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KapanomarHutHo-pe3oHaHcHaTa Tomorpacus (KMPT) e meTog € BUCOKA AMArHOCTUYHA CTOMHOCT MPW OLeHKaTa Ha
CbpAeyHaTa BUTAMHOCT Ypes npunaraHeTo Ha pa3nuyHi nepdy3noHHN TEXHWKM, KaKTO W Npu OLEeHKaTa 1 AuarHo-
CTULMPAHETO Ha paHHW UCXEMUYHU NPOMEHW B MUoKapda. LienTa Ha HacTosiwums 0630p e Aa ce Hanpasu nperneq
Ha pa3nuynuTe TexHnyecku acnekti npu KMPT. OcHoBeH npobnem npu KMPT n3cnegsaHusita € BnowasaHeTo Ha
kKa4eCTBOTO Ha 0bpasa nopagy HanuuMeTo Ha ABuraTenHu apTedakTi. Toa Hanara pa3paboTBaHETO Ha TEXHUKM 3a
EKI" Tpurepupane v TpurepupaHe Ha AuLLaHeTo Unv TeXHUKW 3a 3afbpkaHe Ha AWLLAHETO 1 BbBEXAAHETO UM B Mpak-
Tukata. 3a pasnuka oT NOBEYETO APYri NPUNOXEHNS HA MarHUTHO-PE30HaHCHaTa ToMorpacns, U3non3BaHUTe paBHU-
Hv npu KMPT ce onpegensT no OTHOLIEHWE Ha OpUeHTaLmMsTa Ha CbPLETO Taka, Ye Aa ca YCrnopeaHn U OpTOrOHanHM
Ha cbpaeyHuTe ocu. Mpu KMPT ce n3nonasat ABe OCHOBHYM rpynu cekBeHLmuu: 1) 3a onpeaensHe Ha MopdonorusTa,
hyHKLMSATa W KPBBOTOKA W 2) 3a NoacurypsiBaHe Ha 06bp TbKaHEH KOHTPACT Ha CbPLETO. TEXHONOMMYHOTO pasBUTHE
Ha MeToZa He Cnupa, KaTo NPOAbMKABAT Aa Ce pa3paboTBaT TEXHUKW 1 CEKBEHLMM 3a NofobpsiBaHe Ha AWarHoCTuy-
HWUTe Bb3aMoxHOCTH Npu KMPT. YcnewwHo nposexaaHe Ha Besko eaHo KMPT uscrneaBaHe ce noctura Ypes npaBuiHo
nnaHupaxe, LANoCcTHO pa3bupaHe Ha CbpAeYHNTE PaBHUHYM 1 NOAXOASLL U360p Ha TEXHUYECKUTE NapamMeTpu 3a CboT-
BETHWTE CEKBEHLIMM B 3aBUCUMOCT OT TbpCEHaTa KINHUYHA HaxoakKa.

KapAMOMarHUTHO-pe30HaHCHa TOMOrpadus, TEXHUYECKI aCneKTH, NyNCOBM CEKBEHLMM
pou. a-p Jecucnasa Koctosa-JledhtepoBa, e-mail: dessi.zvkl@gmail.com

Cardiac magnetic resonance tomography (CMRT) is a method of high diagnostic value in the assessment of cardiac
vitality through the application of various perfusion techniques, as well as in the evaluation and diagnosis of early
myocardial ischemic changes. The aim of this article is to review the different technical aspects of CMRT. A major
problem in CMRT studies is the deterioration of image quality due to the presence of motion artifacts. This necessitates
the development of ECG-gated and respiratory triggered or breath-holding techniques and their implementation in
practice. In contrast to most other applications of MRT, the planes used in CMRT are defined with respect to the
orientation of the heart so that they are parallel and orthogonal to the cardiac axes. Two main groups of sequences
are used in CMRT: 1) to determine morphology, function, and blood flow and 2) to provide good tissue contrast of the
heart. Technological development of the method has not stopped, and techniques and pulse sequences continue to
be developed to improve the diagnostic capabilities of CMRT. Through proper planning, a thorough understanding of
the cardiac planes, and appropriate selection of technical parameters for the respective sequences depending on the
clinical finding being addressed, a successful performance of each CMRT study is achieved.
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BbBEOQEHMUE

KapanomarHutHo-pesoHaHcHa Tomorpadus (KMPT)
€ BUCOKO UH(hOpMaTMBEH HEMHBA3MBEH MeToq 3a 00-
pasHa guarHocTuka Ha cbpueto. C roguHute KMPT
NpeTbpns 3Ha4YMTENHO Pa3BMTUE, KaTo Ce NpeBbpHa OT
MeTo 3a MopdonorMyHa oLeHKa Ha CbpLEeTO B MeToq
3a oueHKa Ha cbpeyHaTa (PyHKUMs, Mogena Ha U3nbii-
BaHe 1 onpefensHe Ha TbKaHHUTE MYy XapaKTEPUCTUKN
npy NauMeHTU CbC CbpPAEYHO-CbAOBU 3abonsBaHus.
KMPT ce npeBbpHa B yTBbpAEH CTaHAapTeH MeTof 3a
AVarHocTuumpaHe Ha CbpAevYHO-Cb40BM 3ab0nsiBaHUS.
MeToaobT € 3HauuTenHo no-uHopMaTUBEH CHPSMO
TpagvuMoHHaTa TpaHcTopakanHa exorpadmsa no ot-
HOLLeHVe Ha mopdonormaTa U cbpaeyvHata yHKUmS.
[Mpy CbBpEMEHHUTE CUCTEMM 3@ MarHUTHO-PE30HaHC-
Ha Tomorpadusa (MPT) pasgenuTtenHata cnocobHOCT
Ha obpasa e 3Ha4YMTEenHO MOo-BMCOKA CMPSAMO Mo-CTa-
puTe NoKoneHus cuctemu. [BuratenHute aptedakTu
OT CbpAeyHaTa AeNHOCT BeYe He ca NnuMuTMpall dak-
Top 3a kavectBoTOo Ha KMPT u3cnenBaHusita, KOeTo
3HAYUTENHO Pa3LWMpU CNEeKTbpa Ha NPUMOXEHNETO Ha
MeToda B ob6nactTa Ha CbpAedHO-CbAoBUTE 3abonsiBa-
Hua [1, 2]. KMPT mn3cnegBaHusTa gaBat Bb3MOXHOCT
3a TOYHa KOMNMYyecTBEHa M KadeCTBeHa OLeHKa Ha Cbp-
JeYHo-cbaoBaTa Mopdhonorus, KamepHata (PyHKLMS,
MuoKapgHaTta nepdgyausi, TbkaHHaTa XxapakTepucTmka
Ha CbpLETO, KPbBOTOKA U Ap. MeToabT e noaxoasLy 3a
AnarHocTmumpaHe 1 npocneasBaHe Ha TepaneBTUYHMUS
edeKkT Npu naumeHTn ¢ KopoHapHa bonecT n npu nuua
CbC CbpAEYHO-CbO0BM 3abonsBaHus.

YacTt ot HoBoBbBeaeHuaTta B KMPT ca cBbpaa-
HW C pa3paboTBaHETO Ha Obp3nNTe CEKBEHUWUW B Mar-
HUTHO-pe30oHaHcHaTa obpasHa AauarHocTuka. KoH-
BEHLUMOHANMHUTE TEXHWKM 3a MosflydaBaHe Ha obpasa
ce basupaTt Ha cbOMpaHeTo Ha AaHHW peq no pepg ot
K-NPOCTPaHCTBOTO 3a AaeH CbpAeYeH LMKbI, Taka 4e
TR (Bpeme Ha NoBTOpeHWE) 3a CLOTBETHUTE MYIICOBU
CEKBEHLIMM 3aBMCU OT CbpAeyHaTa 4yectoTa Ha nauu-
eHTa 1 cboTBeTCcTBa Ha R-R nHTepsana. Ypes koHBeH-
LMOHANHUTE CMWH-EX0 UNN FPagUeHT-eX0 CEKBEHLMMU
ce noryyaBaT aHaTOMWYHU M OUHAMWYHWM 0Bpa3n Ha
CbPLETO B paMKWUTE Ha HSAKOMKO MUHYTW. [pn 6bp3u-
Te CeKBeHLMN MHopMaumsaTa ce noryvyaBa eaHoBpe-
MEHHO OT MOBEYe OT €4WH pen OT K-MPOCTPaHCTBOTO
3a JafeH CbpAeYveH LMKbII, MPU KOETO 3HaYUTENHO ce
CbKpallaBa NpOoabIHKUTENHOCTTA Ha U3CrenBaHeTo U
ce nogobpsiBa ka4yecTBOTO Ha obpasa [3].

M3non3BaHeTo Ha CeKBEeHLUUUN 3a TbKaHHa XapakTe-
pUCTMKa Ha CbPLETO U 3a KapTUpaHETO Ha MUokapaa,
KaTO KOHTPACTHO ycurneaHe U/Mnmn 3a KbCHO KOHTpaCT-
Ho (ragonuHuneBo) ycuneaHe (LC(G)E), ysennunxa go-
MbIHUTENHO Bb3MoxHocTUTe Ha KMPT, nogobpssaiiku
ANarHoCTUYHNTE Bb3MOXXHOCTU M TOYHOCTTa Ha MeTo-
pa[4, 5, 6].

INTRODUCTION

Cardiac magnetic resonance imaging (CMRT) is
a highly informative non-invasive method for cardiac
imaging. Over the years, cardiac MRT has undergone
significant development, evolving from a method for
morphological assessment of the heart to a method
for assessment of cardiac function, filling pattern and
determining tissue characteristics in patients with
cardiovascular disease. CMRT has become an es-
tablished standard method for the diagnosis of car-
diovascular disease. The method is significantly more
informative compared to traditional transthoracic ul-
trasound in terms of morphology and cardiac function.
With modern magnetic resonance tomography (MRT)
systems, the image resolution is significantly higher
compared to older generations of systems. Cardiac
motion artifacts are no longer a limiting factor for the
quality of MRT studies, which has greatly expanded
the spectrum of applications of the method in the field
of cardiovascular disease [1, 2]. CMRT studies allow
accurate quantitative and qualitative assessment of
cardiovascular morphology, ventricular function, myo-
cardial perfusion, tissue characterization of the heart,
blood flow, etc. The method is suitable for diagnosing
and monitoring the therapeutic effect of patients with
coronary artery disease and patients with cardiovas-
cular diseases.

Some of the innovations in CMRT are related to
the development of fast sequences in magnetic reso-
nance imaging. Conventional imaging techniques are
based on the collection of line-by-line k-space data for
a given cardiac cycle, so that the TR (repetition time)
for the corresponding pulse sequences depends on
the patient's heart rate and corresponds to the R-R in-
terval. Using conventional spin-echo or gradient-echo
sequences, anatomical and dynamic images of the
heart are obtained within a few minutes. With fast se-
quences, information is obtained simultaneously from
more than one row of k-space for a given cardiac cycle,
significantly shortening the duration of the study and
improving image quality [3].

The use of sequences for tissue characterization of
the heart and for myocardial mapping, such as contrast
enhancement and/or late contrast (gadolinium) en-
hancement (LC(G)E), have further increased the capa-
bilities of CMRT, improving the diagnostic capabilities
and accuracy of the method [4, 5, 6].
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KMPT e meton ¢ BUCOKa AMArHOCTM4YHA CTOMHOCT
npu oLEHKaTa Ha CbpAeyHaTa BUTANHOCT Ype3 npuna-
raHeTo Ha pPasnNMyHM NepPdPyY3NOHHN TEXHUKN, KaKTO U
npu oueHKkaTa U OUarHOCTULMPAHETO Ha paHHU UCXe-
MWUYHU MPOMEHM B MMOKapaa.

Llenta Ha HacTosiILms 00630p € Aa ce Hanpasu npe-
rnen Ha pasnMyHUTe TEXHUYECKN acnekTu Npu Kapgmo-
MarHUTHO-pe3oHaHcHaTa ToMorpagus.

NMPEQU3BUKATENCTBA NPU KMPT

OcHoBeH npobnem npu KMPT un3cnepBaHusita e
BMOLUABAHETO Ha Ka4ecTBOTO Ha obpasa mopaau Ha-
NMYNETO Ha ABUraTenHu aptedakTu OT cbpaedHaTa
OEeVHOCT M AMaHeTo Ha nauueHTa. ToBa Hanara pas-
paboTBaHeTO Ha TexHUkM 3a EKI Tpurepupaxe n Tpu-
repvpaHe Ha QULIaHETO U TEXHUKU 3a 3aabpKaHe Ha
OVLIaHEeTO 1 BbBEXOAHETO UM B NpakTukara.

Mpu EKIT TpurepupaHeTo KaTo OTMpaBHa TOYKa 3a
reHepvpaHe Ha CUHXPOHM3MPAaLL, PaaMo4eCTOTEH MMMYIIC
3a nofnyyaBaHe Ha MarHWTHO-PE30HaHCHUTE AaHHW ce
n3nonaea R-BbnHaTta [7]. ToBa AaBa Bb3MOXHOCT 3a W3-
obpassiBaHe Ha CbpLETO MU B HSKOMKO BPEMEBU TOUKM
npe3 CbpAeqHUst LMK (QUHAMUYHU KMHO 00pasan), nim
B TOYHO OnpeaenieH MOMEHT OT BpeMe (CTaTndeH obpas).

[BuratenHuTe aprtedakTn, KOUTO ce ObiKaT Ha
OuwaHeTo, moraT ga 6baart HamaneHu 4Ypes M3nons-
BaHETO Ha eflvH OT crnefHuUTe TPU Bb3MOXHW Noaxoaa:
auxatenHo TpurepupaHe (guxaTenHo-KOMMeHCaLnoH-
HU MeToaMn), 3a4bpXKaHe Ha AMLIAHETO UMK norny4vaBa-
He Ha obpasa B peanHo BpeMe (CBPbXObp3an TEXHUKK
3a nonyyaBaHe Ha eguHNYeH obpas).

BuaooBE PABHUHM NPU KMPT

KMPT u3cnensaHeTo 3anoyea C NoryyvyaBaHETO Ha
MbpBOHAYanH1 NUNOTHN obpasu, UK T.Hap. Nnokanuaa-
Topu. 3a uenTa ce n3nonseart SSFP cekseHuun (cBOOOA-
Ha npeuecnsi B paBHOBECHO CbCTOSIHUE) B KOPOHapHa,
akcuanHa u carmtanHa pasHuHa. OT nMnoTHUTEe obpasn
Ce reHepupar BCUYKM OCTaHamnu paBHUHW Ha u3creasa-
HeTo. 3a pasnuka OT MOBEYETO APYrn NPUMOXKEHUA Ha
MarHUTHO-pe30HaHCcHaTa ToMorpadus, M3non3BaHUTe
pasHHM npu KMPT ce onpegendat no OTHOLEHWE Ha
OpUeHTauMsiTa Ha CbpLETO, Taka Ye Aa ca ycriopeaHu
N OPTOrOHarHW Ha CbpaeYHUTE ocK (MaBHO MO KbcaTta
M Mo Agbnrata oc Ha cbpueTo) [8]. PaBHUHWUTE M300pa-
39BaT NgABata kamepa B TPW OPTOroHarHWM MPOEKLNN:
XOpWU3oHTanHa gbnra oc (YETUPUKYXMHHA paBHUHA),
BEpTUKarnHa gbrra oc (AByKYXMHHa paBHMHA) U Kbca Oc.
Te3n paBHWHM ca OBOWMHO HAKMOHEHW CMPSIMO KOHBEH-
LMOHAINMHUTE akcuarnHu, carutanHu U KOpOHapHU ocu K
ce pasnu4yasar npuv otaenHuTe naumeHTn B 3aBUCUMOCT
OT KOHKpETHaTa OpueHTauusi Ha naBaTta kamepa, KOsiTo
MOXe Aa Bapupa CrnpsiMo TSMoTo.

CMRT is a method of high diagnostic value in the
assessment of cardiac vitality through the applica-
tion of various perfusion techniques, as well as in the
evaluation and diagnosis of early myocardial ischemic
changes.

The purpose of this article is to review the various
technical aspects of CMRT.

CHALLENGES IN CMRT

A maijor problem in CMRT is the deterioration of
image quality due to the presence of motion artifacts
from the patient's heartbeat and breathing. This ne-
cessitates the development of ECG-gating and respi-
ration-gating or breath-hold techniques and their intro-
duction into practice.

ECG-gating uses the ,R* wave as the starting point
to generate a synchronizing radiofrequency pulse to
obtain the MRT data set [7]. This allows imaging of the
heart either at several time points during the cardiac
cycle (dynamic cine imaging) or at a specific point in
time (static imaging).

Motion artifacts due to respiration can be re-
duced by using one of the following three possible
approaches: respiratory triggering (respiratory-com-
pensation methods), breath-holding, or real-time
image acquisition (ultrafast single-image acquisition
techniques).

TYPES OF IMAGING PLANES IN CMRT

The CMRT study begins with the acquisition of
initial pilot images or so-called ,localizers“. For this
purpose, SSFP sequences (non-gated steady-state
free precession) in coronal, axial and sagittal planes
are used. From the pilot images all other planes of the
survey are generated. In contrast to most other appli-
cations of MRT, the planes used in CMRT are defined
with respect to the orientation of the heart so that they
are parallel and orthogonal to the cardiac axes (mainly
along the short and long axes of the heart) [8]. The
planes visualize the left ventricle in three orthogonal
planes: the horizontal long axis (four-chamber plane),
the vertical long axis (two-chamber plane), and the
short axis. These planes are doubly inclined with re-
spect to the conventional axial, sagittal, and coronal
axes and vary from patient to patient depending on the
specific orientation of the left ventricle, which may vary
with respect to the body.
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[OBYKyXMHHa paBHUHa (BepTUKasiHa gbJira oc)

PaBHMHaTa ce nnaHupa OT TpaHCBep3anHuTe nu-
noTtHmM obpasn, KaTo cpe3bT NpemMuHaBa npes cpegara
Ha MUTpanHaTta knana v KbM Bbpxa Ha fnsiBata kamepa,
YCNopeaHo Ha MexaykamepHusa centym (cur. 1). OBy-
KyXWHHaTa paBHMHA Ce M3MOon3Ba 3a OLEHKa Ha CTPYyK-
TYpuUTE U TbKaHUTE, Pas3norioKeHN B NsABaTa 4acT Ha
CbpLUETO (Hanp. 3a oLeHKa Ha MUTpanHaTa knana).

YeTUpUKyXMHHA paBHUHA (XOpU3OHTaNHa
AbIra oc)

PaBHMHaTa ce nnaHvpa OT ABYKyXWHHaTa paBHU-
Ha, KaTo Cpe3bT NpemunHaBa npes cpegaTa Ha nsaBoTo
npeacepave 1 cpegarta Ha muTpanHarta knana u npo-
AblKaBa KbM Bbpxa Ha nsieata kamepa. o To3m Ha-
YVH B edHa paBHWHa €4HOBPEMEHHO ce M3obpassasar
KaKTO YeTmpuTe Kamepu Ha CbpLeTo, Taka U mutparn-
HaTa 1 TpukycnuaanHata knana. 3a Han-gobpo Bu3ya-
nu3npaHe 1 Ha YeTUpuTe Kamepu Ha CbpLeTo B eauH
obpas ce npenopbyBa U3NON3BaHETO Ha ABOWHAa Koca
HanpeyHa npoekuns (cwur. 2).

Two-chamber plane (vertical long axis)

The plane is acquired from the transverse pilot im-
ages, with the incision passing through the middle of
the mitral valve, from the apex to the left atrium, parallel
to the interventricular septum (Fig. 1). The two-cham-
ber plane is used to evaluate structures and tissues
located in the left side of the heart (e.g., to evaluate the
mitral valve).

Four-chamber plane (horizontal long axis)

The plane is acquired from the two-chamber
plane, with the incision passing from the posterior
aspect of the left atrium, through the middle of the
mitral valve and continuing to the apex of the left ven-
tricle. In this way, the four chambers of the heart as
well as the mitral and tricuspid valves are simultane-
ously visualized in one plane. For best visualization
of all four chambers of the heart in a single image,
the use of a double-oblique transverse projection is
recommended (Fig. 2).

®ur. 2. MNnaHupaHe Ha YeTUPKKYXMHHA paBHUHA (xopu3oHTanHa abnra oc) / Fig. 2. Planning of the four-chamber plane (horizontal long-axis)
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[JBYKyXUHHa paBHMUHa (Kbca oc)

MpenopbyBa ce nNnaHWpaHe Ha paBHUHaTa nep-
NeHAVKYNsSpHO Ha Abfrata OoC Ha nsBaTa Kamepa
€0HOBPEMEHHO OT ABY- U YETUPUKyXMHHAaTa paBHU-
Ha (OBOMHaA koca paBHWHA). YUpe3 Hest Hal-TOYHO ce
onpeaenaT pasMepuTe Ha HamnpeyHOTO CeYeHue Ha
CbpOeyHUTe Kamepu OT OCHoBaTa 4O Bbpxa. PaBHu-
HaTa No3BOrsiBa BU3yanunanpaHeTo 1 KoNn4yecTBeHara
oueHKa Ha cUCTornHoTo 3aaebensBaHe Ha kamepuTe 1
ce npvema 3a ctaHgapTHa NPOoeKuus Npu KOrMyecT-
BEHO onpeaersiHe Ha obeMu 1 MMokapAHa mMacaTta Ha
ngBaTta u gscHata Kamepa u Ha kamepHaTta pakuus
Ha natnackeaHe (dwr. 3).

Tpu- NN neTKyxuHHa paBHUHA (Obrra oc)

PaBHMHaTa ce u3nonsea 3a BuU3yanuaunpaHe Ha
aopTaTa U MuTpanHaTta knana (Hanp. npu obCcTpyk-
LMS Ha U3XOAHUS TPaKT Ha nsiBaTa kamepa). Monyya-
Ba Ce Ypes M3MNOoM3BaHEeTo Ha ABYKYXMHHATa paBHUHA
no Awbnrata u no kbcata oc, kKaTo ce nnaHupa npes
BbpXa Ha nsBata kamepa M Npe3 U3XOOHUS TpakT
Ha ndaBata Kamepa. HanmeHoBaHMeTo Ha paBHUHA-
Ta npousnusa oT eQHOBPEMEHHOTO BM3yanu3upaHe
Ha 4acT oT nsBaTa kamepa, NsSBOTO npeacbpane u
Bb3xogswaTta aopta vpes3 Hes (dwur. 4). MNpu neTky-
XWHHaTa paBHMHA OOMBIHUTENHO ce n3obpasasaT u
OECHUTE CbpAEYHU KYXMHMU.

Two-chamber plane (short axis)

It is recommended to acquire the plane to be
perpendicular to the long axis of the left ventricle
from both the two- and four-chamber planes (dou-
ble-oblique plane). It is the most accurate plane for
determination of the cross-sectional dimensions of the
ventricles of the heart, from base to apex. The plane
is used for visualization and quantification of systol-
ic myocardial wall thickening. Tt is accepted as the
standard projection for quantification of left and right
ventricular mass and volume and ventricular ejection
fraction (Fig. 3) [8].

Three- or five-chamber plane (long axis)

The plane is used in order to visualize the aorta
and mitral valves (e.g., in left ventricular outflow tract
obstruction). It is obtained by using the two-cham-
ber plane along the long and/or short axis through
the left ventricular apex and aortic outflow tract. The
name of the plane is derived from the simultaneous
visualization of parts of the left ventricle, left atri-
um, and ascending aorta through it (Fig. 4). In the
five-chamber plane, the right cardiac cavities are ad-
ditionally imaged.

®dwur. 4. MNnaHnpaHe Ha TPYKyXMHHaA paBHWHa (gbnra oc) / Fig. 4. Planning of the three-chamber long-axis plane
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BupoBE CEKBEHLUMU NP KMPT

PasnunyHnte no Bmg obpasn B MarHUTHO-pe30HaH-
cHaTa ToMorpacdus ce nonyyasar ypes3 U3nons3saHeTo
Ha KOHKPETHW NyncoBu cekseHuun. [JageHa nyrncosa
CeKBeHUMs1 npefcTaensBa cneumdpuyHa KombuHaums
OT MpunaraHeTo Ha Bb3byXAawmn pagnovyecToTHU UM-
nyrncu v nNpegu3BuKBaHe Ha konebaHWsi B MarHUTHOTO
nore, KOUTO BOOAT OO MPOMSIHA B €HEPIMAHOTO CbC-
TOSIHVME Ha NPOTOHUTE. MarHMTHO-pe3oHaHCHUTE obpa-
31 ce nory4aeaT Ype3 n3MepBaHe Ha pagno4ecTOTHU-
Te CMrHanm, KOuTo NPOTOHUTE reHepupar Mo BpeMe Ha
Te3un konebaHus.

Mpu KMPT ce wu3anonseaT nBe OCHOBHW rpynu
cekseHuuw. MNpun nbpBaTa rpyna CekBeHuun ce onpeae-
nat mopdponoruaTa, OyHKLMATa U KPBBOTOKBLT, 4OKATO
npu BTOpaTa — mM3cnegsaHudATa ce PoKycupaT Bbpxy
TbKaHHaTa XxapakTepucTuKa Ha CbpLETO.

3a onpegensHe Ha mopdonorusTa, yHKUMaTa
N KPpbBOTOKA Ce WU3Mon3eaT [ABe OCHOBHW MOArpynu
CEKBEHLMW: C TbMHa 1 CbC CBETNA KPbB.

»1 bMHa KpbB“ 6bp3a (Mnu Typ60) CnMH-exo
CeKBeHLUus

ToBa e Han-4eCTO M3Mnon3BaHaTa nyrcoBa CEKBEH-
uma npu KMPT uscnegBanusa. Ta ce uanonsea npu
MoponornyHa (aHaToMmnyHa) U TbKaHHa XxapakTepuc-
TVKa Ha CbpLuETo 1 nepukapga. CekBeHuuATa Npeacra-
BNnsiBa KOMOMHaUMsI OT MOAroToBKa 3a ,TbMHA KpbB“ C
Obp3a, nnm Typbo cnmH-exo (SE) nyncoBa cekBeHUUS.
Upes Hes ce nocTura BUCOK KOHTPACT MEXAY KPbBHUS
nyn n CTEHUTE Ha CbPLETO U CbOOBETE.

CnnH-ex0 CekBeHUMSATa € eaHa OT OCHOBHUTE Myrico-
BM CEKBEHLMW, W3MOM3BaHN B MarHUTHO-PE30HaHCHaTa
Tomorpadus. CTaHaapTHaTa CrinH-eX0 CEKBEHLNS Ce CbC-
TOW OT Bb30yXKAaLL, PaaMOYeCTOTEH UMMYIC MOA brbfl OT
90°, KOWTO Cb3faBa MaKCMMarHa HanpeyHa HamarHuTe-
HOCT 1 BTOPU MHBEPCEH PaAMOYECTOTEH MMMYIIC NOA bIbll
ot 180°, KorTO cb3faBa HanpeyHa HaMarHUTEHOCT Brinska
00 MakcumMarHata, HO B MPOTMBOMOIIOXKHA nocoka. Cnep,
Cb3[aBaHETO Ha MakcyMariHaTa HampeyHa HamarHuTe-
HOCT criefjBa eKCroHeHLMarnHo HaMmarnsiBaHe Ha HelriHaTa
ronemMuHa, KOeTo BOAU OO0 HamarsiBaHe Ha UHTEH3uTeTa
Ha M3MepeHus curHan. HamansiBaHeTO Ha MHTEH3WTeTa
Ha curHana ce ObIMKM Ha CMOHTaHHOTO AedasvpaHe Ha
MarHUTHUTE MOMEHTM (CMIMHOBETE) Ha NPOTOHUTE BCrea-
CTBME Ha HEXOMOrEHHOCTM B MarHUTHOTO More un ce Ha-
puvda FID (free induction decay) curHan. VIHTeH3UTETHLT
Ha FID curHana e nponopumoHaneH Ha HamarHUTeHoCTTa
BbB BCekn obemeH enemeHT (Bokcen). [punaraHeTo Ha
WHBEPCEH MMMYNC Boau OO cdhasupaHe Ha MarHUTHUTE
MOMEHTM Ha NPOTOHUTE BbB BCEKW OTAENEH obeMeH ene-
MEHT, MPY KOETO BEKTOPBT HA HanpevyHaTa HamarHUTEHOCT
ce yBenuyaBa U1 ce MosiBABa HOB MUK B MHTEH3WTETA Ha 13-
MEepEeHMs cuUrHan, KomTo doopmMupa T.Hap. exo cbbuTue [9].

TYPES OF SEQUENCES IN CMRT

The different types of images in magnetic reso-
nance tomography are obtained using particular pulse
sequences. A given pulse sequence is a specific com-
bination of the application of excitation radio-frequency
pulses and the induction of fluctuations in the magnetic
field that result in a change in the energy state of the
protons. Magnetic resonance images are obtained by
measuring the radio-frequency signals that the protons
generate during these fluctuations.

Two main groups of sequences are used in CMRT.
In the first group of sequences, the morphology, func-
tion and blood flow are determined, while in the sec-
ond, the studies focus on the tissue characteristics of
the heart.

Two main subgroups of sequences are used to de-
termine morphology, function and blood flow: black and
bright blood.

»Black blood*“ fast (or turbo) spin-echo
sequence

This is the most commonly used pulse sequence
in CMRT studies. It is used for morphological (anatom-
ical) and tissue characterization of the heart and peri-
cardium. The sequence is a combination of black-blood
preparation with fast or turbo spin-echo (SE) pulse se-
quence. It achieves a high contrast between the blood
pool and the heart and vessel walls.

The spin-echo sequence is one of the main pulse
sequences used in magnetic resonance tomography.
The standard spin-echo sequence consists of an ex-
citation radio-frequency pulse at a 90° angle that pro-
duces a maximum transverse magnetization and a
second inverse radio-frequency pulse at a 180° angle
that produces a transverse magnetization close to the
maximum but in the opposite direction. After the gen-
eration of the maximum transverse magnetization, an
exponential decrease in the magnitude of the trans-
verse magnetization follows, resulting in a decrease
in the measured signal intensity. The decrease in sig-
nal intensity is caused by the spontaneous dephasing
of the magnetic moments (spins) of the protons as a
result of magnetic field inhomogeneities and is called
FID signal (free induction decay). The intensity of the
FID signal is proportional to the magnetization in each
volume element (voxel). The inverse pulse induces
phasing of the magnetic moments of the protons in
each volume element, where the transverse magne-
tization vector increases and a new peak in the mea-
sured signal intensity appears, forming the so-called
~echo” event [9].
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Mpn KoHBeHUMOHanHata SE nyncoBa CEKBEH-
Uusa ce nory4vyaBa €OVHWYEH CMUH-EXO CUrHam 4pes3
npunaraHe Ha Bb30OyXAdal, paguoyecToTeH MMMYIC,
nocnegsaH ot 180° cdasmpaly umnync. MNpun dbp3ata
SE nyncoBa cekBeHUus crieq nbpaoHavanHus 90° Bb3-
OyxgaLl MMnync ce reHepupaT cepusi OT exo-CUrHanm
ypes npunaraHeTo Ha nopeauua ot 180° nmnyncu [9].
Bcekun otgeneH exo-curHan ce nsnonssa 3a 3anbriBa-
He Ha HOB pep, OT K-MPOCTPaAHCTBOTO, 3aToBa 6pos Ha
€X0-CUrHanuTe, MoryYyeHn 3a BCeKkM Bb3Oyxaall Um-
nyric, € N3BeCTeH kaTo AbJhkMHA Ha exoto (ETL), unm
TypbodhakTop. MNMpn 6bp3ata SE nyncoBa cekBeHUUs
Bb3MOXHO MOMy4aBaHETO Ha [Ba Unn noBeye cpesa 3a
€[0HO 3afbpXaHe Ha AMLaHeTo OT CTpaHa Ha nauneH-
Ta (single shot — egHokagpoBsa).

3a ga ce nony4ym no-gobpo kadvecTBo Ha obpasuTe
C TbMHa KpbB, Ce M3Mon3Ba cxema 3a npegBaputenHa
MOArOTOBKA Ha HaMarHUTEHOCTTa B KOMOWMHaUUSA CbC
SE nyncoBa cekBeHuus. [pu Ta3m cxema ce fobasat
nBa 180° pagmodectotHn (RF) mHBepcHu umnynca
npean craptupaHeTo Ha SE nyncoBaTa CekBeHUUS.
MbpeusaTt 180° RF umnync nHeBepTupa BekTopa Ha Ha-
ONbXHaTa HaMarHUTEHOCT Ha BCUYKM TbKaHW M KPbB-
Ta, gokato BTopmaTt 180° RF nmnync nHBeptmpa oTHO-
BO BEKTOPA Ha HaAMbXXHaTa HamarHMTEHOCT, HO caMo B
rpPaHMLUTE Ha 30HaTa OT KIMMHUYEH UHTEPEC 3a n3cnea-
BaHeTo. [lonyyaBa ce Bpeme Ha 3aKbCHeHVe (Bpeme
cnep wHBepcusTa, Tl), npe3 koeTo HanpeyHa HamarHu-
TEHOCT Ha KpbBTa ce Bb3cTaHoBsiBa (T1 penakcauns)
OT MbpBOHayanHaTa cu oTpuuaTtenHa CTOWMHOCT, ObIi-
Xawa ce Ha 180° RF uHBepceH umnync. Cnen Bpe-
meto Tl ce npunara 90° RF umnync, konto cb3gasa
HanpeyHa HamarHUTEHOCT Ha 6bp3ata, unn Typbo SE
nyncoea cekseHums [9]. Mo Bpeme Ha Tl BcneacTteme
Ha KPbBOTOKA B paBHMHATa Ha cpe3a KpbBTa € C UH-
BEPTMpPaHa HaMarHMTEHOCT CNPSIMO KpbBTa, OcTaHana
B pPaBHOBECHO CbCTOsiHMe. SE nyncoBaTta cekBeHUMS
ce npurnara B MOMEHTA, KoraTo MHBEPTUPAHUS BEKTOP
Ha HagnbXHaTa HaMarHUTEHOCT JOCTUrHe Hyrna. Toea
BOOW [0 MOTWUCKaHe Ha CurHana oT KpbBTa M 4O MNony-
YaBaHEeTO Ha obpas C naearnHo TbMHa KpbB (dur. 5).

M3non3BaHeTo Ha cekBeHUMsITA C ABOWHA MHBEpP-
CUsi—Bb3CTaHOBSBaHE BOAU [0 Nony4vyaBaHeTo Ha obpa-
31 C pasnuyeH koHTpacT no T1, T2 n npoToHHa NAbT-
HocT (PD). O6pa3suTte no T1 gaBat no-gobpo aHaToMmy-
HO AaudpepeHumpaHe, gokato npu T2 n PD obpasute
ce noctura no-gobpo TbkaHHO xapaktepuaunpaxe [10].
PasnnunmnsaT koHTpacT moxe ga 6bae monydeH 4dpes
BapupaHe B NMpoabiukuTenHocTTa Ha Tl, nepuoga Ha
nostopeHue (TR) n BpemeTto Ha exoTo (TE) B pamknte
Ha 1-2 RR nHTepBana. TR e vHTepBanbT Mexay ABa
nocnegoBaTenHn Bb30Oyxgalm nMnynca, Heobxogum
3a Bb3CTaHOBsIBaHE Ha HaAnbXHaTa HaMarHUTEHOCT.
TE e nHTepBanbT Mexay HavanoTo Ha Bb3byxaalms
90° RF mmnync n MomeHTa Ha exoTo, KoraTo Bcreg-

In conventional SE pulse sequence, a single spin-
echo signal is obtained by applying an excitation ra-
diofrequency pulse followed by a 180° phasing pulse.
In the fast SE pulse sequence, after the initial 90° ex-
citation pulse, a series of echo signals are generated
by applying a series of 180° pulses [9]. Each individ-
ual echo signal is used to fill a new row of k-space,
so the number of echo signals obtained for each ex-
citation pulse is known as the echo length (ETL) or
turbofactor. In fast SE pulse sequence, it is possible
to obtain two or more slices for one breath hold by the
patient (single shot).

To obtain better quality black-blood images, a
magnetization preparation scheme is used in combi-
nation with SE pulse sequence. In this scheme, two
180° radiofrequency (RF) inversion pulses are add-
ed before starting the SE pulse sequence. The first
180° RF pulse inverts the longitudinal magnetization
vector of all tissues and blood, while the second 180°
RF pulse inverts the longitudinall magnetization vec-
tor again, but only within the area of clinical interest
for the study. A time delay (time after inversion, TI) is
obtained during which the transverse blood magneti-
zation recovers (T1 relaxation) from its initial negative
value due to the 180° RF inversion pulse. After the Tl
time, a 90° RF pulse is applied, which creates trans-
verse magnetization of the fast or turbo SE pulse se-
quence [9]. During TI, due to the blood flow, the blood
in the plane of the incision has an inverted magneti-
zation relative to the blood remaining at steady state.
The SE pulse sequence is applied at the moment
when the inverted longitudinal magnetization vector
reaches zero. This results in suppression of the sig-
nal from the blood and an image with perfectly black
blood is obtained (Fig. 5).

The use of the double inversion-recovery se-
quence results in images with different T1, T2 and
proton density (PD) contrast. T1 images provide bet-
ter anatomical differentiation, whereas T2 and PD
images achieve better tissue characterization [10].
Differential contrast can be obtained by varying the
Tl duration, time of repetition (TR) and time of echo
(TE) within 1-2 RR intervals. TR is the interval be-
tween two consecutive excitatory pulses required
to recover longitudinal magnetization. TE is the in-
terval between the onset of the 90° RF excitation
pulse and the echo time when, due to the second
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ctBue Ha BTopusa 180° RF nHBepceH umnync curHansT
€ MakcumarneH. Ypes gbimknHata Ha Tl ce KoHTponupa
KOHTPACTbT MEXAY TbKaHWTE, a BEKTOPBT Ha Hanpey-
HaTa HaMarHMTEeHOCT Moxe Aa Obde B oTpuuaTtenHa
unu nonoxurenHa nocoka. MNpu kpatko TE ce Hama-
ngaea BnusiHMeTo Ha T2, a TR onpenens cteneHTa Ha
Bb3CTAHOBSIBAHE Ha BEKTOpa Ha HaAnbXxHata Hamar-
HUTEeHOoCT. YUpes noaxoasii n3dop Ha Tl u gonbnHuTen-
HW Bb3OYyxaaLwm unmn nHeepcHn RF umnyncu moxe ga
Ce NOTUCHE CUrHambT OT onpeaeneHu TbkaHu (Hanp.
Ma3HUHUTE) 1 Aa ce noryyar Ha T.Hap. 0b6pa3un ¢ TbMHa
KPbB U TbMHM Ma3HuHKM [10]. OcHoBHMTE NpegnmcTBa
Ha U3Mnon3BaHeTo Ha 6bp3n TbMHA KPbB CEKBEHLMMN Ca
CBbp3aHM C eNVMMWHMPAHETO Ha MeTanHu aptedakTm
B 0Opasa, nonyyaBaHeTo Ha T1 u/unu T2 obpasu 3a
XapakTepusvpaHe Ha CbpAeYHM TyMOpM, OLEHKa Ha
nepuKapauT, MMOKapAWT, apUTMOreHHa AecHOKamepHa
KapgmommuonaTusa 1 KpbBOHOCHM CbaoBe [8].

T2-npeTterneHara KpaTkoTpaHa UHBEpPCUA—
Bb3cTaHoBsABaHe cekBeHuus (STIR)

Tasn cekBeHUus ce npenopbyvBa Mpu mMscneaBa-
HETO Ha NauueHTM C edemM Ha Muokapda, TbW KaTo
noTucka curHana oT KpbBOTOKa M Ma3HMHUTE U yCunBa
curHana ot TbkaHHata TevHocT [11]. STIR e TexHuka 3a
noTUCKaHe Ha MasHUHWTE C BPeMe 3a MHBEPCUs, Mpu
KOETO CUrHambT HA MasHUHWUTE € Hyna. YCroBMETO 3a
pasrpaHvyyaBaHe Ha [iBe pa3nunyHu TbkaHu 4ype3 STIR e
XapaKTepHUTE UM BPEMEHA 3a HaATbXHa penakcauus
T1 pa ce pasnuyaBat no npogbrkutenHoct. FLAIR
(MHBEpPCUA—BB3CTAHOBSABAHE C MOTUCKAHE Ha TEYHO-
cTn) e nogobHa TexHUka 3a notuckaHe Ha sogarta [10].

Mpun STIR ce n3nonsea kpaTko BpeMe 3a Bb3CTaHO-
BsIBAHe Cnej MHBEpPCUATa M He mMorat ga ce npunarat
B KOMOMHaUUSA € ragonuHnin-6asnpaHn KOHTPACTHU Ma-
Tepun, Tb KaTo KOHTPaCcTUpaHUTE C ragorivHui TbKa-
HW Ce xapakTepuaupar ¢ Kbco T1 1 cbLlecTByBa pUCK
OT HEeXernaHo HynupaHe Ha curHana ot 1ax [9, 10].

®ur. 5. O6pas ¢ ,TbMHa KPbB“ — CUrHaNbT OT KPbBTA € NOTUCHAT, KOETO
nosBsonsiBa Aobpa genvHeauns Ha Mvokapaa OT KpbBTa B CbpAeyHUTe
KYXUHU

Fig. 5. ,Dark blood“ image — the signal from the blood is suppressed,
allowing good delineation of the myocardium from the blood pool

180° RF inversion pulse, the signal is maximal. Tl
length controls the contrast between tissues, and the
transverse magnetization vector can be in the neg-
ative or positive direction. At short TI, the influence
of T2 is reduced, and TR determines the degree of
recovery of the longitudinal magnetization vector. By
appropriate choice of Tl and additional excitatory or
inverse RF pulses, one can suppress the signal from
certain tissues (e.g., fat) and obtain the so-called
,black blood and black fat“ images [10]. The main
advantages of using fast ,black blood“ sequences
are related to the elimination of metal artifacts in the
image, the acquisition of T1 and/or T2 images for
the characterization of cardiac tumours, the evalua-
tion of pericarditis, myocarditis, arrhythmogenic right
ventricular cardiomyopathy, and blood vessels [8].

T2-weighted short-tau inversion-recovery
sequence (STIR)

This sequence is recommended in the study of pa-
tients with myocardial edema because it suppresses
the signal from blood flow and fat and enhances the
signal from tissue fluid [11]. STIR is a fat suppression
technique with an inversion time where the fat signal is
zero. The condition for distinguishing two different tis-
sues by STIR is that their typical T1 longitudinal relax-
ation times differ in duration. FLAIR (fluid-suppressed
inversion-recovery) is a similar technique for water
suppression [10].

STIR uses a short inversion recovery time and
cannot be used in combination with gadolinium-based
contrast media because gadolinium-contrasted tissues
are characterized by short T1 and there is a risk of un-
wanted signal suppression from them [9, 10].
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,CBeTna KpbB“ — 6anaHcupaHa cBob6ogHa npe-
Lecus B CTauMoHapHoO cbeTosiHne (bSSFP)

MonyyaBaHeTo Ha knMHO obpasu JonpuHacs 3a no-
CTaBSAHETO Ha (DYHKLMOHAMNHA N KONMMYECTBEHa OLieHKa
Ha PyHKUMATa Ha KamepuTe Ha CbPLETO U ABMXEHNETO
Ha cTeHuTe. [Mpu cbBpemMeHHaTa KMHO MarHUTHO-Pe30-
HaHCHa 00pa3Ha guarHocTvKa Ce U3rnorn3Ba CeKBeHUU-
a1a bSSFP B koMOuHauums ¢ petpocnekTnHo EKIT Tpu-
repupaHe. Ypes Hesl ce nonyyasaTt 06pa3n C BUCOK UH-
TEH3UTET Ha cUrHana BbNpekn MHOro KbCoTo TR, KOeTo
ce ObJDKM Ha nuncata Ha gedasupaHe BCreacTeue ot
npunaraHeTo Ha rpaguMeHTun no Bpeme Ha TR [11].

KnHo marHuTHo-pe3oHaHcHaTa obpasHa guarHo-
CTUKa ce npuema KaTo pedepeHTeH MeToA 3a nony4a-
BaHe Ha cepuiHM obpasun 3a KONMYEeCTBEHa OLeHKa Ha
CcbpAeyHUTEe 0bemMun, MUOKapAHaTa Maca U KamepHaTa
dyHkums. KonnyectseHaTta oLeHka Ha kamepaTa ce Mo-
nyyaBa, KaTo ce OT4eTe cyMaTa Ha nnoLyTa Ha kKamepara
BbB BCEKM Cpe3 yMHOXeHa no gebenvHaTta Ha CbOTBET-
HWUS cpe3. ToyHaTa KonM4ecTBeHa OLeHKa € BaXkHa npu
naumMeHTN C BPOOEHM CbpaeyHn Mandopmaumm, Kato
TeTpanorna Ha dano, TpaHCNo3Muusa Ha ronemuTe ap-
Tepun, 1 3a guarHocTuumMpaHe Ha pasnuyHn Kapanomm-
onartuu, Kato apMTMOreHHa eCHOKaMepHa aucnnasung
unu xunepTpoduryHa kapguomuonatus. 1o npomeHu-
Te BbB (hopMaTa 1 OBWKEHNETO HA KaMEPHUsI CenTyM,
KOMTO HacTbMNBaT B X04a Ha PeCcrnMpaTopHuUsi LUMKbI, ce
06eKkTVBM3Mpa B3aMMOBpPb3KaTa Mexay ABETe kamepu
Ha cbpueTo [12, 13, 14]. Macata Ha JIK ce nony4asa,
KaTo ce yMHOXM 06eMbT Ha Mmrokapaa € NibTHOCTTa Ha
Muokapga. OT gpyra cTpaHa, OTHOLLIEHMETO Ha Macara
KbM obemMa ce u3nomnaea 3a pasrpaHudaBaHe Ha pop-
muTe Ha JIK xuneptpodus. KuHo obpasun npu pasnmyHm
paBHMHM MO3BOMABAT KOMMYECTBEHO OMnpefensiHe Ha
CTEMEeHTa Ha KranHata MHCY(ULUMEHLMSA UM CTEHO3a,
OVC- NN aCMHXPOHHOCT Ha KamepHaTta CTeHa Uiy nog-
BVXXHOCT Ha CbpaeyHu Tymopu [8].

KuHo bSSFP obpasute moraT ga ce uanonssar
M 3a oueHKa Ha obLwiaTa U fokanHaTa MexaHuka Ha
MUOKapa upe3 npunaraHeTo Ha aBToMaTtuampaH
coTyep 3a KOnMyecTBEHA OLEHKa Ha cucTornHata 1
AunactonHata mmokapaHa gedgopmanms (CMR feature
tracking, CMR-FT). Upes codTyepa sAcHO ce ovepTa-
BaT enuKapaHUTe U eHOoKapaoHUTE KOHTYpU, onpeae-
nat ce gedopmaumuTe (HagnbXKHa, paguanHa u ump-
KymcpepeHTHa) 1 ce npocreasiBat NpOMeHUTe UM BbB
BpemeTo [15]. CodbTyepbT npuTexasa MHOXECTBO AU-
arHOCTUYHM N NMPOTHOCTUYHU Bb3MOXHOCTU MpU pas-
rpaHM4YaBaHe Ha HopmarnHa u abHopmHa cbpaevHa
YHKLMS, U3crneaBaHe Ha CbpAeyHa He4OCTAaTbYHOCT,
natodusnonorus, nporpecust Ha 3abonsBaHeTo u on-
pedensiHe Ha pycka Npy pasnuYyHu CbpaeYyHO-CbA0BU
3abonseaHusa [8, 15].

,»Bright blood“ balanced steady-state free
precession (bSSFP)

The acquisition of cine images contributes to the
staging of functional and quantitative assessment of
cardiac ventricular function and wall motion. In mod-
ern cine magnetic resonance imaging, the bSSFP
sequence is used in combination with retrospective
ECG-gating. It produces images with high signal inten-
sity despite a very short TR, which is due to the lack of
dephasing resulting from the application of gradients
during TR [11].

Cine magnetic resonance imaging is accepted as
a reference method for obtaining serial images for
quantification of cardiac volumes, myocardial mass,
and ventricular function. Ventricular quantification
is obtained by considering the sum of the ventric-
ular area in each slice multiplied by the thickness
of the corresponding slice. Accurate quantification
is important in patients with congenital cardiac mal-
formations such as tetralogy of Fallot, transposition
of the great arteries and for the diagnosis of vari-
ous cardiomyopathies such as arrhythmogenic right
ventricular dysplasia or hypertrophic cardiomyopa-
thy. The changes in the shape and movement of the
ventricular septum that occur during the respiratory
cycle objectify the interrelationship between the two
chambers of the heart [12, 13, 14]. The LV mass is
obtained by multiplying the myocardial volume by
the myocardial density. On the other hand, the mass
to volume ratio is used to differentiate forms of LV
hypertrophy. Cine images at different planes allow
quantification of the degree of valvular insufficiency,
ventricular wall desynchrony or asynchrony, or the
motility of cardiac tumours [8].

Cine bSSFP images can also be used to as-
sess general and local myocardial mechanics by
using automated software for CMR feature tracking
(CMR-FT). Using the software, epicardial and endo-
cardial boundaries of myocardial tissue are clearly
delineated, deformations (longitudinal, radial, and
circumferential) are determined, and their changes
over time are tracked [15]. The software has multiple
diagnostic and prognostic capabilities in differentiat-
ing normal and abnormal cardiac function, investigat-
ing heart failure, pathophysiology, disease progres-
sion, and determining risk in various cardiovascular
diseases [8,15].
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,»CBeTna KpbB*“ MarHUTHO-pe30HaHCHAa aHru-
orpacus (MPA)

CoblwecrByBaT OBa BuAa MarHUTHO-pE3OHaHCHA
aHrnorpacdwms. MNpu koHTpacTHo ycuneHata MPA (CE-
MRA) ce BbBexaa BEHO3HO KOHTpacTHa matepusi Ha
Oasarta Ha ragonuHui 3a pasnuka ot MPA cbc cekBeH-
LS ,cBeTNa KpbB“, KbOETO HE Ce annunkMpa KOHTpacT-
Ha maTepusi. CekBeHUMATA HE U3NCKBA crneumpuyHn
npoMeHn B pPYyTMHHO u3nonssaHuss KMPT npoTokon
N MOXe [a Ce OCbLUEeCTBM B Kpasd Ha U3CNeaBaHEeTo.
CekBeHUMATa € U3BECTHA OLle KaTo ,UAno cbpue’.
MpencTtaensiBa M30TponeH TPUMEPEH Habop OT AaH-
HU Ha SSFP cekBeHuus. VscneaBaHeTo ce n3BbpLIBa
¢ EKT n gnxarenHo Tpurepupane. NpunoxeHueTo Ha
MPA e npu pasnuyHu CbpAaeqHO-CbO0BU 3abonsea-
HUSI, KaTo MOP(ONOMMYHN aHOManMM Ha KOPOHAapPHU
apTepuun, 3abonsiBaHMsA Ha aopTarta, aHoMarnHu 6eno-
APOOHN BEHO3HM BpblUaHus, 6enogpobHu aptepun m
BPOAEHM CbpaeyHn MandopMaLlmm.

Mpu koHTpacTHO ycuneHata MPA ragonuHuaT
ckbcsiBa T1 Ha KpbBTa U TA ce nM3o0bpassiBa C ApPbK
WHTEH3NTET B ob6pa3a. OcHOBHaTa CEKBEHLMS, KOsI-
TO ce u3nonasea, e T1-npeterneHa 3D 6bp3a rpagu-
€HTHa exo unu Typbo-noneBa exo CEKBEHLMS C bIbll
Ha oTkroHeHue ot 40-45° n kbco TR n TE. CekBeH-
LUMsiTa Han-4eCcTo € B KOpOHasnHa paBHMHA U None ¢
MakcuMarnHo ronsamMo nokputme [16]. KpbBoHOCHUTE
cbaoBeTe ce M300pa3sBaT CBETNM 3apagu Hanuuu-
€TO Ha KOHTpacTHaTa mMaTtepusi B TAX, a (POHOBUAT
CUrHan ce noTucka nopagm edekta Ha HaculaHe.
HetannHoctta B obpasa ce nogobpsea ypes cyb-
Tpakuua mexgy obpasm cbC n 6e3 HanmymeTo Ha
KOHTPACT B TAX UMM Ype3 yBenvyaBaHe KOHLUEeHTpa-
umaTa Ha 6onyca, 3a ga ce nogobpu BUAMMOCTTA Ha
cbaoete [16].

CE-MRA oT cBos cTpaHa ce Aenu Ha ABa OCHOBHU
BMAa CEKBEHLUUN:

— MarHUTHO-pe30HaHCHa CKOMKWs, NP KOSITO ce Ha-
ontogaeat obpa3ute B peasnHo BpPeEME;

— umnyncHa CE-MRA, npu koaTo gaHHuTe ce no-
nyyasaT MHorocasoBo npe3 1-2 s, HO 3a cMeTKa Ha
BroLleHa pasgenuTenHa cnocobHocT B obpasa.

Mpu CE-MRA ce npenopbyBa naumeHTbT Aa
3a4bpPXN OMLLAHETO CU N0 BPEME Ha CeKBeHUUATa,
3a ga ce nsberHe nosiBaTa Ha pecnMpaTopHU ABura-
TenHu aptedakTn. 3a geTanneH aHanua Ha OaHHU-
Te Ce M3BbPLBAT OOMBIHUTENHU PEKOHCTPYKLMWU,
KaTo MHOoropaBHuHHU (MPR), 06emHu (VR) 1 npoek-
uMsa ¢ MakcumaneH nHteHsutet (MIP). Han-yectoto
npunoxeHne Ha CE-MRA e npu aoptHu 3abons-
BaHMWs, NPOXOAMMOCT Ha AaOPTHWU TPaAHCMMNAHTAHTU,
OenogpobeH TpomMbGOemMOONM3bLM U aHOManuuM Ha
cbaoseTte [8].

»Bright blood“ magnetic resonance

angiography (MRA)

There are two types of magnetic resonance angi-
ography. In contrast-enhanced MRA (CE-MRA), gad-
olinium-based contrast agent is injected intravenous-
ly, compared to MRA with a ,bright blood“ sequence,
where no contrast agent is injected. The sequence re-
quires no specific changes to the routinely used MRT
protocol and can be performed at the end of the study.
The sequence is also known as ,whole-heart®. It is an
isotropic three-dimensional SSFP sequence data set.
The study is performed with ECG gating and respira-
tory triggering. The application of MRA is in various
cardiovascular diseases such as morphological abnor-
malities of coronary arteries, aortic diseases, abnormal
pulmonary venous returns, pulmonary artery disease
and congenital heart malformations.

In contrast-enhanced MRA, gadolinium shortens
the T1 of blood and it is depicted with bright intensity in
the image. The primary sequence used is a T1-weight-
ed 3D fast gradient-echo or turbo-field echo sequence
with a 40°-45° flip angle and short TR and TE. The
sequence is most often in the coronal plane and field
with maximum coverage [16]. Blood vessels are im-
aged bright because of the presence of contrast matter
within them, and the background signal is suppressed
because of the saturation effect. Detail in the image
is improved by subtraction between images with and
without the presence of contrast in them or by increas-
ing the bolus concentration to improve the visibility of
the vessels [16].

CE-MRA is divided into two main sequence types:

— magnetic resonance fluoroscopy, in which the
images are observed in real time;

— pulsed CE-MRA, in which data are acquired
multiphasically over 1-2 s but at the expense of
degraded resolution in the image.

In CE-MRA, it is recommended that the patient
hold his or her breath during the sequence to avoid
respiratory motion artifacts. Additional reconstruc-
tions such as multiplanar (MPR), volumetric (VR),
and maximum intensity projection (MIP) are per-
formed for detailed data analysis. The most common
application of CE-MRA is in aortic disease, aortic
graft patency, pulmonary thromboembolism, and
vascular anomalies [8].
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KoHBeHUMOHanHa (pa3oBO-KOHTPacTHa KUHO
MarHuTHo-ob6pasHa guarHoctuka (PC-MRI) —
KONMU4eCTBEHO U3MepBaHe Ha KpbBOTOKa

B no-rongamata cu 4acT AgmarHocTMyHaTa WMHop-
Mauus B MarHMTHO-pe30HaHCHUTE 0bpa3n ce ObImku
Ha pasnuyHaTa Mo rofeMuHa amnnuTygarta Ha curHa-
na, a pasnu4H1TE HIDAHCK Ha CMBOTO B obpasa ce AbIi-
XaT Ha cunaTa Ha curHana ot JafeH Bokcen. AKOo ce
cbbupaT JaHHM 3a NpoMsiHaTa B bInoBaTa YecToTa Ha
NpoTOHa 3a AafleHO BpeMe, KOETO OT CBOS CTpaHa 3a-
ObIMKUTENHO BOAM 0 NPOMsiHA BbB (pasata Ha CurHa-
na, Ha cpbmHana ce nony4asa obpas, Npu KOMTO foKar-
HOTO OTMecTBaHe Ha hasaTa MOXe Ja Ce MU3MNon3Ba 3a
norny4aBaHe Ha kapTa. Ha Ta3u kapTa MHTEH3UTETBLT Ha
BOKCEnuTe ce onpegens ot hasoBOTO OTMECTBaHe, a
He OT amnnuTygaTa Ha curHana [17].

PC-MRI ce mn3nonaea 3a nony4yaBaHe Ha obpasu, C
KOUTO KONMNMYECTBEHO [a Ce OLIEHN KPBOTOKLT NPe3 Cbp-
[OEYHMTE Knanu v B rofieMmTe KpbBOHOCHM cbaoBe. Paso-
BUTE 0bpasun ce Morny4aeart, KaTto Npeau rpagueHTuTe 3a
(ha3oBO KoAMpaHe 1 YeTeHe ce JobaBs ABYMNOMOCEH rpa-
[OMEHT, KONTO Koampa ckopocTTa. [punaraHeTo Ha rpagu-
€HT 3a NPOMsIHa Ha YecToTaTa, NocrneaBaH OT paBeH, HO
NPOTMBOMONOXEH MO NOCOKa rPagMeHT, BOAM OO nunca
Ha pa30BO OTMECTBaHE 3a HEMOABVXKHUTE MPOTOHMU, HO
NOABWKHUTE NPETLPNABAT pasfnyHa cteneH Ha a3oBo
N3MEeCTBaHe, Tbi KaTo MOCTOSHHO MPOMEHST MeCTOMo-
NOXEHMETO CK MO MocoKa Ha rpagmerTa [17]. Pas3oBoTo
OTMECTBaHe € NMPOMOPLIMOHANHO Ha CKOPOCTTa Ha NOTOKa
Ha NMPOTOHUTE MO NMOCOKa Ha rpagueHTa, crieqoBaTerniHo
MOXe KONMMYEeCTBEHO Aa ce onpenenu ha3oBoTO OTMEC-
TBaHe, NPUYNHEHO OT KPbBOTOKA. BbB (ha3oBo-KOHTpacT-
HaTa knHo KMPT HenogBwkHaTa TbkaH ce n3obpassiea ¢
MEXOUHEH MHTEH3UTET Ha curHana Ha obpasute ¢ da-
30B KOHTPACT, a Tevallata KpbB — C 041 unm YepeH uH-
TEH3UTET, B 3aBUCUMOCT OT MOCOKaTa Ha NoToKa CnpsiMo
rpagueHTuTe 3a kogmpaHe Ha ckopocTTa [8]. BaxkHo e ga
ce onpeaenuy roriemMmHaTta Ha rpagmeHTa 3a KogMpaHe Ha
CKOpPOCTTa B 3aBMCUMOCT OT O4yakBaHaTa MakcumariHa
CKOPOCT B KPbBOHOCHMS CbAl, KOWTO € OT KITMHUYEH NHTE-
pec. NponyckaHeTo Ha Ta3n CTbka Boau 40 NosiBaTa Ha
aptedaxT Tvn aliasing (cpur. 6) [18].

CkopocTTa Ha KpbBOTOKa B JafeH CbA Ce onpeae-
Nsi OT NPOM3BELEHNETO Ha CpefHaTa CKOpPOCT B JlyMeHa
Ha cba no nnouwita Ha nymeHa. Ypes PC-MRI moxe
KONMMYeCTBEHO Ada ce onpefensiT CbpAeYHuAT aebut
(CO), knanHata peryprutaumsi, CteneHTa Ha cbaoBaTta
W KnanHata CTeHO3a, OTHOLIEHMETO Ha GenoapobHust
KbM CUCTEMHUS KpBbBOTOK (Qp/Qs), kaTo OBLWMAT Cbp-
neyeH 0ebut e cyma ot 6enogpobHust U CUCTEMHUS
kpbBOTOK (CO = Qp + Qs) [19].

4D cekBeHUUA 3a KPbBOTOKA

3a Konn4ecTtBeHo n3mMepBaHe Ha KpbBOTOKA B KIN-
HUYHaATa NpakThka € BbBedeHa T.Hap. 4YeTupunmepHa

Conventional phase-contrast cine magnetic
resonance imaging (PC-MRT) — quantitative
blood flow measurement

Most frequently, the diagnostic information in mag-
netic resonance images is due to the varying magni-
tude of the signal amplitude, and the different shades
of grey in the image are due to the signal strength
from a given voxel. If collected data are based on the
change in angular frequency of the proton over a giv-
en time, which in turn necessarily leads to a change
in the phase of the signal, an image is finally obtained
where the local phase shift can be used to obtain a
map. In this map, the intensity of the voxels is deter-
mined by the phase offset rather than the amplitude of
the signal [17].

PC-MRT is used to obtain images to quanti-
fy blood flow through the heart valves and into the
great vessels. Phase-contrast images are obtained
by adding a bipolar gradient that encodes velocity be-
fore the phase encoding and readout gradients. The
application of a frequency-shifting gradient followed
by an equal but opposite direction gradient results in
no phase shift for stationary protons, but mobile pro-
tons undergo varying degrees of phase shift as they
constantly change location along the direction of the
gradient [17]. The phase shift is proportional to the
flow velocity of the protons along the direction of the
gradient, therefore the phase shift caused by the flow
can be quantified. In phase-contrast cine fMRT, sta-
tionary tissue is imaged with intermediate signal in-
tensities of phase-contrast images, and flowing blood
is imaged with white or black intensities, depending
on the flow direction relative to the velocity-encoding
gradients [8]. It is important to determine the magni-
tude of the velocity encoding gradient in relation to the
expected maximum velocity in the blood vessel that is
of clinical interest. Omission of this step results in an
aliasing-type artefact (Fig. 6) [18].

The velocity of blood flow in a vessel is determined
by the product of the mean velocity in the vessel lumen
and the area of the lumen. By PC-MRT, cardiac output
(CO), valvular regurgitation, degree of vascular and
valvular stenosis, and ratio of pulmonary and systemic
blood flow (Qp/Qs) can be quantified; total cardiac out-
put is the sum of pulmonary and systemic blood flow
(CO =Qp+Qs) [19].

4D blood flow sequence

To quantify blood flow in clinical practice, the so-
called four-dimensional (4D) blood flow sequence was
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®dur. 6. CkopocT-KogMpaHa CeKBeHUUs 3a
KONIMYECTBEHO oOMnpedensiHe Ha KpbBOTOKa
Ha HMBOTO Ha CcuHOTybynapHaTa Bpb3ka
npu nauuMeHT ¢ aopTHa cTeHosa. [bpBOTO
n3mepBaHe (BnsiBo) e nony4veHo ¢ VENC ot
— 180 cm/s, koeTo e TBbpAe HUCKO U ce Ha-
6niogaBa aptedakT (kbnta ctpenka). Mpu
NOBTOPHO U3MepBaHe C No-BUCOKa CTOMHOCT
Ha VENC — 280 cm/s (BOICHO) He ce Bu3ya-
nusvpa aptedakt

Fig. 6. Velocity-encoded flow quantitation se-
quence acquired at the level of the sinotubu-
lar junction in a patient with aortic stenosis.
The initial sequence (left) was acquired with a
VENC of 180 cm/s, which was too low and the

aliasing artifact is presented (yellow arrow). The sequence was reacquired again with a VENC adjusted to 280 cm/s and aliasing is no longer

presented (right)

(4D) cekBeHUMs1 3a KpbBOTOKA, Ype3 KOSATO Ce OCUry-
psiBa MbiHO OOEMHO MOKPUTUE M LSAINIOCTHA OLEHKa
Ha cboBaTa XxeMoAMHaMuKka B obnacTtra Ha UHTepec.
CekBeHUusiTa flaBa Bb3MOXHOCT 3a BU3yanuanpaHe Ha
nocokarta Ha [ABWXEHUe Ha KpbBTa U TPMMEPHO BU3ya-
nuanpaHe Ha xemoauHamukarta B peanHo speme [20].
Ypes cekBeHUuATa ce nocTura TpMMEpPHO KoamMpaHe Ha
CKOPOCTTAa, KaTo 3a uenTta ce npunaraT rpagueHTu no
HSIKOITKO OCW, KOMTO Ca YyBCTBUTENHU KbM ABMKEHNE-
To. lMocTura ce AMHaMmMyHa BU3yanuaaumns Ha KpbBOTO-
Ka npes rofieMmn n CrioXXHu Cbpae4yHo-CbAoBM 30HU. Ha
npakTka CeKkBeHUMsiTa NPeAcTaBnsiBa TpuMepHa ga-
30Bo-kOHTpacTHa KMPT ¢ gonbnHuTenHa Bb3MOXHOCT
3a OTYUTaHEe Ha BPEMETO N Bb3MOXHOCT 3a rnoryyasa-
He Ha 06eMHM OaHHK 3a ckopocTTa [8]. OrpaHuyeHne
Ha 4D cekBeHUMATa 3a KPHLBOTOKA € HenHaTa NpoabIi-
XUTEnHocT. BpemeTpaeHeTo Ha cekBeHUusiTa Bapupa
Mexay 5 1 20 MUHYTU 1 3aBUCK OT HaYMHa Ha gullaHe
N OT CbpaevHaTa 4yecTtoTa Ha nauueHTa. OcBeH ToBa
orpaHuyeHaTa MpPOCTPaHCTBEHA pasgenuternHa cro-
COBHOCT orpaHvnyaBa aHanu3a B mankuTe cbaose [20].
lMocTobpaboTkata Ha MOMyyYeHUTe AaHHM BKIHOYBA
Habop OT KONMMYECTBEHM XEMOAMHAMWYHU NapameTpu
unm Gruomapkepu, Kato CKOPOCT Ha MnyricoBaTa BbilHa
(PWV), TypOyneHTHOCT, HanpexeHne BbpXy CTeHaTa
Ha gageH cbf (WSS) (cunata Ha TpUeHe, KOATO Kpb-
BOTOKA YynpaXkHsiBa BbpXy CTEHaTa Ha Cbfa), EKCLIEHT-
puumnTeT Ha notoka [20]. MeToabT e obelyasaly 1 npo-
Ob/hkaBa ga ce pasBuBa B TEXHUYECKO OTHOLLEHWE,
KaTo OCHOBHUTE pa3paboTKM ca HacodyeHu B MOcCoKa
Ha oLeHKa Ha YHKUMOHanNHaTa CUrHUPUKAHTHOCT Ha
CcTeHo3aTa WM OTKPUBAHE Ha aHOpMarHu Hanpexe-
HUSA, KOUTO TYPOYNEHTHUAT KPBbBOTOK MOXE Aa Cb3aa-
e BbpXy CTEHWUTE Ha KpbBOHOCHUTE cbaoBe [20].

THKAHEH KOHTPACT nPu KMPT

KMPT npeTbpns 3Ha4MTENHO pa3BUTUE B TEXHO-
NOrMMYHO OTHOLIEHME npe3 nocnegHuTe 15 roguHu,

introduced to provide full volume coverage and com-
prehensive assessment of vascular hemodynamic in
the region of interest. The sequence allows visualiza-
tion of the direction of blood flow and three-dimen-
sional visualization of hemodynamic in real time [20].
The sequence achieves three-dimensional velocity
encoding by applying gradients along multiple axes
that are sensitive to motion. Dynamic visualization of
blood flow through large and complex cardiovascular
areas is achieved. In practice, the sequence precom-
piles three-dimensional phase-contrast fMRT with the
additional capability of time-lapse and the ability to ac-
quire volumetric velocity data [8]. A limitation of the 4D
blood flow sequence is its duration. The sequence du-
ration varies between 5 and 20 minutes and depends
on the patient's breathing pattern and heart rate.
Furthermore, the limited spatial resolution limits the
analysis in small vessels [20]. The post-processing of
the acquired data includes a set of quantitative he-
modynamic parameters, or biomarkers, such as pulse
wave velocity (PWV), turbulence, wall shear stress
(WSS) (the frictional force that blood flow exerts on
the vessel wall), and flow eccentricity [20]. The meth-
od is promising and continues to evolve technically,
with major developments directed toward assessing
the functional significance of stenosis or detecting ab-
normal stresses that turbulent blood flow can create
on blood vessel walls [20].

TISSUE CHARACTERIZATION IN CMRT

CMRT has undergone significant technological de-
velopment over the past 15 years, becoming a valuable
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npeBpbLUanikn ce B LEHeH MeTof 3a AMarHocTuka u
KNMHWYHM NpoyYBaHus B obriactTa Ha KapguonorusaTa.
Pa3paboTBaHETO Ha KOHTPACTHO YCUIEHW CEKBEHLMU
Josefe 00 nogobpsiBaHe Ha AMArHOCTUYHUTE U Npor-
HOCTMYHMTE Bb3MOXHOCTM Ha MeToga bnaropgapeHve
Ha SICHOTO ThKaHHO XapakTepusnpaHe Ha CTPYKTypute
Ha cbpLeTo. TakbB TMN cekBeHuus e T1-npeterneHara
(T1W) uHBepcusi—Bb3CTaHOBSBAHE C KbCHO ragonu-
HneBo ycuneaHe (LGE), ypes koATo cTaHa Bb3MOXHO
pasrpaHM4YaBaHETO Ha UCXEMUYHUTE OT HEUCXEMUYHU-
Te KapaAnoMMonaTun. AHanorM4yHo, yCbBbpLUEHCTBaHE-
TO Ha T2-npeternenute (T2W) TeXHMKN Npe3 roanHUTe
yTBbpamxa pondra Ha KMPT npu xapaktepusnpaHeTo
Ha MMUoKapdHaTa TbKaH, JaBalky Bb3MOXHOCT 3a OT-
KpuBaHe Ha OTOK M Bb3naneHwe Ha Muokapga [21].
PaspaboTBaHeTOo Ha NapamMeTpu4HM TEXHUKM 3a Kap-
TUpaHe Ha Muokapga, kato T1- n T2-kapTupaHerto,
[anoxa Bb3MOXHOCT 3a XapakTepusupaHe Ha TbKa-
HUTE B KONMYECTBEHO OTHOoLWeHne [22]. TexHuknte 3a
KapTMpaHe Mo3BOMsiBaT NoflydaBaHETO Ha OOeKTUBHA
OLeHKa Ha CBOMCTBATa Ha MUOKapAHaTa TbKaH 4pes
abConioTHO KONMMYEeCTBEHO U3MepBaHe, a He camo Ha
0asarta Ha CybEeKTMBHU OLIEHKN Ypes KayecTBeHa (BU3Y-
anHa) unm NonyKonMyecTBeHa oLeHKa (CpaBHsBaHE Ha
OTHOCMWTENMHU CUrHanu), Mpu KOUTO € Bb3MOXHO Aa ce
nonyyun nogueHsiBaHe UnNn HagueHsiBaHe Ha CTeneHTa
Ha 3abonsiBaHeTo [23].

KbcHo ragonuHueBo ycunBaHe (LGE)

LGE npu KMPT e npuet kato pedepeHTeH cTaH-
[apT 3a HEMHBA3MBHA OLIEHKA Ha BMTANHOCTTa Ha MU-
okapga [24]. Cnen nbpBOHAYanHOTO BanuMamMpaHe Ha
LGE kaTo TexHuka 3a XUCTOMorMyHa oLeHKa, KbCHOTO
ragonvHMEBO yCUIBaHe CUNHO ce yTBbpAW Mpu pas-
rpaHn4yaBaHETO Ha 30HUTE Ha MUOKapAeH UHMapKT oT
HopManHua Muokapg [25, 26]. KnuHMYHOTO npunoxe-
Hne Ha LGE 3HauuTenHo ce paswmpu, BKAKYUTENHO
3a OTKpMBaHe Ha HeMCXeMUYHU MOLENN Ha ycurBaHe,
npegBapuTenHa oLeHKa Ha apMTMOreHHUst cybcTpat u
BU3yanusnpaHe Ha nesuv npu nauueHTu crneg paguo-
YyecToTHa abnauus [27]. B obnactta Ha enekTpocumau-
onornyHuTe npouenypu LGE ce Hanoxu kato obella-
Ball, UHCTPYMEHT 3a HaBUrMpaHe Npu N3BbLPLUBAHETO
Ha npouenypu 3a nedeHne Ha cbpaeyHun aputmmm [28].
KMPT c LGE ce npeBbpHa B MOLIEH MeTOA 3a auar-
HOCTULUMPAHE Ha LUMPOK CMEKTbP OT NCXEMUYHN U He-
NCXEMUYHUM KapguomuonaTum [28].

LGE unanckBa MHTpaBEHO3HOTO npunaraHe Ha KOH-
TpacTHa mMaTtepus ¢ ragonvHun. MexaHnsMbT Ha Kbe-
HoTo ycuneaHe npu KMPT ce ocHoBaBa Ha KMHeTUKaTa
Ha ragonuHus. MagonnHUN-CbabpXaLMTe KOHTPaCcTHU
MaTepun CUITHO CKbCSABaT BPEMETO 3a HaTbXHa pe-
nakcauusa (T1) n nputexasaT U3pa3eHO TbKaHHO 3a-
BUCUMO pasnpefeneHne B TanoTo. [agonuHuart npu-
TexaBa napamarHuTHu ceoincTtea. Cneg MHTpaBeHO3HO

method for diagnosis and clinical research in the field
of cardiology. The development of contrast-enhanced
sequences has improved the diagnostic and prognos-
tic capabilities of the method due to the clear tissue
characterization of cardiac structures. One such type of
sequence is the T1-weighted (T1W) inversion-recovery
late gadolinium enhancement (LGE) sequence, which
has made it possible to distinguish ischemic from non-
ischaemic cardiomyopathies. Similarly, the refinement
of T2-weighted (T2W) techniques over the years has
validated the role of CMRT in characterizing myocar-
dial tissue, enabling detection of myocardial edema
and inflammation [21]. The development of paramet-
ric myocardial mapping techniques, such as T1- and
T2-mapping, has enabled quantitative tissue charac-
terization [22]. Mapping techniques allow obtaining an
objective assessment of myocardial tissue properties
by absolute quantification, rather than solely on the
basis of subjective assessments by qualitative (visual)
or semiquantitative evaluation (comparison of relative
signals), which may underestimate or overestimate the
extent of severity [23].

Late gadolinium enhancement (LGE)

LGE in CMRT has been accepted as a reference
standard for noninvasively assessment of myocardi-
al viability [24]. Since the initial validation of LGE as
a histological assessment technique, late gadolinium
enhancement has become highly validated in differ-
entiating areas of myocardial infarction from normal
myocardium [25, 26]. The clinical application of LGE
has expanded considerably, including detection of
nonischaemic enhancement patterns, preliminary
assessment of the arrhythmogenic substrate, and vi-
sualization of lesions in patients after radiofrequency
ablation [27]. In the field of electrophysiologic proce-
dures, LGE has emerged as a promising tool for nav-
igating cardiac arrhythmia treatment procedures [28].
MRT with LGE has become a powerful method for the
diagnosis of a wide range of ischemic and nonisch-
aemic cardiomyopathies [28].

LGE requires the intravenous administration of
gadolinium-based contrast materia. The mechanism
of late enhancement in CMRT is based on gadolinium
kinetics. Gadolinium-based contrast agents strong-
ly shorten the longitudinal relaxation time (T1) and
have strong tissue-dependent distribution in the body.
Gadolinium has paramagnetic properties. After intra-
venous injection, it passes from the plasma to the in-
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WHXeKT1paHe NpemMuHaBa OT nna3marta KbM UHTEePCTU-
unanHiTe MNpoCTpaHCTBa Ha TbKaHuTe Mo Audy3eH
NbT, C TUMUYHO EKCTpaLernynapHO pasnpegerneHue.
BpemeTo cnea MHXeKTUpaHETO Ha KOHTpacTHata Ma-
Tepusi, HeobxoouMo 3a OOCTUraHeTO M A0 TbKaHuTe
Ha CbpLETO, € KIN4YoB (hakTop 3a POPMUPAHETO Ha
KOHTpacTa B obpasa. [TbnHOTO My OTMMBaHe 3aBUCK
OT CbCTOSIHNETO HA MUOKapAHaTa TbKaH, HO HacTbMBa
mexgy 10-20 MyHYTK crieq NOCTbLMNBAHETO My B opra-
Hu3ma. [Npu yBpega Ha MmokapaHaTa TbKaH OTMUBaHe-
TO HacTbNBa NO-KbCHO NMOPaau yBenuyeHus obem Ha
pasnpegeneHve Ha ragonuHms. ToBa ce gbImKy Unu Ha
pasKbCBAHETO Ha KNETbYHUTE MEMOPaHUW, XapakTePHO
Npv MHAPKTHUTE NEe3UN, UNN Ha Pa3LLMPEHOTO NHTEP-
CTMUMAnHO NPOCTPaHCTBO, XapakTEepPHO MpW TbKaHHa
unbposa unm Bb3naneHme. 3abaBeHOTO OTMUBAHE ce
noacwnea npu nsnonasaHe Ha T1-npeTerneHa cekBeH-
uma Ha 10-15 MUHyTa cref MHXEKTUPaHETO Ha KOH-
TpactHaTa matepus. CekBeHLMsATa NO3BoONsABa pasrpa-
HUWYaBaHETO Ha KOHTpaCTUpaHWUTE C FrafofVHUN SPKU
30HU (LGE) oT HOpMarnHuTe 30HM Ha MMoKapaa C OTMUT
KOHTPAacCT Ype3 yBennyaBaHe Ha 30HUTE Ha HaTpynBaHe
Ha KOHTpacTHaTa Matepus (XMNepuHTEH3NTET) Nopaam
ckbceHoTto T1 [8, 27, 28, 29].

e KoHeeHUuoHasHa (cmaHOapmHa) LGE cekeeHyus

B 30HUTE Ha yBpexaaHe Ha Muokapda ce Habnto-
AaBa CUNeH crnaj Ha BPEMETO 3a HaanbXHa penakca-
ums T1 nopagu NpOABbIMKUTENHOTO HATPYNBaHE Ha KOH-
TpacTtHaTta matepus. Crieg okono 10-MuHyTeH nepuog
no-rongmara 4acTt OT rafionvHus, HaTpynan ce B Hop-
MarnHus MMoKapa, Bede € OTMUT, KOETO BOAM A0 MHOTO
no-gbnro T1 B Hero. 3a ga ce NOCTUrHe mMakcumarHo
KOHTpacTUpaHe Mexay HOpMarHusi U YBPeoeHUs Mu-
okapf, ce npunara cunHa T1-npeTerneHa cermeHTupa-
HO MHBEPCUA—BBH3CTAHOBSABAHE rpagneHT-eX0 MyrncoBa
cekBeHums [27]. TlyncoBaTa CeKBeHUMS WHBEPCUS—
Bb3CTAHOBSIBAHE CTapTUpa C NpunaraHeTo Ha Hece-
nektueeH 180-rpagycoB MHBEPCUOHEH panOYeCTOTEH
UMMYNC, KOWTO WHBEpPTMpa HagnbXHaTa HamarHuTe-
HOCT Ha BCUYKM TbKaHu. 1o Bpeme Ha uHBepcusita (TI)
HagnbXHaTa HaMarHUTEHOCT Ha BCUYKU TbKaHW ce
Bb3CTaHOBSIBA 0 PABHOBECHOTO CU CbCTOSIHUE, KaTo
CKOpPOCTTa 3aBUCU OT TbKaHHOCMELMPUYHOTO BpEME
Ha penakcauust T1. Cnea Tl ce npunara rpagMeHT-exo
cekBeHuus, ¢ npoabmkutenHoct 100-150 ms, 3a ga ce
npoyeTe CUrHansbT OT MOAroTBEHaTa C UHBEPCUSA—BbH3-
CTaHoBsIBaHe cekBeHuus [27]. [1o To3n Ha4unH ce Hynu-
pa curHanbT OT HOpMaIHUs MUoKapa 1 ce n3obpassea
YepeH, a KpbBTa B CbpAeyHaTta KyxvHa u obrnactute Ha
yBpexaaHe Ha M1okapga ca € yCurneH curHan nopaam
ckbceHoTo T1. N36opbT Ha nogxoadawo Tl ce noacu-
rypsia 4ypes M3nosf3BaHEToO Ha NWUNoTeH obpas (T.Hap.
look-locker) ¢ Hucka pasgenuTenHa cnocoBGHOCT M Mpu
pasnuyHa NpoabIMKUTENHOCT Ha Tl npean CbLMHCKOTO
cTapTupaHe Ha nyrncoBaTta cekBeHunsa (dur. 7) [30].

terstitial spaces of tissues by a diffusion, with a typical
extracellular distribution. The time after injection of
the contrast materia required for it to reach the tis-
sues of the heart is a key factor in the formation of
contrast in the image. Its complete washout depends
on the condition of the myocardial tissue, but occurs
between 10-20 minutes after its entry into the body. In
the case of myocardial tissue damage, washout oc-
curs later due to the increased volume of gadolinium
distribution. This is due to either the rupture of cell
membranes, characteristic of infarct lesions, or the di-
lated interstitial space, characteristic of tissue fibrosis
or inflammation. Delayed washout is reinforced when
using a T1-weighted sequence at 10-15 min after in-
jection of the contrast materia. The sequence allows
differentiation of gadolinium contrast-enhanced bright
areas (LGE) from normal contrast-washed areas of
the myocardium by increasing areas of contrast mate-
ria accumulation (hyperintensity) due to shortened T1
[8, 27, 28, 29].

e Conventional (standard) LGE sequence

In areas of myocardial injury, a strong decrease in
longitudinal relaxation time T1 was observed due to
the prolonged accumulation of contrast materia. After
a time period of about 10 min, most of the gadolinium
accumulated in the normal myocardium has already
been washed-out, resulting in a much longer T1 in
the myocardium. To maximize contrast between nor-
mal and damaged myocardium, a highly T1-weighted
segmented inversion-recovery gradient-echo pulse se-
quence [27] was applied. The inversion-recovery pulse
sequence starts with the application of a nonselective
180-degree inversion radiofrequency pulse that inverts
the longitudinal magnetization of all tissues. During
inversion (TI), the longitudinal magnetization of all tis-
sues is restored to its equilibrium state, with the rate
dependent on the tissue-specific relaxation time T1. Af-
ter Tl, a gradient-echo sequence, lasting 100-150 ms,
is applied to read the signal from the inversion-recov-
ery prepared sequence [27]. In this way, the signal from
normal myocardium is zeroed and rendered black, and
blood in the cardiac cavity and areas of myocardial
damage have enhanced signal due to the shortened
T1. The selection of an appropriate Tl is ensured by the
use of a pilot image (so-called Look-Locker) with low
resolution and at different Tl durations before the actual
start of the pulse sequence (Fig. 7) [30].
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e Da3080-4yscmeumeriHa UH8ePCUS—8b3CMaHo-

esisaHe (PSIR) nyrncoea cekeeHuus

MpegnoynMTaHa anTepHaTMBHA Ha KOHBEHLMOHAr-
HaTa LGE cekBeHuus e PSIR. lNpu Tasm cekBeHuusi
ce npunara 180-rpagycoB WHBEPCEH paguoyecToTeH
UMMyNC BEOHBbX Ha BCEKM OBa CbpAEYHM yaapa ypes3
EKI TpurepmnpaHe. 3a pasnuka oT KOHBEHLMOHaNHaTa
LGE cekBeHuus, npu PSIR ce 3anasea nocokarta Ha
nonspuTeTa Ha TbKaHWTe, LOKAaTO Ce Bb3CTaHOBSBA
HagnbXHaTa HaMarHUTEHOCT OT MPUIOXEHUS] UHBEpP-
ceH nMnyrc. Mo 1031 Ha4nH PopMUpPaHETO Ha CMrHana
€ C No-Marika 4YyBCTBUTENHOCT KbM BapuaummuTe Ha Tl,
KOETO nogobpsiBa OTHOLLUEHWETO KOHTpacT—LUyM B 00-
pasa. Bb3byxaall MHBEpCEH pagnoyvyecToTeH UMMYIC
noz ManbK brbfl, He No-rofsiM oT 50, ce Npunara Bea-
HbX Ha BCEKW ABa CbpAevHM yaapa. 1o To3n HauuH
ce nony4yaBa pedepeHTeH 0bpa3 3a onpegensiHe Ha
asata, a oTTam M Ha 3HaKa Ha MarHUTHO-PE30HaHC-
HUTE CUrHamnu, NoryyYeHu Npu BCEKM MbPBU CbpAEYEH
yaap. Ypes cekBeHUMsiTa cTaBa Bb3MOXHO pasrpaHu-
YaBaHETO Ha pasnNMYHWUTE MO MONSAPUTET HMBA Ha Ha-
MarHWTEHOCT B PEKOHCTPYMpaHusi 06pas: 30HM C OTpU-
uatenHa HagnbXHa HamarHMTEHOCT ce u3obpassiBar
KaTo Hal-TbMHMW, TE3U C HyneBa — CpPedHO CUBM, a C
nonoxwmrternHa — ceetnu [31]. Npu cbyeTtaBaHe Ha PSIR
C koHBeHLUmMoHanHa LGE cekBeHuus e Bb3MOXHO Aa ce
perynupaTt HuBaTa Ha Npo3opuuTe, Taka Ye OOMbIHU-
TENnHo fa ce 3aTbMHU HOPMarHUAT MUOKapA.

MpegnmcTeaTta Ha PSIR cekBeHuudaTa ca [8, 27]:

— KayecTBOTO Ha obpasa 3aBucK B No-marnka cre-
neH oT nsbpaHata AbImkMHa 3a Tl, koeTo oT cBOS CTpa-
Ha HamansBa apTedakTuTe;

— NpY Bb3MOXHOCT OT CTpaHa Ha nauueHTa ga 3a-
ObpPXXM MHOFOKpPAaTHO AULLIAHETO 3@ BCEKW eOuH Cpes, ce
nony4asaT obpasu C BUCOKa pasfenurernHa cnocobHocT
3a NO-TOYHA OLIEHKA M @aHanun3 Ha CTPYKTYpPU C TbHKN CTe-
HK (OAcHa kamepa), PVHU Ne3un Unu naeHTuduLmMpaHe
Ha rpaHMuuTe Ha nesusta. YUpes TexHukaTta MoXe C ro-

®dur. 7. O6pasu, NonyyeHu ¢ pasnuyHa Npoabn-
XUTEMNHOCT Ha BpemMeHaTa Ha uHBepcus (Tl);
Hal-0o6po NoTcKaHe Ha HopMarHUs MUOKapa
B nokasaHusa npumep ce noctura npu 430 ms Tl

Fig. 7. Images acquired with different Tl values.
The best suppression of normal myocardium is
visualized with 430 ms TI

e Phase-sensitive inversion-recovery (PSIR) pulse
sequence

A preferred alternative to the conventional LGE
sequence is PSIR. In this sequence, a 180-degree in-
verse radiofrequency pulse is applied once every two
heartbeats, via ECG gating. Unlike conventional LGE
sequence, PSIR preserves the direction of tissue polar-
ity while restoring longitudinal magnetization from the
applied inverted pulse. Thus, the signal formation is
less sensitive to Tl variations, which improves the con-
trast-to-noise ratio in the image. An excitatory inverse
radiofrequency pulse at a small angle, no greater than
5 degrees, is applied once every two heartbeats. In this
way, a reference image is obtained to determine the
phase, and hence the sign, of the magnetic resonance
signals obtained at each first heartbeat. The sequence
makes it possible to distinguish the different polarity
levels of magnetization in the reconstructed image: ar-
eas with negative longitudinal magnetization are rep-
resented as darkest, those with zero as medium grey,
and those with positive as light [31]. When combining
PSIR with a conventional LGE sequence, it is possible
to adjust the window levels to further darken the normal
myocardium.

The advantages of the PSIR sequence are as fol-
lows [8, 271]:

— Image quality is less dependent on the length
chosen for Tl, which in turn reduces artifacts;

—when the patient is able to hold breath
repeatedly for each slice, high-resolution images are
obtained for more accurate assessment and analysis
of thin-walled structures (right ventricle), fine lesions,
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AMa TOYHOCT KONn4eCTBeHO Oa Cce ornpepernn 3oHarta,
KOATO € N3NoXeHa Ha PUCK OT VIHq:)apKT Ha Mnokapaa.

— npuinara ce caMmo €guH MHBepCceH RF MMnNyrc Ha
BCeKM [Ba CbpAe4Hn yaapa, nopagn KoOeTto He 3aBu-
CW B TaKaBa rondama crteneH OT cbpAaedyHaTta 4YecToTa
Unn Hann4neTo Ha apuTMmnn, HO 3a CMeTKa Ha yaBOEeHO
BpemMe Ha nscnenBaHe.

e Memodu 3a usbsiceaHe Ha 0suzameriHu
apmeghakmu e obpasa rpu LGE cekseHuuu

EpHokagpoBa cBob6oaHa npeuecus B CTaumMoHapHoO
cbeTosiHMe (single shot SSFP)

Mpn HekoonepaTVBHW WM apPUTMUYHU NaUUeH-
TW, KaKTO M MpU NauMeHTU CbC CbpaeqHo-6enoapob-
Ha HeJoCTaTbYHOCT Ce NpenopbyBa U3MOoM3BaHEToO Ha
no-6bp3n MyrcoBM CEKBEHUMW, C LEen un3bsreaHe Ha
HanM4MeTo Ha ABuratenHu aptedaktun B obpasa. [pu
single shot SSFP upes pazannyHu TeEXHUKU 3a NpoYnTaHe
Ha obpasa ot K-npocTpaHCTBOTO, Ce nony4yaBaTt MHOXe-
CTBO CPE30BE B paMKUTE Ha €0HO 3abpKaHe Ha auLua-
HEeTO OT cTpaHa Ha naumeHTa. CekBeHUMATa HamansBa
Oposi Ha apTechakTMTe, HO 3@ CMETKA Ha YacTUYHO BIIO-
LeHa pasgenuTenHa cnocobHocT B obpasa [27].

EpHokagpoBa HaBurmpaHa mMyrncoBa CeKBEHLMS
npu cBo6OAHO AvLiaHe

[Mpn NaumMeHTn ¢ orpaHNYeHn Bb3MOXHOCTM 3a 3a-
AbpXaHe Ha OULaHeTo Mo BpeMe Ha JafeHa nyrcosa
CeKBeHUMS ce npenopbyBa M3MON3BaHETO HA €adHo-
KagpoBa HaBurnpaHa nyricoBa CekBeHUUA Mnpu CBO-
6ogHo auwaHe (single-shot navigated free-breathing
sequence). lNMpu Hes ce M3BbPLUBAT MHOIOKPATHO MOB-
TapsiLLM Ce n3MepBaHns Ha CUrHana, KouTo ce OCpeaHsi-
BaT MO CTOMHOCT. [10 TO31 HAYMH C HamansBaHe Ha BNu-
SIHMETO Ha (bakTopa Bpeme, BCNeaCcTBME Ha OrpaHNYeHn
Bb3MOXHOCTW 32 3adbpXaHe Ha OULLAaHETO OT cTpaHa
Ha naumeHTa, 3Ha4YMTENHO Ce NogobpsiBa KAYECTBOTO Ha
obpasa, KaTo ce yBenuyaBa OTHOLLEHWETO CUrHamN—LLyM
1 ce peagyumpa bposaT Ha aBuratenHute aptedaktu [32].

3D meTtoam cbe cBOOOAHO AuLLaHe

Mpu NaumMeHTn C BNOLIEHO 34PAaBOCIIOBHO CbCTOSA-
HME N HEBBL3MOXHOCT 3a MHOIOKPAaTHO 3afbpXXaHe Ha
AVaHeTo mMoraT Aa Obaat M3non3BaHu U TPUMEPHHU
CEeKBEHLMM C KbCHO ragonuHueso ycuneaHe (3D LGE)
3a eAHOKpaTHO 3aabpkaHe Ha auwaHeTo unm 3D npo-
TOKON C HaBuraTtop Ha obpasa npu cBO6GOAHO AWLLAHE.
MsnonseaHeTto Ha 3D mMeToam cbCc cBOGOAHO AulLaHe
BOAM A0 NnonyyaBaHeTo Ha obpasum ¢ No-BMCOKa pasae-
nuTernHa cnocobHOCT (MOYTK M30TPOMHA) 3a NO-KPaTKo
BpeEME B CpaBHEHWE C OBYMEPHUTE MyIICOBU CEKBEH-
M1, KOUTO cpeaHo manonseaT mexay 12 n 15 nocne-
AOBaTenHu 3agbpXaHusa Ha OULIaHETO OT CTpaHa Ha
nauveHTa. TpyMepHUTE METOAM MO3BONSBaT PEKOH-
CTpyMpaHeTo Ha obpasu B pasfnUYHU paBHUHWU, KaKTo
W OOMbIHUTENEH aHanM3 Ha AaHHUTE Ype3 MHOropae-

or identification of lesion borders. The technique
can quantify with high accuracy the area at risk of
myocardial infarction.

— Only one inverted RF pulse is applied for every
two heartbeats, therefore not as dependent on heart
rate or the presence of arrhythmias, but at the price of
doubled examination time.

e Methods to avoid motion artifacts in the image in

LGE sequences

Single shot steady state free precession (,single
shot* SSFP)

In non-operative or arrhythmic patients, as well
as in patients with cardiopulmonary failure, the use of
faster pulse sequences is recommended to avoid the
presence of motion artifacts in the image. In ,single
shot“ SSFP, multiple slices are obtained within a single
breath-hold by the patient using various K-space image
reading techniques. Sequencing reduces the number
of artifacts but at the expense of partially degraded im-
age resolution [27].

Single-shot navigated pulse sequence in free

breathing

In patients with limited ability to hold breath during
a given pulse sequence, the use of a single-shot
navigated free-breathing pulse sequence is recom-
mended. This involves repeated measurements of
the signal, which are averaged in value. Thus, by re-
ducing the influence of the time factor due to limited
breath-holding capabilities of the patient, the image
quality is significantly improved by increasing the sig-
nal-to-noise ratio and reducing the number of motion
artifacts [32].

3D free-breathing methods

In patients with compromised health and inabili-
ty to repeatedly hold breath, 3D late gadolinium en-
hancement (3D LGE) sequences can also be used
for single breath-hold or 3D image navigator proto-
col with free breathing. The use of 3D free-breathing
methods results in higher resolution (nearly isotropic)
images in a shorter time compared to two-dimension-
al pulse sequences, which on average use between
12 and 15 consecutive breath holds by the patient.
Three-dimensional methods allow reconstruction of
images in different planes, as well as additional data
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HUHHM (MPR) peKkoHCTPYKLUUK NPpY MUHUMAIHA OOMbI1-
HWTENHa HaMeca OT CTpaHa Ha onepartopa (PeHTreHo-
Bus nabopaHrT) [33].

e Memodu 3a pasdernsHe Ha Ma3HUHUMe
om golama

lMoTuckaHeTo Ha MasHuHUTE Npu TpumepHuTe LGE
nyficoBM CEKBEHLMWN Npu cBOOOAHO AuLIaHe € BaXHO
npyv NaumMeHTn C HepaBHOMEPHO u/mnu ObN6oKo An-
WwaHe, 3a Aa ce cBege 4O MUHMMYM MosiBaTa Ha T.Hap.
ghost aptedakTn (dpaHTOMHM apTedbakTn) B 06pasa ot
nogKoXXHaTa MacTHa TbKaH. Te3n apTedakTi Bb3HUK-
BaT BCreAcTBME Ha XMMWYHOTO OTMECTBaHe OT Mmarl-
KaTa pasnuka Mexay pe3oHaHCHUTE YeCTOTWU Ha Npo-
TOHUTE BbB BoAaTa U B MacTHUTE TbkaHu. Mpu MPT
cuctemn ¢ 1,5 T HanperHatocT Ha MarHUTHOTO nofne
NpobnembT ce pellaBa Ype3 M3MNON3BaHETO Ha Mbp-
BOHavanHa Hasuratop-Tpurepupana 3D LGE nyncosa
CeKBeHLMsi Npy cBOHOAHO AuLuaHe CbC cenekTneeH PY
curHan 3a noTUCKaHe Ha envkapgHaTta, nepukapgHa-
Ta 1 NOAKOXHATa MacTHa TbkaH. [1pn cbBpeMeHHUTE
MPT cuctemn ¢ no-rondama HanperHaTtocT Ha MarHuT-
HOTO More NoTUCKaHETO Ha Ma3HMHUTE ce 3aTpyaHsBa
nopagu Mno-rorieMmMTe XOMOFEeHHW HeeOHOPOOHOCTU B
MarHWTHOTO Mofe, BOAELWN A0 MO-SICHO M3Pa3eHo Xu-
MWYHO OTMECTBAHE U OTHOCUTENHO HWUCKO OTHOLUEHME
curHan/wym. Mpu no-ronsma ot 1,5 T HanperHaTtocTt
Ha MarHUTHOTO MoJie ce NPenopbYBa M3MNoN3BaHETO Ha
METOA, KOUTO He 3aBUCU B TakaBa CTENEH OT Bb3HWKHa-
nuTe MarHUTHU HEEeAHOPOLHOCTU, @ UMEHHO pasfgens-
He Ha BofaTa OT Mas3HUHUTE MO ABY- UMW TPUTOUKOBUS
meToa Ha [ukcuH. MNpu metopa Ha [uKCbH eaHoBpe-
MEHHO ce noryyaea cdasvpaH 1 HecdasupaH obpas
C MO-TONAAMO OTHOLLEHWE CurHamn/lym, KbaeTo CurHa-
nvTe OT BodaTta M Ma3HMHUTE Ca WK BbB, UNN U3BBLH
¢asa. 1o To3n HauMH ce ynecHsiBa OTKPUBAHETO Ha
WHTPaMUOKapaHW MacTHU MHUATPaTK, Kato PUCKOB
dakTop 3a 6bOeLUM CbPAEYHN UHLMAEHTW.

KAPTUPAHE HA MMOKAPLA

Mpu KBCHOTO ragoNMHNEBO YCUIBaHE NUMNCBa sicHa
rpaHuua mexgy 3oHaTta B pUCK U MUOKapgHaTa Hekpo-
3a. KaptupaHeto Ha Myokapga unu napameTpuyHoOTO
KapTupaHe Ha MMoKapAa No3BorisiBa NoryyYyaBaHeTo Ha
HeVHBa3nBHa TbKaHHa XxapakTepucTuka Ha Muokapaa.
Upe3 nmapameTpu4yHOTO KapTuMpaHe KONUYEeCTBEHO ce
oueHsiBaT dokanHn n gudysHu 3abonsiBaHMs Ha MU-
okapga [22, 23, 34]. YUpes onpenensiHeTo Ha ekcTpaLe-
nynapHusa obem (ECV) natonornyHus npouec Ha Mu-
oKapAa ce oueHsiBa KONMMYecTBEHO, a NpOoCTpaHCTBe-
HOTO My BM3yarnuampaHe Ce OCbLUeCTBsABa Ype3 npo-
cnefsiBaHETO Ha NPOMEHUTE BbB BpEMeHaTa Ha penak-
caums Ha mmokapga T1 mn T2. T1 kapTaTta ce reHepupa
npy pasnnyHn BpeMEeBW WHTEpBannM 3a HaanbXxHaTa

analysis by multiplanar (MPR) reconstructions with
minimal additional intervention by the operator (ra-
diologist) [33].

e Methods to separate fat from water

Fat suppression in three-dimensional LGE pulse
sequences during free breathing is important in pa-
tients with irregular and/or deep breathing to mini-
mize the appearance of so-called ,ghost® artifacts
(phantom artifacts) in the image from subcutaneous
fat. These artefacts arise due to the chemical shift
from the small difference between the resonant fre-
quencies of protons in water and in adipose tissue.
In MRT systems with 1.5 T magnetic field strength,
the problem is solved by the use of an initial naviga-
tor-triggered 3D LGE pulse sequence in free breath-
ing with selective RF signal suppression of epicar-
dial, pericardial, and subcutaneous adipose tissue.
In modern MRI systems with higher magnetic field
strengths, fat suppression is complicated by larger
inhomogeneities in the magnetic field, leading to
more defined chemical shift and a relatively low sig-
nal-to-noise ratio. For magnetic field strengths great-
er than 1.5 T, it is recommended to use a method
that is not as dependent on the magnetic inhomoge-
neities that arise, specifically the two-point or three-
point Dixon separation of water from fat method. The
Dixon method simultaneously produces a phased
and a dephased image with a larger signal-to-noise
ratio, where the water and fat signals are either in
or out of phase. This facilitates the detection of in-
tramyocardial fatty infiltrates as a risk factor for fu-
ture cardiac events.

MYOCARDIAL MAPPING

In late gadolinium enhancement, there is no
clear boundary between the area at risk and myo-
cardial necrosis. Myocardial mapping or parametric
myocardial mapping allows obtaining non-invasive
tissue characterization of the myocardium. Focal
and diffuse myocardial diseases are quantified by
parametric mapping [22, 23, 34]. Extracellular vol-
ume (ECV) determinations quantify the myocardial
disease process and spatially visualize by tracking
changes in myocardial relaxation times T1 and T2.
The T1-map is generated at different time intervals
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penakcauusi, Kato no TO3W Ha4yuMH ce MnoryyaBa rpa-
unyHa 3aBMCMMOCT Ha MHTEH3UTETa Ha curHana B 3a-
BMCMMOCT OT BpemeTo. OT Taka nony4veHara rpaduka
MOXe Aa ce n3umcnm T1 BbB BCsAka eaHa To4Ka Nno Hes
[35]. AHanorunyHo T2 unu T2* kapTuTe ce reHepupar oT
WHTEH3UTET Ha CMUrHana B 3aBMCMMOCT OT BPEMETO Mpu
pasnuyHn BpeMeHa Ha HanpeyHaTta penakcauus [36].

T1 kapTupaHe u ECV

CtonHocTTa Ha T1 3aBUCKM OT XapaKTEPUCTUKUTE
Ha BELLEeCTBOTO U OT MarHuTHaTa MHOYKUWS Ha NomneTo.
T1 Bapupa 3a oTAeNnHWUTE TbKaHW BCNEACTBUE HA eHep-
rMHMA oOMeH Mexay NPOTOHWTE M OKOofHaTa cpeaa.
BewecTtBata ¢ no-manka HamarHMTEHOCT (Hanp. BO-
gara) umat no-gbnro BpeMe Ha penakcauusa T1 un ce
n3obpassBar ¢ No-marnka sipkocT, criegoBaTtenHo T1 Ha
MuoKapaa ce Bnusie oT 6oNecTHUTe npouecu, KoUTo
NPOMEHAT KOHLUEeHTpauuuTe Ha Boda (Npu OTOK), WH-
TepcTMumManeH KonareH unv gpyru npoTemHn Kato aMmu-
noung. Hannuneto Ha eneMeHTU ¢ No-ronsmMa HamarHu-
TEHOCT U NapamMarHUTHM CBOWCTBA (Hanp. XXensso npu
ragonuHNA-CbabpXKalla KOHTpacTHa mMaTtepust) CUIHO
ckbeaBat T1 n ce nsobpasasar ¢ No-ronsiMa SpKoCT B
obpazsa [9, 10].

M3nonsesaHuTe nyncosu cekBeHuuu npu T1 kap-
TMpaHe ca nogobHM Ha um3nonssaHute npu LGE.
CekBeHUMsiITA 3anoyBa C npwunaraHeTo Ha Bb30yx-
paw 180-rpagycoB uHBepceH RF umnync, npu koeto
no npeaBapuTenHo 3agageHa BpemeBa cxema, EKI
TpurepupaHa, ce nonyyasaTt cepus OT eQHOKagpOBU
T1-npeterneHn obpasu npu pasnuynm Tl. NyncosaTa
CEKBEHLMsI cTapTupa crief BCSAKO NMbJIHO Bb3CTaHO-
BABaAHE Ha BEKTOpPA Ha HagbXHaTa HaMarHUTEHOCT
(T1). Mo To3n HaumH T1 kapTaTa Noka3Ba HagbXHaTa
penakcaums Ha MMoKapaa, a CToMHocTTa Ha T1 (ms)
B AaJeH NuKcen oT cpe3a ce Kogmpa KaTto UHTEH3UTET
Ha curHana B kapTarta.

Han-4yecto nsnonseaHWTe MyniCOBM CEKBEHLMUN 3a
T1 kapTupaHe ca moaguduumpaHata Look-Locker mH-
Bepcusi—Bb3cTaHoBsBaHe (IR) cekseHuusa (MOLLI) u
cbkpaTteHata MOLLI (ShMOLLI), konto ca npon3sog-
HW Ha opurnHanHaTta Look-Locker cekBeHumnsa. MOLLI
ce u3nonaea 3a norny4yaeaHe Ha IR npeterneHun obpasu
npv pasnuyHn npegBaputenHo 3agagenu T, kato ce
n3nonseat eaHOCPe30BU, e4HOKAAPOBWU NPoYMTaHUS
Ha curHana 3a egHo 3agbpXaHe Ha AMLIaHeTo, B pam-
KnTe Ha 17 cbpaeyvHu yaapa, crnef KoeTo B 3aBUCUMOCT
oT 3agageHuTe Tl obpasuTe ce rpynupar B CbOTBETEH
Habop oT gaHHu [37]. Mpu cbkpateHata ShMOLLI
CEKBEHUMsI CbOMpaHEeTO Ha curHana ce OCbLLecTBs-
Ba 3a MO-KpaTKO Bpeme Mpu no-KpaTko 3agbpXkaHe Ha
ONLAHEeTO, B paMkuTe Ha 9 cbpaeyHn uukbna. MNpu
ShMOLLI He ce m3nckBa MbfHO Bb3CTAHOBSABaHE Ha
HagnbXHaTa HamarHuTeHocT [38].

for longitudinal relaxation, thus providing a graphical
dependence of signal intensity versus time. From the
resulting graph, T1 can be calculated at any point
along it [35]. Similarly, T2 or T2*-maps are generat-
ed from the signal intensity versus time at different
transverse relaxation times [36].

T1 mapping and ECV

The value of T1 depends on the characteristics of
the tissue and the magnetic field induction. T1 varies
for individual tissues due to the energy exchange be-
tween protons and the environment. Substances with
lower magnetization (e.g., water) have longer T1 relax-
ation times and are imaged with less brightness; there-
fore, myocardial T1 is affected by disease processes
that alter concentrations of water (in edema), interstitial
collagen, or other proteins such as amyloid. The pres-
ence of elements with greater magnetization and para-
magnetic properties (e.g., iron in gadolinium-containing
contrast media) severely shorten T1 and are visualised
with greater brightness in the image [9,10].

The pulse sequences used in T1 mapping are sim-
ilar to those used in LGE. The sequence begins with
the application of an excitatory 180-degree inversion
RF pulse, whereby a series of single-shot T1-weighted
images at different Tls are acquired according to a pre-
set ECG-triggered timing scheme. The pulse sequence
starts after each complete recovery of the longitudinal
magnetization vector (T1). Thus, the T1-map indicates
the longitudinal relaxation of the myocardium, and the
T1 value (ms) at a given pixel of the slice is encoded as
the signal intensity in the map.

The most commonly used pulse sequences for T1
mapping are the modified Look-Locker inversion-recov-
ery (IR) sequence (MOLLI) and the shortened MOLLI
(ShMOLLI), which are derivatives of the original Look-
Locker sequence. MOLLI is used to acquire IR-weight-
ed images at various pre-set Tls using single-slice,
single-shot reads of the signal for a single breath hold,
within 17 heartbeats, and then, depending on the pre-
set Tls, the images are grouped into a corresponding
data set [37]. In the abbreviated ShMOLLI sequence,
signal acquisition occurs in a shorter time for a shorter
breath hold, within nine cardiac cycles. With ShMOL-
LI, full recovery of longitudinal magnetization is not re-
quired [38].
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[pyra cekBeHLUSA, KOSTO Ce M3Momn3ea 3a uenuite
Ha T1 kapTupaHeTo, € 3a edHOKaZpOBO Mony4vaBa-
He Ha obpasa 4ype3 Bb3CTaHOBSIBAHE Ha HACULLAHETO
Shot Acquisition (SASHA), kosiTo usnonsea curHana
OT Bb3CTaHOBSIBAHETO Ha HacuwaHeTo (SR) BmecTo
Obrkalims ce Ha MHBepcHUA umnync. MimnyncsT SR
HeCcenekTVBHO Hacullia BeKTOpa Ha HaanbXHaTta Ha-
MarHMTEHOCT A0 Hyna, KOeTo enMMuHupa Heobxoam-
MOCTTa OT MEepuoan Ha Bb3CTaHOBSIBAHE MeXAy Mo-
cnegoBaTenHUMTE MMMYFCU Ha HacuwaHe, TbW KaTo
Bb3CTAHOBSABAHETO BMHAry 3ano4ysa OT HAaCUTEHO CbC-
TosiHne. OueHkaTta Ha T1 ype3 SASHA e no-npeumsHa
M B MO-Marka CTeNeH 3aBMCK OT CbpAevHaTa YyecTtoTa
Ha MauueHTa, HO HapacTBa Wyma B obpasa nopagu
Mo-MarnkoTo OTHOLLEHME KOHTpacT/wym [39].

MpeumsHocTTa Ha T1 kapTaTa 3aBMCK OT TOBa Aanu
mexay IR n SR umnyncute ca nanonssaHun npeasapu-
TenHn RF nmnyncu 3a noarotoBka Ha HaMarHUTEHOCT-
Ta. IR MMnynceT MHBEpPTUpPa BEKTOpa Ha HaanbXHaTa
HaMarHUTEHOCT OT MONOXWUTENHa HaMarHMTEHOCT KbM
oTpuuartenHa, crnen KoeTo Bb3CTaHOBABAT rofieMmHaTa
1 nocokara cu. o To3M Ha4YnH ce nonyyasa LWMPOK An-
HamunyeH obxBaT 3a 06pasn Npu pasnMyHN CTOMHOCTU
Ha IR, KOeTo oT cBOsi CTpaHa nogobpsiBa nNpeunsHoc-
TTa Ha T1 kapTMpaHeTo. SR uMnyncbuT ce 1M3non3ea 3a
HynMpaHe Ha BeKTOpa Ha HafnmbXHa HamarHUTEHOCT
ypes nocnenpall rpagueHTeH nmnync [40].

KapTupaHeto Ha Mmnokapaa Moxe ga ce u3nonaea
kato HatmBHa T1 dasa 3a uscneaBaHe Ha AUy3HU
naTonorMyHn NpoMeHn B Hero. [dundyysHata cdubposa
nosuvLaBa CToMHocTuTe B T1 kapTata Ha Muokapaa,
HO MO-BMCOKM CTOWHOCTW ce HabnwogasaT v npu Mu-
oKapauT 1 MHGapKT. BbBexaaHeTo Ha ragonvHun Boaum
[0 cbkpawasaHe Ha T1. MAQONUHNEBUTE KOHTPACTHU
MaTepun ce pas3npocTpaHsBaT B MHTpaBacKynapHUTe
N WHTEepPCTUUMAaNHUTE NPOCTPaHCTBa, a He B camuTe
knetkute. CkbceHoTo T1 ynecHsiBa BU3yanunsanpaHeTo
Ha pasWMpeHO MHTEpPCTUUMAnHO MPOCTPAHCTBO MO-
pagun Hanuyue Ha konareH (pmbposa Ha mMuokapga),
NpoTerH (aMunongosa), KakTo U OCTbI 4O BbTpekne-
THYHOTO MPOCTPAHCTBO NPM OTOK HA MMOKapaa unm Ha-
pylLlaBaHe Ha kneTb4yHaTa MembpaHa npu Hekpo3a unu
WHapKT Ha Muokapaa [41].

Han-ctabunHmaT napameTbp 3a KONMMYECTBEHO
onpegensiHe Ha audysHata gubposa e 4pes onpe-
OensaHeTo Ha ekcTpauenynapHus obem (ECV). ECV e
obemHaTa pakums, KOSTO He ce moema OT KIeTKuTe,
n obeguHsiBa MHTEPCTULMAMNHOTO WU WHTpaBackynap-
HOTO MPOCTPaHCTBO. EkcTpauenynapHuat obem moxe
[a ce n34ncnu 3a onpegeneHa obnact unv onpegene-
HW BOKCeNnu 1 Aa ce reHepupa kapta [41]. ECV paBa
006eMHOTO pasnpefeneHve Ha ragonuHns B Muokapaa
N € No-masko YyBCTBUTENEH KbM CKOpPOCTTa Ha OTMU-
BaHEe Ha rajonuHng, napameTpuTe Ha UHXEKTUPaHe Ha
KOHTpacTHaTa Matepus, CbCTaBa Ha TbKaHUTE U ApPYIi.

Another sequence that is used for T1 mapping pur-
poses is single-shot image acquisition by saturation
recovery single-shot acquisition (SASHA), which uses
the signal from the saturation restoration (SR) instead
of the one due to the inversion pulse. The SR pulse
nonselectively saturates the longitudinal magnetization
vector to zero, which eliminates the need for recovery
periods between successive saturation pulses since
recovery always starts from a saturated state. The esti-
mation of T1 by SASHA is more accurate and less de-
pendent on the patient’s heart rate, but increases noise
in the image because of the smaller contrast-to-noise
ratio [39].

The precision of the T1 map depends on whether
pre-RF pulses were used between the IR and SR puls-
es to prepare the magnetization. The IR pulse inverts
the longitudinal magnetization vector from positive to
negative magnetization, then restores its magnitude
and direction. This produces a wide dynamic range for
images at different IR values, which in turn improves
the precision of T1 mapping. The SR pulse is used to
reset the longitudinal magnetization vector by a subse-
quent gradient pulse [40].

Myocardial mapping can be used as a native T1
phase to study diffuse pathological changes in the
myocardium. Diffuse fibrosis increases the values in T1
mapping of the myocardium, but higher values are also
seen in myocarditis and infarction. Introduction of gad-
olinium leads to shortening of T1. Gadolinium contrast
agents diffuse into intravascular and interstitial spaces
rather than into the cells themselves. Shortened T1 fa-
cilitates visualization of an enlarged interstitial space
due to the presence of collagen (myocardial fibrosis),
protein (amyloidosis), and access to the intracellular
space in myocardial edema or disruption of the cell
membrane in myocardial necrosis or infarction [41].

The most robust parameter to quantify diffuse fi-
brosis is by determining extracellular volume (ECV).
ECV represents the volume fraction that is not taken
up by cells and combines the interstitial and intravas-
cular space. Extracellular volume can be calculated for
a specific area or specific voxels and a map generated
[41]. ECV gives the volumetric distribution of gadolini-
um in the myocardium and is less sensitive to gadolini-
um washout rate, contrast media injection parameters,
tissue composition, and others. ECV can be used as a
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Asmop

ECV moxe ga ce na3nonssa KaTo JonbnBall, METOA KbM
HaTuBHUTE T1 1 T2 cekBeHUUM Npun andepeHLmpaHeTo
Ha pasnnyHU cbpaedHn 3abonsiBaHus [8]. PrubposaTta
Ha MMOKapaa 1 HapyLUeHus!, 3acaralyy Mmokapaa, kato
cbpAedHa amurnongosa UM MUoKapauTt, MoXe Aa [o-
Beaart fo ysenuyasaHe Ha ECV. [Npu cnoptuctu ce Ha-
6niogaBa HaMmansiBaHe Ha U3BbLHKNETbYHUS 06em [41].

T2 kapTupaHe Ha MMokapaa

T2 kapTuTe ce nony4vaBaT 4Ypes3 npuraraHeTo Ha
pPasnuMyHK noteHumanHu T2-npeTerneHn CekBeHuun ¢
MyNTMEXO Noaxod. 3a BCEeKM OTAENEH Cpe3 ce noryya-
BaT cepus oT 0b6pa3u Npu pasnnyHU ronemMmHU Ha Bpe-
METO 3a MonlydaBaHe Ha exo curHan. lNony4yaea ce Kap-
Ta Ha HanpeyHaTta penakcauusi (HamarHUTEHOCT) Ha
Muokapaa T2 upes rpamyHa 3aBUCUMOCT Ha UHTEH-
3uTeTa Ha curHana B 3aBMcumocT oT T2. OT Taka nony-
YeHaTa KpuBa MOXe [ia ce n34mcnu T2 BbB BCAKA TOYKa
no Hes [36]. HamansiBaHeToO Ha HanpeyHaTa HamarHu-
TEHOCT Ce Ob/PKM Ha AedbasupaHeTo Ha OTAenHuTe
NPOTOHM B CbCTaBa Ha fdafeH Bokcen. [edasmpaHeTo
OT CBOS CTpaHa ce ObIKM Ha MUKPOMarHMTHN HEXOMO-
FeHHOCTW, MPUCHLLLUM Ha CTPyKTypaTa Ha BeLLeCcTBOTO,
KaKTO 1 XapaKTEPUCTUKMNTE U MOMEeKynsipHaTa CTPyKTy-
pa Ha BeLecTBOTO, KaTO BeLllecTBa C Mo-rongma Ha-
MarHWTEHOCT MMaT No-AbJIF0 BpeMe Ha penakcauuns T2
1 ce n3obpassiear c no-ronsiMa ApkocT (Te4HocTn) [10].
T2 kapTupaHeTo Ha MMoKapaa npeanara noTeHumnan 3a
Nno-06eKTUBHO OTKPMBAHE U KONMUYECTBEHO onpenens-
He Ha edeM B MMoKapga npuv yobixeHo T2, OTKOMKOTO
ctangaptHuTe T2 1 STIR 06pasu ¢ YyepHa KpbB, Npu
KOWTO YecTo ce HabnogasaT apTedaktu [41].

MEP®Y3USA HA MUOKAPQOA

MepdysmsaTa Ha MMoKapga MOXe fa ce OueHu ¢ an-
HamunyHo KMPT mn3cnegsaHe no BpeMe Ha nogaBaHe Ha
Bonyc ot koHTpacTHa maTepus. lNonyyaBa ce obekTuB-
Ha KonmyecTBeHa OLeHKa Ha nepdysusaTa, KOSTo e OT
ronsmo 3HayeHue npu MHorocbaoBa o6CTpyKTMBHA 60-
nect unu Mukpocbaosa bonect [42]. KMPT e HenHBasw-
BEH MeTOoZ 3a OLeHKa Ha MuokapgHaTta nepdysus, npu
KOWTO 3a pasnuka oT CuMHTUrpadyckms MeToq, He ce 13-
nonaeaTt NOHN3MPaLLM TbYEHUS 1 ce noryyasar obpasu
€ no-gobpa pasgenutenHa cnocobHocT. INpu nepdysu-
OHHaTa MnyricoBa CEKBEHLMS Ce npunara NoaroTeuTeneH
uHBEpceH unu Hacvwal, RF mmnync, ¢ konTto ga ce
HynMpa KakTo curHanbT OT MUoKapaa, Taka U 3aBucu-
mMocTTa oT T1 npy MbpPBOTO MPEMUHaBaHEe Ha ragoNMHUN
npes Mvokapga cnepg 6onyc nkxekums [43]. ObukHose-
HO ce n3nonsea Obp3a “HapyLueHa" rpagueHT-exo nyn-
coBa cekBeHuus (fast spoiled gradient-echo sequence).
TunnyHaTa cxema BKNtoYBa ABe cepum oT 60NyC NHXeK-
unn. MbpBata Bonyc MHXeKuMs e 3a m3cnegsaHe 3a
Hanuumneto Ha nepdy3noHHU aedeKTn Ypes cTpec-nep-

complementary method to native T1 and T2 sequences
in differentiating various cardiac diseases [8]. Myocar-
dial fibrosis and disorders affecting the myocardium,
such as cardiac amyloidosis or myocarditis, may lead
to an increase in ECV. A decrease in extracellular vol-
ume has been observed in athletes [41].

T2 mapping of the myocardium

T2 maps are obtained by applying different po-
tential T2-weighted sequences with a multi-echo ap-
proach. For each individual slice, a series of images
are acquired at different magnitudes of echo signal
acquisition time. A myocardial T2 transverse relaxation
(magnetization) map is obtained by plotting the signal
intensity versus T2. T2 obtained from the curve can be
calculated at any point along it [36]. The decrease in
transverse magnetization is due to the dephasing of
individual protons in the composition of an individual
voxel. Dephasing in turn is due to micromagnetic inho-
mogeneities inherent in the structure of the substance,
as well as the characteristics and molecular structure
of the substance, with substances with higher magne-
tization having longer T2 relaxation times and imag-
ing with greater brightness (liquids) [10]. Myocardial
T2 mapping provides better objectively detection and
quantification of myocardial edema at prolonged T2
than standard T2 and dark-blood STIR imaging, which
often exhibit artifacts. [41].

MYOCARDIAL PERFUSION

Myocardial perfusion can be evaluated with dy-
namic MRI during bolus injection of contrast mate-
ria. Objective quantification of perfusion is obtained,
which is of great importance in multivessel obstruc-
tive disease or microvascular disease [42]. CMRT
is a non-invasive method of assessing myocardial
perfusion that, unlike the scintigraphic method, does
not use ionizing radiation and produces images with
better resolution. In perfusion pulse sequence, a pre-
paratory inversion or saturating RF pulse is applied
to reset both the myocardial signal and the T1 depen-
dence of the first passage of gadolinium through the
myocardium after bolus injection [43]. A fast ,spoiled®
gradient-echo pulse sequence is commonly used. The
typical scheme involves two series of bolus injections.
The first bolus injection is to test for the presence
of perfusion defects by stress perfusion. This is fol-
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dy3us. Cnegsa npunaraHeTo Ha CEKBEHLMM 3a Nony4a-
BaHeTO Ha LGE u knHo obpasm 3a konnyecTBeHa OLeH-
Ka Ha obema M KOHTpakTUnuTeTa. [1Bagecer MUHYTU
No-KbCHO Ce npwunara BTopa 60mnyc MHXEeKLUUs, C KOATO
ce Lenu nony4aBaHeTo Ha nepdysuns B nokow [8].

3AKNIOYEHUE

WManonssaHuTte npotokonu npu KMPT nossonsear
MoCTUraHeTo Ha nodoGpeH MEeKOTbKaHeH KOHTPACT,
agantupaHe KbM BepOATHUTE AudepeHumanHn gva-
rHO3W, mpegnarat ronsam nsbop OT NyfcoBU CEKBEHLNN,
4ypes KOUTO Ce MOACUrypsiBa Mofly4aBaHETO Ha AWHa-
MuyeH obpas 3a (yHKUMOHanHa oueHka Ha pabotarta
3a cbpueTo. TexHONOornMYHOTO pasBUTME Ha MeToda He
cnupa, KaTo Nnpoab/kasar Aa ce paspaboTBaT TEXHUKM
N cekBeHUMM 3a nogobpsiBaHe Ha AMarHOCTUYHUTE Bb3-
mMoxHocTy npu KMPT, Hanp. nogobpeHa oueHka Ha Ko-
poHapHuTe apTepum. [poBexaaHeTo Ha KapanoMarHuT-
HO-pe3oHaHCHa Tomorpadusa moxe aa 6bae npegussu-
KaTercTBO Kato TEXHUYECKO W3MbIIHEHUE. YCNELHOTO
n3criefBaHe M3nckea NPaBWIHO MriaHupaHe, LANoCcTHO
pa3bupaHe Ha CbpaeYHNTE PABHUHUN U NOOXOAsLL, 36op
Ha TeXHWYecKUTe napamMeTpy 3a CbOTBETHUTE CEKBEH-
LMKM B 3aBMCYMOCT OT TbpceHaTta KNMHNYHA HaxodKa.

He e deknapupaH KOHAUKM Ha uHMepecu
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