTPU-
XenyaoykoBor remoguHamukun [8, 9]. MameHeHus
MECTOMNOJIOXEHNSA, MOPDONOrY N JUHAMUKM BOPTEK-
COB Habnoganncb B HAlEM WCCNEAOBaHUM Y BCEX
naumeHtoB ¢ NKMIT no cpaBHEHMIO C KOHTPOJIbHOM
rpynnoin. AHanu3 napameTpoB reMOAMHaAMUKK Ae-
MOHCTPUPYET, 4TO Kaxaas rpynna naumeHTos ¢ TKMI
WMEET CBOW YHUKalbHble reMoauHaMUyYeckmne npu-
3Haku. Tak, y naumeHToB ¢ 6a3ansHor dopmoit FKMI
He cTabunbHO GopMUPYETCA BOPTEKC B MO3OHIOI0
anactony. MNauneHTsbl ¢ centanbHon popmon KM
UMEIOT CaMyHO HN3KYIO MMKOBYIO CKOPOCTb BOPTEKCOB.
A BOpTEKCbl y MaLMEHTOB C anvkaabHOW ($OPMOW
FKMI xapakTepunayloTcsd MakCuUMasbHbIM MHAEKCOM
ChEepUYHOCTU N HAUMEHBLLUUM CMELLEHNEM B MOJIO-
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cTn JIK N0 cpaBHEHUIO C OCTasIbHbIMU FpynnamMun. 3To
MO3BOJIIET FOBOPUTL 06 cneunduyecknx Tunax pe-
MOOENNPOBaHUS KPOBOTOKA AN Kaxaon ¢GopMbl
FKMI.

B 10 Xe Bpemsa naumeHTtbl ¢ FKMI1 nmeloT psg,
06LWNX TEHOEHUMA U3MEHEHUS TeMOAMHAMMKK MO
CPaBHEHUIO C KOHTPOJIbHOM rpynnon. Y BCex naumneH-
ToB ¢ KM HabnogaeTcs 3HAYNTENbHOE YMEHbLLe-
HWe naowann BopTekca. Micnonb3ys meton narpax-
XeBbIX KOrepeHTHbIX CTPYKTYp (Lagrangian Coherent
Structures) ona aHanmMsa kpoBoTOKa MO AaHHbIM MPT,
J. Toger n coaBT. nokasann, 4TO BUXPEBbLIE KOMbLA
NMEIOT OOMONHUTENBbHYI0 UCKPUBEHHOCTb U acuM-
METPUIO, CBA3AHHYIO C 3HAOKapamanbHON Tpabeky-
JIAPHOCTBIO M nmanuangpHeiMi - Mbiwgamu  [10].
B0O3MOXHO, LONOAHUTENLHbLIE Tpabekynbl U runep-
TPOGUa NANUANSPHBLIX MbILLLbI YMEHbLUAIT CBOOOA-
HOe NoKanbHOe NPOCTPaHCTBO nonoctn JDK y naum-
eHToB ¢ KMIT » BAMAIOT Ha CHUXEHME Pa3MepoB
BOPTeKCOB. [laHHble Hallero MccnefoBaHUs noa-
TBEPXOAITCA METOAOM LBETOBOW AOMmniaepaxokap-
onorpacdumn. Mcnonbsys OeKkOMNO3MLMIO CKOPOCTU
notoka, P. Martinez-Legazpi n coasT. nokasanu bonee
yem ABYKpaTHOEe nageHue oonam kposoTtoka JIK, ne-
peMeLLEeHHOr 0 BUXPeBbIM NOTOKOM [11]. YMeHbLueHne
3aKpy4eHHOro noToka, Kak O4HOro 13 3BeHbEeB 3d-
GEKTUBHOrO HanonHeHus JK, no MHEHWI0 aBTOpPOB,
noOyxaaeT akTMBMpoBaTb Apyrne 6onee aHeprosa-
TpaTHble aaanTauMOHHbIE MEXaHN3MBI.

M3MeHEeHHbIN aHOoKapAnanbHbln penbed MOXET
Takxke BNMATb Ha GOopPMy BopTeKca. Y BCeX MaLMEHTOB
¢ TKMM wnHpoekc cdepunyHOCTU BOPTEKCOB OosbLUe
nHaekca cohepunyHocTn JIK, B OCHOBHOM 3a CHET 3Ha-
YMTENbHOI O YBENNYEHNS NHAEKCA CHEPUIHOCTM BOP-
TekcoB, 0COBEHHO B rpynmne ¢ anukaibHON GOpPMON.
B rpynne 3m0poBbix A00pPOBObLEB HabnoaaeTcs
cnabas obpaTHasi 3aKkOHOMEPHOCTb.

BaxHbIM npeumyLectBom meTona 4D FLOW MPT
SIBNSETCS BO3MOXHOCTb PETPOCMNEKTUBHOW OLEHKU
CKOPOCTM KPOBOTOKA B JIOOOWM MAOCKOCTM OTCKaHM-
poBaHHOro obbema. CKOpPOCTb MCMOnb3yeTcs Ons
pacyeTa pacLUMpPEHHbIX reMoanHaMMUyYecknx napa-
METPOB W MOCTPOEHUs KapT rpagveHTa OaBlieHus,
KMHETUYECKOW 3Heprun, TypOyNeHTHON KUHeTu4e-
CKOWM 3Heprun, KOTopble, Kak OXWAAeTCs, UMelT
OO0NbLUYIO YYBCTBUTENBHOCTb K CTEMEHN ANCHYHKLMN
JIX no cpaBHeHUO CO CTaHOAPTHLIMU OObEMHBLIMU
nokaszarenaMmum. B Hawem uccnepoBaHUM MUKOBbIE
CKOPOCTW B BOPTEKCAX PAHHEN 1 NO3OHEeN OMacTosbl
Y 300pPOBbIX NALMEHTOB BbIPAXEHHO HE OTANYANINUCh.
B ouactasuc B rpynnax ¢ F’KMI1 ckopocTb 6bina Huxe,
4yem B HOPME, HO JaHHas TEHAEHLMS He Habnganach
B CUCTONY Npeacepanin. AHanu3 B3anMMOCBSA3U CKO-
pOCTEN B BOPTEKCAX C MOTOKAMW HA MUTPasibHOM

KnanaHe npencTaBnseT UHTEpeC AN AanbHEWMLInX
ncenenoBaHuin.

Hawwn HabnwoaeHns 0 pasBUTUM 3aKPYHEHHOrO
noTtoka B JDK B gnacrtony ¢ nomoLupto particle traces
MPT coBnagaloT ¢ AaHHbIMWU, MNOAYYEHHbLIMU NPU
MPT n axokapguorpadum B npegploylimx paboTax
[8, 10, 12]. CoBpeMeHHble UCCNeaoBaHNs NokasbiBa-
t0T, 4TO BOpTEKC JIXK AeliCTBYET Kak QYHKLIMOHANbHbLIN
MeXaH13M NoBbILLEeHNS 3DDEKTUBHOCTN HANONHEHNUS
JIK yepes ontummsaumio nNpoLEeCCOB TpaHcnopTa
KPOBOTOKa M3 NIEBOr0 MNpeacepavs B anukanbHble
otaensl JDK n nepeHanpasieHme NoToka OT BEPXYLUKN
JDK K BbIBOOHOMY TpakTy. BeposTHO, BbisiBIIEHHOE
BO Bcex rpynnax FKMI cmeleHne BOPTEKCOB OT BEP-
XYLUKW B PaHHIOK AMacTONy K BbIBOAHOMY OTAENy
B NMO3LHIOK AMACTOJy OTpaXxaeT ABYXdPa3HOCTb 3TOro
npouecca. OcnabneHne aTo TeHAEHUMM onpenens-
eTCs y NauMeHToB ¢ ¢pokanbHO-0a3anbHON 1 cenTanb-
Ho ¢popmoi TKMIT.

OTtmeuyeHHoOe Hamu y naumeHToB ¢ KM Gonee
BbIpaXEHHOE anukanbHOEe CMeLleHne BOPTEKCOB
B PAHHIO M MNO3OHIOK AMACTOoNly (KPOME CUCTOJbI
npeancepauii npu annkansHon NKMI) He cornacyetcs
c pesynbratamn P. Martinez-Legazpi n coast. [11].
ABTOpbI MOKa3aan YMEHbLUEHNE CPeaHero anvkasnib-
HOro CMeLLEeHNS BOPTEKCA B TeHeHVe BCen AnacTonbl
B rpynne 20 naumeHToB ¢ TKMI. OTn pesynbrathl
MOryT ObITb CBSI3aHbI C Pa3IM4MAMN B Frpynnax 1 nog-
XO[ax K BblAENEHM0 BOPTEKCOB. HakonneHne obLwimp-
HbIX CBEAEHUAN O reMOOUHAMUKE, MOJyYEHHbIX pas-
JINYHBIMW METOAaMM, HECOMHEHHO, TpebyeT npose-
LeHnst paboTbl NO CTaHAaPTM3aUUN aNirOPUTMOB CKa-
HUPOBaHUSA, aHanMsa KU pacyeta napameTpoB Ofs
UHTepnpeTauun pAaHHbliX. [lpoBegeHne 60MbLUNX
NPOCMEKTUBHBIX 1N MYNbTULLEHTPOBbLIX UCCeA0BaHUN
HeoOX0AMMO KaK OJia pas3BuUTUS QyHOAMEHTANIbHOM
6a3bl 3HaHWU 0 GU3N0IOrMK 1 NATOPUIN0NIOTM KPO-
BOTOKA, Tak U TECTUPOBAHWS PACLUMPEHHbIX reMoam-
HaMU4eCkux MnapamMeTpoB Mepen BHeOpPEeHUeM ux
B KJIMHUYECKYIO NPAKTUKY.

3akniodyeHuve

4D FLOW c¢a3zoBo-koHTpacTHas MPT neMoHCTpu-
pyeT N3MeHeHNs reOMeTPUN 1 ANHAMUKM KPOBOTOKA
JK B anactony y naumeHtoB ¢ 'KMI1, koTopble npo-
SIBNSIOTCAS B anuMKalbHOM CMELLEHUN BOPTEKCOB,
YMEHbLLUEHWM MAOLLAAN U CKOPOCTU BUXPEBOIO NOTO-
Ka B paHHiol0 amactosly. KonmyecTBEHHbIN aHanms
napameTpoB reMoOAVMHAMUKA MO3BONSET OLUEHUTb
pemoaenMpoBaHmm KpoBoToka B JIK npu pasnuyHbix
Tnnax NKMI1. JanbHenwee nu3ydyeHue BHYTPUKENy-
[0YKOBOI reMOAMHaMUKM MOXET 06ecnednTb Jonos-
HUTENbHYIO ANArHOCTUYECKYI0 U MPOrHOCTUYECKYIO
MHGOPMaLMIO O TeYeHUN 3a60NEBAHUS.
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