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PE3IOME

Cratpst ocBsmeHa 0030py ponu metonuku 4D FLOW B olleHKe KpOBOTOKa BOCXOZISIIIETO
OTJIeNa a0PThI.

IIpuBonuTCsA KpaTKUii UCTOPUKO-TEPMHUHOIOIMYECKUN OYEPK, a TAK)KE ONMHUCAHUE COCTOSHUS
Ipo0IeMbl Ha JAHHBIH MOMEHT.

OO6cyxIatoTcs BONPOCHl KIIMHUYECKOH BaKHOCTH U LIEJIECO00OPa3HOCTH UCIIONb30BaHUs JaH-
HOTO MeTofa JydeBoi auarHoctuku. O0o0maeTcs npouecc CKaHUPOBaHUS U MOCTIIPOLEC-
CUHTa N300paskeHM.

B 3akmroueHue 0000MICHBI TIEPCTIEKTUBBI U 3HAUUMOCTh PACCMOTPEHHON METOIMKH B CTPYK-
Type 3paBOOXPaHCHHSI.

KiroueBble cjioBa: aopTa, BOCXOMSIIHMN OTAEN a0pThl, KOApKTallUs aopThl, KpoBOTOK, MPT,
MPT-anruorpadus, CKOpocTh KpOoBOTOKa, (hazoBo-koHTpacTHass MPT, 4D FLOW.
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ABSTRACT

The article is dedicated to reviewing the role of the 4D FLOW technique in assessing blood
flow in the aorta. A brief historical and terminological overview is provided, along with a
description of the current state of the issue. The clinical relevance and appropriateness of using
this radiological diagnostic method are discussed. The scanning and image post-processing
process is summarized. Finally, the prospects and significance of the reviewed technique in
healthcare are outlined.
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Cnucok coxkpamenuii: KB — xontpactupytomniee
BelecTBo, MP — marautHO-pe3onancHblil, MPT —
MarHUTHO-pe30HaHCHas Tomorpadusi, TI1-BU —
T1-B3Bemennoe uzobpaxenune, 1T2-BU — T2-3Be-
MEHHOE H300paKeHHE.

BBEAEHUE

MarnuTtHo-pe3oHancHas Tomorpadus (MPT) sB-
NgeTCd HEWHBAa3MBHBIM H COBPEMEHHBIM METOIOM
JUarHocTUKH. biaronaps coueTaHUIO BBICOKOIO IIPO-
CTPaHCTBEHHOT'O M BPEMEHHOI'O pa3pelieHuil MeTos
MPT mupoko UCHONb3yeTcs U B COCYIHCTONH XUPYP-
ruu. K npeumymectsam MPT wuccrnenoBanuii oTHO-
CATCS: IIUPOKash O0JIACTh HCCIIEOBAHUS, BO3MOXK-
HOCTH OLCHHTH aHATOMHYECKYIO CTPYKTYpY, a IpH
WCIOJB30BAaHUN  CIEHMAJIBHBIX  MOCIe0BaTEeIbHO-
cTell 1 (QYHKIIMOHAJIBHOE COCTOsSHME TKaHel. OgHoN
n3 Metoguk B MPT sBnsiorcs ¢a30Bo-KOHTpAaCTHBIC
[IOCIIEIOBATEIIBHOCTH, TIO3BOJISIONINE U3MEPUTHh CKO-
pocth Toka kposu [1]. 4D FLOW mnpencrasisier coboit
O/IHY U3 TaKUX METOAUK, KOTOpas MOo3BOJIACT OLICHUTDL
HE TOJIBKO OCHOBHBIE MTapaMeTpPhbl CKOPOCTH U 00BhemMa
IOTOKA KPOBU, HO W JONOJIHUTEIhHBIC MapaMeTphl,
TaKHe KaK CTPEeCC CTEHOK COCYJIOB, CKOPOCTh ITYJIbCO-
BOI BOJIHBI, TIepenaibl AaBJIE€HUS B cocyiax. DTo 0be-
CIIEYUBAET BO3MOXKHOCTBH OLEHUTH KaK CTPYKTYPHOE,
Tak 1 (PyHKIIMOHAITBHOE cocTostHUe aopThl [1, 2]. Ho,
HECMOTpS Ha CBOW IPEUMYIIECTBA, JaHHAS METOUKA
HMMeEeT psiJT HEJJOCTATKOB: JUTUTEIBHOE BpeMsl CKaHHUPO-
BaHUSI, HEOOXOAUMOCTh HAJIUYUS IPOTPAMMHOI0 00e-
CIICUCHMSI, a TAK)KE OIePaTOPO3aBUCUMOCTH [ 1, 2].

NCTOPUA PA3SBUTNA METOOUKN
4D FLOW

Hctopuueckn uUHTEpeC K TE€MOAMHAMHUYECKUM
CBOICTBaM aOpThl MPOSIBISUICS emle BO BpeMmeHa Jle-
oHapo na Buuum (1512 r.), KOTOpBI C MOMOUIBIO
OIBITOB JOKa3bIBajl TYypOyJIEHTHOCTh TOKa B aopTe
[18]. Ero mpeamonokeHus OKa3allCh Ha yIWUBICHHUE
TOYHBIMH, YTO MOATBEPAMJIOCH C HA4ajoM aKTHBHO-
ro npuMeHeHus (a30BO-KOHTPACTHBIX MeTonuk MPT
(PC MRI) B kontue 1980-x [4], korna KOJTUYECTBEHHAS
BU3yaJM3allksl KPOBOTOKA C TOMOIIBIO JBYMEPHOMH
(hazoBo-koutpactHoi MPT (2D PC-MRI) crama py-
TUHHON YacTbi0 B BU3yallM3allUU CEpALa U COCYIOB,
TaK Kak MO3BOJISIET OLEHUTh PETMOHAPHBIH KPOBOTOK
B CEp/IIC U MaruCTPalbHBIX cocynax [1, 6, 8].

Co BpeMeHeM, C YBEITWYEHHEM BBIYHCIUTEIBHBIX
MOLIHOCTEH Ha CTaJuN CKAHUPOBAHUS U IOCTIPOLEC-
CHHIa yJayioch OOBEIMHUTH HECKOJIBKO 2D-cpe3os,
B pe3yibrare 4ero yjaajoch nomnyduts 3D-u300pa-
KEHHS, KOTOpbIE MPEAIoaraloT BBEACHHE TPETHEro

U3MepeHus: o0beMa, YTO TOMOIJIO obecneduTs 00-
Jiee BBICOKOE MPOCTPAHCTBEHHOE paszpemenue [9, 11].
JlanbHeliee cBOe pa3BUTHE JaHHAs METOAUKA TOJY-
yuna B Buge 4D-FLOW, kotopasi yBeIu4YuBaeT Bpe-
MEHHOE pa3pelieHue U crocodHa odecneuuTs Oonee
JEeTaJIbHYIO BU3yaJIM3alliI0 HAMIPABIICHHS U JTaMUHAp-
HOCTHU TOKa KPOBH.

PUN3NYECKUE ACMEKTDI

OcHoBHasi 0cOOEHHOCTH  (Ha30BO-KOHTPACTHBIX
Mmetoguk MPT 3akirogaeTcss B TOM, 9YTO U3MCHCHUS
¢as3er curmaza MP Bponb rpanueHTa MarHWTHO-
ro IOJISI MPSIMO CBSI3aHBI CO CKOPOCTHIO KPOBOTOKA.
OTOT NPUHLMI peau3yeTcsl ¢ MOMOUIBIO CHEIHalb-
HBIX OWIONSPHBIX TPAJUCHTOB, KOTOPhIE KOAUPYIOT
ckopocTs [1, 6, 10, 14]. ITpu ucmorb30BaHUY JAaHHBIX
TPaJMEHTOB BBITIOJTHSIOTCS JIBa CKAHUPOBAHUS C pPa3-
HbIMU (pa3amMu CUTHaJIa, HO C OJMHAKOBBIMH IIapa-
MEeTpaMH IOCJe0BaTeIbHOCTH, M3-3a 4YEro MOXKHO
00HAPYXUTHh H3MEHEHUs (a3l CHUTHaAlA, CBS3aH-
HbIe C TIOTOKOM. BhIYMTaHWe MONYYEeHHBIX (ha30BBIX
M300paXCHUI MO3BONSIET yOaiduTh (HOHOBYIO (asy
U OIPEJENUTh CKOPOCTh TOKa KPOBU B cocyle (Tak
Ha3bIBaeMbIe KapThl ckopocTH) [7, 10].

Meton MPT, BBUlY JIMTEIBHOCTH CKAHUPOBAHUS,
JIOCTaTOYHO CHIIFHO TIOABEP)KEH JIBUTATEIBHBIM ap-
tebakTam, a craHgaptHble MP-nocnenoBarenbHOCTH
HE CIIOCOOHBI JieNaTh MONpPaBKy Ha W3MEHEHHUs 00be-
Ma M CKOPOCTH KPOBH, CBSI3AHHBIE C COKpAIICHUSIMU
cepaua [11, 12]. B cBa3u ¢ 3TuUM, IJs NPOBEACHUSA
(ha30BO-KOHTPACTHBIX METOAMK HEOOXOJUMO BBIIIOJI-
HeHue uccnenoBanusi ¢ DKI-cuHXpoHH3aUMEH, UTO
JaeT BO3MOXKHOCTh COOMPATh TAHHBIE HA MPOTSIKEHUH
HECKOJIBKMX CEPACYHBIX COKPAIIEHWH W TONY4YUTh
cepuro M300pakeHN! ¢ BHICOKHM BPEMEHHBIM paspe-
mreHueM (CINE — kuHOpexuM), 0TOOpakarouux Iu-
HaMUKY MYJIbCUPYIOLIET0 KPOBOTOKA B TEUEHHE Cep-
nmegHoro mukia [12, 13].

METOAMNKA NMPOBEOEHWUA
CKAHUPOBAHWA

Hns mpoenennst metoquku 4D FLOW mpemnmod-
TATENbHEEe BBHITIONHSATH CKAaHWPOBAHWE HA BBICOKO-
noibHBIX MP-ToMorpagax ¢ cuinoit MarHUTHOTO TOJIS
3 Tn, oIHAKO €CTh BO3MOXKHOCTb MPOU3BOAUTH €ro
W Ha ammapartax ¢ Ciiioi MmarauTHoro mostst 1,5 To. [lns
BBITIOJTHEHHS MCCIIEIOBAaHUA 00s3aTeThHBIM TpeboBa-
HueM siBisieTcst Hanuuue OKI-cunxponusanuu [14].
Kpome 3Toro, mocrmporieccuHr n3o0paxeHuii Tpedy-
€T HAJIMYUsI IPorpaMMHoOro odecrnieueHus. Ha nanubii
MOMEHT €IMHCTBEHHBIM OI0OPEHHBIM B MHOCTPaHHON
MpakTUKe MPOTPAMMHBIM OOecCreueHHueM I KJIH-
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HUYECKOTO0 MPUMEHEHHS SBISETCS MOAyNnb st 4D
FLOW ¢upmet Pie Medical Imaging [15].

CkaHHMpOBaHUE BKJIIOUACT TPH dTara:

l sTan — mnoJlydeHue TpeX Cepuil JOoKaJMu3aro-
poB ¢ OKI-cunxponuzamnuei, npu nomomu 2D mo-
ciefoBaTebHOCTEH (HampuMep — steady-state free
precession) [1, 4, 16, 18] B caruTTaabHOMN, aKCHATBHOMN
Y KOPOHAJIBHOM IJIOCKOCTSIX.

2 JTam — TMONyYeHHE CAaruTTAJIbHO HAKJIOHEH-
HBIX U300pa)KeHUH I'PyIHON aopThl, BKJIIOYask OTBEP-
CTHE JICBOTO JKelyAouka. HemanoBaxxHbIM (hakTOpoM
B MPOBEJICHUH JAHHOTO 3Tara UCCIIEAOBAHUS SBIISIET-
csl OXKHUJIaeMasi CKOpocTh KpoBoTOKa B cocyne: VENC
(velocity encoding) [13], ycTaHOBKa KOTOPOM ITO3BOJISI-
€T MOJy4aTh KapTUHKH 0e3 apTe(pakTOB OT CKOPOCTH
KpoBoToka. OcoOEHHO 3HAYMM AaHHBIN (aKkTop y ma-
LIHEHTOB CO CTEHO30M aopThI [18], Tak Kak B pernoHax
CY’KEHHUS PE3KO BO3pACTaeT JIMHEHHAas CKOPOCTh KPO-
BOTOKA, a CJICA0BATEIbHO, U KOJIMYECTBO apTe(haKTOB.

KoHTponb npixaHus ¢ UCIONb30BaHUEM HABUTATO-
pa UM IBIXaTeNbHOTO JaT9hKa MPUMEHSETCS ISl MU-

I I . JIYSEBAA ONATHOCTUKA | RADIOLOGY

HUMH3AIUU apTe(akToB JIbIxaHus. Takke BO3MOXKHO
MIPOBEICHUE UCCICNOBAHUS HA 3aJICPIKKE ABIXAHHUS.

3 sTam — TOJy4YeHHUE CIEAYIONUX HaOOpOB H30-
OpakeHwmi:

1) aHaTOMHYECKHX U300paKEHHUI aOpPTHI;

2) B3BELICHHBIX [0 MAarHUTYIE H300pakeHUN;

3) KapT BEKTOPOB CKOPOCTEH TOKA KPOBHU IO OCSM
Vx, Vyu Vz [1, 4, 10].

Ilocne sToro momydeHHBIE U300PAKEHHS TIPOXOISAT
JIBa dTana IMoCTIPOIECCHHTa B TPOrPAMMHOM 00ecTIe-
YeHMH, a UMEHHO: co3anue 3D mozenu cocyaa u ee
KOPPEKTHUPOBKa, 00paboTKa MaHHBIX (Ha30BO-KOH-
TPAaCTHBIX HM300paKEHWH W TOCTPOCHHE OOBEMHBIX
3D kapt TpaekTopun yactuil (puc. 1), cTpecca CTEHKH
(puc. 2) u mepenaaa AaBICHUSL.

3AKJIFOYEHUE

4D FLOW — MHoroo0emaroIast METOI1Ka, II03BO-
JSONIasi HEMHBA3UBHO TONYYUTH OOLIMPHBIA 00BEM
JIAHHBIX, BCECTOPOHHE XAPAKTEPHUIYIOMIUX KPOBOTOK

Puc. 1. TpaekTopua 4acTuy,

Fig. 1. Particle trajectory

Puc. 2. AKcnanbHbI CTPECC CTEHKMU

Fig. 2. Axial wall stress
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B aopre. llomyueHHbie qaHHBIE MOYKHO HCITONB30BaTh
JUISl OIIGHKU CKOPOCTH W JIAMUHAPHOCTH TOKa KPOBH,
cTpecca CTCHKH aopThl M INepernafa JaBICHUS MEX-
Iy oTaeraMmu aopThl. [lepeunciieHHOe, MPUHUMAS BO
BHUMAaHHE aKTyaJbHOCTH MPOOIIEMBI CepeIHO-COCY-
JIMCTBIX 3a00JIEBaHUI B HaIlle BpeMsi, TIO3BOJIUT OoJee
000CHOBAaHHO TOAXOJAUTH K BIOOPY TAKTUKH JICUCHUS
COCYJIUCTBIX 3a00JICBaHMIA, a TAK)KE ONPeNeNsITh 3a00-
JIEBAHUS HA PAaHHUX dTalax v CHIKATh PUCK TTPEKICB-
PEMEHHOH CMEPTHOCTH.

KoHdnukT nutepecos / Conflict of interest

ABTOpbI 3asABUAIN 06 OTCYTCTBUM NoTeHUManb-
HOro KoHdnMKTa nHTepecos. /The authors declare
no conflict of interest.

CNMNCOK JINTEPATYPbIl / REFERENCES

1. Markl M, Frydrychowicz A, Kozerke S, et al. 4D
flow MRI. Journal of Magnetic Resonance Imaging. 2012
Nov;36(5):1015-36.

2. Soulat G, McCarthy P, Markl M. 4D flow with
MRI. Annual review of biomedical engineering. 2020 Jun
4;22:103-26.

3. Garcia J, Capoulade R, Le Ven F, et al. The role
of imaging of flow patterns by 4D flow MRI in aortic
stenosis. The International Journal of Cardiovascular
Imaging. 2019;35(3):417-427.

4. Soulat G, McCarthy P, Markl M. 4D flow with
MRI. Annual review of biomedical engineering. 2020 Jun
4;,22:103-26.

5. Frydrychowicz A, Wieben O, Niespodzany E, et
al. Quantification of thoracic blood flow using volumetric
magnetic imaging with radial velocity
encoding: in vivo validation. Investigative Radiology.
2013;48(12):819-825.

6. Burris NS, Hope MD. 4D flow MRI applications
for aortic disease. Magnetic Resonance Imaging Clinics.
2015 Feb 1;23(1):15-23.

7.  Gabbour M, Gatehouse P, Schnell S, et al. Valve-
related complications following trans-catheter aortic
valve replacement: assessment of aortic flow patterns
using 4D flow MRI. European Radiology. 2016;26(5):1231—
1239.

8. Binter C, Knobloch V, Manka R, et al. Segmental
aortic wall shear stressin healthy volunteers and patients
after aortic valve-sparing surgery: Quantification
by 4D flow-sensitive CMR. European Radiology.
2013;23(1):225-234.

9. Delles M, Rengier F, Azad Y, et al. Influence
of temporal resolution and k-t BLAST acceleration
on MR imaging-based noninvasive coronary artery
flow profiling using 4D flow MRI. Journal of Magnetic
Resonance Imaging. 2011;34(1):384-395.

resonance

10. Frydrychowicz A, Wieben O, Stalder A, et al.
Four-dimensional velocity mapping of the hepatic and
splanchnic vasculature with radial sampling at 3 tesla:
A feasibility study in portal hypertension. Journal of
Magnetic Resonance Imaging. 2010;32(3):545-555.

11. Garg P, Westenberg J, van den Boogaard P, et
al. Comparison of fast acquisition strategies in whole-
heart four-dimensional flow cardiac MR: Two-center, 1.5
tesla, phantom and in vivo validation study. Journal of
Magnetic Resonance Imaging. 2019;50(4):1216-1226.

12. Stankovic Z, Csatari Z, Deibert P, et al.
Assessment of ascending aortic stiffnessin hypertensive
patients with 4D flow MRI: A feasibility study compared
with echocardiography. Journal of Magnetic Resonance
Imaging. 2018;47(1):635-643.

13. Gu T, Korosec F, Block W, et al. PC VIPR: A high-
speed 3D phase-contrast method for flow quantification
and high-resolution angiography. American Journal of
Neuroradiology. 2005;26(4):743-749.

14. Bock J, Frydrychowicz A, Stalder A, et al.
4D phase contrast MRI at 3 T: Effect of standard and
blood-pool contrast agents on SNR, PC-MRA, and blood
flow visualization. Magnetic Resonance in Medicine.
2010;63(2):330-338.

15. Meckel S, Leitner L, Bonati L, et al. Intracranial
artery velocity measurement using 4D PC MRl at 3 T:
Comparison with transcranial ultrasound techniques
and 2D PC MRI. Neuroradiology. 2012;54(6):607-613.

16. Entezari P, Schnell S, Mahadevia R, et al. From
unicuspid to quadricuspid: Influence of aortic valve
morphology on aortic three-dimensional hemodynamics.
Journal of Magnetic Resonance Imaging.2014;40(1):134—-
141.

17. Markl M, Wegent F, Zech T, et al. In vivo wall
shear stress distribution in the carotid artery: effect of
bifurcation geometry, internal carotid artery stenosis,
and recanalization therapy. Circulation: Cardiovascular
Imaging. 2010;3(6):647-655.

18. Dyverfeldt P, Hope M, Tseng E, et al. Magnetic
resonance measurement of turbulent kinetic energy
for the estimation of irreversible pressure loss in aortic
stenosis. Journal of the American College of Cardiology.
2006;48(2):342-352.

19. Manaxosa M.B., lMpoxopoga E.A., Kynnukunnx A.C.
n ap. AnarHocTrKa oTpbiBa KNanaHOCOAEPMKALLENO KOH-
OyunTa BOCXOAALLEro oTAena aopThl M €ro ycnewHoe Xu-
pyprudeckoe ne4veHue. BecTHUK peHTreHonorum un pa-
ovonorun. 2021;102(6):383-9.

NHpopmauuna 06 aBTopax:

LLlepnes CyntaH PycnaHoBu4, opanHaTop Kadenpsbl
NY4eBOW ANArHOCTUKN U MeOULUHCKON BU3yanuaaunm
c KAnHukon ®rey «HMUL, nm. B. A. AnmasoBa» MuH-
3pnpaBa Poccup;

toma | N1 | 2024

23



I I . JIYSEBAA ONATHOCTUKA | RADIOLOGY

TypunHckan VipnHa AHaToNbeBHa, opanHaTop Kade-
Opbl NTy4€BOW AMNArHOCTUKN 1 MeOULUNHCKON BU3yanun-
3auuu ¢ KnuHnkon ®rey «HMUL, M. B. A. AnmasoBa»
Mun3pgpaBa Poccup;

®okuH Bnagnmnp AnekcaHgpoBumY, A4.M.H., npodec-
cop Kadenpbl Ny4eBOWN OMArHOCTUKU N MEOULLMHCKON
BU3yanunsauum ¢ KnnHukon ®rey «HMUL, nm. B. A. An-
Ma3oBa» MuHspgpasa Poccuy;

PbkkoB AHTOH BnagummupoBud, 3aBenyrowunin oT-
neneHnem MarHUTHO-PEe30HaHCHON TOoMorpaduu,
Bpay-peHTreHosior Bbicwen kateropun Prey «HMUL],
mm. B. A. AnmasoBa» Munsgpasa Poccuu.

Authors information:

Sheriev Sultan R., resident of the Department of
Radiation Diagnostics and medical imaging with the
clinic Almazov National Medical Research Centre;

Turchinskaya Irina A., resident of the Department
of Radiation Diagnostics and medical imaging with the
clinic Almazov National Medical Research Centre;

Fokin Vladimir A., Doctor of Medical Sciences,
Professor of the Department of Radiation diagnostics
and medical imaging with the clinic Almazov National
Medical Research Centre;

Ryzhkov Anton V., Head of the Magnetic Resonance
Imaging Department, radiologist of the highest category,
Almazov National Medical Research Centre.

24 ‘ Tom 4 ‘ Ne 1 \2024‘



