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ABSTRACT

Aim. To evaluate the relationship between coronary microvascular dysfunction (CMD), biomarkers of cardiac fibrosis
and cardiac remodeling (soluble ST2 (sST2), fibroblast growth factor-23 (FGF-23), matrix metalloproteinase-9
(MMP-9), tissue inhibitor of metalloproteinase-1 (TIMP-1), and NT-proBNP), parameters of diastolic dysfunction
(DD), and the presence of heart failure with preserved ejection fraction (HFpEF) in symptomatic patients.

Materials and methods. Study participants were 59 patients with non-obstructive coronary artery disease (CAD)
and preserved left ventricular ejection fraction (LVEF) of 62 (56; 67) %. Non-obstructive CAD was verified by
coronary computed tomography angiography. Stress- and rest-myocardial blood flow (MBF) and coronary flow
reserve (CFR) parameters were evaluated by CZT SPECT. Serum levels of cardiac biomarkers were measured by
the enzyme immunoassay. Two-dimensional transthoracic echocardiography was used to assess DD parameters.

Results. Decreased CFR was defined as CFR < 2. Therefore, CMD was defined as the presence of decreased CFR
in the absence of flow-limiting CAD. Distribution of patients was performed by CFR values: group 1 included
patients with preserved CFR (>2, n = 35), and group 2 encompassed patients with decreased CFR (<2, n = 24). In
87.5% of cases, patients with CMD were diagnosed with HFpEF, whereas in patients with preserved CFR, heart
failure was diagnosed only in 51.4% of cases (p < 0.0001). CFR values were correlated with the left atrial volume
(r=-0.527, p=0.001), E / A ratio (r =-0.321, p = 0.012), and E/ ¢’ (» =-0.307; p = 0.021). Following the ROC
analysis, the levels of sST2 > 31.304 ng / ml (AUC = 0.730; p = 0.004) and NT-proBNP > 0.034 pg / ml (AUC =
0.815; p = 0.034) were identified as cut-off values for the presence of CMD in patients with non-obstructive CAD.

Conclusion. The obtained data suggest that CMD may play an essential role in HFpEF. The values of CFR were
correlated with DD parameters, and decreased CFR was associated with overexpression of biomarkers of cardiac
fibrosis and cardiac remodeling. Serum levels of sST2 and NT-proBNP were identified as cut-off values for the
presence of CMD in patients with non-obstructive CAD.
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CeppaeuyHas HeAOCTAaTOYHOCTb C COXpaHeHHO ¢paKuumen Bbibpoca:
posib MUKpOBacKynsapHon ancpyHKunmn

Konbesa K.B., Mouyna A.B., ManbueBa A.H., l'pakosa E.B., LLiunynux B.B., l'ycakosa A.M.,
3aBagoBckum K.B.

Hayuno-uccnedosamenvckuii uncmumym (HUHW) kapouonozuu, Tomckuil HAYUOHAIbHBIN UCCIE008AMENbCKULL MEOU-
yunckuil yeump (HUMIL]) Poccutickoul akademuu Hayk
Poccus, 634012, Tomck, yn. Kueeckas, 111a

PE3IOME

Henp. OneHuTs B3aMOCBSI3b MEXY KOpOHApHOM MukpoBackyisipHoi auchynkuueit (KMJI), 6nomapkepamu
(hubpo3a 1 MUOKapaHaIbHOTO pemoaeaupoBanust (pactBopumbiii ST2 (sST2) u daktop pocra GudbpodiacTon
23 (FGF-23), wmarpuxchHas MertamwionporenHaza-9 (MMII-9), TkaHeBOH HMHIMOMTOp MeETaIONpPOTEHHA3-]
(TUMII-1), NT-proBNP), napamerpamu anacronuueckoit nuchynkiuu (J/]) n Hamuuuem cepiedHoil HexocTta-
TOYHOCTH ¢ coxpaHeHHoi ppakuueii (CHcPB) y cuMnTOMaTHYHBIX HalUSHTOB.

MarepuaJjbl 1 MeTOABI. B rccienoBanue BKIIIOUEHH! 59 MAalEeHTOB ¢ HEOOCTPYKTHBHEBIM ITOpaXKEHNEM KOpOHap-
ubIxX aprepuil (KA) u coxpanenHoit ¢pakmueit Beopoca ieBoro xemynouka (OB JIXK) 62 (56; 67)%. Heoberpyk-
THUBHOE NopakeHne KA OBIIO MOATBEPXKICHO KOMIBIOTEPHOH KOopoHapHOH aHrnorpagduei. C moMoImpio 1uHa-
muueckoit CZT-SRECT ornenuBanmm napamMeTpsl MHOKapIHaIbHOTO KPOBOTOKA B COCTOSTHHU TT0KO0s (rest-MBF) n
ctpecca (stress-MFR) u pezepsa koponaproro kpoBotoka (CFR). CeiBOpoTOYHBEIC YPOBHU CEpACYHBIX OHOMapKe-
POB M3MEPSUIH C TOMOIIBI0 IMMYHO(EPMEHTHOTO aHan3a. BeceM marnuenTaM npoBoAmIack IByXMepHast TPAaHCTO-
pakanbHast 3XoKapauorpadus JuIs oreHKH napamerpos JI/1.

PesyabTarel. CHmxennsiii CFR onpexnensmn kak CFR <2. Takum o6pazom, KM/] nmuarHocTupoBaim Ha OCHO-
BaHNH cHIbKeHHOTO CFR mpm oTcyTcTBUE OKKITIO3Upyromero nopaxenus KA. Pacnpenenenne manueHToB mpo-
Boamitoch mo 3HaueHusaM CFR: rpynma 1 Bxmowana 6ombHBIX ¢ coxpaHeHHBIM CFR (>2, n = 35), rpymma 2 — co
camxeHHsiM CFR (<2, n = 24). B 87,5% cny4aeB y 6onpabx ¢ KM/l 6puta guarnoctuposana CHc®B, Torma
Kak y 6ompHbIX 06e3 KM/ — Tombko B 51,4% (p < 0,0001). 3nagenus CFR xoppenupoBamu ¢ 00beMOM JIEBOTO
npeacepaust (r =-0,527; p = 0,001), orhomenuem E/A (r =-0,321; p =0,012) m E/e’ (r =-0,307; p = 0,021). Ha
ocHoBanun ROC-ananusa ypoBau sST2 > 31,304 uar/mun (AUC = 0,730; p = 0,004) u NT-proBNP > 0,034 nr/mn
(AUC = 0,815; p = 0,034) ObutH OmpeeNneHbl KaK MOpOroBble 3HaueHHs s auarHoctukn KMJ] y manmeHToB
¢ HeOOCTPYKTUBHBIM MopaxkeHneM KA.

3axioyenne. KM/] MoxeT urpath BaxxHyto posib B natoreHese pa3sutust CHc®B. 3nauenns CFR xoppenuposa-
nu ¢ napametpamu /1, a camkerne CFR 0b110 cBsi3aHO ¢ THIIEpAIKCIIpeccheil cepAeyHbIX OnomapkepoB Gpudposa
u pemonenupoBanus. YpoBHHU sST2 u NT-proBNP moryT ucnonbs3oBaThcst B KadyecTBE MapKkepOB HEMHBAa3UBHOM
nuarsoctuku KM/I.

KuiroueBble ciioBa: cepedHas HeIOCTaTOYHOCTh, COXpaHEHHAs! (hpaKuust BHIOPOCa JIEBOTO HKETyJ0UKa, THACTONH-
JyecKast AUC(YHKIHS, KOPOHAPHBIN pe3epB, MUOKApANAIbHBINH KPOBOTOK, MUKPOCOCYAUCTAS AUCHYHKIHUS

KOHq).]Il/lKT HUHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SABHLIX U MNOTCHIUAJIBHBIX KOH(bJ'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J’[PIKaIIPIeI71 HaCTOS{H.[efI CTaTbHU.

Hcrounuk punancupoBanus. Vccnenosanue nmoanep:xaHo rpantom npesuneHra Poceuiickoit @enepammn (MK-
4257.2022.3).

CooTBeTcTBHE NPUHIHNIAM 3THKH. THPOPMHUPOBaHHOE MHCHMEHHOE COTIacke ObUIO MOTYUeHO OT BCEX MaI[HeH-
TOB JI0 MX BKJIFOUCHUs B JaHHOE HccieoBanue. MccnenoBanne 0J00peHo JTOKaIBHBIM KOMUTETOM 1o 3Tike HUN
kapauosiorun Tomckoro HUMII (mpotokon Ne 204 ot 18.11.2020).

Jnsa uutupoBanus: Kombesa K.B., Mouyna A.B., MansueBa A.H., I'pakosa E.B., lllunynuua B.B., I'ycako-
Ba A.M., 3aBagoBckuii K.B. Cepaeynas HeZOCTaTOYHOCTH C COXpAaHEHHOH (hpakmueii BRIOpoca: poib MUKPOBACKY-
nspHOd mucyHkumu. broanemens cubupckoi meouyunst. 2022;21(4):88-97. https://doi.org/10.20538/1682-0363-
2022-4-88-97.
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INTRODUCTION

Despite growing prevalence worldwide, heart
failure with preserved ejection fraction (HFpEF)
remains a poorly understood clinical syndrome [1,
2]. At the same time, a lack of clear understanding
of its pathophysiology results in a lack of effective
targeted therapy [3, 4]. Recent studies have implicated
that coronary microvascular dysfunction (CMD) may
be one of the possible causes of development and
progression of HFpEF [5, 6].

Coronary flow reserve (CFR), quantified as the
ratio of hyperemic myocardial blood flow to resting
myocardial blood flow, reflects functional ischemia in
large and small vessels. In the absence of obstructive
coronary artery disease (CAD), it is a marker of CMD
[7]. A new class of gamma cameras equipped with
semiconductor cadmium — zinc — telluride (CZT)
detectors has recently made it possible to measure
CFR by noninvasive dynamic SPECT imaging [8, 9].
This method has been sufficiently tested and
validated and may be a more accessible technique
for visualization of changes in the coronary
microcirculation [10] in addition to a comprehensive
clinical assessment and traditional tests for assessing
stress-induced ischemia [11].

The potential mechanisms of CMD appear to
be heterogeneous, including impaired endothelial
function, systemic inflammation, mitochondrial
dysfunction, oxidative stress, etc. [12—16]. Moreover,
all these processes cause adhesion and infiltration of
monocytes and stimulation of integrated macrophages
that promote myofibroblast differentiation and collagen
secretion leading to fibrosis and cardiac remodeling
[10, 11, 13—15]. Thus, CMD may play an important
role in elevated left ventricular (LV) filling pressure,
the development of diastolic dysfunction (DD), and
the pathophysiology of HFpEF in general [7, 16].

The aim of'the study was to evaluate the relationship
between CMD, biomarkers of fibrosis and cardiac
remodeling (soluble ST2 (sST2), fibroblast growth
factor-23  (FGF-23), matrix metalloproteinase-9
(MMP-9), tissue inhibitor of metalloproteinase-1
(TIMP-1), NT-proBNP), diastolic dysfunction
(DD) parameters, and the presence of HFpEF in
symptomatic patients.

MATERIALS AND METHODS

The study was performed in accordance with the
Declaration of Helsinki and was approved by the local
Ethics Committee at Cardiology Research Institute,

Tomsk NRMC (protocol No.204 of 18.11.2020).
An informed written consent was obtained from all
patients prior to their enrollment in the study.

Study population. From December 2020 to January
2022, a total of 59 patients (39 men, average age of
65.0 [58.0; 69.0] years) were enrolled in the study.
All patients did not receive optimal medical treatment
before the enrollment. Inclusion criteria: 1) non-
obstructive (< 50%) coronary artery disease (CAD); 2)
documented left ventricular ejection fraction (LVEF)
> 50% measured by echocardiography; 3) LVDD /
elevated left ventricular filling pressure (LVFP) based
on echocardiography; 4) sinus rhythm; 5) a signed
informed consent to participate in the study.

Exclusion criteria were the following: 1) myocardial
infarction in the medical history; 2) planned coronary
revascularization and / or previous revascularization
of the coronary artery (CA); 3) systolic blood pressure
> 160 mm Hg); 4) symptomatic hypotension with
the mean systolic blood pressure < 90 mm Hg;
5) second- or third-degree atrioventricular block,
sick sinus syndrome; 6) persistent or chronic atrial
fibrillation and / or flutter; 7) valvular insufficiency
or stenosis of > 2 degree; 8) hypertrophic and dilated
cardiomyopathy; 9) previous pulmonary embolism
with pulmonary hypertension of > 45 mm Hg; 10)
severe bronchial asthma and / or chronic obstructive
pulmonary disease; 11) pathology of the thyroid gland;
12) glomerular filtration rate (CKD-EPI) of <30 ml /
min / m?; 13) class 3 hepatic insufficiency according
to Child-Pugh classification; 14) acute and chronic
inflammatory heart diseases; 15) hemoglobin level of
< 100 g / dl; 16) stroke or transient ischemic attack
within 90 days prior to enrollment; 17) obesity (body
mass index (BMI) > 35 kg / m?); 18) life-threatening
uncontrolled arrhythmias.

Echocardiography. Philips Affiniti 70 ultrasound
scanner was used to perform two-dimensional
transthoracic echocardiography. All studies were
performed by one highly qualified specialist.
Evaluation of LVDD was based on the following
indices: E wave, E/A ratio, septal ¢’, average E/e’
ratio, indexed left atrial volume, and peak tricuspid
regurgitation velocity [17].

Coronary computed tomography angiography and
dynamic SPECT. Dynamic CZT SPECT and coronary
computed tomography angiography (CCTA) were
performed using a hybrid system (GE Discovery NM/
CT 570C; GE Healthcare, USA) equipped with a
dedicated cardiac CZT gamma camera and a 64-slice
CT scanner.

90 BionneTteHb cMbnpckon MegmuuHbl. 2022; 21 (4): 88-97



Original articles

Dynamic SPECT. Patient preparation, study
protocol, as well as acquisition and analysis of static
and dynamic scintigraphic data were described in the
previous articles [9, 10]. It is important to note that
patients were instructed to stop taking beta-blockers,
nitrates, calcium channel blockers, caffeine, and
methylxanthine-containing substances for at least
24 hours before the procedure. All studies were
performed in the morning, on an empty stomach,
against the background of a sinus heart rhythm [18].
A two-day rest — stress protocol was performed using
the radiopharmaceutical 99mTc-methoxy-isobutyl-
isonitrile (99mTc-MIBI), which was administered
intravenously at a bolus dose of 260444 MBaq.
Before the first dynamic study, a low-dose CT scan
(tube voltage 100 kV, tube current 20 mA, rotation
time 0.8 s, helical pitch 0.969 : 1, slice thickness
5 mm) had been performed to assess the heart position.

The pharmacological stress test was performed
according to a standard 4-minute protocol [18].
Adenosine triphosphate (ATP) was used as a
pharmacological stress agent, which was administered
intravenously using an infusion pump at a dose of 160
pg / kg / min for 4 min. During the stress test, after
2 minutes of intravenous infusion of ATP, a dose
of 99mTc-Sestamibi (3 MBq-kg-1) was injected.
Dynamic data acquisition was started 610 seconds
before the radiotracer injection. The infusion of ATP
continued for additional 2 minutes.

To correct attenuation, low-dose CT of the chest
was performed. All studies were performed on the
Discovery NM/CT 570c hybrid computed tomography
scanner (GE Healthcare, Milwaukee, WI, USA)
equipped with a gamma camera with highly sensitive
CZT detectors. The total effective radiation exposure
of the study (rest / pharmacological stress test) was
~6.25 mSv.

The resulting scintigraphic images were processed
on the specialized Xeleris II workstation (GE
Healthcare, Haifa, Israel). Myocardial perfusion,
myocardial blood flow (MBF), and coronary flow
reserve (CFR)were assessed using specialized software
Corridor 4DM SPECT and 4DM Reserve v.2015
(INVIA, Ann Arbor, MI, USA). The quantitative
characteristics were processed using the Net Retention
model with attenuation correction [19].

According to myocardial perfusion SPECT
data, standard semi-quantitative indices of impaired
myocardial perfusion were determined: Summed Stress
Score (SSS) — the sum of scores during stress, Summed
Rest Score (SRS) — the sum of scores at rest, Summed

Difference Score (SDS) — the difference between
exercise and rest, as well as quantitative parameters:
stress-MBF — myocardial blood flow during stress,
rest-MBF — myocardial blood flow at rest, and CFR.

Coronary computed tomography angiography.
Preparation for CCTA was carried out according to
the standard protocol and included beta-blockers and
prednisolone, avoiding caffeinated drinks or food, and
excluding the use of glucophage (metformin), viagra,
etc., and pain medications (advil or motrin). Besides,
patients were instructed about contraindications of the
procedure related to allergies, pregnancy, and kidney
disease. Heart rate and blood pressure were evaluated
before each scan. All patients received 0.5 mg of
sublingual nitroglycerin tablets.

For contrast-enhanced scans, 70-90 ml of a non-
ionic contrast agent (iopamidol 370 mg, Bracco
Diagnostics, Italy) was injected intravenously through
an 18G antecubital catheter at a flow rate of 5-5.5 ml
/ s followed by 60 ml of 0.9% NaCl.

In patients with the heart rate > 55 bpm, a
retrospective electrocardiogram (ECG)-gated helical
scan was acquired, and in those with the heart rate <
55, a prospective ECG-gated protocol was used. The
recording parameters were the following: tube voltage
of 120 kV, tube current of 300-600 mA using ECG
modulation with maximum tube current of 40—80%
between phases, and minimum tube current in the
remaining phases.

Axial images, curved multiplanar and cross-section
reformations, and thin-slab maximum intensity
projections were used for dataset analysis. All studies
were analysed on the hybrid CT scanner (Advantage
Workstation 4.6, GE Healthcare, USA).

In the case of retrospective CCTA scans, images
were reconstructed at 75% of the cardiac cycle with
a slice thickness of 0.625 mm. In cases of heart rate
artefacts, other reconstruction windows were used
(from 10% to 90% of the R-R cycle). According to
modified American Heart Association criteria, CAs
were subdivided into 16 segments [20, 21].

Blood sampling and biochemical analysis. Blood
samples were obtained by venipuncture. Adequate
samples were centrifuged, serum was separated and
stored at —24 °C with a single freeze — thaw cycle.
Serum levels of sST2, NT-proBNP, FGF-23, MMP-
9, and TIMP-1 were analyzed from the same blood
sample by the enzyme immunoassay (NT-proBNP,
FGF-23, and TIMP-1, Biomedica, Austria; Presage®
ST2 Assay, Critical Diagnostics, San Diego, CA,
USA; MMP-9; eBioscience, USA).
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Statistical analysis. Statistical processing of the
results was performed using Statistica 10.0 software
package R, version 2. The data were presented as the
median and the interquartile range Me (Q,,; O.,). To
test statistical hypotheses for quantitative variables,
the Mann — Whitney test was used when comparing
two independent groups. When analyzing qualitative
variables, contingency tables were analyzed using the
Pearson’s %2 test. If there were cells with an expected
frequency less than 5, then a two-tailed Fisher’s exact
test or Yates’ correction (for 2 x 2 tables) was applied.
To search for relationships between the variables, the
correlation analysis was used with the calculation of
the Spearman’s rank correlation coefficients. The cut
off scores for the diagnosis of CMD were determined
by the ROC-analysis. The critical significance level of
the p-value was taken equal to 0.05.

RESULTS

Impaired CFR was defined as CFR < 2. Thus,
CMD was defined as the presence of impaired CFR
in the absence of flow-limiting CAD. Patients were

distributed according to CFR values: group 1 included
patients with preserved CFR (> 2, n = 35), group
2 included patients with impaired CFR (CFR < 2,
n = 24). HFpEF was diagnosed according to 2021
ESC guidelines for the diagnosis and treatment
of acute and chronic HF [22]. The baseline
demographic and clinical characteristics of patients
did not differ (Table 1). However, in patients with
CMD, HFpEF was revealed in 87.5%, while in
patients without CMD, it was diagnosed only in
51.4% (p < 0.0001). Echocardiography parameters
did not differ significantly between the groups
(Table 2).

In patients with CMD, CFR values were lower by
47.8% (p < 0.0001) than in patients without CMD
(1.411.23; 1.55] vs. 2.6 [2.49; 3.38], respectively). In
group 1, rest-MBF was 0.74 (0.56; 0.93) ml / min / g,
while in group 2, it was 0.48 (0.37; 0.67) ml / min/ g
(p = 0.045). In group 1, stress-MBF was 1.06 (0.91;
1.24) ml / min / g, and in group 2 it was 1.59 (1.19;
1.74) ml / min / g(p = 0.012). The remaining indices
did not differ significantly (Table 3).

Table 1
Clinical and demographic characteristics of patients, Me (Q,.; Q..

Parameter Patients with CMD, n =24 Patients without CMD, n = 35 p value
Age, years 60 (52; 66) 62 (59; 67.5) 0.451
Sex / male, n (%) 14 (58.3) 23 (65.7) 0.767
BMI, kg / m? 29.55(27.1; 30.7) 31.2(28.0; 33.41) 0.180
Hypertension, n (%) 20 (83.3) 32 (91.4) 0.812
Diabetes mellitus, 7 (%) 6(25.0) 10 (28.6) 0.761
COPD, n (%) 3(12.5) 5(14.3) 0.824
Current smoker, n (%) 6 (25.0) 9(25.8) 0.998
Heart failure, n (%) 21 (87.5) 18 (51.5) <0.0001
eGFR, ml/ min/ 1.73 m? 73.5(59; 81) 69 (65;79) 0.775
Total cholesterol, mmol / 1 4.15(3.2; 5.98) 4.4(3.6;5.4) 0.874
LDL-cholesterol, mmol /1 1.79 (1.3;3.34) 2.6 (1.8;3.42) 0.606
HDL-cholesterol, mmol / 1 1.36 (1.29; 1.78) 1.23 (1.06; 1.3) 0.239
Triglycerides, mmol / 1 1.5(1.14; 2.23) 1.6 (1.25;2.2) 0.815
Hemoglobin, g/ dl 152 (144; 159) 143 (137; 153.5) 0.121
Potassium, mmol / 1 4.3(4.0;5.2) 4.2(3.9;5.1) 0.981
HbAlc, % 5.8 (5.5;7.6) 5.6(5.3;7.5) 0.091
CRP, g/1 4.1 (3.6;4.7) 5.2(2.7;10.1) 0.998
Fibrinogen, g /1 33(2.9;34) 32(2.7;3.4) 0.934
sST2, ng / ml 31.03 (27.03; 35.5) 25.0 (21.45; 31.15) <0.001
NT-proBNP, pg / ml 318.0 (169.7; 2,106.2) 196.8 (68.1; 510.4) 0.045
MMP-9, ng / ml 1538 (945.4; 1982) 1183 (720.9; 1725) 0.023
TIMP-1, ng / ml 230.2 (107.38; 285.8) 160.78 (58.66; 213.2) 0.012
FGF-23, ng / ml 0.683 (0.383; 0.999) 0.649 (0.5; 0.965) 0.565

Note: HbAlc — glycated hemoglobin; FGF-23 — fibroblast growth factor-23; LDL-cholesterol — low-density lipoprotein cholesterol;
HDL-cholesterol — high-density lipoprotein cholesterol; CRP — C-reactive protein; eGFR — estimated glomerular filtration rate (CKD-EPI);
TIMP-1 — tissue inhibitor of metalloproteinase-1; COPD — chronic obstructive pulmonary disease.
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Table 2
Echocardiography parameters, Me (Q,.; 0..)

Parameter Patients with CMD, n =24 Patients without CMD, n =35 p-value
Left ventricular ejection fraction, % 65 (63; 66) 65 (64; 67) 0.531
End-systolic diameter, mm 32 (30; 33) 32 (31; 33) 0.886
End-diastolic diameter, mm 50.5 (48;51) 50.5 (49; 51) 0.752
LVML g/ m? 91 (88;95) 84 (79; 90) 0.159
Interventricular septum, mm 10.2 (10; 11) 10.5 (10.5; 11) 0.371
Left ventricular posterior wall, mm 10 (10; 11) 10 (9.5; 10) 0.154
E / A ratio 0.98 (0.73; 1.38) 1.02 (0.86; 1.29) 0.829
Septal e’ 5.89 (4.8; 6.45) 5.66 (5.35; 6.25) 0.949
PTRV, m/s 2.89(2.8;3.11) 2.91(2.87;2.99) 0.852
E/¢e 14.75 (13.5; 15.1) 14 (13.3; 14) 0.181
LAVI 33 (29; 37) 32 (29; 33) 0.284
DD type 1, n (%) 19 (79.2) 26 (74.3) 0.761
DD type 2, n (%) 5(20.8) 257 0.817

Note: DD — diastolic dysfunction; LAVI — left atrial volume index; LVMI — left ventricular mass index; PTRV — peak tricuspid regurgitation

velocity.

Table 3

Dynamic SPECT parameters and standard semi-quantitative indices of impaired myocardial perfusion, Me (Q,; O..)

Patients without CMD, n =35 |

Parameter Patients with CMD, n = 24 p-value
Dynamic SPECT indices
Stress-MBF, ml / min / g 1.06 (0.91; 1.24) 1.59 (1.19; 1.74) 0.012
Rest-MBF, ml / min / g 0.74 (0.56; 0.93) 0.48 (0.37;0.67) 0.045
CFR 1.41 (1.23; 1.55) 2.6 (2.49; 3.38) <0.0001
Standard semi-quantitative indices of impaired myocardial perfusion
SSS 2.0 (1.0; 4.0) 2.0 (0; 4.0) 0.566
SRS 0(0; 1) 0(0; 1) 0.926
SDS 0.5 (0; 3.0) 2 (0; 3.0) 0.364
Standard semi-quantitative indices of myocardial dysfunction

Stress ESV, ml 37.0 (30.0; 46.0) 33.5(25.5;40.0) 0.158
Stress EDV, ml 115.5 (97.0; 123.0) 106.5 (99.0; 122.5) 0.404
Stress EF, % 68.0 (61.0; 74.0) 70.0 (66.0; 73.5) 0.244
Rest ESV, ml 32.0 (28.0; 41.0) 32.5(24.5;36.0) 0.364
Rest EDV, ml 108.5 (100; 117) 102.5 (89.5;121.5) 0.250
Rest EF, % 70.5 (62.0; 72.0) 69.5 (65.5; 72.5) 0.698

Note: CFR — coronary flow reserve; stress-MBF — myocardial blood flow during stress; rest-MBF — myocardial blood flow at
rest; SSS — summed stress score; SRS — summed rest scores; SDS — summed difference score as the difference between SSS and
SRS; ESV — end-systolic volume; EDV — end-diastolic volume; EF — ejection fraction.

CFR values were correlated with the left
atrial volume (» = -0.527; p = 0.001), E / A ratio
(r = -0.321, p = 0.012), and E / ¢ (r = —0.307;
p = 0.021), as well as with the levels of NT-proBNP
(r = —0.290; p = 0.04) and sST2 (r = —-0.330; p =
0.012).

The levels of NT-proBNP were higher in group
1 by 36.4% (p = 0.045) than in group 2 (318.0 [169.7;
2,106.2] and 196.8 [68.1; 510.4] pg/ ml, respectively).
The sST2 levels were higher in patients with impaired
CFR by 19.4% (p > 0.001) than in patients with
preserved CFR (31.03 [27.03; 35.5] and 25.0 [21.45;
31.15] ng / ml, respectively). The serum levels of

MMP-9 in group 1 were 1,538 (945.4; 1,982) pg / ml,
and in group 2 they were 1,183 (720.9; 1,725) ng /ml
(p = 0.023). The levels of TIMP-1 were higher by
30.1% (p = 0.012) in group 1 than in group 2 (230.2
[107.38; 285.8] and 160.78 [58.66; 213.2] ng / ml,
respectively). The serum concentration of FGF-23 did
not differ between the groups.

Following the ROC-analysis, the levels of sST2 >
31.304 ng / ml (sensitivity 55.0%, specificity 90.3%;
area under the curve (AUC) = 0.730; p = 0.004)
(Fig. 1) and NT-proBNP > 977.2 pg / ml (sensitivity
64.9%, specificity 84.6%; AUC = 0.815; p = 0.034)
were identified as cut-off values for diagnosing CMD
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in patients with non-obstructive CAD (Fig. 2). When
comparing the ROC-curves of sST2 and NT-proBNP,
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Fig. 1. Sensitivity and specificity of sSST2 levels in the diagnosis
of CMD (ROC-analysis)
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Fig. 3. Comparison of sensitivity and specificity of NT-proBNP
and sST2 levels in the diagnosis of CMD (ROC-analysis)

DISCUSSION

This study demonstrated that patients with non-
obstructive CAD and CMD had higher incidence of
HFpEF than patients without CMD. The values of
CFR were correlated with DD parameters and the
concentrations of NT-proBNP and sST2. The levels

no significant differences in the cut-off values for the
presence of CMD were revealed (Fig. 3).
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Fig. 2. Sensitivity and specificity of NT-proBNP levels in the
diagnosis of CMD (ROC-analysis)

of sST2 > 31.304 ng / ml and NT-proBNP > 977.2 pg
/ ml were identified as cut-off values for diagnosing
CMD in patients with non-obstructive CAD.

HFpEF is one of the greatest problems in modern
cardiology. Out of the estimated 5 million patients
diagnosed with HF in the USA, approximately 50%
have HFpEF [22]. In Europe, this proportion ranges
from 22 to 73% [1]. Moreover, there is a growing
understanding that HFpEF represents a heterogeneous
syndrome with various phenotypes and comorbidities
[23]. The results of a number of international studies
using invasive or non-invasive diagnostic methods
support the assumption that CMD occurs significantly
more often than previously, including patients with
HFpEF. V.L.Murthy et al. reported that 53% of
patients with non-obstructive CAD and pain syndrome
had evidence of inducible myocardial ischemia [11].
According to the latest meta-analysis data of 56 studies
including 14,427 patients, the proportion of patients
with CMD was 41% in the general population [12].
Moreover, when the prevalence of CMD was analyzed
in patients with HFpEF, the incidence increased to
75-85% [13, 14]. Therefore, an innovative theory
has been proposed recently according to which CMD
represents “common soil” for the occurrence of both
microvascular angina and HFpEF [4, 14, 24]. It is
worth noting that patients with non-obstructive CAD,
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despite preserved LVEF, are no less often subject to
hospitalization due to HF decompensation [11].

CMD is a type of non-obstructive CAD in which
small blood vessels feeding the cardiac muscle cannot
cope with the load [14]. However, the potential
mechanisms of CMD development have not yet been
studied and include cellular metabolism disorders,
systemic inflammation, reactive oxygen species
(ROS) generation, increased coronary vasoconstrictor
reactivity at the microvascular level, impaired
endothelium-dependent and endothelium-independent
vasodilator capacities, hormonal and electrolyte
imbalance, etc., which results in development of
fibrosis and increased myocardial stiffness and
coronary microvascular resistance [12, 14-16, 25].
It is most likely that primary structural abnormalities
in CMD are associated with damage to endothelial
mitochondria and include their hyperplasia, reduction
in size of organelles or their fragmentation, and
structural damage, such as reduction of electron-dense
matrix and disruption of inner and outer membranes
[16, 23, 24]. The concomitant diseases, such as
diabetes, hypertension, obesity, etc., not only activate
superoxide overexpression via the mitochondrial
electron-transport chain and NADPH oxidase, which
partially contribute to impaired endothelial cell
function, but also control parallel pathways causing
the development of endothelial dysfunction [22]. It is
worth noting, that endothelial dysfunction is one of the
key mechanisms for the development and progression
of CMD in HFpEF [18].

The endothelium plays a pivotal role in preventing
platelet aggregation and leukocyte adhesion,
regulating cell proliferation, and modulating vascular
tone by synthesizing and releasing endothelium-
derived relaxing factors, such as prostaglandins,
nitric oxide (NO), and endothelium-dependent
hyperpolarization (EDH) factors in different forms
depending on the vessel size. NO predominantly
mediates vasodilatation of relatively large coronary
vessels, while EDH factors influence microvasculature
resistance. As a consequence, alterations in both
the myocytic and non-myocytic compartments can
lead to the development of myocardial fibrosis and
extracellular matrix remodeling and increase diastolic
stiffness, which contributes to the progression of
HFpEF [25, 26].

Inthe contextofincreased oxygen demand, impaired
CFR, even in the absence of obstructive CAD, reflects
myocardial ischemia at the microcirculatory level due
to an imbalance in the ratio of oxygen demand and its

delivery to the myocardium, which may predispose the
myocardium to injury and impaired global ventricular
mechanics and cardiac dysfunction [7]. Our data
demonstrated that CMD was independently associated
with DD parameters and the presence of HFpEF. This
suggests that factors tipping the balance towards
ischemic damage to cardiomyocytes in patients with
existing CMD may impair LV function and increase
the risk of HFpEF development, even in the absence
of overt structural abnormalities or obstructive
CAD. Thus, in the study including 385 patients with
non-obstructive CAD, CMD was also significantly
associated with echocardiography parameters of DD
[27]. In patients with systolic dysfunction (LVEF <
35%) and non-obstructive CAD, CFR parameters
were correlated with E / ¢’ values [28]. In particular,
microvascular endothelial dysfunction, decreased
nitric oxide bioavailability, and increased profibrotic
cytokine signaling may contribute to reduced coronary
microvascular density or rarefaction and increased
myocardial fibrosis, observed in HFpEF [7, 13, 14].
Correlation of CFR with biochemical markers of left
ventricular volume overload, such as NT-proBNP (r =
—0.290; p =0.04), and cardiac fibrosis, such as sST2 (r
=-0.331; p=0.012), demonstrates a close relationship
between these processes in the pathogenesis of HFpEF
in patients without occlusive CAD.

In our study, only the levels of sST2 and NT-
proBNP, but not MMP-9 and TIMP-1, were identified
as cut-off values for diagnosing CMD in patients with
non-obstructive CAD. Perhaps, in this population
with non-obstructive CAD, the levels of sST2 reflect
periarteriolar fibrosis that may occur in CMD [29].
In particular, CMD associated with chronic systemic
inflammation may promote periarteriolar fibrosis and
microvascular rarefaction, yielding decreased CFR,
overexpression of sST2, and the development of HF
symptoms and / or microvascular angina with “normal”
CA [30]. In the study on mice models, decreased
ST2 signaling with the progression of microvascular
changes in the pressure overload state was associated
with amplifying and sustaining arteriolar remodeling
and periarteriolar fibrosis [29]. Furthermore, Aslan
et al. (2019) established that serum sST2 levels were
significantly higher in patients with microvascular
angina compared with controls [31]. Hereinafter,
chronic systemic inflammation causes adhesion and
infiltration of monocytes and stimulation of integrated
macrophages, which promotes myofibroblast
differentiation and, eventually, collagen secretion
leading to fibrosis and cardiac remodeling [10, 11, 32].
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Thus, coronary microvascular ischemia may play an
important role in the elevation of LV filling pressure,
the development of DD, and the pathophysiology of
HFpEF [8]. To support this fact, it was found that
patients with CMD had higher levels of MMP-9 and
TIMP-1 than those without it. But most likely, this
process is secondary to CMD and is a consequence
of HFpEF progression; therefore, these biomarkers
did not show significance in the diagnosis of CMD, in
contrast to sST2 and NT-proBNP.

CONCLUSION

It was established that CMD may play an important
role in the pathogenesis of HFpEF. The values of CFR
were correlated with DD parameters, and impaired
CFR was associated with overexpression of cardiac
biomarkers of fibrosis and remodeling. Serum levels
of sST2 and NT-proBNP may be used as markers for
non-invasive diagnosis of CMD.
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