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MECHANISM AND DIAGNOSIS OF LEFT VENTRICULAR DIASTOLIC DYSFUNCTION

A. Ivanov', E. Levunlieva?

"Clinic of Cardiology and Angiology, Cardiovascular Center, Acibadem City Clinic — Sofia
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Pestome. [uactonHata ANCHYHKLMS e CbCTOSHWE, NpU KOETO KaMEPHOTO MbIHEHE € HapyLUEHO, HE3aBUCUMO OT HanN4MeTo Ha
CUMNTOMU U HE3aBMCUMO [anu (pakuusTa Ha U3TNackBaHe € HopMarHa Wnu noHwxeHa. JleBokamepHata auactonHa
JUCYHKUMA € pesynTaT OT CMOXHW B3aMOCBbP3aHU GUOXUMUYHM U KNETbYHN MexaHu3mu. Cped TaX BOLELLO MSCTO
3aemat HapylueHaTa M1oKapaHa penakcauus BCneacTeie Ha kanuumesa Aucperynaupsi, NPOMEHEHOTO octopunupare
Ha TWTMHA, NOBMMABALLO NacuBHAaTa eMaCTMYHOCT Ha MMOKapLa, KakTo U PEMOLENUPAHETO Ha U3BBHKNETHYHUS MATPUKC
C passuTHe Ha pubposa, MegumpaHa OT curHanHu mbTuwwa kato TGF-B/SMAD u MAPK. JombnHuTenHu aktopu ca
OKCMAATMBEH CTPEC W MUTOXOHAPWAnHa AUCKYHKLMS, XPOHUYHO Bb3naneHne 1 akTueMpaHe Ha LIMTOKMHOBW Kackagu,
MeTabonuTHN HapyLLeHUs KaTo AnabeT 1 3aTMbCTABAHE, KaKTO 1 NPOTEMHOBA ANUCHYHKLMSA, CBbP3aHa CbC CTPEC Ha eHAo-
nnasmMeHus PeTUKyNyM W HapyLleHa NpoTeonu3a. To3u KOMMNEKC OT (PakTopy BOAM 40 3aTpyAHEHO AMACTONHO MbiHEHE
Ha nsiBaTa kamepa — auacTonHa aucdyHkuUus. Mopaam cBosTa AOCTBNHOCT 1 A0Ka3aHa KMMHUYHA CTOMHOCT eXoKapauo-
rpamsaTa e OCHOBEH METOA 3a AMarHOCTVKa Ha AuactonHata AMchyHKUMS. MHBa3uBHUTe 1 ApyruTe 0BpasHin METOAMKM
NPeLoCTaBAT JOMbIHATENHA WHOPMALIMS NPYU KOMMNEKCHU UMK TPaHUYHK CryYau, KakTo W Npu NauueHTy, npu KouTo
exokapauorpadckara OLeHKa e 3aTpyaHeHa Ui HEBb3MOXHa.

Kniouosu aymu: [VacTornHa AUCAYHKLMS, penakcalms,, KbMinaibHe, pUrMaHOCT, AnarHo3a

Appec
3a kopecnoHaeHuns:  1-p AHapeit MsaHoB, oM, e-mail: andrewaivanov12@gmail.com

Abstract. Diastolic dysfunction is a condition in which ventricular filling is impaired, regardless of the presence of symptoms and
irrespective of whether the ejection fraction is normal or reduced. Left ventricular diastolic dysfunction results from
complex and interconnected biochemical and cellular mechanisms. Among them, impaired myocardial relaxation due to
calcium dysregulation, altered titin phosphorylation affecting the passive elasticity of the myocardium, and extracellular
matrix remodeling with the development of fibrosis mediated by signalling pathways such as TGF-B/SMAD and MAPK
play a leading role. Additional contributing factors include oxidative stress and mitochondrial dysfunction, chronic
inflammation and activation of cytokine cascades, metabolic disturbances such as diabetes and obesity, as well as
protein dysfunction related to endoplasmic reticulum stress and impaired proteolysis. All these processes in complex
lead to impaired diastolic filling of the left ventricle, i.e., diastolic dysfunction. Due to its broad availability and proven
clinical value, echocardiography is the primary method for diagnosing diastolic dysfunction. Invasive and other imaging
modalities offer complementary information in complex or borderline cases, or when echocardiographic evaluation is
difficult or impossible.
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BbBEAEHME

[wactonHaTta AncyHKUMS € CbCTOSIHME, MPU KOETO
KaMepHOTO MbfIHEHE € HapyLUEeHO, He3aBMCMMO Aanu
pakumusaTa Ha n3TrnackBaHe € HopMasnHa Unn NoHMxe-
Ha, KaKTO M Janv Npu nauMeHTa ca Hanuue CUMNTOMM
unu Takmea nunceat [1]. B npoueca Ha pa3BuTneTo n
yyacTBaT MHOXECTBO OMOXUMWYHU U KINETBbYHU Mexa-
HU3MK, aKTUBMPALLWM Ce Ha pas3nuyHu etann ot 3abo-
NSIBAHETO M BOAELUM B YacT OT cryvauTe A0 KMMHUYHA
n3sBa Ha CbpaedHa HeJOCTaTbYHOCT.

HapyLueHVeTo Ha AMacToNHUTE CBOWCTBA Ha Kamep-
HWS1 MVOKapA BKMHOYBa Ba OCHOBHM KOMMOHEHTA — Hapy-
LLEeHWe Ha MpoLeca Ha kKamMmepHa penakcaumsi u noBuLLe-
Ha pUrMOHOCT (MOHWXKEH KbMMMalnbHC) Ha kamepara [2].

B To3M 0630p ca pasrnemaHu OuacTorHUTE CBOW-
CTBa penakcaums 1 KbMManbHC, KaKTO U MPUYUHUTE U
MEXaHN3MUTE Ha pa3BUTME Ha AMACTONHA AUCHYHKUUS.
M3non3esaHuTe CbkpalleHust ca AageHu B Tabnuua 1.

Ta6nuua 1. OCHOBHM M3MON3BaHU B TEKCTa CbKpaLleHusi
Table 1. Main abbreviations used in the text

INTRODUCTION

Ventricular diastolic dysfunction (DD) is a state with
impaired ventricular filling, regardless of whether the
ejection fraction is normal or reduced, and whether
the patient is symptomatic or not [1]. In the process
of its development, numerous biochemical and cellular
mechanisms are involved, activated at different stages
of the disease, and leading in some cases to clinical
manifestations of heart failure.

The impairment of the diastolic properties of the
ventricular myocardium includes two main compo-
nents — an abnormal ventricular relaxation and in-
creased stiffness (decreased compliance) of the ven-
tricle [2].

This review discusses diastolic properties of re-
laxation and compliance, as well as the causes and
mechanisms of diastolic dysfunction. The abbrevia-
tions used are given in Table 1.

Abbreviation // CbkpalueHus Meaning // 3Hayenue

JIK (LV) Left ventricle, left ventricular JlsBa kamepa, nesokamepeH

nn (LA) Left atrium, left atrial J1sBO NpeAchpAne, NeBonpeachpaAeH

AGEs Advanced glycation end products KpaitH npoayKTv Ha HanpeaHamno rauk1paHe
AKT Protein kinase B (PKB) lMpoTewH kuHasa B (PKB)

AMPK AMP-activated protein kinase AM® akTBMpaHa NpOTeMH kiHa3a

ATP Adenosine triphosphate AzeHo3vH Tpudocdart

BiP Binding immunoglobulin protein VIMyHornoBynuH-cebp3BaLL NpoTenH

CaMKiIl Ca?/calmodulin-dependent protein kinase I Ca®/kanmopynuH-3aBincuma NpoTemH kuHasa Il
CMR Cardiac magnetic resonance CbpAagyeH MarH1TeH pesoHaHe

CHOP C/EBP homologous protein C/EBP xomonoxeH npoTenH

COL1A1, COL1A2, COL3A1 Collagen type | alpha 1, type | alpha 2, type Ill alpha 1 chains | Konaren Tn | andpa 1, Tun | andpa 2, Tvn Il anda 1 Bepurn
DT Deceleration time Bpeme Ha pelenepauus

ECM Extracellular matrix EkcTpauenynapeH matpukc

ER Endoplasmic reticulum EHponnasmeH petukynym

ERK1/2 Extracellular signal-regulated kinases 1 and 2 EkcTpavenynaphu curHan-perynupanxn kuhasm 1 m 2
HSP Heat shock protein [poTenH Ha TEPMUYHIS LLIOK

GRP Glucose-regulated protein [ ntoKo3a-perynupan npoTenH

IRE1 Inositol-requiring enzyme-1 VHoauTon-n3nckeaLy eHaum-1

IVRT Isovolumic relaxation time Bpeme Ha u30BonmymMeTpUyHa penakcawuus
JAK Janus kinase AHyc knHasa

JNK c-Jun N-terminal kinase c-Jun N-TepmuHanHa kuHasa

LACS Left atrial conduit strain JleBonpencbpaeH NPOBOAEH CTPEH

LARS Left atrial reservoir strain JleBonpeacbpaeH pe3epBoapeH CTpeiH

LASct Left atrial contractile strain JleBonpeacbpaeH KOHTPAKTUNEH CTPENH

LAVi Left atrial volume index /HpekcupaH nesonpeacbpaeH obem

LOX, LOXL-3 Lysyl oxidase, lysyl oxidase-like 3 JInsunokcuaasa, nuannokcuaasa nofgobHa 3
MAPK Mitogen-activated protein kinase MwuToreH-akT1BMpaHa npoTenH KuHasa

MMP Matrix metalloproteinase MaTpukcHa meTanonpoTenHasa
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Abbreviation // Cbkpaluenus Meaning // 3Havenue

mTOR Mechanistic target of rapamycin MexaHuCT4YeH TapreT Ha panamuuyHa

MuRF Muscle-specific ring finger protein MyckynHo-cneuuduyeH npoTenH Ha 6e3uMeHHUs NpbCT

MyBP-C Myosin-binding protein C Mwo3uH-cebpaBaLy npoTenH C

NCX Na*/Ca** exchanger Na*/Ca?" 06MeHHWK

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells | Hykneapen chaktop Ha akTuupanute B-knetku

NO Nitric oxide A30TeH okeng

PGC-1a Peroxisome proliferator-activated receptor gamma coactivator- 1a | Koakteatop-1a Ha rama-peLientopa, akTuB1paH oT Nepokcy-

30MHU NponudepaTopu

PI3K Phosphoinositide 3 kinase ®ochonHosnTg 3 kuHasa

PKC Protein kinase C [MpoTenH kuHasa C

PKA Protein kinase A [poTenH kuHasa A

PKG cGMP-dependent protein kinase 4rM®-3aBucrma NpoTenH KnHasa

PLB Phospholamban ®ocdonamban

PERK Protein kinase R-like ER kinase R-nogobHa npoTenH knHasa Ha eHaonnasmeHus peTukynym

RAGE Receptor for advanced glycation end products PeLenTop 3a kpaitH1 NpoLyKTV Ha HanpeaHano rmuk1paHe

ROCK Rho-associated coiled-coil containing protein kinase Rho-acouumpaHa kuHasa, CbAabpkalla konm-koun AoMeHu

ROS Reactive oxygen species PeakTuBHM K1CNOpOSHM BUOBE

RyR2 Ryanodine receptor type 2 PwanogunHoB peuenTop Tvn 2

SERCA2a Sarcoplasmic/endoplasmic reticulum Ca?-ATPase 2a Ca*-AT®a3sa 2a Ha capkonnasmeHus/ eHgonnasmeHus

PETUKYYM

SMAD “Small body size” (C. elegans) and “Mothers against Ot aHrn. “small body size” (C. elegans) u “Mothers against
decapentaplegic” (Drosophila) decapentaplegic” (Drosophila)

SR Sarcoplasmic reticulum CapxkonnasmeH peTukynym

STAT Signal transducer and activator of transcription CurHaneH TpaHCAloCep U akTMBaTOP Ha TpaHCKpuUnumsTa

TGF-B Transforming growth factor-beta TpaHcdopmupaly pactexeH aktop beta

TIMP Tissue inhibitor of metalloproteinases TbkaHEeH MHXMOUTOP Ha MeTanonpoTenHasuTe

TNF-a Tumor necrosis factor-alpha Tymop-HekpoTuamnpalL, aktop anda

Tnl Troponin | TponoHwH |

nT Troponin T TponoHuH T

UPS Ubiquitin-proteasome system YOUKBUTUH-NPOTEA30MHA CUCTEMA

UPR Unfolded protein response OTroBop Ha HenpaBWUHO HarbHaTK NPOTENHN

Wht/B-catenin Whnt/B-catenin signaling pathway CurHaneH nbT Wnt/B-kaTeHuH

KAMEPHA PENAKCALUS

Penakcauusita e akTuBeH npoLec, nNpu KOWTO cneq
CbKpPALLEHNETO MUOKapAbT Ce BpbLya 4O U3XOOHUTE CU
ObIDkKMHA U Hanpexenue [3]. HopmanHo T4 obxBalia
ronsiMa Jact ot ¢hasara Ha KaMepHO M3TnacksaHe, ne-
prvoObT C MOHWKEHNE HA BbTPEKaMEPHOTO HamnsraHe U
HavanHarta Jact Ha dasata Ha 6bp3o nbnHeHe [4]. MNpu
PU3MONOrMYHN YCIOBUSI CapKOMeEpPUTE Ce CKbCHABaT U
yOobiokaBaTt B OTFOBOP Ha npomMeHuTe Ha [Ca?']i B myoum-
TuTe [5]. Ha kneTb4HO HMBO penakcauusita 3aBucu OT
NMOHWXXAaBAHETO HA MHTpaLenynapHaTa KOHLEHTpauust Ha
Ca? n gncoumaumaTa My OT TPOMoHUH C, KOeTo Boau Ao
pa3KbCBaHe Ha aKTOMMO3MHOBUTE MOCTHETa 1 NpekpaTs-
BaHe Ha MYCKYIHOTO CbKpalleHue [6]. 3a HopManHoTo
npoTuYaHe Ha nmpoueca e HeodXoaUMO LOCTaTbYHO KO-
nunyectBo AT®. OTCTpaHABaHETO Ha KanuueBUTE HOHU
OT uuTO30Ma ce ocblyecTBsBa 4pes: 1) docdonam-

RELAXATION

Relaxation is an active process in which, after con-
traction, the myocardium returns to its original length
and tension [3]. Typically, it includes a large part of the
phase of ventricular ejection, the period of ventricular
pressure drop, and the initial part of the rapid filling
phase [4]. Under physiological conditions, sarcomeres
shorten and lengthen in response to changes in [Ca*']i
in the myocytes [5]. At the cellular level, relaxation de-
pends on the decrease in intracellular Ca** concentra-
tion and its dissociation from troponin C, which leads to
the breaking of actomyosin bridges and the cessation
of muscle contraction [6]. A sufficient amount of ATP
is required for the normal course of the process. The
removal of calcium ions from the cytosol is carried out
by: 1) phospholamban-modulated uptake of Ca?* into
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6aH-MogynupaHo noemaHe Ha Ca?* B capkonnasmeHus
peTukynym nocpeacteom Ca?-ATdasa (sarcoplasmic
reticulum Ca?-ATPase, SERCA) [7]; 2) n3BexgaHe Ha
Ca?* nocpeacTtBOM  HaTpUeBO-KanuMeBUst OOMEHHUK
(NCX) Ha capkonemata, oomeHsiL, eamH Ca?* oH cpeLly
Tpy Na* ioHa [8]; 3) TpaHcnopT kbM MuTOXOHApUKTE [9)];
4) TpaHcnopt ot Ca?*-ATdasa Ha capkonemata [10].
MbpBMTE OBa MexaHU3bMa 3a M3BEXAAHE Ha Karn-
LMEeBUTE NOHM Ca OCHOBHM, JOKATO C MOMOLLTa Ha Apy-
rMTe Ba ce OTCTpaHsiBa MMHUMAIIHO KOMNUYECTBO.
HonbnHutenHo, BaxHa pons urpae Ca?'/kanmogy-
nuH-3aBucuma npotenH kuHasa Il (CaMKIl). Ta doc-
hopunupa KanuuesmTe KaHanmu v puaHoouHoOBUTE pe-
LienTopu, yBenmyaBarnkm COHTaHHOTO NpeMMHaBaHe Ha
Ca?* oT capkonnasMeHusl peTuKynyMm KbM LUTOMMasma-
Ta [11]. B pesyntat Ha TOBa HacTbMBa Kanuuesa guncpe-
ryrnaums 1 HapyllaBaHe Ha npoLeca Ha penakcauusi.

PUrngHocCT 1 PASTEMMUBOCT
(KbBMNAANBHC)

PurmgHocTTa 1 KbMNNaWbHCBLT Ha KamepaTa ca
NMacyBHO CBOWCTBO, MpeACcTaBeHO Mo MPOTMBOMOSIOXKEH
Hau4VH, NMaLLo 3Ha4YeHne npes Bcuykute 3 hasun Ha an-
acTtonara, C MOCTENEHHO HapacTBaHe Ha pondaTa My oT
HayarnoTo Ha guacTtasaTta M OCHOBHO BbB BTOparta no-
NoBvHa Ha guacrtonaTa.

EnemeHT Ha kamepHaTa purugHocT ca [4, 12, 13]:
MuokapgHata purMgHocT U PUrMOHOCTTa Ha KyxuHata
(oTpassBaHa OT HakoHa Ha kpuBata OUacMmOJIHO Harlsi-
eaHe-0bem), NoByLLIaBaLLa ce Mpu yBEnuYyeHa ronemuHa
Ha kamepara u/vnn gebenvHa Ha cteHata n. PuaudHocm-
ma ce NpencraBsi OT OTHOLLEHWNETO MPOMSIHa Ha 6bmpe-
KamMepHOMo HarisieaHe/MpoMsiHa Ha KaMepHUsi obem npu
MbIHEHETO Ha KyxuHaTa: PurmpgHoct = AP/AV, kbaeto
AP — npomsiHa Ha HansraHeTo, a AV — npomsiHa Ha obema.

KbmnnalibHecbm € NpPOTUBOMOSIOXKHOTO CBOWCTBO,
npeacTaBsHO OT OTHOLLUEHUETO MPOMSIHA Ha KaMepHUS
obem/npomsiHa Ha 6bmpeKkaMepHOmMO Harsis2aHe Mo
Bpeme Ha agvactonara (dwr. 1): KbmnnansHe = AV/AP.

PurngHocTTa 1 KbMNNambHCHT 3aBUCAT OT Xapak-
TEPUCTUKN KaKTO Ha MMUOLMTUTE, Taka U Ha eKkcTpa-
uenynapHarta cpega B Muvokapga. NoBuliaBaHeTo Ha
MUOKapgHaTa purnaHoCT Ce pasBuBa MO-KbCHO OT Ha-
pyLLIaBaHETO Ha MpoLeca Ha penakcauus, Npy Hanpea-
Han ctagun Ha 3abonsBaHeTo.

MuouunTtHu chakTopm

Mpn pusmonornyHa AbIKMHA Ha CapKoOMepuTe
TUTUHBT € OCHOBHUAT €NeMeHT B MUOLMTUTE, Mpo-
TMBOAEWCTBALL, Ha MNAaCUBHUTE MWOKapgoHU cunn [5].
CbcTaBeH e oT gBa enemeHTa: 1) A-mBuua, msrpage-
Ha oT umyHornobynmHonogobHu (Ig) u PUBPOHEKTUH
3 nocnegosaTtenHocT u 2) |-MBuUa, OCHOBa Ha BWUC-
KOenacTM4YHOCTTa Ha TUTUHA. [MraHTCKUTE MPOTEMHOBM

the sarcoplasmic reticulum by the sarcoplasmic reticu-
lum Ca?*-ATPase (SERCA) [7]; 2) Ca? removal via the
sodium-calcium exchanger (NCX) of the sarcolemma,
exchanging one Ca?" ion for three Na* ions [8]; 3) trans-
port to mitochondria [9]; 4) transport by Ca?*-ATPase in
the sarcolemma [10].

The first two mechanisms for the removal of calci-
um ions are the main ones, while the other two remove
a small amount.

Additionally, CaMKIl (Ca?*/calmodulin-dependent
protein kinase Il) plays an important role. It phosphory-
lates calcium channels and ryanodine receptors, in-
creasing the spontaneous passage of Ca? from the
sarcoplasmic reticulum to the cytoplasm [11]. This re-
sults in calcium dysregulation and impairment of the
relaxation process.

STIFFNESS AND COMPLIANCE

The stiffness and compliance of the ventricle is a
passive property presented in an opposite way, having
importance during all three phases of diastole, with a
gradual increase in its role from the beginning of dias-
tasis and mainly in the second half of diastole.

Elements of ventricular stiffness are [4, 12, 13]:
myocardial stiffness, and chamber stiffness (reflected
by the slope of the diastolic pressure-volume curve), in-
creasing with increased chamber size and/or wall thick-
ness. Stiffness is represented by the ratio of ventricular
pressure change to ventricular volume change during
filling of the ventricle: Stiffness = AP/AV, where AP —
pressure change, and AV — volume change.

Compliance is the opposite property represented
by the ratio of ventricular volume change to ventricular
pressure change during diastole (Figure 1): Compli-
ance = AV/AP.

Stiffness and compliance depend on characteris-
tics of both myocytes and the extracellular milieu in the
myocardium. Increased myocardial stiffness develops
later than the disturbance of the relaxation process, in
advanced stages of the disease.

Myocyte factors

At physiological sarcomere lengths, titin is the
main component in myocytes counteracting passive
myocardial forces [5]. It is composed of two elements:
(1) the A-band, built from immunoglobulin-like (Ig) and
fibronectin 3 sequences, and (2) the I-band, the basis
of titin’s viscoelasticity. Giant titin protein molecules
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LV — left ventricular, EDP — end-diastolic pressure, EDV — end-diastolic volume

®ur. 1. OTHoweHwe JIK 06em/JTIK HansraHe, oTpassisawo JIK kbMmnnanbHe (AV/AP): A) B 06wumsa criyyvait; B) npu HopmaneH, NoHWXeH 1 NOBULLEH
KbMMNMNaWbHC Ha KamepaTa; NoKasaHu ca pasnuyHUTe NeBokaMmepHn obemu B TeneamacTona npu pasnuyeH KbMnaanbHC Npyu e4HO U CbLUO Te-

negunacToniHO HandraHe. (cxema Ha aBTOpVITe)

Fig. 1. The ratio LV volume/LV pressure, reflecting LV compliance (AV/AP): A) in the general case; B) with normal, reduced and increased
chamber compliance; the different left ventricular volumes in end-diastole are shown for different compliance at the same end-diastolic pressure

(authors’ scheme)

MOMeKyrnn Ha TUTUHa obpaldyBaT Mpexa OT unameH-
TV B KapAMOMUOLMTA, MMaLLN MEXAHWYHWU U CUTHAITHK
dyHKUMKN. Te ca eanH OT OCHOBHUTE AETEPMUHAHTLN Ha
He3aBucumarta oT Ca?* nacuBHa pUrMaHOCT Ha M30Mnu-
paHUTe KapouoMMOLMTK, KaTo OOMpUHAcCAT 3a purng-
HOCTTa OCHOBHO NPV NO-Marnku ObJPKUHU Ha capkome-
pa (ot 1,8 oo 2,2 um) [14]. B mnokapga TUTUHBT ce
yCTaHOBSIBA OCHOBHO B 2 uzodgopmu — N2B (purngHa,
kbca) u N2BA (no-enactunyna) [15, 16]. BanaHcbT mex-
4y TSX Kopenupa ¢ nacuBHaTa pUrngHoCT U pasTernu-
BOCT Ha Muokapga. [Npu cbpaeyHa HegocTaTbYyHOCT
CbC 3anaseHa (ppakums Ha nstnackesaHe ce Habnoga-
Ba namectBaHe kbM N2B, koeTo e cBbp3aHoO ¢ no-rons-
Ma pUrMgHoOCT Ha MUoKapaa.

docdopunmparHeto Ha TutnHa ot PKA n PKG Ha-
MansiBa puUrMgHoOCTTa My, a HamaneHoTo docdopu-
nupaHe (0cobeHO Mpu HapylleHWe B CUrHamnHust mbT
NO—-cGMP-PKG) yBenunyaBa purngHoctTta [17-19].
daktnyeckn dochopunmpaHeto Ha PEVK pomenHa
yBenuyaBsa puUrMgHoCcTTa Ha TUTMHA, Aokato docdopu-
nupaHeto Ha N2-Bus HamansiBa purngHoctTa [20, 18].
docopunupaneto Ha N2-Bus ot PKA n PKG e kputu-
YeH MexaHuU3bM 3a perynupaHe Ha nacuBHaTa purna-
HOCT Ha Muokapga. VsknoyBaHeTo Ha To3un NbT (Hanp.
npu HapyweHa NO-cGMP-PKG curHanHa akTMBHOCT)
MOX€ 3Ha4YMMO Aa yBENMYM PUrMaHOCTTa U Aa AOoNpuHe-
Ce 3a pa3BMTUETO Ha ANacToNHa ANCHYHKLUS.

EkctpauenynapHu dakropu

TeH3NOHHOTO ObpemMeHsiBaHe Ha nsiBaTta kamepa
BOAW [10 pa3BUTME Ha XMNepTpodus, KOSTO € NpudnHa

form a network of filaments in the cardiomyocyte, hav-
ing mechanical and signaling functions. They are one
of the main determinants of Ca?*-independent passive
stiffness of isolated cardiomyocytes, contributing to
stiffness mainly at shorter sarcomere lengths (from
1.8 to 2.2 um) [14]. In the myocardium, titin is mainly
found in two isoforms — N2B (rigid, short) and N2BA
(more elastic) [15, 16]. The balance between these
isoforms correlates with the passive stiffness and
compliance of the myocardium. In heart failure with
preserved ejection fraction, a shift towards N2B is ob-
served, which is associated with greater myocardial
stiffness.

Phosphorylation of titin by PKA and PKG reduces
its stiffness, and reduced phosphorylation increases
stiffness (especially in the case of abnormality in the
NO-cGMP-PKG signaling pathway) [17-19]. In fact,
phosphorylation of the PEVK domain increases titin
stiffness, while phosphorylation of N2-Bus decreases it
[20, 18]. Phosphorylation of N2-Bus by PKA and PKG is
a critical mechanism for regulating passive myocardial
stiffness and elasticity. Disabling this pathway (e.g., by
impaired NO-cGMP-PKG signaling) can significantly
increase stiffness and contribute to the development of
diastolic dysfunction.

Extracellular factors

Pressure overloading of the left ventricle leads
to the development of hypertrophy, which decreases
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3a NoHWXXaBaHe Ha KbMMNanbHCa Ha Kamepara 1 Bro-
LuaBaHe Ha ANacTOMHOTO M MbiHeHe. Xuneptpoduara
Ha MUoUUTUTE OBMKHOBEHO Ce CbMbTCTBA OT YyBENu-
YaBaHe Ha ekcTpaLenynapHus MaTpukc, n3rpageH oc-
HOBHO OT konareH | n lll n no-manko ot enacTuH, namm-
HVH 1 PUOPOHEKTUH. NMPMHOCHT Ha ekcTpauenynapHms
KorareH 3a MuoKapgHata pUrngHocT € MOo-rofnsiM Mmpu
ObIDKMHM Ha capkomepa > 2,2 um, T.e. Npu Hanuive
Ha JIK annatauus [14]. OT 3Ha4yeHne 3a guacTtonHarta
ONCOYHKLUNS ca KaKTO KONMYeCcTBOTO Ha hmbpunapHus
KorareH B eKcTpauenyrnapHusi MaTpuyKC, Taka U Kpbe-
TOCaAHOTO My CBbp3BaHe C obpasyBaHe Ha Mpexa OoT
konareHoBu BnakHa [21]. OT cBos cTpaHa, obpasyBa-
HETO Ha Mpexa OT ubpunapHnsa kKonareH 3aBucu OT
€H3MMHaTa aKTMBHOCT Ha nuaunokcugasata (LOX u
LOXL-3), ocBoboxgaBaHa oT hnbpobnactute n Bepo-
ATHO OT MuoumnTUTe [22-25].

CnepgHvTe OCHOBHU CUrHanNHu nbtula (dur. 2) nmat
3Ha4YeHne 3a CTpyKTypaTa Ha ekcTpauernynapHus ma-
TPUKC M CbOTBETHO 3@ MMOKapaHaTa purngHocT [26-28]:

e TGF-B/SMAD — ocHoBeH perynatop Ha ubpo-
reHesaTa 4Ype3 CTUMYNMpaHe Ha CUHTE3a Ha KorareH u
dunbpoHekTMH, kaTto TGFR akTnBmpa SMAD kackaga-
Ta, CTUMynuMpalla CuHTe3a Ha KonareH u pnbpoHeKTUH
oT mbpobnactute n ycuneawa mmodmnbpobnactHaTa
TpaHcdopMaLma U PEMOAENMPAHETO Ha ekcTpaLeny-
napHusi MaTpukc.

compliance of the ventricle and deteriorates its diastol-
ic filling. Myocyte hypertrophy is usually accompanied
by an increase in the extracellular matrix, consisting
mainly of collagen | and lll and less of elastin, laminin
and fibronectin. The contribution of extracellular col-
lagen to myocardial stiffness is greater at sarcomere
lengths > 2.2 uym, i.e. in the presence of LV dilation
[14]. Both the amount of fibrillar collagen in the extra-
cellular matrix and its cross-linking to form a network of
collagen fibers are important for diastolic dysfunction
[21]. In turn, the formation of a network of fibrillar colla-
gen depends on the enzymatic activity of lysyl oxidase
(LOX and LOXL-3) released by fibroblasts and proba-
bly by myocytes [22-25].

The following major signaling pathways (Figure
2) are important for the structure of the extracellu-
lar matrix and, consequently, for myocardial stiffness
[26-28]:

o TGF-B/SMAD — a key regulator of fibrogenesis
by stimulating the synthesis of collagen and fibronectin,
with TGF-B activating the SMAD cascade, stimulating
the synthesis of collagen and fibronectin by fibroblasts
and enhancing myofibroblast transformation and
remodeling of the extracellular matrix;

OCHOBHM KNIETbYHM CUTHANHU MbTULLA, CBbP3aHM C NOBULLEHA MUOKapAHa PUTUAHOCT
Key cellular signaling pathways associated with increased myocardial stiffness
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Fig. 2. Major cellular signaling pathways
associated with increased myocardial stiffness
(authors’ scheme)
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e MAPK (ERK1/2, JNK, p38) — akTnBMpaHu ot me-
XaHWYHO HanpexeHne, XOPMOHU U LIUTOKUHW, Te pery-
nupar ekcnpecusTa Ha reHu 3a KonareHa.

o PIBK/AKT — meguupa xuneptpodua n Gnaro-
NPUATCTBa OLENABAHETO Ha KapAWOMWUOUUTUTE, HO
XPOHMYHOTO MYy aKTMBMPAHE € CBbP3aHO C NaTonorny-
HO pemoaenvpaHe.

MPUYMHU 3A PASBUTUE HA NEBOKAMEPHA
AWACTONHA AUCOYHKLMA

MHOXeCTBO €TMOMOrM4YHM U1 npegpasnonaraiim
(hbakTopy MoraT Ja CTOSIT B OCHOBaTa Ha pa3BMTUETO Ha
anacTonHa ancdyHkums [41, 60, 85, 86, 97, 107, 119].
TakuBa hakTopn ca: 3abonsiBaHWst C XeMoAMHaMUY-
HO oOpeMeHsiBaHe (apTepuarnHa XuUnepToHusi, aopT-
Ha CTeHo3a/MHCydULMEHLUS), ucxemmyHa b6onecT Ha
cbpueTo (OCTpU M XPOHUYHM chopmun), Kapanommona-
TN (XMNepTpoUYHa, PECTPUKTMBHA, AunaTtaTuBHA),
MeTaboNUTHN N EeHOOKPUHHW, aBTOUMYHHWU, WHMWN-
TPaTUBHM W Bb3MNaANUTENHU 3ab0nsiBaHWs, TOKCUYHU
yBpeXaaHUs, TEHETUYHWN U HAacNEeACTBEHN CUHOPOMM C
MyTauun B CapkOMEPHU NPOTENHM.

MEXAHM3MU HA UACTONTHATA
AUCOYHKLUA

e HapyuweHa kanuueBa perynauus (cowur. 3): Hapy-
LIeHaTa KanumeBa XoMeocTasa Ha HUBO KneTka € eauH
OT OCHOBHUTE OMOXMMUYHW MEXaHU3MMK, y4acTBaln B
avacTtonHarta gucdyHkums. Kanumesute MOHWM wrpasit
OCHOBHa porisi B NpoLeca Ha MyCKyJiHaTa KOHTPaKUUs u
penakcaums. B HopmanHu ycrnoBusi no Bpeme Ha guac-
TOrna Te ce TpaHcnopTupaTr 0bpaTHO B CapKomriasMeHust
peTVKyNyM 4pe3 capkonnasmeHata kanuueBa ATdasza
(SERCAZ2a) [7]. Mpu gnactonHa gucdyHkumsa obade ak-
TMBHOocTTa Ha SERCA2a e HamaneHa, Koeto BoauM 00
3aabpXXaHe Ha KanuueBu WOHW B LMTO30Ma U OO Hapy-
LWeHa pernakcauus Ha muoumTa. OcBeH ToBa NpU HSAKOU
CbCTOSIHMSA KaTo XMMEepPTOHUSA U AnabeT Moxe Aa ce Ha-
GnogaBa NoBULLIEHA aKTUBHOCT HA HAaTPUEBO-KanuueBust
06meHHUK (NCX), KOeTo OMbHUTENHO BIOLLIABA Kanuy-
eBaTta xomeocTada. NCX obvkHoBeHO paboTu B pexum
Harped (n3sexaa 1 Ca?* HaBbH CpeLLly BbBEXOaHe Ha 3
Na* HaBbTpe). B natonornynm ycriosus obave moxe aa
ce aKTuBMpa 1 B obpameH pexum, T.e. fa Bbeexxaa Ca?*
BbB BbTPELIHOCTTA Ha KreTkata 1 ga ussexga Na* ot
Hes [8]. ToBa gonpuHacs 3a KanumMeBoTo obpemMeHsiBaHe
Ha MUOLMTUTE M 3a AnacTonHaTa aucdyHKums. HapyLue-
HOTO (pyHKLMOHMpaHe Ha SERCA2a moxe fa e CBbp3aHo
C Pa3nNUyHM MOMEKYINHU MeXaHU3MW, BKI. OKCUOATUBEH
CTpeC 1 Bb3narneHne, KOUTO BOAAT A0 NOCTTPaHCNaLMOH-
H1 moamdmkaumm Ha SERCA2a. OcBeH ToBa reHETUYHU
MyTaLMN CbLLO MOraT Aa UrpasaT pons 3a HapyLUeHUETO
Ha KanuuesaTa perynauusi, Kato npsiko UM KOCBEHO BIN-
A49T BbpXy akTuBHocTTa Ha SERCA2a n NCX.

e MAPK (ERK1/2, JNK, p38) — activated by me-
chanical stress, hormones and cytokines, they regulate
the expression of collagen genes;

e PI3K/AKT — mediates hypertrophy and promotes
cardiomyocyte survival, but its chronic activation is
associated with abnormal remodeling.

CAUSES OF LEFT VENTRICULAR
DIASTOLIC DYSFUNCTION

A number of etiological and predisposing factors
may contribute to the development of diastolic dys-
function [41, 60, 85, 86, 97, 107, 119]. These include
diseases associated with hemodynamic overload (hy-
pertension, aortic stenosis and/or regurgitation), cor-
onary artery disease (both acute and chronic forms),
cardiomyopathies (hypertrophic, restrictive, or dilated),
metabolic and endocrine, autoimmune, infiltrative and
inflammatory diseases, toxic injuries, and genetic and
hereditary syndromes with mutations in sarcomeric
proteins.

MECHANISMS OF DIASTOLIC
DYSFUNCTION

e Calcium dysregulation (Figure 3): Impaired
calcium homeostasis at the cellular level is one of the
main biochemical mechanisms involved in diastolic
dysfunction. Calcium ions play a fundamental role
in the process of muscle contraction and relaxation.
Under normal conditions, during diastole, they are
transported back to the sarcoplasmic reticulum by
the sarcoplasmic calcium ATPase (SERCA2a) [7]. In
diastolic dysfunction, SERCAZ2a activity is reduced,
leading to retention of calcium ions in the cytosol
and impaired myocyte relaxation. In addition, in
some diseases such as hypertension and diabetes,
increased activity of the sodium-calcium exchanger
(NCX) can be observed, further impairing calcium
homeostasis. NCX normally operates in a “forward
mode” (expelling 1 Ca*" against bringing in 3 Na*).
However, in pathological states it can also be
activated in a “reverse mode”, i.e. to bring Ca® into
the cell and remove Na* from it [8]. This contributes
to the calcium load of myocytes and diastolic
dysfunction. The impaired functioning of SERCA2a
can be related to various molecular mechanisms,
including oxidative stress and inflammation, which
lead to post-translational modifications of SERCAZ2a.
In addition, genetic mutations can also play a role
in the disturbance of calcium regulation, directly or
indirectly affecting the activity of SERCA2a and NCX.
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RyR2 — pnaHognHoBu peuentopu Tun 2 (cxema Ha aBTopuTe)

Fig. 3. Decreased SERCA2a activity leads to reduced Ca2+ uptake by the sarcoplasmic reticulum. This is the main mechanism for increasing
intracellular Ca2+ concentration. Of lesser importance is the increase in the activity of the sodium-calcium exchanger (NCX) functioning in a
“reverse mode”, i.e. Ca2+ entry into the cell and Na+ exit. In addition, under oxidative stress, phosphorylation by CaMKIl and PKA, as well as
loss of stabilizing proteins, there is an increased efflux of Ca2+ through the RyR2 channels of the sarcoplasmic reticulum, which further increases
the calcium load of the cells. RyR2 — ryanodine receptors type 2 (authors’ scheme)

o XymopanHu dakrtopu: AHrMoTeH3nH Il aktu-
Bupa AT1 peuentopuTe 1 CTUMyNupa CUrHanHUsA ot
TGF-B/SMAD, koeTo Bogu 0o pasBuTue Ha ubposa.
AktnBupaHeto Ha MAPK- n JAK/STAT curHanHute nb-
TULLA CbLUO JoMNpMHAcCA 3a pa3BUTUETO HA MUOKapaHa
xuneptpocusa n pmbposa. AngocTepoHbLT NoBMLLABA
aKkTMBHOCTTa Ha nusunokcmaasata (LOX) [25], Bcnen-
CTBME Ha KOETO Ce yBernu4yaBa KpbCTOCAHOTO CBbP3Ba-
He Ha KorareHa v noBuLLEeHa PUrMAHOCT Ha MUOKapAa.
OcBeH TOBa TOW akTUBMpPaA MUHEPANKOPTUKOUOHUTE
peuenTopn B KapguomuouuTute n dubpobnacture,
KaTo Mo TO3W Ha4MH BnaronpuaTcTBa xmnepTpodudTa n
¢ubposzarta. KarexonammHuTte (nocpenctBom (-agpe-
HepruyHute peuentopu) aktusmpat PKA n CaMKIl.
Bcrnegcrteme Ha ToBa ce yBenu4vaBa HaBNM3aHETO Ha
KanuvMeBu MOHM B KNeTkata U ce NoBuLLAaBaT eHEPruii-
HUTE HYXXOM Ha Muokapga. [pu xpoHuyHa B-agpeHep-
rMYHa CTUMYynauus Te3nm MexaHu3Mm BOAAT A0 Kanuu-
€Ba gucperynaumsi, OkcuaaTMBeH CTpeC U MHAyUMpaHe
Ha anonTo3a, AOMNpuHacsAWM 3a MNpPorpecrpaHeTo Ha
anacTonHarta gucyHKuus.

e MuokapaHa ucxemus: Ponata n 3a passutue-
TO Ha AMacTonHa OUCHYHKLUSA € KOMMMEKCHa, KaTo
BKITHOYBA:

— HapylwueHo reHepupaHe Ha eHeprusi B Kapauo-
MuouuTa. PefyuMpaHOTO [OCTaBsHE Ha Kucropog

e Humoral factors: Angiotensin Il activates AT1
receptors and stimulates the TGF-B/SMAD signaling
pathway, leading to the development of fibrosis. Acti-
vation of the MAPK and JAK/STAT signaling pathways
also contributes to the development of myocardial hy-
pertrophy and fibrosis. Aldosterone increases the ac-
tivity of lysyl oxidase (LOX) [25], resulting in greater
collagen cross-linking and increased myocardial stiff-
ness. It also activates mineralocorticoid receptors in
cardiomyocytes and fibroblasts, thus favoring hypertro-
phy and fibrosis. Catecholamines (via B-adrenergic re-
ceptors) activate PKA and CaMKII. As a result, calcium
ions enter the cell and myocardial energy requirements
increase. In chronic (-adrenergic stimulation, these
mechanisms lead to calcium dysregulation, oxidative
stress, and induction of apoptosis, contributing to the
progression of diastolic dysfunction.

e Myocardial ischemia: Its role in the develop-
ment of diastolic dysfunction is complex, including:

— Impaired energy generation in the cardio-
myocyte. Reduced oxygen delivery leads to de-
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BOAM [O HamansiBaHe Ha cuHTe3a Ha AT® B muTO-
xoHapunte. HegoctursT Ha AT® komnpomeTrpa akTuB-
HocTTa Ha SERCA2a 1 Ca*-ATda3sa B capkonemara ¢
pesynTaT noBuLlaBaHe Ha OMACTONHOTO HMBO Ha Ca*
B UuTO30na (kanumeBo obpemMeHsaBaHe Ha KNEeTKUTE).

— HapyweHa knetb4Ha Ca** guHamuka. Kanuneso-
TO 0BpeMeHsiIBaHe Ha MMOLUTUTE € MpuynHa 3a 3abase-
Ha gmcoumaumsa Ha Ca?* oT TponoHuH C, BcneacTeme Ha
KOETO KreTkaTta usnaga B CbCTOSIHUE Ha KOHmpaxkmypa.

— OKcupaTMBeH CTpec W MUTOXOHApUAnHa
ancdyHkuma. T.Hap. low-flow ucxemusi 1 ocobeHo
penepdysuaTa crnes BpEMEHHO NPeKbCBaHe Ha KPpbBO-
TOKa BOOAT [0 M3pa3eHo MnoBuvLlaBaHe Ha HMBaTa Ha
ROS [29, 30]. ROS npegussukeaTt S-HUTpO3unmMpaHe
N OKUCMEHUE Ha KPUTUYHU CYNXUOPUIHU TPYNn B pu-
aHoguHoBuTe peuentopu (RyR2) [31, 32]. PesyntatbT
€ CMnoHTaHeH amactoneH ednykc Ha Ca*" ot SR, no-
BULLABAHE Ha uuTtonnasmeHoto Ca?* HMBO M Hapylla-
BaHe Ha penakcauyuata. ROS nHayumpart okucnuTenHm
Moandmkauum n HUTpoaunmpaHe Ha PLB, kouTto Ha-
mManseaTt HeroBaTta cnocobHocT Aa ce cocdopunmpa
ot PKA/PKG. B HedocdopunmpaHo cbctosiHue PLB
nHxmdupa SERCA2a.

— Aumposa [33, 34]. JonbnHUTENHO, HAaTPYyNBaHETO
Ha nakTaT U NPOTOHU BOAM [0 BbTPEKNeTbYHa aumaosa,
KOSITO NMPOMEHSI YYBCTBUTEMHOCTTA Ha KOHTPAKTUIHUTE
npotenHn kbM Ca* 1 notucka penakcauuata. Aumao-
3aTa CbLUO Taka nHxmnbupa Na*/K*-ATdasa, koeTo Hapy-
LWaBa NOHHMA BanaHc 1 yBenuyaea KanumMeBoTo obpe-
MeHsIBaHEe Ha kreTkute ¢ yyactmeto Ha NCX.

— ®dnbposa M pemoenupaHe Ha ekcTpaueny-
napHua matpukc [35-37]. XpoHn4yHaTa ucxemusi Ctu-
Mynupa 1 ubpO3HOTO pemMogenvpaHe, MegumpaHo
oT aktmBupaHe Ha TGF-B/SMAD n MAPK nbTuwia B
Muocmbpobnactute. B pesyntat Ha ToBa HapacTea
npoaykumnsata Ha konareH tun | n lll n ce yBenunyasa
nacuBHaTa purmaHocCT Ha kameparTa.

e CTpec Ha eHaonnasMeHusi peTukymnym: Xpo-
HUYHUAT CTPEC Ha eHAOMNNa3MeHUs PETUKYINYM MOXe
4a [oBefe 00 HEKOHTPONUpaHa KreTbYyHa CMbpT U hu-
Opo3a, B pe3yntaT Ha KOETO Ce HapyLlaBa QuacTonHa-
Ta yHKuMa (BX. no-gony) [38-40].

e EHpoTtenHa gucdyHkuma: Ta (4ecto cebp3aHa
C haKTOpK KaTo XUMEPTOHWS, TIOTHOHOMYLLIEHE, ANCITU-
nngemusi, 3axapeH gvabeTt) CblOo € OT 3HayeHue 3a
pasBUTMETO Ha AuacTtonHata gucdyHkuusa. Engorten-
HUTE KMETKWM perynupart CbOO0BUSA TOHYC U KPBbBOTOKA
ype3 ocBoboXxaaBaHe Ha a30TeH OKcua v Apyru Baso-
avnararopu kato npoctauuknuH (PGI2), KMHUHW, eH-
poteneH xunepnonapusupaly daktop (EDHF). MNpwu
eHpoTenHa AMcyHKUMS HamansiBa npoaykuuaTa Ha
NO u ce yBenuyaBa obpasyBaHeTO Ha eHOOTenuH-1,
BCINEACTBUE Ha KOETO HACTbMNBAT BA30KOHCTPUKLMS 1
MOBULLEHO CbAOBO CbNpoTMBeHne. OcBeH TOBa eHAO-
TenHaTa gucdyHKUUA MOXe Aa goBede A0 HapylueHa

creased ATP synthesis in the mitochondria. ATP de-
ficiency compromises the activity of SERCA2a and
Ca**-ATPase in the sarcolemma, resulting in an in-
crease in diastolic Ca** levels in the cytosol (calcium
overloading of the cells).

— Impaired cellular Ca** dynamics. Calcium over-
loading of myocytes causes a delayed dissociation of
Ca? from troponin C, as a result of which the cell falls
into a “contracture” state.

— Oxidative stress and mitochondrial dys-
function. Low-flow ischemia and especially reper-
fusion after temporary interruption of blood flow lead
to a marked increase in ROS levels [29, 30]. ROS
induce S-nitrosylation and oxidation of critical sulfhy-
dryl groups in ryanodine receptors (RyR2) [31, 32].
The result is spontaneous diastolic Ca?* efflux from
the SR, an increase in cytoplasmic Ca** level, and im-
paired relaxation. ROS induce oxidative modifications
and nitrosylation of PLB, which reduce its ability to be
phosphorylated by PKA/PKG. In the unphosphorylated
state, PLB inhibits SERCAZ2a.

— Acidosis [33,34]. Additionally, the accumulation
of lactate and protons leads to intracellular acidosis,
which alters the Ca? sensitivity of the contractile pro-
teins and inhibits relaxation. Acidosis also inhibits Na*/
K*-ATPase, which disturbs ion balance and increases
cell calcium load with the participation of NCX.

— Fibrosis and remodeling of the extracellular
matrix [35-37]. Chronic ischemia also stimulates fibrot-
ic remodeling through activation of TGF-B/SMAD and
MAPK pathways in myofibroblasts. As a result, the pro-
duction of collagen types | and Il activates and passive
stiffness of the chamber increases.

e Endoplasmic reticulum stress: Chronic endo-
plasmic reticulum stress can lead to uncontrolled cell
death and fibrosis, resulting in impaired diastolic func-
tion (see below) [38-40].

e Endothelial dysfunction: Endothelial dysfunc-
tion (often associated with factors such as hyperten-
sion, smoking, dyslipidemia, diabetes mellitus) is also
important in the development of diastolic dysfunction.
Endothelial cells regulate vascular tone and blood flow
by releasing nitric oxide and other vasodilators such
as prostacyclin (PGI2), kinins, endothelial hyperpo-
larizing factor (EDHF). In endothelial dysfunction, NO
production is decreased and endothelin-1 production is
increased, resulting in vasoconstriction and increased
vascular resistance. In addition, endothelial dysfunc-
tion can lead to impaired angiogenesis and reduction of
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aHrmoreHesa n KanunsipHa peaykumsi. Toea JOMbAHU-
TenHo BnoLaea cbpaevHaTa yHkuusa [41]. AkTuBupa
ce curHanuuaT nbT RhoA/ROCK, koeTo Boan Ao nosu-
LaBaHe Ha YyBCTBUTENHOCTTa Ha MMO3nHa kKbM Ca*, ¢
MoBMLUABaAHE HA KOHTPAKTMNMUTETA U CTUMYyNUpaHe Ha
dunbposHoTo pemogenupaHe [42, 43].

e OkcMmpaTMBeH CTpeC W MUTOXOHApUanHa
avcdyHkuma: OKCUOaTUBHUAT CTPEC € eOuH OT OCHOB-
HWUTE eNeMeHTU B Pa3BUTUETO Ha AuacTornHarta AUCAYHK-
ums. MosuweHoTo obpa3dysaHe Ha ROS Boan ao [44-46]:

— yBpexgaHe Ha MWUTOXOHApWAanHu mMemoOpaHu K
HapyLleH cuHTe3 Ha ATO;

— S-HUTpO3MNMpaHe/HUTpUpaHe N oKcuagmpaHe Ha
SERCA2a, TUTUH 1 gpyru NnpoTeunHu;

— akTmBupaHe Ha NF-kB n nosuweHa ekcnpecus
Ha TNF-a, IL-13 n IL-6.

MuToxoHapnanHata AMCHYHKUMS € CBbp3aHa C
HapyweHa OwvoreHesa Ha MWTOXOHAPUMTE, KOHTPO-
nupaHa ot PGC-1a, n ¢ gucyHKUMA Ha eneKkTpOHH-
oTpaHcnopTHaTa Bepura. OCBeH TOBa NpU BUCOKM HMBA
ROS aktusmpar JNK un p38 MAPK, ctumynupaium
anonTtosaTa u pemogenupaHeTo [47].

e Bn3naneHue, UMyHHa peakuus, pons Ha uu-
TOKMHUTE: XPOHUYHOTO Bb3MareHne € xapakTepHo 3a
peavua CbCTOAHUSA, BOAELWM A0 ANACTONHA AUCHYHK-
uusa. Makpodparn n T-numdounTn nHUNTpupaT Mu-
okapaa u ocsoboxaaBaTt LMTOKUHK, kaTo [48-51]:

— IL-6 n TNF-a, ctTumynupawm xuneptpodus n gpu-
Opoa3a;

— IL-1B, aktmBUupaw, MMP n moamnduumpaly pemo-
aenvpaHeto Ha ECM;

— TGF-B, TpaHchopmmpaly, ombpobnactute B Mu-
ogubpobnacTu.

NF-kB e ocHoBeH TpaHCKpUMLUMOHEeH perynarop,
konTo ce aktmeupa ot ROS, AGE n mexaHn4Ho Hanpe-
XKEeHMe 1 nogabpKa XPOHUYHOTO Bb3narneHue.

e ®dubpos3a n xuneptpodmsa Ha Muokapga: B
MHOrO crnyyam guacTtonHarta gUcdyHKUUSA e cBbp3aHa
CbC CTPYKTYPHM NPOMEHU B MUOKapaa Kato dmbposa
n xuneptpocus. Pubposata e HaTpynBaHe Ha Kona-
reH 1 Apyry eneMeHTU Ha eKcTpaLenyrnapH1s MaTpuKc,
HamMansaBallM KbMnnanbHCa Ha MUokapaa. To3u npo-
Luec ce meguupa ot oubpobnacTute U e cCTuMynupaH
OT OMOXMMUYHM (haKTOPU KaTO aHrMOTeH3uH I, TpaH-
cchopmumpaly, pactexeH daktop-6eta u eHOoTenuH-1.
XunepTpodusita Ha MuUoKapaa, pasBuBalla ce Karto
aganTuBeH OTrOBOP KbM MOBULLIEHO XEMOAMHAMUYHO
HaToBapBaHe, Ce OTpa3siBa KakTo Ha penakcauusaTa,
Taka M Ha pUrnaHoOCTTa Ha Muokapaa. PasBuTneTo Ha
MUoKapaHaTta xuneptpodus n ombposa ce oCbLLEeCT-
BsIBa MO CnegHusl OCHOBEH MexaHu3bM [52-55]:

— MEXaHW4YHOTO HamnpexeHue akTueBupa T.Hap.
stretch-activated kaHanyeta n UHTErpuMHK, KOUTO Mpe-
JaBaT curHana KbM LMTOCKENeTa n saapeHuTe TpaH-
CKPUNUUOHHN (haKkTopWu;

the capillary bed, which further worsens cardiac func-
tion [41]. The RhoA/ROCK signaling pathway is acti-
vated, resulting in increased myosin sensitivity to Ca?*
with increased contractility and stimulation of fibrous
remodeling [42, 43].

e Oxidative stress and mitochondrial dysfunc-
tion: Oxidative stress is one of the main factors in the
development of diastolic dysfunction. Increased ROS
formation leads to [44-46]:

— damage to mitochondrial membranes and im-
paired ATP synthesis,

— S-nitrosylation/nitration  and
SERCAZ2a, titin and other proteins,

— activation of NF-kB and increased expression of
TNF-q, IL-1B, and IL-6.

Mitochondrial dysfunction is associated with im-
paired mitochondrial biogenesis, controlled by PGC-
1a, and dysfunction of the electron transport chain.
In addition, at high levels, ROS activate JNK and p38
MAPK, promoting apoptosis and remodeling [47].

¢ Inflammation, immune response, role of cyto-
kines: Chronic inflammation is characteristic of a num-
ber of conditions leading to diastolic dysfunction. Mac-
rophages and T-lymphocytes infiltrate the myocardium
and release cytokines, such as [48-51]:

—IL-6 and TNF-a, stimulating hypertrophy and fi-
brosis,

— IL-1B, activating MMPs and modifying ECM re-
modeling,

— TGF-B, transforming fibroblasts into myofibro-
blasts.

NF-kB is a main regulator of transcription that is
activated by ROS, AGEs, and mechanical stress, and
maintains chronic inflammation.

e Myocardial fibrosis and hypertrophy: In many
cases, diastolic dysfunction is associated with struc-
tural changes in the myocardium, such as fibrosis and
hypertrophy. Fibrosis represents the accumulation of
collagen and other extracellular matrix components,
reducing myocardial compliance. This process is me-
diated by fibroblasts and is stimulated by biochemical
factors such as angiotensin II, transforming growth
factor-beta, and endothelin-1. Myocardial hypertrophy,
which develops as an adaptive response to increased
hemodynamic stress, affects both relaxation and stiff-
ness of the myocardium. The development of myocar-
dial hypertrophy and fibrosis occurs through the follow-
ing basic mechanism [52-55]:

— mechanical stress activates the stretch-activated
channels and integrins, which transmit the signal to the
cytoskeleton and nuclear transcription factors;

oxidation  of
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— MAPK (ERK1/2, JNK, p38) kackagute nHayumpar
eKCrpecus Ha reHu, CBbP3aHn ¢ xuneptTpodms n oubposa;

— JAK/STAT mbTaT ce akTuBMpa OT LUTOKMHN N aH-
rMoTeH3uH |l u ctumynupa nponudepaumsaTa Ha hnbpo-
6nactn, kato Wnt/B-KaTeHWH CUrHANMHUAT MbT CbLLUO €
OT 3Ha4YeHne 3a aKTUBMPAHETO Ha MMombpobnactuTe.

e MetaGonuTHu HapyweHusi: VHcynuHoBaTta
PE3NCTEHTHOCT U XUMNEPINNKEMUsTa Npu 3axapeH au-
abeT n 06e3nTeT ca cBbp3aHu ¢ obpasyBaHe Ha T.Hap.
advanced glycation end products (AGE), cBbp3Balum
KPpBbCTOCAHO KoNareHa W noBuMLIaBaliy MuoKapgHaTta
purngHocTt [56, 57]. AGE B3ammopgenicteat ¢ RAGE
peuentopu, aktusupaT NF-kB n MAPK nbTuwa, koeto
ycunea Bb3naneHmeTo n gpubposata. AQUNOKUHU KaTo
NenTuH 1 pe3nCTUH cTumynupaTt dunbposaTa ypes cur-
HanHuTe nbTuwa Ha JAK/STAT n MAPK, nokato aam-
NMOHEKTMHBT MMa 3alMTHa aHTudubposHa pons [58-
61]. HnBaTta my npu 06e3MTET Ca MOHWKEHM.

MpoTenHoBa auceyHKUUA U Bpb3KaTa 1
C AvacTosniHaTta aucyHKLuA

HapyLueHusaTta B cuHTe3a, 0hOpMSIHETO Ha NPOCTPaH-
CTBEHa CTPYKTYypa, MoandUKaLmMsTa U pasrpaxkaaHeTo Ha
MUOKapAHUTE MPOTEVHU OKa3BaT CbLUECTBEHO BIMsIHUE
BbpXY CTPyKTypaTa U pyHKUMSITa HAa CbPAEYHUST MYCKYTI.
Korato Te3n npouecu ca HapyLueHu, ce JocTura Ao Bro-
LUaBaHe Ha penakcauysita v MoB1LLABaHe Ha puUrigHocTTa
Ha MVoKapaa, 3aTPyaHSBALLO AVACTONHOTO MbITHEHE.

HapyweHrusi € cuHme3a u oghopmMsiHemo

Ha npocmpaHcmeeHa cmpyKkmypa Ha rnpomeuHu

e CTpec Ha eHponnasmeHusi petukynym (ER):
lMpu npeToBapBaHe WM UCXEMWS, HAaTPYNBaHETO Ha
HenpaBWiTHO CTPYKTYpUpaHW MPOTEMHU akTuBMpa T.
Hap. unfolded protein response (UPR). AktuBupar ce
PERK, IRE1 n ATF6 c pesyntat — TpaHCKpunuus Ha T.
Hap. npomeuHu-npudpyxumenu (BiP/GRP78, HSP70)
[62, 63]. MNpn xpoHnyHa akTnBauusa UPR npemuHasa ot
ajanTvBHA B NPOanonToTUYHA Nporpama, KoeTo Hama-
nsBa 6posi Ha pyHKUMOHaNHUTE KapanommounTn. ToBa
BOAW OO CTPYKTYPHU AedeKTn B MUOUIaMEHTUTE 1
00 HapyluaBaHe Ha guacTornHarta pyHKums.

HapyweHrus 8 nocmmpaHcnayuoHHume

ModOuuKayuu Ha cmpyKkmypHUmMe npomeuHu

e TutuH [18-20, 64]:

— xunodpoccopunmpaHe Ha TUTUH (Npu Hamarne-
Ho PKA n PKG npegaBaHe Ha curHanu), BogeLo A0
noByLLaBaHe Ha PUrMAHOCTTa;

— OKCMaaTUBHM MoaudmkaumMm ¢ pesyntar npo-
MsIHa Ha BUCKOENacTU4HOCTTa.

e MuosnH-cBbp3Baw, npotenH C (MyBP-C).
docopunmpaneto my ot PKA perynmpa KMHeTukarta
Ha HampeyHWTe MOCTYeTa, KaTo npu xunodocdopu-
nvpaHe e Hanuue no-6aBHO OTAENSAHE HA MUO3MHA OT
akTuHa [65, 66].

— MAPK (ERK1/2, JNK, p38) cascades induce ex-
pression of genes associated with hypertrophy and
fibrosis;

— the JAK/STAT pathway is activated by cytokines
and angiotensin Il and stimulates fibroblast proliferation;
and the Wnt/B-catenin signaling pathway is also
important for the activation of myofibroblasts.

e Metabolic disorders: Insulin resistance and
hyperglycemia in diabetes mellitus and obesity are
associated with the formation of advanced glycation
end products (AGE), which cross-link collagen and
increase myocardial stiffness [56, 57]. AGEs interact
with RAGE receptors, activating NF-kB and MAPK
pathways, which enhances inflammation and fibrosis.
Adipokines such as leptin and resistin promote fibrosis
through the JAK/STAT and MAPK signaling pathways,
while adiponectin has a protective anti-fibrotic role [58-
61]. Its levels are reduced in obesity.

Protein dysfunction and its relation to diastolic
dysfunction

Disturbances in the synthesis, structure formation,
modification, and degradation of myocardial proteins
have a significant impact on the structure and function
of the heart muscle. When these processes are im-
paired, relaxation deteriorates and myocardial stiffness
increases, hindering diastolic filling.

Disorders in the synthesis and formation

of the spatial structure of proteins

e Endoplasmic reticulum (ER) stress: In overload
or ischemia, the accumulation of misfolded proteins
activates the unfolded protein response (UPR). PERK,
IRE1 and ATF6 are activated, resulting in transcription
of chaperone proteins (BiP/GRP78, HSP70) [62, 63].
Upon chronic activation, the UPR switches from an
adaptive to a proapoptotic program, which reduces
the number of functional cardiomyocytes. This leads
to structural defects in myofilaments and impaired
diastolic function.

Disorders in post-translational modifications

of structural proteins

e Titin [18-20, 64]:

— Titin hypophosphorylation (with reduced PKA
and PKG signaling), leading to increased stiffness.

— Oxidative modifications resulting in a change
in viscoelasticity.

¢ Myosin-binding protein C (MyBP-C). Its phos-
phorylation by PKAregulates the kinetics of cross-bridg-
es, with hypophosphorylation resulting in slower sepa-
ration of myosin from actin [65, 66].
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HapyweHus e paszzpaxdaHemo u npomeonusama

e YOMKBUTUH-NpoTea3zomMHaTa cuctema (UPS) e
OCHOBHUAT MEXaHM3bM 3a pasrpakgaHe Ha yBpeaeHu
npotenHw. NpoTea3omHata (YHKUMS € OT KPUTUYHO
3HayeHVe 3a MoaabpXKaHeTo Ha CbpaeyHaTa CTpyk-
Typa, a HapyLEHNETO M € CBbP3aHO C NaToMOrMYHU
npomeHu [67, 68]. Npu agnactonHa agncyHKUMa ce yc-
TaHOBSIBA HaMarieHa MpoTea3oMHa aKTMBHOCT, KOETO
BOOW OO HaTpynBaHe Ha MONNyOUKBUTMHUPAHU U He-
MbMAHOLEHHN MpoTenHW. AkTnuBupaHeTo Ha E3-nurasu
(Hanp. MuRF1, atporuH-1) perynupa pasrpaxaaHeTo
Ha capkoMepHu npoTeunHn [69]. YBennuyeHata ekcnpe-
cuga Ha atporuH-1 u1 MuRF1 npegoTtBpaTsaBa xmnepTpo-
dudaTa, MHoyLumpaHa OT areHTU Kato deHunedpuH u
eHpgotenuH-1 [70]. AtpornH-1 uHxmnbnpa cBbp3aHaTa
C OCTapsiBaHETO cbpAeyHa rbposa, BEPOSATHO 4pes
perynupaHe Ha aktusHoctTta Ha MMP-8 1 MMP-9 [71].

o ABTO(harnma — OCHOBEH KNeTbYeH npoLlec, nog-
ObpXall, XxomeocTasaTta yYpe3 pasrpaxgaHe Ha 6entb-
UK, yBpeaeHu opraHenu n mutoxoHapuu [72, 73]. Mpu
XPOHUWYEH CTpeC aBToharnsaTa Moxe Aa € NpeKoMepHO
aKTMBUpaHa uUnm noTucHaTa, KOeTo BoaM A0 HaTpynBa-
He Ha TOKCUYHW NPOTEMHOBW arperaTtu.

e KannauHu u kacnasu — kanuum-3aBucMmm npo-
Teasun. [Npun Ca?* obpeMeHsiBaHe Ha KNeTKUTe KannaHu-
Te ce akTMBMpaT 1 LieNeHacodeHo pasrpaxaar OCHOB-
HW CapKOMEpPHU MPOTEUHU KaTo TPOMOHWUH | U TUTWKH,
KOETO HapyLuaBa CTPYKTypHaTa UsnocT u moanduumpa
purmgHocTTa Ha Muokapga [74, 75]. Kacnasurte, aktu-
BMpaHW Npu anonTOTUYHU CUrHanu, yyactsaTt B pas-
rpaXXgaHeTo Ha CTPYKTYPHU M perynatopHu 6entbum,
KOeTo 3aabnboyaBa KneTbyHaTa AUCYHKUNUS U 3ary-
6aTta Ha OyHKLMOHAMHN KapauoMUOLIUTH.

ABHOpMHU HampyreaHusi 8 Muokapda

e AMunougosa [76]. OtnaraHeTo Ha amMuUnIoOuaHU
NMPOTEVHUN B UHTEPCTULMYMa BOAN OO 3HAYUTENHO Mo-
BMLU@BaHe Ha MWOKapAHaTa PUrMaHOCT.

e Bonect Ha ®abpwm [77]. XapakTepuanpa ce c HaT-
pynBaHe Ha nunuaHu cybctpatn (kato Gb3 n lysoGb3)
B ITM3030MUTE Ha MUOLUTUTE U E€HOOTENHUTE KIETKM,
KOETO BOAW OO0 N3030MHa AMCHYHKUWS, Bb3naneHue,
oKcuaaTuMBeH cTpec u pemogenupaHe Ha ECM, cno-
coOcTBaLLo 32 NOBMLIEHA AMACTOMNHA PUrMOHOCT.

Mymauuu Ha eeHu 3a MpomeuHU Ha capkomepume

MyTaumun B reHn 3a -MUO3NHOBUTE TEXKM BEpU-
m (MYH7), TponoHunH T, TPOMOHWH |, TMTKMH 1 gp. ca
NMpUynHa 3a NOBULLIEHA YYBCTBUTENHOCT kbM Ca?*, Ha-
pyLleHa KMHEeTMKa Ha akTOMMO3MHOBUTE ,MOCTYETa“ n
HapyLleHa penakcaunsa [78].

MonekyrnHu cueHanHu kackadu, cebp3aHu

C ripomeuHosa OuCcyHKUUS

e NF-kB. AkTuBMpa ce npu npoTenHoBa arperauus
N OKCMAATUBEH CTPEC, yCurea Bb3naneHneTo n pemo-
aenvpaterto [79, 80].

Degradation and proteolysis disorders

e The ubiquitin-proteasome system (UPS) is
the main mechanism for the degradation of damaged
proteins. Proteasome function is of critical importance
for the maintenance of the heart structure, and its
disturbance is associated with pathological chang-
es [67, 68]. In diastolic dysfunction, reduced prote-
asome activity is found, leading to the accumulation
of polyubiquitinated and defective proteins. Activation
of E3-ligases (e.g. MuRF1, atrogin-1) regulates the
degradation of sarcomeric proteins [69]. Increased
expression of atrogin-1 and MuRF1 prevents hyper-
trophy induced by agents such as phenylephrine and
endothelin-1 [70]. Atrogin-1 inhibits aging-related
cardiac fibrosis, possibly by regulating the activity of
MMP-8 and MMP-9 [71].

e Autophagy — a basic cellular process that main-
tains homeostasis by degrading proteins, damaged
organelles and mitochondria [72, 73]. Under chron-
ic stress, autophagy can be overactivated or sup-
pressed, leading to the accumulation of toxic protein
aggregates.

e Calpains and caspases — calcium-dependent
proteases. When cells are overloaded with Ca*', cal-
pains are activated and degrade key sarcomeric pro-
teins such as troponin | and titin, disturbing structur-
al integrity and modifying myocardial rigidity [74, 75].
Caspases activated upon apoptotic signals are in-
volved in the degradation of structural and regulatory
proteins, which exacerbates cellular dysfunction and
loss of functional cardiomyocytes.

Abnormal depositions in myocardium

o Amyloidosis [76]. The deposition of amyloid pro-
teins in the interstitium results in a significant increase
in myocardial stiffness.

o Fabry disease [77]. It is characterized by ac-
cumulation of lipid substrates (such as Gb3 and lyso
Gb3) in the lysosomes of myocytes and endothelial
cells, leading to lysosomal dysfunction, inflammation,
oxidative stress and ECM remodeling contributing to
increased diastolic stiffness.

Mutations in genes for sarcomere proteins

Mutations in genes encoding B-myosin heavy
chains (MYH7), troponin T, troponin |, titin, etc. result in
increased Ca* sensitivity, impaired actomyosin cross-
bridge kinetics and abnormal relaxation [78].

Molecular signaling cascades associated

with protein dysfunction

e NF-kB. It is activated upon protein aggregation
and oxidative stress, enhancing inflammation and
remodeling [79,80].
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e mTOR. WHxubupa asTochbarusta, Bogenku [0
HaTpynBaHe Ha naTonorMyHmn npotenHu [81].

e AMPK. AkTtuBnpa aBToharvsita n paspyLuaBa-
HeTo Ha npoTtenHu [82]. dedunumntsbT My npy guabet un
3aTNbCTSABaHe BriowlaBa NnpoTenHoBaTa ANCAYHKUNS.

e CaMKII. MNpwn HapyweHa Ca*" perynaunsi CTUMy-
nvpa npoTteonu3ara u MogndULUUMPaHETO Ha NPOTENHN
Ha MnouameHTuTe.

OVWArHOCTUKA HA IUACTONTHATA
AUCOYHKLUA

OueHkaTa Ha puacTonHata cyHkums Tpsibsa ga
ce npefwecrsa OT NpeueHKka 3a Hannume Ha pPUCKo-
BW thaktopu 3a [0, 32 CTPYKTYpHU CbpOEYHU nNpome-
HU un JIK cuctonHa amcdyHkums [83]. OuactonHata
ONCYHKLMS MOXe Aa Cce AmarHoCTMuMpa KakTo npu
WHBA3MBHO M3CrneaBaHe, Taka U C U3MOoN3BaHe Ha He-
MHBa3NBHM METOOMN.

MHBa3nBHa oueHKa

MHBa3uBHaTa oueHka Ha neBoKkamepHaTta AMacTor-
Ha PYHKUUS BKIHOYBA HAKOIKO OCHOBHU MokasaTtensi —
BpeMeBa KoHcTaHTa Ha JIK penakcauus, HansraHe Ha
JIK nbriHeHe 1 koHCTaHTa Ha purngHocT Ha J1K kyxuHa.
BpemeBa koHcTaHTa Ha JIK penakcauus (1) [84,
85]. BpemeBaTa kOHCTaHTa Ha penakcauusi € BpeMeTo,
3a koeTo HandaraHeTo B JIK Hamanaga 1/e nnu 1/2 nbTu,
KaTo ,e“ e OCHOBaTa Ha HaTypanHusi noraputbm. Pak-
TOpbT 1/e ce n3nomnsea B criyqyanTe, KOrato HansaraHeTo
Ce MOHMXaBa eKCNoHeHUuarnHo, a paktopsT 1/2 — npu
HeeKcrnoHeHuUManHo noHmxkasaHe [86]. Tay-KOHCTaHTa-
Ta Moxe fga 6bae usdncneHa Bb3 OCHOBa Ha AaHHUTE
oT maHomeTpus B JIK, kato 1 = —P/(dP/dt). Onpegens
ce oT cTonHocTuTe Ha JIK HandraHe ¢ Hayarno B MOMEH-
Ta Ha nukosoTo -dP/, . 1 Kpail B MOMEHTa, Korato Ha-
nAraHeTo ce NOoHMXaBa 40 HMBOTO Ha TeneanacTonHo-
TO HansraHe No BpeMe Ha npellecTBallus cbpaeyeH
unkbn [86]. Mpwn 3gpaBu Bb3pacTHM ropHaTta rpaHuua
Ha HopMarta Ha t-KOHCTaHTaTa € 48 ms [87].
HansiraHe Ha neBokamepHO MbIIHEHe. To MOxe
Aa ce geduHMpa KaTo HansraHeTo, HeobXoAMMO 3a Ha-
nbneaHe Ha JIK oo HopmanHus n pa3smep [88]. Hakonko
HansraHusi, N3aMepBaHu MpU MHBA3WBHO W3CrenBaHe,
oTpasaBaTt HansraHeTo Ha JIK nbnHeHe [89]. TakmBa ca
cpeaHoto JIK gnactonHo HansiraHe [90], HansiraHeTo He-
NoCpPeaCTBEHO Npeaun Hadvanoto Ha A-BbnHata (npe-A
HansraHe) [91, 92], neBokamMepHOTO TeneguactonHo
HangaraHe [93], cpegHOTO NEBONPEACHPOHO HansraHe
[90], BKNMHEHOTO NynMoKanunApHO HansiraHe [94].
KoHcTtaHTa Ha purmgHoct Ha JIK kyxuHa [95].
KoHcTaHTaTa Ha purmgHocT Ha KyxuHata ,B“ e noka-
3aTen, onpefensH Bb3 OCHOBA Ha Bpb3kara Mexay
TEeneaMacTorniHOTO KamepHo HansraHe n obem (end-
diastolic pressure-volume relationship — EDPVR) [96].

e mTOR. Inhibits autophagy, leading to the accu-
mulation of abnormal proteins [81].

o AMPK. Activates autophagy and protein degra-
dation [82]. Its deficiency in diabetes and obesity wors-
ens protein dysfunction.

e CaMKIl. In Ca?* dysregulation, it stimulates pro-
teolysis and modification of myofilament proteins.

DIASTOLIC DYSFUNCTION DIAGNOSIS

Diastolic function evaluation should be preceded
by an assessment for the presence of risk factors for
DD, structural cardiac changes, and LV systolic dys-
function [83]. It can be diagnosed both by invasive and
non-invasive methods.

Invasive assessment

Invasive assessment of left ventricular diastolic
function includes following main parameters — time
constant of LV relaxation, LV filling pressure, and LV
chamber stiffness constant.

LV relaxation time constant during the isovolu-
mic relaxation period (1) [84, 85]. The relaxation time
constant represents the time required for LV pressure
to fall by 1/e or by 1/2, where “e” is the base of the
natural logarithm. The factor 1/e is used when pres-
sure decreases exponentially, whereas the factor 1/2
is used when pressure decreases non-exponentially
[86]. Tau constant can be calculated from LV manom-
etry data, as t = -P/(dP/dt). It is determined from the
values of LV pressure starting at the moment of peak
-dP/, .. and ending at the moment when the pressure
decreases to the level of the end-diastolic pressure
during the previous cardiac cycle [86]. In healthy
adults, the upper limit of Tau constant normal values
is 48 ms [87].

Left ventricular filling pressure. It can be
defined as the pressure required to fill the LV to
its normal size [88]. Several pressures measured
during invasive study reflect LV filling pressure [89].
These include the mean LV diastolic pressure [90],
the pressure immediately before the onset of the
A-wave (pre-A pressure) [91, 92], the left ventricu-
lar end-diastolic pressure [93], the mean left atrial
pressure [90], and the pulmonary capillary wedge
pressure [94].

LV chamber stiffness constant [95]. The cham-
ber stiffness constant “B” is a measure of the end-di-
astolic pressure-volume relationship (EDPVR) [96].
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KoHcTaHTaTa ce nonyyaBa npv aHanu3 Ha Gpumkara
HarnsieaHe-06eM Npu NMPOMEHSLLO ce npegHaTtoBapBa-
He. JIK purugHocT ce npuema 3a nosulleHa npu B
0.015mI™" npy CMMNTOMHM NaUMEHTU HE3aBUCUMO OT
HopmarnHarta dpakumsi Ha nstnackeaxe [97].

Exokapguorpadus

Mpu exokapauorpadckara OLeHKa 3a AMacTornHa
ONCYHKUMS ce M3non3ear nokasatenu oT MyrcoB [o-
nnep, TbKaHeH JONmep, KaKTo W feBonpeacbpaHn no-
kasartenu [89, 98-100]:

e [lyncoB ponnep (TpaHCcMUTpaneH AuacToneH
KPBbBOTOK)

— OTHoweHue ,E/A"

— BPEMe Ha M30BONyMETpUYHa penakcaums (isovo-
lumic relaxation time — IVRT)

— BpeMe Ha geuenepauus (deceleration time DT).

¢ [lyncoB TbKaHeH gonnep

— €’ cKopocT (B cenTanHata u naTtepanHarta aHy-
napHa 30Ha, KaTO 1 OCPELHEHO OT ABETE 30HU);

— oTHoweHue ,E/e™ (3a oueHka Ha HansraHeTo Ha
NEeBOKaMEPHO MbIIHEHE).

e JlaBo npeacbpaue (left atrium — LA)

— nHgekcunpat J1IM obem (left atrial volume index —
LAVi);

— JIM cTtpenH (LA strain);

V' LARS (left atrial reservoir strain) e nokasaten 3a
KbMnnanbHca Ha J1IM, kopenupaw, ¢ PCWP, cpegHoTto
JIMN nansrane, JIK npe-A HansaraHe v cpegHoto JIK au-
acCTOIHO HandaraHe;

V' LACS (left atrial conduit strain), oTpasssaLy ne-
BOKamepHaTa penakcauus;

\ LASct (left atrial contractile strain), kopenupary,
C NNeBOKaMEpPHOTO TENEeAMaCTONHO HansiraHe.

e CKOpoCT Ha cTpyfAiTa Ha TpUKycnupanHa pe-
ryprutauma (tricuspid regurgitation velocity — TRV),
OTpassiBalllia HUBOTO Ha JeCHOKaMepHOoTO u 6enoapob-
HOTO apTepuarnHo HansiraHe.

ExokapOuoepagpcka oueHKka Ha UHB8a3UBHO
omyumaHume rokasamersu Ha duacmorsiHama
yHKUUS

U3uncnasaHe Ha t-KoHcTaHTaTa Ha JIK penak-
cauua ot ExoKI' nscnepBaHe. NpeanoxeHn ca me-
TOOW 3a U34MNCNsABaHe/OUEeHKAa Ha T-KOHCTaHTata oT
Jonneposus cnekTbp Ha MmutpanHa (cw Doppler) [101]
n aoptHa peryprutaumsa (cw Doppler) [102], oT pw go-
nnep Ha TpaHcMuTpanHusa kpbBoTok [103], M-mog LBe-
TeH gonnep Ha kpbBoToka [104], speckle tracking exo-
kapguworpadws [105].

OueHka Ha HansiraHeto Ha JIK nbnHeHe. [Npu
ExoKI oueHka Ha HansraHeto Ha JIK nbnHeHe obuk-
HOBEHO Ce u3nonaea oTHoweHueTo E/e’. 3a usuncng-
BaHeTo/MpeueHKaTa My ca npeanoXxeHu opmMynu, Ba-
nuaupaHn npyu nHBasuBHM nacrnensaxHms: PCWP = 1.91
+ (1.24 x E/e’) (Nagueh), PCWP = 1.55 + (1.47 x E/¢e’)

The constant is obtained by analysing the pres-
sure-volume loop under varying preload. LV stiffness
is considered to be increased when $ =2 0.015ml™"in
symptomatic patients regardless of normal ejection
fraction [97].

Echocardiography

In echocardiographic assessment of diastolic dys-
function, pw Doppler, tissue Doppler, and left atrial indi-
ces are used [89, 98-100]:

e Pulsed wave Doppler (mitral diastolic blood
flow)

— E/Aratio

— Isovolumic relaxation time (IVRT)

— Deceleration time (DT)

¢ Pulsed tissue Doppler

— €’ velocity (in septal and lateral mitral annulus, as
well as averaged)

— E/e’ ratio (for left ventricular filling pressure
assessment)

o Left atrium (LA)

— LA volume index (LAVi, left atrial volume index)

— LA strain

V' LARS (left atrial reservoir strain), an indicator
of left atrial compliance, which correlates with PCWP,
mean left atrial pressure, left ventricular pre-A pressure,
and mean left ventricular diastolic pressure

V' LACS (left atrial conduit strain), reflecting left
ventricular relaxation

V' LASct (left atrial contractile strain), correlating
with left ventricular end-diastolic pressure.

e Tricuspid regurgitation velocity (TRV),
reflecting the level of right ventricular and pulmonary
artery pressure.

Echocardiographic correlates of invasive indices

of diastolic function

Calculation of the t-constant of LV relaxation
from echocardiographic examination. Methods
have been proposed for calculation/estimation of the
t-constant of LV relaxation by the cw Doppler spec-
trum of mitral [101] and aortic regurgitation [102], by
mitral blood flow pw Doppler [103], M-mode color
Doppler of blood flow [104], speckle tracking echocar-
diography [105].

Estimation of LV filling pressure. In the echo-
cardiographic assessment of LV filling pressure, the
E/e’ ratio is usually used. For its calculation/estima-
tion, formulas validated in invasive studies have been
proposed: PCWP = 1.91 + (1.24 x E/e’) (Nagueh),
PCWP = 1.55 + (1.47 x E/€’) in sinus tachycardia (Na-
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npu cuHycosa Taxukapaus (Nagueh), PCWP =2 + (1.3
x E/e’) 3a npaktnyeckn uenn (Nagueh), PCWP = 5.27
x (E/Vp) + 4.6, 6a3upaHa Ha OTHOLLEHWETO paHHa Ou-
acmosiHa CKopocm Ha mpaHcMumpasHusi Kpb8omokK/
CKOpoCm Ha ebmpeKamMepHO pasrnpocmpaHeHuUe Ha
kpbpeomoka (Garcia), (E + LAVi)/2 n (PAP + LAVi)/2 —
KOMOWHUpaHu nHaekcu, nanonssawm J1MNM obem, E-bn-
HaTa K nynMoHanHoto HansaraHe (Dokainish), PCWP
= 4.5 x (1000/[2 x IVRT + Vp]) — 9 — meToq, Kombu-
HMpaLl BPEMETO Ha M30BOMYMETPUYHA pernakcaums u
CKOPOCTTa Ha pa3npocTpaHeHue Ha notoka (Gonzalez-
Vilchez), PCWP = 0.9 x cuctonHo HansraHe B aopTarta
x @ VRT(TEEa)  BasympaHo Ha BpemMeBaTa KOHCTaHTa Ha
penakcauusi, nofly4YeHa oT MHTepBana mMexay Hadano-
TO Ha E-ckopocTTa Ha MUTpanHUs KpbBOTOK U Havano-
TO Ha e‘-ckopocTTa (Rivas-Gotz) [106].

AnropntbMBT 3a npeueHka 3a nosuweHo J1IM Ha-
ngaraHe no ASE (2025 r.) e gageH no-gony B TeKcTa.

KoHcTaHTa Ha purmpgHoctTa Ha JIK KyxuHa. 3a
OLeHKa Ha purmgHoctTa Ha JIK KyxuHa morat ga ce 13-
nona3ear nokasarenu kato: 1) oTHowweHne E/e’ kbm neso-
KamepeH TeneavacroneH obem (E/e’/NIKTOO); 2) oTHoLue-
Hve E/SRe (paHeH anacToneH strain rate)/JIKTOO [107].

OueHKa 3a HanuuMe Ha AuacToriHa AUCKYHK-
uma. [llo npenopbkute Ha American Society of
Echocardiography (ASE) ot 2025 r. oueHkaTa 3a Hanu-
yme Ha guacTorHa AMCHYHKLMS Ce U3BbPLLBA B HAKOS-
KO cTbrnku [89]:

Ctbnka 1: OueHka Ha e’-cKopocTTa, oTpassiBalla
neBoKaMepHara pernakcaums

e €' B cenranHara 3oHa < 6 cm/s unm

e €' B narepanHara 3oHa < 7 cm/s unm

e OCcpegHeHa e’-ckopocT < 6.5 cm/s.

Ctbnka 2: OueHka Ha nokasaTenute 3a pemMmojae-
npaHe 1 NOBULLEHO HansiraHe B NIIBOTO NpeAcbhpane

e E/e’ > 14 (ocpegHeHa €’-CKopoCT OT nareparnHa-
Ta U MeguanHaTa 30Ha);

e LARS < 18%;

e E/A<0.8 unn = 2;

e LAVi > 34 ml/m?2.

Mpn oueHkaTa Ha Te3n MoKas3aTenu AuacTosfHa
ONCAYHKUMS e Hanuue, korato: 1) €’-ckopocTTa e NoHW-
)KEHa M edVH Unu noeeye OT NMokasaTenuTe OT CTbIKa 2
ca MoNoOXWUTENHU Unu 2) e’-ckopocTTa e 3anaseHa, Ho =
2 OT noKasaTenuTe OT CTbKa 2 ca NonoXuTenHu [89].

E’ ckopocrT. Tpsbea ga ce uma npegsug, 4e HopMmu-
Te 3a paHHaTa gmactonHa ckopocT €’ ot pwTDI B pas-
NYHMTE Bb3PacTOBM MPynu He ca egHakeu. [ageHuTe
Mo-rope CTOMHOCTU Ha €’ 3a OLeHKa 3a Hanuyne Ha au-
acTonHa AMCAYHKLUMS ca NaTorNorMyHn BbB BCUYKN Bb3-
pacTtosu rpynu. No-gony ca npegcrtaBeHy CTOMHOCTUTE,
M3MNON3BaHKn 3a guarHoctTuumpaHe Ha HapylweHa JIK pe-
nakcauus cnopes Bb3pacrtoara rpyna [89]:

20 oo 39 roanMHu

e €’ cenTanHo <7 cm/s

gueh), PCWP = 2 + (1.3 x E/e’) for practical purposes
(Nagueh), PCWP = 5.27 x (E/Vp) + 4.6, based on the
ratio of early diastolic transmitral blood flow velocity to
intraventricular blood flow propagation velocity (Garcia),
(E + LAVi)/2 and (PAP + LAVi)/2 — combined indices us-
ing left atrial volume, E-wave and pulmonary pressure
(Dokainish), PCWP = 4.5 x (1000/[2 x IVRT + Vp]) — 9
— method combining isovolumetric relaxation time and
flow propagation velocity (Gonzalez-Vilchez), PCWP =
0.9 x aortic systolic pressure x eVRT(TE€a) hased on the
relaxation time constant obtained from the interval be-
tween the onset of the mitral blood flow E-velocity and
the onset of the e’-velocity (Rivas-Gdbtz) [106].

The algorithm for assessing elevated left atrial
pressure according to ASE (2025) is presented below
in text.

LV Chamber Stiffness Constant. Surrogate indi-
ces of chamber stiffness such as E/e’ to left ventric-
ular end-diastolic volume ratio (E/e’/LVEDV) and E/
SRe (early diastolic strain rate)/LVEDV ratio can be
used [107].

According to the American Society of Echocardiog-
raphy (ASE) Guidelines from 2025, the assessment for
the presence of diastolic dysfunction is carried out as
follows [89]:

Step 1: Assessment of the e’ velocity, reflecting left
ventricular relaxation

e Septal €' <6 cm/s or

e Laterale’<7 cm/s or

e Averaged e’ < 6.5 cm/s.

Step 2: Evaluation of indices of remodeling and in-
creased pressure in the left atrium

e E/e’ > 14 (averaged €’ velocity from the lateral
and medial zones)

e LARS £18%

e E/A<0.80rz2

o LAVi > 34 ml/m2 q

When evaluating these parameters, diastolic dys-
function is present when: (1) e’ velocity is reduced and
one or more of the indices from “step 2” are positive,
or (2) e’ velocity is preserved, but two or more of the
indices from “step 2” are positive [89].

E’ velocity. It should be kept in mind that the norms
for early diastolic velocity e’ from pwTDI in different age
groups are not the same. The values of €’ given above
for assessing the presence of diastolic dysfunction are
abnormal in all age groups. Below are the values used
to diagnose impaired LV relaxation according to age
group [89]:

Twenty to 39 years

e ¢’ septal <7 cm/s
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e €' narepanHo < 10 cm/s

e e’ (ocpeagHeHa) < 9 cm/s.
40 go 65 rognHn

e €’ cenTanHo < 6 cm/s

e €' natepanHo < 8 cm/s

e’ (ocpegHeHa) < 7 cm/s.
Hap 65 roguHun

€’ cenTanHo < 6 cm/s

€’ natepanHo <7 cm/s

e’ (ocpegHeHa) < 6.5 cm/s.

E/A-otHoweHue. OTHolwleHueTo ,E/A“ cblo no-
Kas3Ba Bpb3ka C Bb3pacTTa, kaTo HamansiBa 3Ha4MMO
¢ HanpeggaHeTto 1 [108, 109]. Mo aaHHK Ha Carvalho
N CbTp. HanpMMep BbB Bb3pacToBara rpyna ot 31 go
40 rog. cpegHoTto E/A-oTHoweHre e 1,5 (o1 0.9 o 2.4,
5-Tn—95-Tn nepceHTUN), 4OKATO BbB Bb3pacTTa OT 61
0o 70 roanHm 1o € 0.9 (o1 0.6 oo 1.6, 5-Tn-95-Tn nep-
ceHtmn) [108].

TEXECT HA [IMACTONHATA OQUCOYHKLUSA

Cnopeq cBosiTa TEXECT guactornHarta QUcgyHKUUs
ce oenn Ha 3 ctenenu. [No npenopbkute Ha ASE/EACVI
oT 2016 r. 3a knacudurUMpPaHETO 1 Ce U3Non3ear noka-
3aTenuTe: oTHoweHne E/A Ha MuUTpanHusa KpbBOTOK,
OCpefHEeHo OTHoLleHne E/e’, nmkoBa CKOpOCT Ha CTpy-
siTa Ha TPUKycnuganda peryprutauus, niaekcupat Jl
obem (LAVi) [100]:

CreneH 1

e OTHoweHne E/A 0.8

e OcpenHeHo E/e’ <10

e [lnkoea TRV < 2.8 m/s

e LAVi — B HOpMa 1nu yBenuyeH.

CreneH 2

e OTHoweHne E/A>0.8 00 <2.0

e OcpenHeHo E/e’— o1 10 go 14

e [nkoea TRV > 2.8 m/s

e LAVi — yBenu4eH.

Crenen 3

e OTHoweHne E/A> 2.0

e OcpenHeHo E/e’ > 14

e [nkosa TRV > 2.8 m/s

e LAVi — yBenu4yeH

Mpw nunca Ha gnacTtonHa gucdyHKums n 4-te no-
Kasatens ca B HopMma, JIK penakcaums e 3anaseHa u
JIMNM HangaraHe e ¢ HopmanHu ctonHocTw. Mpw A 1 cTe-
neH JIK penakcauus e HapylweHa, a HansraHeTo B J1I
OOMKHOBEHO € HOpMasiHO B MOKOW, KaTo MoXe fa ce
nosun Npu HatoapeaHe. MNpu O 2 n 3 cteneH JIK
penakcauus e HapylueHa u J1I1 HansiraHe e NOBULLIEHO
[100]. Npenopbkute Ha ASE/EACVI ot 2016 . ca Ba-
»KHa OCHOBa 3a MnpeLeHKaTa Ha TexecTTa Ha AnacTorn-
HaTa AMCKYHKLMSA, HO U3MNON3BaHWTE nokasaTenu ca
OrpaHUYEeHN N B MHOTO Criyvaun CTeNeHTa Ha ANCHYHK-
umnsATa octaBa HeyTouHeHa [110].

e ¢’ lateral <10 cm/s

e ¢’ averaged <9 cm/s.

Forty to 65 years

e €' septal <6 cm/s

e ¢’ lateral <8 cm/s

e ¢’ averaged <7 cm/s.

Over 65 years

e €' septal <6 cm/s

e ¢’ lateral <7 cm/s

e ¢’ averaged < 6.5 cm/s.

E/A ratio. The E/A ratio also shows a relationship
with age, decreasing significantly with advancing age
[108, 109]. According to Carvalho et al., for example, in
the age group from 31 to 40 years the average E/A ratio
is 1.5 (from 0.9 to 2.4, 5th to 95th percentile), while in
the age group from 61 to 70 years it is 0.9 (from 0.6 to
1.6, 5th to 95th percentile) [108].

SEVERITY OF DIASTOLIC DYSFUNCTION

Based on severity, diastolic dysfunction is divided
into three grades. According to the 2016 ASE/EACVI
Guidelines, the following indices are used for its classi-
fication: E/A ratio of mitral blood flow, E/e’ averaged ra-
tio, peak tricuspid regurgitation jet velocity, LA volume
index [100]:

Grade 1

e E/Aratio<0.8

e E/e’ (averaged) < 10

e Peak TRV < 2.8 m/s

e LAVi — normal or increased

Grade 2

e E/Aratio>0.8t0<2.0

e Average E/e’ - from 10 to 14

e Peak TRV > 2.8 m/s

e LAVi —increased

Grade 3

e E/Aratio > 2.0

e Average E/e’ > 14

e Peak TRV > 2.8 m/s

e LAVi —increased

In the absence of diastolic dysfunction, all four
parameters are in normal range, LV relaxation is pre-
served, and LA pressure is normal. In grade 1 DD, LV
relaxation is impaired, while LA pressure is usually nor-
mal at rest and may increase during exercise. In grade
2 and 3 DD, LV relaxation is impaired and LA pressure
is elevated [100]. The 2016 ASE/EACVI Guidelines are
an important basis for assessing the severity of dia-
stolic dysfunction, but the parameters used are limited,
and in many cases, the degree of dysfunction remains
unspecified [110].
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B n3napeHnte ot ASE ocbBpemeHeHn YkasaHus
3a oUeHKa Ha slegokamMmepHama oduacmorsiHa yHKUUs
ypes exokapduoepachusi u QuasHocmuyupaHe Ha Cbp-
deyHama HedocmambyYHOCM CbC 3arnaseHa ¢hpakuyusi
Ha usmackeaHe oT 2025 r. ce BbBexgaT MO-LIMPOK
Habop nokasaTenu 1 HOB anropuTbM 3a OLEHKA Ha au-
acTtonHata gyHkums u JIIN Hansrane, Bkn. JIMN cTpenH.
PaswwupsBear ce ctapy 1 ce BbBEXA4AT HOBU NPEnopb-
KM 3a OLleHKa Mpu NaumMeHT! C KOMMJIEKCHA NaTonorms
— KranHu cbpgedHn 3abonsBaHus, TpaHCNNaHTUpPaHo
cbpue, NynMoHarnHa XMnepToHusl, MPOBOAHM HapyLue-
HUS1 N eNeKTPOCTMMYNaLMs, PECTPUKTMBHA Kapauomm-
onartusi, nepukapgHa KOHCTPUKUWS, XUNepTpoduyHa
Kapguomuonatus, npeacbpaHo MmbxaeHe [89]. OueH-
KaTa Ha TeXecTTa Ha AUcyHKUMSTa B TE3M yKasaHus
e dokycmpaHa Bbpxy HandraHeTo Ha JIK nbrnHeHe, ne-
BOMNPEACHLPAHOTO HansiraHe U npeacbpaHaTa yHKUMS
(JI11 cTpenn).

Bas3uceH anropuTsbM 3a oLeHKa Ha guacTonHaTa
¢pyHkuus m JIMN HanaraHe no ASE, 2025 r.

ANropyTbMbT MOXE [a Ce WM3MOoN3Ba Npu NauneHTu
B CMHYCOB PUTBHM, MPWY KOUTO NIUNCBAT BUCOKOCTEMNEHHA
MbpBMYHA MUTPAnHa MHCYUUMEHUNS, MUTpanHa cre-
HO3a, HE3aBMCMMO OT HerHaTa TEXECT, KakTo U ymepeHa
WM TeXKa KanuuHo3a Ha MUTParnHus NPbCTEH, HECHP-
Oe4Ho O00ycroBeHa MyrMOHarHa XunepToHud, nepu-
KapOoHa KOHCTPUKUMSA. ANTOpUTBMBLT € HEMPUIIOKUM U
npu NAUMEHTN CbC CbpaeyHa TpaHcnnaHTaums, JIK assist
device N OCbLUECTBEHM KOpUTMPaLLM UHTEPBEHLMN UK
npoTesMpaHe Ha MuTpanHarta knana [89].

e I3xoaHO oLeHsiBaHU MokasaTenu

— lNMoHwxeHa e’-CKopOoCT: cenTanHo < 6 cm/s unm
natepanHo < 7 cm/s, unu cpegHo < 6.5 cm/s

— lNoBuLueHo oTHolweHue E/e’: centanHo = 15 nnn
natepanHo = 13, nnn cpegHo = 14

— MNoBuwenn TRV 2 2.8 m/s nnu cMCTonHo nynmo-
HanHo HandraHe = 35 mmHg.

e OueHKa

— W Tpute nokasartens ca B Hopma — HopmarnHo J1M
HansaraHe (JIMH), HopmanHa guacTtonHa PyHKUMS;

— NMoHwxeHa e camo e’-ckopocTTa, a E/A< 0.8 —
HopmanHo JIMNH, A0 1 creneH (Haco4BaHe Ha cUMM-
TOMHUTe naumeHTun ¢ 1 1 cTeneH 3a paboTHa npoba ¢
OLeHKa Ha amnacTtonHaTa yHKUMS);

— MNMoHwmxeHa e camo e’-ckopocTTa, a E/A > 0.8 —
ouyeHka 3a rnoguwero JIMH (S/D Ha nynMoHanHus Be-
HO3€eH KpbBOTOK < 0.67 nnun LARS < 18% vnu LAViI > 34
ml/m?; antepHatuBHo — IVRT < 70 ms). Ako = 1 nokasa-
Ten e Hanuue — noBuweHo JIMH.

— OT n3X0AHO OLEeHsABaHUTE nokKasaTtenu ca noBu-
weHu egmnHeTBeHo TRV/CIH (CIMH — cuctonHo nynmo-
HaIHO HansiraHe) unu eanHcTBeHo E/e’, nnn ca abHop-
MHM 2 nokasaTtensa — oueHka 3a rosuweHo J1MH. Ako
2> 1 nokasaren e Hanuue — noBuiieHo JIMH;

The 2025 ASE update of Recommendations for
the Evaluation of Left Ventricular Diastolic Function by
Echocardiography and for Heart Failure with Preserved
Ejection Fraction Diagnosis introduces a broader set of
indicators and a new algorithm for assessing diastolic
function and left atrial pressure, including LA strain. Old
recommendations are expanded and new recommen-
dations are introduced for the assessment of patients
with complex pathology — valvular heart disease, trans-
planted heart, pulmonary hypertension, conduction dis-
orders and pacing, restrictive cardiomyopathy, pericar-
dial constriction, hypertrophic cardiomyopathy, atrial
fibrillation [89]. The assessment of dysfunction severity
in these guidelines focuses on LV filling pressure, left
atrial pressure, and atrial function (LA strain).

Basic algorithm for assessing diastolic
function and LA pressure according
to ASE, 2025

The algorithm can be used in patients with sinus
rhythm who do not have severe primary mitral regur-
gitation, mitral stenosis, regardless of its severity, as
well as moderate or severe calcification of the mitral
annulus, non-cardiac pulmonary hypertension, pericar-
dial constriction. The algorithm is also not applicable in
patients with heart transplantation, LV assist devices,
or those who have undergone mitral valve reconstruc-
tion or replacement [89].

o Baseline assessed parameters

— Decreased €’ velocity: septal <6 cm/s or lateral <
7 cm/s, or average < 6.5 cm/s

— Increased E/e’ ratio: septal = 15 or lateral = 13,
or average = 14

— Increased TRV = 2.8 m/s or systolic pulmonary
pressure = 35 mmHg

o Assessment

— All three parameters are in normal range —
normal LA pressure, normal diastolic function.

— Only the €’ velocity is decreased, and E/A< 0.8 —
normal LA pressure, grade 1 DD (refer symptomatic
patients with grade 1 DD to a stress test with diastolic
function assessment)

— Only the €’ velocity is decreased, and E/A > 0.8
— assessment for increased LA pressure (pulmonary
venous blood flow S/D < 0.67 or LARS < 18%, or LAVi
> 34 ml/m?; alternatively — IVRT < 70 ms). If 2 1 positive
— elevated LA pressure.

— Of the baseline assessed parameters, only TRV/
SPAP (SPAP, systolic pulmonary artery pressure) or
only E/e’ is increased, or two indicators are abnormal
— assessment for increased LA pressure. If 2 1 positive
— elevated LA pressure.

— Elevated LA pressure and E/A<2 — grade 2 DD
(mildly/moderately elevated LA pressure)
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— MoBuweHo JINMHun E/A<2 — A0 2 cTteneH (neko/
ymepeHo nosuweHo JIMH);

— MNosuweHo NMH n E/A =22 — A0 3 cteneH (13-
pa3seHo noBuweHo JIMH).

MarHuTHope3oHaHCHa ToMorpadus

CbpaoeyHata MarHMTHOpPE3OHaHCHa Tomorpadus
(cardiac magnetic resonance — CMR) gaBa Bb3MOXHOCT
3a TOYHa KONMMYEeCTBEHa OLEHKa Ha AMACTOMHOTO MbIi-
HeHe. OT nonsa e npu HecurypeH pesyntar oT ExoKI us-
cnegaHe. OCHOBHUTE M3cnensaHu nokasarenu u MeTo-
OMKKN 3a OLeHKa Ha guacTonHaTta yHkums npu CMR ca:

e Ob6emHO-BpeMeBU KpUBU Ha nNABaTa kamepa (LV
volume-time curves). Namepeart ce ypes cine-SSFP no-
cnepgosatenHocT. OT TAX Ce M3BNMYaT nokasarenure:
MMKOBa CKOPOCT Ha mbnHeHe (peak filling rate — PFR),
Bpeme [0 nuMKoBaTa CKOPOCT Ha MbrHeHe (time to PFR —
TPFR), HopmanuanpaHa PFR (PFR/EDV) [111, 112]:

— NMukoBa ckopocT Ha nbnHeHe (PFR). MoHmxe-
HaTa PFR e nokasaTten 3a HapyLueHa JuacTonHa gyHK-
uns. PFR moxe pa ce mnscnegpa kato PFRe (paHHa
PFR, oTpassBalla paHHaTa ¢asa Ha guacronara, ody-
CrnoBeHa OT aKkTUBHAaTa penakcauus Ha nssaTa kame-
pa) u PFRa (aktnBHa PFR, oTpassBalla kbcHaTa asa
Ha guacronara no BpeMe Ha CbKpaLLeHETO Ha NSBOTO
npeacbpamne) [113]. PFRe cboTtBeTcTBa Ha E-BbnHata
Ha TpaHCMUTpanHus KpbBOTOK nMpu gonnep-ExoKr, a
PFRa — Ha HeroBaTa A-BbnHa. 1o gaHHM Ha Maceira
M CbTP. C HanpeaBaHETO Ha Bb3pacTTa Ce YCTaHOBS-
Ba NOHWXeHMe Ha HopmanHata PFRe, kaTo cbLueBpe-
MEHHO HopMarsHo kbcHata PFR ce nosuwasa [MbXxe:
PFRe (20-29 rog.) — cpegHo 759 ml/s, PFRe (70-79
rog.) — cpegHo 296 ml/s; PFRa (20-29 rog.) — cpegHo
260 ml/s, PFRa (70-79 roa.) — cpegHo 486 ml/s; xeHu:
PFRe (20-29 roa.) — cpeaHo 680 ml/s, PFRe (70-79
roa.) — cpegHo 274 ml/s; PFRa (20-29 roa.) — cpegHo
193 ml/s, PFRa (70-79 roa.) — cpegHo 374 ml/s] [113].

— Bpeme o PFR (TPFR) — nHTepBan ot kpas Ha
cucTonarta Ao NMKoBaTa paHHa CKOPOCT Ha MbIIHEHETO.
Hieda n cbTp. cbobLlaBar, Ye nNpu naumeHT CbC Cbp-
AevHa HeOOCTaTbYHOCT CbC 3anaseHa pakuus Ha ns-
TnackBaHe (CH3®W) TPFR e 246+17.2 ms, gokato npwu
3gpaBuTe KoHTponm To e 188 + 15.7 ms (P = 0.04) [114].

— Hopmanusupan PFR (PFR/EDV) — cbnocTta-
BSI CKOPOCTTa Ha NMbJfIHEHE C KaMepHUsi 0bem. YcTaHo-
BeHuaT ot Hieda n cbtp. PFR/EDV npu 3gpasu nuua
e 3.59 + 0.87 s™', gokaTo npu naumeHtTn cbec CH3dU
pesyntatbT € 2.68 £ 0.85 s (P = 0.03) [114].

o JleBONpeacbpaeH M neBOKamMepeH CTpPewnH
(feature tracking CMR). Wsuucnasat ce neson-
PEACHPOHVAT U NEBOKaMEPHUST OMACTONEH CTpeyH
(strain) u strain rate [115-117].

e Tagging MRI. Moxe fga ce 13nonsea 3a oUeHKa
Ha MuWoKapgHaTa gedopmauusa u gunactonHata QyHK-
ums [118-120].

— Elevated LA pressure and E/A>2 — grade 3 DD
(severely elevated LA pressure)

Magnetic resonance imaging

Cardiac magnetic resonance imaging (CMR) al-
lows an accurate quantitative assessment of diastol-
ic filling. It is useful in cases with uncertain results
from echocardiography. The main studied indicators
and methods for assessing diastolic function using
CMR are:

o Left ventricular volume-time curves. They are
measured using cine-SSFP sequences. The following
indicators are derived: peak filling rate (PFR), time to
peak filling rate (TPFR), normalized PFR (PFR/EDV)
[111, 112

— Peak filling rate (PFR). A decreased PFR
is an indicator of impaired diastolic function. PFR
can be studied as PFRe (early PFR, reflecting the
early phase of diastole, corresponding to the active
relaxation of the left ventricle) and PFRa (active PFR,
reflecting the late phase of diastole during left atrial
contraction) [113]. PFRe corresponds to the E-wave
of mitral blood flow by Doppler echocardiography,
and PFRa - to the A-wave. According to Maceira et
al., with advancing age, a decrease in normal early
PFR is found, while at the same time the normal
late PFR increases [men: mean PFRe (20-29 years)
— 759 ml/s, mean PFRe (70-79 years) — 296 ml/s;
mean PFRa (20-29 years) — 260 ml/s, mean PFRa
(70-79 years) — 486 ml/s; women: mean PFRe (20-
29 years) — 680 ml/s, mean PFRe (70-79 years)
— 274 ml/s; mean PFRa (20-29 years) — 193 ml/s,
mean PFRa (70-79 years) — 374 ml/s] [113].

— Time to PFR (TPFR) - the interval from end-
systole to peak early filling velocity. Hieda et al. reported
that in patients with preserved ejection fraction (HFpEF)
the TPFR was 246 +1 7.2 ms, while in healthy controls
it was 188+15.7 ms (P = 0.04) [114].

— Normalized PFR (PFR/EDV). It represents
filling velocity to ventricular volume ratio. Hieda et al.
found PFR/EDV in healthy subjects to be 3.59 + 0.87
s™', while in patients with HFpEF the result was 2.68 +
0.85 s (P =0.03) [114].

o Left atrial and left ventricular strain (feature
tracking CMR). Left atrial and left ventricular diastolic
strain and strain rate are calculated [115-117].

e Tagging MRI. This method can be used to
assess myocardial deformation and diastolic function
[118-120].

o Phase-contrast magnetic resonance imaging
(PC-MRI). Provides information on both blood flow
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e MPa30BOKOHTpPaCcTHa MarHUTHOpe3oHaHCHa
Tomorpadumsa (PC-MRI). [laBa nHdpopmauumsa kakto 3a
CKOpOCTTa Ha KPbBOTOKA, Taka 1 3a TbKaHHUTE CKOPOC-
™ [111, 118, 121]. Hamupa npunoxeHne npu oueHkara
Ha OWaCTONMHOTO MbJfIHEHE M KPBbBOTOKA.

e UHpunpekTHM Genesun

— YBenun4yeH 06em Ha nisBoTo npeacbpaue [122-124].

— OaHHn 3a muokapgHa ¢ubposa, cBbp3aHa C
anactonHa gucdyHkums (T1 kapTupaHe, gaBallo Ko-
NNYeCTBEHA OLEHKa Ha XapaKTepPUCTUKUTE Ha Mu-
oKapAHaTta TbKaH; KbCHO rafjofIMHAEBO YCUMBaHE, NO3-
BOMSBALLO BM3yanuavpaHe Ha dokanHa MuokapaHa
punbposa) [125-127].

KomniotbpHa Tomorpacusa

KomntotbpHoTOMOrpadgckoto (KT) wuscnensaHe
no-psigko Ce M3Mon3Ba 3a OLeHKa Ha puactonHarta
dyHKums. To gaBa Bb3MOXHOCT 3a M3MepBaHe Ha o0e-
MUTE Ha CbpPAEYHUTE KYXUHWN U OLEHKa Ha NpomsiHata
MM BbB BPEMETO, KaTo MO TakbB Ha4YMH NO3BOSsABA He-
MHBA3VBHA OLIEHKA Ha guactonHarta yHKLMS Ha ns-
BaTa kamepa. Npu KT nscnegsaHe € Bb3MOXHO M34nC-
nsiBaHe Ha TPaHCMUTPAIHMSA KPbBOTOK Bb3 OCHOBA Ha
npomsiHata Ha JIK obem mexay aBe nocnefoBaTenHu
dasu OT CbpOeYHUSA LIMKBI, KATO CbLLO Taka € Bb3MOX-
Ha oueHKaTa Ha MakcumanHusa paHeH (E) u kbceH (A)
TpaHcmuTparneH kpbBoTok [128]. Mo gaHHM Ha Boogers
M cbTp. TovHocTTa Ha KT npu guarHoctuumpaHeTo
Ha gmnacTtonHaTta ancdyHkums e 79% [128]. KT moxe
da Ce M3nomns3Ba Kato AOMbIIHUTENHO CPeacTBO Mpu
3atpyaHeHa ExoKI™ oueHka M HEBBb3MOXHOCT 3a OCb-
wectBsaBaHe Ha CMR.

PagvousoTonHa BeHTpuKynorpadus

Ts ce nanons3esa MHOro pPsSIAKO 3a OLEHKa Ha Au-
acTonHaTa QyHKUMA. HAakom OoT orpaHudeHuaTa n ca
no-HMckarta MpPOCTpaHCTBEHA M BpemMeBa pe3orto-
uMs B cpaBHeHne ¢ metoam kato CMR, kakTo 1 13-
naraHeTo Ha noHunaupalla paguauym4a. lNonyyaBaHu-
Te C M3non3BaHe Ha TO3M MeTOoh OaHHu Kopenupart
C exokapguorpadckuTe nokasatenu 3a guacTosiHa
ancdyHkuma (kato E/A n E/e’) n moraTt ga ce us-
nonseat B cfyyau, KoraTo exokapguorpadckoTo
nscriegBaHe e TeEXHUYECKU 3aTpyAHEHO UIN HEBbL3-
MOXHO [129].

3AKNMIOYEHUE

JleBOKamepHaTa gnacTtonHa ANcyHKUNS e pesyr-
TaT OT HapylleHWsi B KanuuesaTa xomeocTa3a, MUTO-
XoHOpuanHata yHKUUSA, pUrMgHocTTa Ha TUTMHA U
pPEMOAENUPAHETO Ha eKcTpauenynapHist MaTpukc. B
pasBUTMETO M yyacTBaT pakTopu KaTo feBokamepHa
XUNepTponsi, MUOKapgHa WCXeMUsi, OKCUAATUBEH
CTpec, Bb3NanuTerHu npouecu, HapylleHuss B Mpo-

velocity and tissue velocities [111, 118, 121]. It is useful
in assessing diastolic filling and blood flow.

¢ Indirect signs

— Increased left atrial volume [122-124].

— Evidence of myocardial fibrosis associated
with diastolic dysfunction (T1 mapping, providing
a quantitative assessment of myocardial tissue
characteristics; late gadolinium enhancement, allowing
visualization of focal myocardial fibrosis) [125-127].

Computed tomography

Computed tomography (CT) is less commonly used
to assess diastolic function. It allows measurement of
the volumes of the heart chambers and assessment
of their change over time, thus allowing non-invasive
evaluation of the left ventricular diastolic function. By
CT examination, it is possible to calculate the mitral
blood flow based on the change in left ventricular vol-
ume between two consecutive phases of the cardiac
cycle, and it is also possible to assess the maximum
early (E) and late (A) mitral blood flow [128]. According
to Boogers et al., the accuracy of CT in diagnosing di-
astolic dysfunction is 79% [128]. CT can be used as an
auxiliary tool when echocardiographic assessment is
difficult and CMR is not feasible.

Radioisotope ventriculography

It is rarely used to assess diastolic function. Some
of its limitations include lower spatial and temporal res-
olution compared to methods such as CMR and ex-
posure to ionizing radiation. The data obtained using
this method correlate with echocardiographic indices of
diastolic dysfunction (such as E/A and E/e') and can be
used in cases where echocardiographic examination is
technically difficult or impossible [129].

CONCLUSION

Left ventricular diastolic dysfunction results from
disturbances in calcium homeostasis, mitochondrial
function, titin rigidity, and extracellular matrix remod-
eling. Its development depends on a complex inter-
action of factors such as left ventricular hypertrophy,
myocardial ischemia, oxidative stress, inflammatory
processes, proteolysis disorders, myocardial deposi-
tion diseases, and genetic predisposition. Knowledge

of these factors is essential for the development of new
therapeutic agents for patients with diastolic dysfunc-
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Teonusarta, 3abonsBaHUs C MUOKapAHO OTnaraHe u
reHeTnyHa npegucno3numnd. uarHoctukara Ha guac-
TonHata AUCyYHKUMS ce Gasvpa Ha HEeWHBA3UBHU Y
WHBa3NBHM METOAMN, KaTO MHBa3MBHATa OLEHKa e 3na-
TEeH CTaHgapT, a exokapguorpaduaTa mMa Bofella
pons nopagu cBosiTa AOCTbMHOCT U JoKa3aHa KIMHWY-
Ha CTOMHOCT.
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