
Vorobeva et al. BMC Cardiovascular Disorders          (2022) 22:530  
https://doi.org/10.1186/s12872-022-02985-z

RESEARCH

Relationships between indicators 
of prothrombotic activity and coronary 
microvascular dysfunction in patients 
with myocardial infarction with obstructive 
and non-obstructive coronary artery disease
Darya A. Vorobeva*, Vyacheslav V. Ryabov, Julia G. Lugacheva, Konstantin V. Zavadovsky and 
Andrew V. Mochula 

Abstract: The relationship between prothrombotic activity and coronary microvascular dysfunction (MVD) is lim-
ited. This study aimed to perform a comparative analysis of the relationship between prothrombotic activity and 
MVD in patients with myocardial infarction without obstructive coronary artery disease (MINOCA) and myocardial 
infarction with obstructive coronary artery disease (MI-CAD).

Material and methods: A total of 37 patients were enrolled in the study; the main group included 16 MINOCA 
patients, and 21 MI-CAD patients were included in the control group. Blood samples for protein C, antithrombin, 
WF, plasminogen, and homocysteine were performed on the 4th ± 1 day of admission. CZT-SPECT data were used 
to determine the standard indices of myocardial perfusion dis-orders (SSS, SRS, and SDS), as well as stress and rest 
myocardial blood flow (MBF), myocardial flow reserve (MFR), and difference flows (DF). MVD was defined as MFR 
(≤ 1.91 ml/min); coronary slow flow (CSF) was defined as corrected TIMI frame count (21 ± 3).

Results: We performed a step-by-step analysis of prothrombotic activity of the hemostasis system in binary logistic 
regression for MINOCA patients to identify factors associated with MVD (MFR ≤ 1.91 ml/min). A predictive model was 
developed to estimate the probability of reduced MFR. A low MFR is related to only plasminogen in MINOCA patients, 
whereas only wall motion score index (WMSI) in MI-CAD group was associated with a low MFR.

Conclusion: This small-scale study revealed the relationship between indicators of prothrombotic activity and MVD. 
The key factors that affect MVD in MINOCA patients was plasminogen, whereas, in patients with MI-CAD, WMSI was 
the key factor. Measurements of MVD may enhance the risk stratification and facilitate future targeting of adjunctive 
antithrombotic therapies in MINOCA and MI-CAD patients.
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Introduction
Coronary artery thrombus is associated with the rupture 
or erosion of unstable atherosclerotic plaques and is the 
key mechanism for developing acute myocardial infarc-
tion (AMI) [1]. However, up to 15% of AMI patients 
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have no evidence of obstructive coronary artery disease. 
AMI patients with non-obstructive coronary arteries 
(MINOCA) with heterogenous mechanisms for AMI 
development. [2, 3].

Despite the restored coronary arteries permeability 
in some patients, no complete restoration of perfusion 
can be observed in either patient with obstructive ath-
erosclerosis (MI-CAD) or in patients free of that, which 
most likely indicates coronary microvascular dysfunc-
tion. Coronary microvasculature dysfunctions (MVD) 
occur in 16–20% of MI-CAD cases [2–4] and in 35–56% 
of MINOCA cases [5]. MVD increases the risk of adverse 
ischemic events in patients from both groups.

The state of coronary microvasculature cannot be 
assessed during invasive coronary angiography (ICA). 
Therefore, MVD is evaluated by functional assessment 
of coronary microcirculation, which can be performed 
by both invasive and non-invasive methods, including 
the TIMI flow grade or measurement of coronary flow 
reserve (CFR) by dynamic single-photon emission com-
puted tomography (SPECT) [3, 6]. The latter approach 
allows simultaneous assessment of myocardial perfusion 
and CFR [3]. CFR is quantified as the ratio of maximal 
myocardial blood flow to the resting flow in epicardial 
arteries under pharmacological stress and at rest [7]. This 
indicator is a functional measure of large- and small-ves-
sel ischemia.

It is known that MVD is associated with the develop-
ment of heart failure with preserved ejection fraction, 
diabetes mellitus, hypertension, hypertrophic cardiomy-
opathy, and autoimmune diseases [8]. However, no data 
are available on the relationship of this pathology with 
thrombotic disorders that can be comorbid and aggravate 
MVD. It has been proven that perfusion disorders and 
MVD development are associated with atherothrombosis 
[3] in AMI and MICAD patients, and impaired vasodila-
tion or vasoconstriction of coronary microvessels [9] in 
patients with MINOCA [5, 10, 11].

There are other reasons for MVD development in 
MINOCA patients: coronary thromboembolism or dis-
tal embolization and reperfusion injury of endothelial 
cells [3, 12]. In turn, distal embolization and coronary 
thromboembolism can occur with hereditary or acquired 
thrombotic disorders [13]. Screening for the presence of 
hereditary thrombophilia in MINOCA patients showed 
an incidence of about 14–33% [12, 14, 15], including fac-
tor V Leiden (− 12%), protein C and S deficiency, and 
factor XII deficiency (− 3%). A number of studies report 
the prevalence of other hereditary thrombophilia, such 
as hyperhomocysteinemia (HHC), increased levels of 
von Willebrand factor (VWF), and plasminogen defi-
ciency, and their role in the development of thrombosis 

in patients with MINOCA [16, 17]. The prevalence of the 
acquired thrombotic disorders (antiphospholipid syn-
drome, myeloproliferative diseases) is about 20% [12, 14].

Despite the large bulk of data on the role of heredi-
tary or acquired thrombotic disorders in patients with 
obstructive and non-obstructive atherosclerosis, there 
are no data on their relationship with MVD and pro-
thrombotic activity. The relationship between prothrom-
botic activity and MVD may have important clinical 
implications for managing these patients and improving 
prognosis.

The objective of this study was to perform a com-
parative analysis of the relationship between prothrom-
botic activity and MVD in patients with MINOCA and 
MI-CAD.

Material and methods
This study is a non-randomized, open, and controlled 
study. The study is registered on ClinicalTrials.gov: 
NCT03572023 (date of registration 28.06.2018) and 
contains the study protocol. The study was conducted 
according to the principles of the Declaration of Helsinki. 
The study was approved by the hospital Human Research 
Ethics Committee of the Research Institute of Cardiol-
ogy, Tomsk National Research Medical Center, protocol 
No. 164 of 23-Nov-2017. All patients consistently admit-
ted and included in the study between 2017 and 2018 
provided voluntary informed consent.

The inclusion criteria for the MINOCA group were as 
follows: patients (18 years old and older) with ACS who 
underwent coronary angiography within 24  h after the 
onset of the disease, with no obstructive (≤ 50%) coro-
nary atherosclerosis evidenced by the invasive coronary 
angiography results, high and moderate cardiovascu-
lar risk on the GRACE scale, and sinus rhythm on an 
electrocardiogram.

The exclusion criteria for the MINOCA group were: 
contraindication to adenosine administration, hemo-
dynamic instability, myocardial inflammatory diseases, 
moderate-to-severe cardiac valvular disease, atrial fibril-
lation, previous revascularization, severe comorbidity, 
severe renal failure (eGFR < 30), pacing, and claustropho-
bia. Patients with Takotsubo syndrome were not included 
in this study.

The inclusion criteria for the MICAD group were 
patients (18  years old and older) with ACS who under-
went ICA within 24  h after the disease onset, with ste-
nosis ≥ 75% of one coronary artery, high and moderate 
cardiovascular risk on the GRACE scale, and sinus 
rhythm. The exclusion criterion for this group was myo-
cardial infarction associated with revascularization; other 
criteria were similar to those for the MINOCA group.
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Baseline characteristics
The flow chart of the study is presented in Fig. 1. A total 
of 37 patients with myocardial infarction; 16 patients in 
the main group (MINOCA) and 21 patients served as 
the control group (MI-CAD) were enrolled in the study. 
Detailed clinical characteristics of the study group are 
presented in Table 1. After differential diagnosis, patients 
with acute myocarditis and Takotsubo cardiomyopathy 
confirmed by cardiac MRI were excluded from the study.

The differences in demographic, anamnestic charac-
teristics and clinical characteristics were determined by 
gender, history of angina, time of hospital admission, the 
GRACE risk score, thrombolytic therapy at the prehos-
pital stage, TIMI 2 flow detected by ICA, and the pres-
ence of acute left ventricle apical aneurysm with parietal 
thrombosis. The main clinical and anamnestic character-
istics and laboratory blood data, such as levels of CPK-
MB and troponins on days 2, 4, and 7 of hospitalization 
for MINOCA and MI-CAD patients, are summarized in 
Table 1.

Upon admission, all patients received standard therapy 
for acute coronary syndrome according to national rec-
ommendations; patients of both groups received dual 
antiplatelet therapy (100%), beta-blockers in 14 (87.5%) 
patients of the main group and 20 (95.2%) patients of the 
control group; angiotensin-converting enzyme inhibi-
tors in 12 (75.0%) patients of the main group and 20 
(95.2%) patients of the control group; calcium channel 

blockers were prescribed in seven (36.8%) patients of 
the main group and one (4.7%) patients of the control 
group; unfractionated heparin was obtained in 11 (68.7%) 
patients of the main group and 19 (90.4) patients of the 
control group, with subsequent transfer to low molecu-
lar weight heparins. After an additional examination, 
oral anticoagulants were administered to three (18.7%) 
patients of the main group and two (9.5%) patients of the 
control group.

Invasive coronary angiography
All patients underwent quantitative coronary arteriog-
raphy on an Axiom Artis coronary angiography system 
(Siemens; Erlangen, Germany. Coronary angiography in 
all patients was performed using a 5F Judkins-type cath-
eter through the femoral approach. All coronary artery 
stenosis were quantitatively assessed using dedicated 
software by two experienced readers. Coronary artery 
stenosis ≥ 50% in major epicardial coronary arteries and 
in the left main coronary artery was considered signifi-
cant. The criteria to define the coronary slow flow (CSF) 
is defined as a corrected frame count greater than 2 
standard deviations from the normal range (21 ± 3) [18].

Biochemical analysis
Hemostasiological and hematological blood tests were 
studied upon admission and on the 2nd, 4th, and 7th 
days of hospitalization. Blood samples for the study of 

Fig. 1 Flow diagram showing the patients included in the study. ACS, acute coronary syndrome. LGE, late gadolinium enhancement
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troponin I were collected in a BD Vacutainer Gel and 
Clot Act. The upper limit of the norm was convention-
ally taken from the 99th percentile from the upper 
reference level (cTnI laboratory reference cut-off for nor-
malcy: < 0.04 ng/ml). The content of these parameters in 
plasma was determined using an automatic hemostasis 
analyzer ACL TOP 700 (Instrumentation Laboratory 
Company, USA) with reagents produced by the same 
manufacturer. Blood samples for protein C, antithrombin, 
WF, plasminogen, and homocysteine were performed on 
the 4th ± 1  day of admission. Blood samples for protein 
C, antithrombin, WF, plasminogen, and homocysteine 
were collected in BD Vacutainer K3-EDTA. Blood sam-
ples to determine IgG/IgM antibodies to cardiolipin and 
β2-glycoprotein blood tests for lupus anticoagulant were 
collected in BD Vacutainer with 0.11  M (3.2%) sodium 
citrate after discontinuation of anticoagulant therapy. 
Blood samples for genetic analysis were collected in BD 
Vacutainer K3-EDTA.

The homocysteine level was determined by the enzyme 
immunoenzyme technique using AXIS-SHIELD 54 Diag-
nostics Limited (UK) set of instruments for diagnosis 

and standards methods. The samples’ optical density 
and standards were measured using a Sunrise microplate 
reader (TECAN, Austria) at the wavelength specified in 
the manufacturer’s instructions. The concentration of the 
determining factors was calculated using the Magellan 
software. To determine IgG/IgM antibodies to cardiolipin 
and β2-glycoprotein for diagnosing APS, the ORGEN-
TEC Anti-β2-Glycoprotein I IgG/IgM ELISA enzyme 
immunoassay was used. Blood tests for lupus antico-
agulants were performed using an ACL-Top 700 ana-
lyzer (Werfen) with HemosIL SynthASil dRVVT screen 
reagents/dRVVT confirm and with an SCT screen/SCT 
confirm quartz activator.

Chromogenic methods for determining the activity 
of antithrombin and protein C were employed to assess 
the anticoagulant potential of blood using an automatic 
hemostasis analyzer ACL TOP 700 (Instrumentation 
Laboratory Company, USA) and reagents produced 
by the manufacturer. The concentration of D-dimer in 
blood plasma was determined by the enzyme immuno-
assay using a reagent kit (TECHNOZYM Antigen EDTA 
ELISA, Technoclone, Austria). The samples’ optical 

Table 1 Clinical, anamnestic characteristics and laboratory blood test results of patients

*Burdened heredity for cardiovascular pathology

GFR glomerular filtration rate; STEMI ST-segment elevation myocardial infarction

Number of patients, n% MINOCA, n = 16 MICAD, n = 21 p-value

Men, n (%) 7 (43.7) 17 (80.9) 0.02

Age, Me (Q25; Q75) 66.0 (54.71) 60 (56;68) 0.33

Hypertension, n (%) 13 (81.3) 16 (76.1) 0.71

Dyslipidemia, n (%) 14 (87.5) 17 (80.9) 0.89

Overweight, n (%) 4 (25) 11 (52.3) 0.15

Family history of CAD, n (%)* 7 (43.7) 13 (61.9) 0.27

Smoking, n (%) 5 (31.3) 11 (52.3) 0.26

Diabetes mellitus, n (%) 0 4 (19.0) 0.02

GFR, ml / min / 1.73 m2, Me (Q25; Q75) 71.5 (54.0;80.0) 79.0 (65.0;89.0) 0.20

History of angina pectoris, n (%) 10 (62.5) 6 (28.5) 0.04

A history of stroke, n (%) 1 (5.2) 2 (9.5) 0.71

Peripheral atherosclerosis, n (%) 4 (25) 7 (33.3) 0.58

Time of admission to the hospital, min, Me (Q25; Q75) 390 (146.5;870) 180 (98;240) 0.02

STEMI, n (%) 10 (62.5) 19 (90.4) 0.01

GRACE, risk, Me (Q25; Q75) 2.0 (2.0;3.5) 2.3 (2.0;5.0) 0.26

Thrombolytic therapy, n (%) 3 (18.7) 11 (52.3) 0.007

TIMI 2 flow, n (%) 9 (56.3) 1(4.7) 0.01

Wall motion score index, score 1.0 (1.0;1.2) 1.2 (1.2;1.5) 0.04

Left ventricular ejection fraction, % 60.0 (45.0;60.0) 56.0 (50.0;60.0) 0.51

Acute apical left ventricle aneurysm with parietal thrombosis, n (%) 3 (18.7) 0 0.03

Acute apical left ventricle aneurysm, n (%) 0 2 (9.5) 0.62

Troponin I, ng/ml, 2 day 0.5 (0.11;8.3) 4.9 (1.0;25.2) 0.02

Troponin I, ng/ml, 4 day 0.4 (0.07;1.7) 0.7 (0.5;4.4) 0.04

Troponin I, ng/ml, 7 day 0.08 (0.02;0.2) 0.4 (0.2;0.9)  < 0.001
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density and standards were measured using a Sunrise 
microplate reader (TECAN, Austria) at the wavelength 
specified in the manufacturer’s instructions. The concen-
tration of the determining factors was calculated using 
the Magellan software.

To assess fibrinolytic activity, the antigens of the tissue 
plasminogen activator (t-PA) and activator inhibitor type 
I (PAI-I) were determined by the enzyme immunoassay 
(TECHNOZYM Antigen EDTA ELISA, Technoclone, 
Austria). Plasminogen concentration in plasma was 
determined using an automatic hemostasis analyzer ACL 
TOP 700 (Instrumentation Laboratory Company, USA) 
and reagents produced by the same company.

Standard echocardiography was performed on the 4th 
day using a VIVID E9 ultrasound system (GE Health-
care). Within 2  weeks after admission, patients under-
went dynamic CZT-SPECT MPI (with quantitative 
myocardial blood flow and myocardial flow reserve 
assessment). Afterward, both groups of patients per-
formed per-patients and per-vessel analyses of semiquan-
titative and quantitative dynamic CZT-SPECT indices.

Assessment of genetic polymorphisms
Heterozygous and homozygous variants of the follow-
ing gene polymorphisms (distinguished from wildtype) 
were analyzed by eight polymorphic variants of the 
hemostatic system genes that were previously found to 
be associated with the risk of thrombophilia: factor II 
(FII), (20,210 G > A) rs1799963; factor V Leiden mutation 
(FV) (1691 G > A) rs6025; factor VII (FVII), (10976G > A) 
rs6046; factor XIII (F XIII), (163 G > T) rs5985; factor I 
(FI), (–455G > A) rs1800790; platelet receptor for colla-
gen (GP Ia–IIa), (807C > T) rs1126643; platelet receptor 
for fibrinogen (GP IIb-IIIa), (1565 T > C) rs5918; plasmi-
nogen activator inhibitor type I (PAI-I) (–675 5G > 4G) 
rs1799889.

In addition, four polymorphic genotypes of folate cycle 
enzyme genes of included patients were analyzed: meth-
ylene-tetrahydro-folate-reductase (MTHFR), (677 C > T, 
1298 A > C), methionine synthetase (MTR) (2756 A > G), 
methionine synthetase reductase (MTRR) (66 A > G).

Genotypes were determined using the polymerase 
chain reaction technique and a reagent kit produced by 
the company DNA-Technology. The study that employs 
reagent kits for detecting genetic polymorphisms 
involves the following stages: DNA extraction (sam-
ple preparation) and real-time PCR amplification. DNA 
was extracted using the PROBA-RAPID-GENETIKA 
kits (DNA-Technology, Russia) in compliance with the 
protocol proposed by the company. Add 100  µl periph-
eral blood (100  µl) was added to 600  µl lysis solution 
in sterile Eppendorf tubes and mixed by inverting the 
tubes. Saline (100 μl) was added to the negative control 

sample. The tubes were vortexed for 3–5  s and centri-
fuged at 13,000 rpm for 1 min. The supernatant was then 
removed. We then added 300 µl of Probe-46 Rapid rea-
gent to the sediment and vortexed the tubes for 5–10 s. 
The tubes were then Incubated at 98 °C for 10 min before 
centrifuging at 13,000  rpm for 3  min. The prepared 
supernatant containing the extracted DNA was added to 
the reaction mixture for PCR amplification.

The PCR followed a conventional thermal cycling pro-
tocol using gene-specific primers and Taq polymerase. 
Signaling probes with fluorescent labels Fam and Hex 
were introduced into the mixture for amplification for 
each variant of the detected genetic polymorphism.

Patient preparation
Patients were instructed to refrain from caffeine and 
methylxanthine-containing substances and to avoid 
nitrates, calcium channel blockers, and beta-blockers for 
at least 24  h before the scan. All scans were performed 
after overnight fasting.

The dynamic CZT-SPECT acquisition protocol
All patients underwent rest-stress CZT (Discovery NM/
CT 570c; GE Healthcare, Haifa, Israel) imaging in com-
pliance with a two-day protocol. All patients were placed 
in the supine position. Before the first dynamic acquisi-
tion, a low-dose CT scan (tube voltage 120 kV, tube cur-
rent 20 mA, rotation time 0.8 s, helical pitch 0.969:1, slice 
thickness 5 mm, and interstice interval of 5 mm) was per-
formed for heart positioning and attenuation correction.

Three MBq/kg of 99mTc-Sestamibi were injected at 
rest using a syringe pump intravenously as a 5 ml bolus 
(injection rate 1  ml/sec) followed by saline flush (20  ml 
with the rate 2 ml/s, using an automatic injector Ulrich 
Missouri XD 2001 Ulrich GmbH & Co. KG, Ulm Ger-
many). List mode ECG-gated dynamic data acquisition 
started 10 s prior to the radiopharmaceutical bolus injec-
tion and was acquired for 610 s. After 40 min from rest 
tracer injection, a 7  min long standard ECG-gated (16 
framed per cardiac cycle) rest acquisition was performed 
using a dedicated patient positioning application in order 
to obtain the same coordinates of the heart as in the pre-
vious scan. The stress study was performed immediately 
after.

After 2  min of intravenous infusion of adenosine 
(160 mcg/kg/min), the second dose of 99mTc Sestamibi 
(9  MBq/kg) was injected, and list mode dynamic data 
acquisition of 610  s was started 10  s prior to the radi-
otracer injection. The infusion of adenosine continued 
for an additional 2  min [19]. After that, as for the rest 
scan, patients were removed from the gamma-camera, 
and a stress standard ECG-gated scan was acquired after 
45 min from the tracer injection.
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Low dose CT scans were transferred to the Xeleris 
workstation to obtain AC maps. The alignment of per-
fusion and CT data was done with visual control. CZT 
images were reconstructed on the dedicated workstation 
(Xeleris 4.0; GE Healthcare, Haifa, Israel) using maxi-
mum-penalized-likelihood iterative reconstruction (60 
iterations; Green OSL Alpha 0.7; Green OSL Beta 0.3) to 
acquire perfusion images in standard cardiac axes (short 
axis, vertical long axis, and horizontal long axis). The 
software Myovation for Alcyone (GE Healthcare, Haifa, 
Israel) was used for image reconstruction, and the But-
terworth post-processing filter (frequency 0.37; order 7) 
was applied to the reconstructed slices. The reconstruc-
tion was performed in a 70 × 70 pixels matrix with 50 
slices.

Each of 17 segments was scored based on semiquan-
titative 5-point scoring system (from 0 = normal uptake 
to 4 = absent radiotracer distribution) [20]. Accordingly, 
the sum of the stress scores of all segments (SSS) and the 
sum of the rest scores of all segments (SRS) was quanti-
fied. A summed difference score (SDS) was calculated as 
the difference between SSS and SRS. Image processing 
was performed at the Core Facility “Medical Genom-
ics” (Tomsk National Research Medical Center, Tomsk, 
Russia). Dynamic CZT imaging was processed as previ-
ously published [21]. To convert the tracer uptake rate 
to MBF values, the Renkin–Crone flow model was used 
with the following parameters: a = 0.879, b = 0.337 for 
attenuation corrected images [22]. The value of MFR 
was calculated as the MBF ratio (MBF stress/MBF rest). 
Additionally, the absolute difference between stress 
MBF and rest MBF as flow difference (FD) was calcu-
lated [22, 23]. Myocardial blood flow and coronary flow 
reserve were determined after 7–10 days from the onset 
of the AMI. CZT-SPECT data were used to determine 
the standard indices of myocardial perfusion disorders 
(SSS, SRS, and SDS), as well as stress and rest myocardial 
blood flow (MBF), myocardial flow reserve (MFR), and 
difference flows (DF) [21]. The predictor of MVD is the 
value MFR ≤ 1.91 [21].

Statistical analysis
Statistical analyses were performed using the STATIS-
TICA 10, StatTech v. 2.8.8 (Developer—StatTech LLC, 
Russia). The distribution of continuous variables was 
checked by using the Shapiro–Wilk W-test. Continuous 
variables were expressed as mean ± standard deviation 
and median with quartiles (Q25–Q75). For qualitative 
indicators, n (%) was taken, where n is an absolute num-
ber and % is a relative value in percent. Nominal data 
were analyzed using the Pearson χ2 test and two-sided 
Fisher’s exact test (at expected frequencies less than 5). 
The level of significance was adjusted for multiple testing 

using Bonferroni error correction. The Spearman test 
was used to estimate the correlation coefficient between 
quantitative variables. The studied values did not agree 
with the normal law; therefore, the nonparametric 
Mann–Whitney test was used to assess the differences 
in independent samples. The development of a prognos-
tic model for the probability of a binary outcome was 
carried out using logistic regression. Accuracy of MVD 
detection was assessed by receiver operator character-
istic (ROC) analysis, reporting areas under the curve 
(AUC), and their associated 95% confidence intervals. 
The best values in the prediction of MVD (MFR ≤ 1.91) 
were defined as the cut-off point having the highest 
Youden Index. The p˂0.05 value was considered statisti-
cally significant.

Results
Prothrombotic state and polymorphic variants of genes 
of the hemostasis system
The study of polymorphic variants of genes of the 
hemostasis system and platelet receptors that can 
cause thrombosis revealed unfavorable homozygous 
variants for genes of factor XIII, factor I, and PAI-I in 
12 (75.0%) patients of the main group. In the control 
group, unfavorable homozygous gene variants were 
detected in 19 (90.4%) patients concerning homozy-
gous variants similar to those recorded in the main 
group. In contrast to the control group, patients of the 
main group were statistically less likely to have a hete-
rozygous factor XIII genotype (p = 0.04). No statistical 
changes were found for other studied gene polymor-
phisms (p > 0.05).

The analysis of allelic variants of genes of the folate 
cycle enzymes revealed that 13 (81.3%) patients of the 
main group had homozygous variants for genes: MTHFR 
(677C > T), MTRR (66A > G), MTHFR (1298 A > C), and 
MTR (2756 A > G). Among patients with MI-CAD, 11 
(52.4%) patients had homozygous variants for genes: 
MTRR (66A > G), MTHFR (1298 A > C), and MTR (2756 
A > G). The analysis showed no statistical differences in 
those genes encoding the folate cycle enzymes (p > 0.05).

The prothrombotic activity data indicated that patients 
with MINOCA had a lower level of plasminogen 
(p = 0.007) and a higher level of homocysteine (p = 0.03). 
No differences between the two groups were found in 
terms of protein C, antithrombin, and WF (all p > 0.05). 
At the same time, protein C deficiency was detected in 
two (12.5%) MINOCA patients and two 2 (9.5) MI-CAD 
patients. Antithrombin deficiency was recorded in two 
(12.5%) MINOCA patients. Plasminogen deficiency was 
recorded in three (18.8%) MINOCA patients and one 
(4.8%) MI-CAD patient. An increased homocysteine 
level was found in nine (56.3%) MINOCA patients and 
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six (28.6%) MI-CAD patients. An increased WF level 
was found in six (37.5%) MINOCA patients and seven 
(33.3%) MI-CAD patients. No differences were found in 
the presence of lupus anticoagulants and antibodies to 
cardiolipin and β2-glycoprotein (p > 0.05). Indicators of 
the prothrombotic state are summarized in Table 2.

Dynamic CZT-SPECT results
The myocardial perfusion data recorded at rest and after 
a pharmacological stress test showed that myocardial 
perfusion and myocardial blood flow indicators under 
pharmacological stress in MI-CAD patients are lower 
than those in MINOCA patients. No differences were 
found for other indicators. The proportion of patients 
with decreased MBF and MFR is comparable in both 
groups. Indicators of myocardial perfusion in patients of 
both groups are summarized in Table 3.

Relationship between indicators of prothrombotic activity, 
instrumental data and myocardial flow reserve
The data obtained for the MINOCA patients revealed 
a correlation between SSS and troponin I on day 4 
(r = 0.56, p = 0.02) and day 7 (r = 0.79, p = 0.0002); SRS 
and troponin I on day 2 (r = 0.58, p = 0.02), on day 4 
(r = 0.59, p = 0.02), and on day 7 (r = 0.65, p = 0.01); SSS 
and WMSI (r = 0.68, p = 0.003); SRS and WMSI (r = 0.61, 
p = 0.01).

In addition, a negative correlation was revealed 
between MFR and troponin I on day 2 (r =  − 0.54, 
p = 0.006) and on day 4 (r =  − 0.50, p = 0.002); MFR and 
WMSI (r =  − 0.40, p = 0.04), MFR and antithrombin 
(r =  − 0.48, p = 0.005); a moderate correlation between 
MFR and plasminogen (r = 0.61, p = 0.01), between the 
serum level of protein C and AT (r = 0.65, p = 0.0001), 
AT and WF (r = 0.54, p = 0.0001); a negative correlation 
between homocysteine and plasminogen (r =  − 0.69, 
p = 0.002).

In patients with MI-CAD, a correlation between 
SRS and troponin I was revealed on day 2 (r = 0.44, 
p = 0.04); SSS and WMSI (r = 0.53, p = 0.01), SRS and 
WMSI (r = 0.49, p = 0.03); MFR and troponin I on day 
7 (r =  − 0.41, p = 0.02); MFR and WMSI (r =  − 0.60, 
p = 0.03).

Logistic regression analysis was used to determine fac-
tors that influence the development of MVD. We per-
formed step-by-step inclusion of prothrombotic activity, 
laboratory and instrumental data in the analysis of binary 
logistic regression for patients of the MINOCA group to 
identify factors associated with reduced MFR (≤ 1.91 ml/
min). A predictive model was developed to estimate the 
probability of MFR. The analysis revealed that reduced 

Table 2 Indicators of the prothrombotic state

Indicator (reference range) MINOCA, n = 16 MICAD, n = 21 p-value

Protein C, % (70–130) 111.6 (101.9;120.1) 127 (122.3;132,2) 0.36

Protein C deficiency, < 70% 2(12.5) 2 (9.5) 0.91

Antithrombin, % (83–128) 101.6 (96.6;110.2) 124 (119.0;129.2) 0.86

Antithrombin deficiency, n% 2 (12,5) 0 0.10

Willebrand factor, % (69–116) 106.5 (90.0;116.0) 117 (114.3;118.7) 0.35

Willebrand factor deficiency, n% 6 (37.5) 7 (33.3) 0.10

Homocysteine, mcmol/L (4,1–10,2) 12.1 (11.0;14.0) 10.4 (8.7;12.5) 0.03

Hyperhomocysteinemia, n% 9 (56.3) 5 (23.8) 0.04

Plasminogen, % (80–135) 113.1 (101.3;119.8) 122.0 (115.2;127.1) 0.007

Plasminogen deficiency, n% 3 (18.8) 1 (4.8) 0.23

IgG antibodies to cardiolipin, n% 0 0 –

IgM antibodies to cardiolipin, n% 2 (25) 2 (9.5) 0.62

IgG antibodies to β2-glycoprotein, n% 0 0 –

IgM antibodies to β2-glycoprotein-I, n% 2 (25) 2 (9.5) 0.65

Lupus anticoagulant, n% 9 (56.2) 11(52.3) 0.62

Table 3 Dynamic CZT-SPECT results

SSS summed stress score; SRS summed rest score; SDS summed difference score 
(SDS = SSS − SRS); MBF myocardial blood flow, MFR myocardial flow reserve; DF 
difference flows

Indicator MINOCA, n = 16 MICAD, n = 21 p-value

SSS, score 5.0 (3.0;6.5) 9.0 (5.0; 13.0) 0.01

SRS, score 3.0 (1.5;4.0) 4.0 (3.0;11.0) 0.13

SDS, score 2.0 (1.0;3.0) 3.0 (2.0;5.0) 0.02

MBF stress, ml/min/g 1.2 (0.95;1.6) 0.8 (0.6;1.1) 0.002

MBF rest, ml/min/g 0.8 (0.4;1.1) 0.5 (0.3;0.8) 0.04

MFR, ml/min/g 1.9 (1.2;2.2) 1.3(1.1;2.1) 0.3

Reduced MFR total, n (%) 9 (56.2) 11 (52.3) 0.37

DF total, ml/min/g 0.5 (0.1;0.8) 0.1 (0.02;0.5) 0.16
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MFR is related to only plasminogen. The observed asso-
ciation can be described by the following equation:

The resulting regression model is statistically signifi-
cant (p = 0.008). Based on the signs of the regression 
coefficients, a direct relationship of plasminogen with 
MVD probability was established. The area under the 
ROC curve comprised 0.833 ± 0.084 with 95% CI 0.669–
0.997 (Fig.  2). The resulting model was statistically sig-
nificant (p = 0.004). The sensitivity and specificity of the 
method were 83.3% and 85.7%, respectively. Characteris-
tics of the association of predictors with the probability 
of MVD are presented in Table 4.

Thus, we performed step-by-step inclusion of pro-
thrombotic activity and laboratory and instrumental data 
in the analysis of binary logistic regression for the MI-
CAD group to identify factors associated with reduced 
MFR. A low MFR is related to only WMSI in MI-CAD 
patients. The observed association can be described by 
the following equation:

The resulting regression model is statistically sig-
nificant (p < 0.001). Based on the signs of the regression 
coefficients, a direct relationship of WMSI with MVD 
probability was established. The area under the ROC 
curve comprised 0.808 ± 0.055 with 95% CI 0.700–0.916 
(Fig.  3). The resulting model was statistically significant 
(p < 0.001). The sensitivity and specificity of the method 
were 83.3% and 66.7%, respectively. Characteristics of the 
association of predictors with the probability of MVD are 
presented in Table 5.

MVD = 1 / (1 + e− z) × 100%

z = −1.630 + 0.584 × plasminogen

MVD = 1/(1+ e− z) × 100%

z = −7.705 + 7.065 × WMSI

Discussion
This is the first study to determine the relationship 
between indicators of prothrombotic activity and MVD 
in patients with MINOCA and MI-CAD. In the study, 
thrombotic parameters are considered only as some of 
the mechanisms of MVD. Although other disorders, such 
as microvascular spasm and microvascular obstruction, 
can play some role [5], they have not been considered in 
the study.

This study did not reveal any difference between car-
riage of polymorphic variants of genes of the hemosta-
sis system and folate cycle enzymes in patients of both 
groups, which was in line with the data reported in pre-
vious study [12, 15]. Patients with MINOCA showed 
greater prothrombotic activity compared to patients 
with MI-CAD due to a greater increase in homocysteine 
and plasminogen deficiency. These results exceed those 
obtained by Pasupathy S, et  al. and Da Costa A, et  al., 
where no differences between the groups were found [15, 
24]. The discrepancies between these data can be attrib-
uted to differences in the prevalence among the popula-
tion depending on its ethnicity, differences in inclusion 
criteria, variations in dosing methods or depending 
on the sampling time. However, no antithrombin was 
detected in all these studies of differences in the level of 
protein C deficiency.

Fig. 2 ROC-curve characterizes the probability of MVD’s dependence 
on the plasminogen

Table 4 Characteristics of the association of predictors with the 
probability of MVD

*Association of the outcome value with the predictor value is statistically 
significant (p < 0.05)

Predictors Unadjusted Adjusted

COR; 95% CI p AOR; 95% CI p

Plasminogen 1.019; 0.961–1.081 0.04* 1.108; 1.006–1.221 0.03*

Fig. 3 ROC-curve characterizes the dependence of the probability 
MVD on the WMSI value
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Indicators of prothrombotic activity contribute to the 
development of the thrombotic state [25, 26]. The state of 
thrombotic readiness is critical for developing perfusion 
disorders and MVD in patients with AMI [27].

Moreover, according to other results, MINOCA 
patients showed lower troponin I, WMSI, and abnor-
mal myocardial perfusion indices. This suggests less 
myocardial injury in patients with MINOCA compared 
to patients with MI-CAD, whereas the indicators of 
myocardial blood flow (MBF stress, MBF rest) were 
lower in MI-CAD patients. Thus, the larger the area of 
myocardial injury, the greater the decrease in MBF and 
MFR [28], as demonstrated by our team previously [29].

Impaired myocardial perfusion does not always 
involve MVD in the early post-infarction period. 
According to the consensus of experts on microvascu-
lar angina, MFR values below 2.0–2.5 indicate micro-
vascular dysfunction [8, 30]. However, these values are 
calculated for patients with stable coronary artery dis-
ease. In the present study, only 50% of patients showed 
signs of decreased MFR according to the reference val-
ues for AMI patients.

It is known that ischemic events precede microvascular 
dysfunction. However, a novel concept of the mechanisms 
resulting in acute coronary syndromes takes into account 
the primary dysfunction of the microcirculation as one 
more factor for myocardial injury [30]. It cannot be unam-
biguously concluded that the development of microvascu-
lar dysfunction in AMI patients is due only to ischemia 
since there are no initial values of the coronary blood flow. 
In this case, MBF and MFR are integrated indicators of 
the response to the decreased blood flow resulting from 
ischemia, myocardial reperfusion, and MVD [8, 31].

Patients with CSF were found to have elevated levels 
of HHC associated with endothelial dysfunction, which 
may contribute to the development of AMI development 
in patients with MINOCA [32–35]. During HHC, homo-
cysteine, and plasminogen compete for receptors of the 
cofactor annexin. The conversion of plasminogen to plas-
min is disrupted, fibrinolytic activity decreases, and the 
risk of thrombosis increases [36]. At the same time, the 

negative relationship between homocysteine and plas-
minogen confirms the effect of HHC on a decrease in 
fibrinolytic activity and an increase in the risk of throm-
bus formation in patients of the main group [33, 34].

We included indicators that influenced myocardial 
perfusion in the logistic analysis and found that only 
the level of plasminogen affected the development of 
MVD in MINOCA patients. The effect of homocyst-
eine and antithrombin on MVD in MINOCA patients 
was not found due to a small sample of patients, but it 
cannot be ruled out. With an increase in the sample of 
patients, the effect of homocysteine and antithrombin 
will be more pronounced.

In the MI-CAD group, only the WMSI value affected 
the development of MVD. These data suggest a differ-
ent genesis of the development of MVD due to myocar-
dial infarction and indicators of prothrombotic activity 
in both groups.

The most common microvascular causes of MINOCA 
are microvascular spasm and the obliteration of coro-
nary microcirculation linked to thrombophilic disor-
ders or thromboembolism [9]. Chang et  al.  evaluated 
the influence of thrombogenicity on MVD occurrence 
and its prognostic implications in MINOCA patients, 
but they did not study indicators of prothrombotic 
activity in these patients. Chang et  al. [37] concluded 
that high platelet–fibrin clot strength is associated with 
decreased coronary flow reserve and worse prognosis.

Relationship between prothrombotic activity and 
MVD has a major clinical implication for managing 
these patients and improving prognosis. Our findings 
can provide novel strategies for the prevention of MVD 
in patients with MINOCA. Further exploration could 
improve understanding and provide new treatments for 
patients with MINOCA.

More intensified antithrombotic therapy, such as a 
glycoprotein IIb/IIIa inhibitor after ICA or new oral 
anticoagulants for long-term treatment, can be consid-
ered for MINOCA patients with high prothrombotic 
activity. The results obtained require further investiga-
tion and confirmation in a larger sample of patients.

Table 5 Characteristics of the association of predictors with the probability of MVD

*Association of the outcome value with the predictor value is statistically significant (p < 0.05)

WMSI wall motion score index of left ventricular

Predictors Unadjusted Adjusted

COR; 95% CI p AOR; 95% CI p

WMSI 1169.814; 9.450–144,784.253 0.004* 1169.814; 9.450–144,784.253 0.004*
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Conclusion
This small-scale study revealed the relationship between 
indicators of prothrombotic activity and MVD. The key 
factor that affected MVD in MINOCA patients was 
plasminogen. In patients with MI-CAD, WMSI was 
the key factor associated with MVD. Measurements of 
MVD may enhance the risk stratification and facilitate 
future targeting of adjunctive antithrombotic therapies 
in patients with obstructive and non-obstructive coro-
nary artery disease.

Limitations
This study was conducted as a single-center trial. A 
small sample of patients was involved in the study 
due to more stringent inclusion criteria and time con-
straints to conduct the pilot study. Results may not be 
generalizable to populations of different ethnic back-
grounds, and the definition of MVD was based on the 
MFR-derived CZT-SPECT. Further studies are needed 
to confirm the findings with the golden standard of 
MVD assessment, e.g., the invasive index of micro-
circulatory resistance or coronary flow reserve. Since 
MINOCA patients are characterized by mild reduction 
of myocardial blood flow and perfusion assessed visu-
ally and quantitatively, this group of patients is likely 
to have a more pronounced risk of cardiac events and 
needs more aggressive observation and treatment, 
despite the absence of obstructive coronary artery 
lesion. It requires further large-scale studies to test the 
prognostic significance of SPECT-derived MBF and 
MFR in patients with acute coronary syndrome.

Abbreviations
AMI: Acute myocardial infarction; MINOCA: Myocardial infarction and 
non-obstructive coronary artery disease; MICAD: Myocardial infarction and 
obstructive atherosclerosis; CFR: Coronary flow reserve; SPECT: Single-photon 
emission computed tomography; HHC: Hyperhomocysteinemia; VWF: Von 
Willebrand factor; ICA: Invasive coronary angiography; CSF: Coronary slow 
flow; WMSI: Wall motion score index; MBF: Myocardial blood flow; MFR: Myo-
cardial flow reserve; MVD: Microvascular disfunction; DF: Difference flows.

Acknowledgements
Not applicable.

Author contributions
Conceptualization, V.R.; methodology, V.R and D.V.; formal analysis, D.V., J.L.,K.Z., 
A.M.; investigation, D.V; resources, D.V. and A.M.; data curation, D.V.; writing—
original draft preparation, D.V. and V.R., K.Z, A.M.; writing—review and editing, 
D.V. and V.R.., K.Z, A.M.; supervision, V.R.; project administration, D.V.; funding 
acquisition, D.V. All authors read and approved the final manuscript.

Funding
The research was carried out as part of fundamental scientific research No. 
122020300043-1.

Availability of data and materials
The datasets used and/or analysed during the current study available from D. 
Vorobeva on reasonable request.

Declarations

Ethics approval and consent to participate
This pilot study was conducted according to the principles of the Declara-
tion of Helsinki. The studies involving human participants were reviewed and 
approved by Committee on Biomedical Ethics of the Cardiology Research 
Institute, Tomsk National Research Medical Center, Russian Academy of Sci-
ences. The patients/participants provided their written informed consent to 
participate in this study.

Informed consent statement
Informed consent was obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Received: 25 May 2022   Accepted: 30 November 2022

References
 1. Spronk HMH, Padro T, Siland JE, et al. Atherothrombosis and thrombo-

embolism: position paper from the second maastricht consensus confer-
ence on thrombosis. Thromb Haemost. 2018;118(2):229–50.

 2. Pustjens TFS, Appelman Y, Damman P, et al. Guidelines for the manage-
ment of myocardial infarction/injury with non-obstructive coronary arter-
ies (MINOCA): a position paper from the Dutch ACS working group. Neth 
Heart J. 2020;28(3):116–30. https:// doi. org/ 10. 1007/ s12471- 019- 01344-6.

 3. Scalone G, Niccoli G, Crea F. Editor’s choice-pathophysiology, diagnosis 
and management of MINOCA: an update. Eur Heart J Acute Cardiovasc 
Care. 2019;8(1):54–62. https:// doi. org/ 10. 1177/ 20488 72618 782414.

 4. Taqueti VR, Solomon S, Shah A, et al. Coronary microvascular dysfunction 
and future risk of heart failure with preserved ejection fraction. Eur Heart 
J. 2018;39(10):840–9. https:// doi. org/ 10. 1093/ eurhe artj/ ehx721.

 5. Abdu FA, Liu L, Mohammed AQ. Prognostic impact of coronary micro-
vascular dysfunction in patients with myocardial infarction with non-
obstructive coronary arteries. Eur J Intern Med. 2021;92:79–85. https:// 
doi. org/ 10. 1016/j. ejim. 2021. 05. 027.

 6. Knuuti J, Wijns W, Saraste A, ESC Scientific Document Group 2019, et al. 
ESC guidelines for the diagnosis and management of chronic coronary 
syndromes. Eur Heart J. 2020;41(3):407–77. https:// doi. org/ 10. 1093/ eurhe 
artj/ ehz425.

 7. Mochula AV, Maltseva AN, Shipulin VV, Zavadovsky KV. Evaluation of myo-
cardial blood flow and coronary flow reserve the physiological founda-
tion and clinical significance of myocardial perfusion scintigraphy in the 
examination of patients with chronic coronary syndrome. Russ J Cardiol. 
2020;25(2):3649. https:// doi. org/ 10. 15829/ 1560- 4071- 2020-2- 3649 (In 
Russ.).

 8. Vancheri F, Longo G, Vancheri S, Henein M. Coronary microvascular dys-
function. J Clin Med. 2020;9(9):2880. https:// doi. org/ 10. 3390/ jcm90 92880.

 9. Buono MG, Montone RA, Camilli M. Coronary microvascular dysfunction 
across the spectrum of cardiovascular diseases: JACC state-of-the-art 
review. J Am Coll Cardiol. 2021;78(13):1352–71. https:// doi. org/ 10. 1016/j. 
jacc. 2021. 07. 042.

 10. Montone RA, Niccoli G, Russo M, et al. Clinical, angiographic and 
echocardiographic correlates of epicardial and microvascular spasm 
in patients with myocardial ischaemia and non-obstructive coronary 
arteries. Clin Res Cardiol. 2020;109(4):435–43. https:// doi. org/ 10. 1007/ 
s00392- 019- 01523-w.

 11. Radico F, Gallina S, Zimarino M. Is coronary microvascular dysfunction a 
cause or a marker of worse outcomes in MINOCA patients? Eur J Intern 
Med. 2021;92:38–9. https:// doi. org/ 10. 1016/j. ejim. 2021. 06. 026.

 12. Pasupathy S, Air TM, Dreyer RP, et al. Systematic review of patients 
presenting with suspected myocardial infarction and nonobstructive 

https://doi.org/10.1007/s12471-019-01344-6
https://doi.org/10.1177/2048872618782414
https://doi.org/10.1093/eurheartj/ehx721
https://doi.org/10.1016/j.ejim.2021.05.027
https://doi.org/10.1016/j.ejim.2021.05.027
https://doi.org/10.1093/eurheartj/ehz425
https://doi.org/10.1093/eurheartj/ehz425
https://doi.org/10.15829/1560-4071-2020-2-3649
https://doi.org/10.3390/jcm9092880
https://doi.org/10.1016/j.jacc.2021.07.042
https://doi.org/10.1016/j.jacc.2021.07.042
https://doi.org/10.1007/s00392-019-01523-w
https://doi.org/10.1007/s00392-019-01523-w
https://doi.org/10.1016/j.ejim.2021.06.026


Page 11 of 11Vorobeva et al. BMC Cardiovascular Disorders          (2022) 22:530  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

coronary arteries. Circulation. 2015;131(10):861–70. https:// doi. org/ 10. 
1161/ CIRCU LATIO NAHA. 114. 011201.

 13. Bray MA, Sartain SE, Gollamudi J, Rumbauta RE. Microvascular thrombo-
sis: experimental and clinical implications. Transl Res. 2020;225:105–30. 
https:// doi. org/ 10. 1016/j. trsl. 2020. 05. 006.

 14. Stepien K, Nowak K, Wypasek E, Zalewski J, Undas A. High prevalence of 
inherited thrombophilia and antiphospholipid syndrome in myocardial 
infarction with non-obstructive coronary arteries: comparison with cryp-
togenic stroke. Int J Cardiol. 2019;1(290):1–6. https:// doi. org/ 10. 1016/j. 
ijcard. 2019. 05. 037.

 15. Da Costa A, Tardy B, Haouchette K, et al. Long term prognosis of patients 
with myocardial infarction and normal coronary angiography: impact of 
inherited coagulation disorders. Thromb Haemost. 2004;91(2):388–93.

 16. Fedorova SB, Kulagina IV, Ryabov VV. Hemostatic gene polymorphisms in 
acute coronary syndrome with nonobstructive coronary atherosclerosis. 
Kardiologiia. 2019;59(10):14–22.

 17. Ryabov VV, Gomboeva SB, Lugacheva YuD, Kulagina IB, Karpov RP. 
Unfavorable variants of folate metabolism genes in patients with 
acute coronary syndrome in non-obstructive coronary atheroscle-
rosis. Russ J Cardiol. 2018;23(10):33–42. https:// doi. org/ 10. 15829/ 
1560- 4071- 2018- 10- 33- 42.

 18. Chalikias G, Tziakas D. Slow coronary flow: pathophysiology, clinical impli-
cations, and therapeutic management. Angiology. 2021;72(9):808–18. 
https:// doi. org/ 10. 1177/ 00033 19721 10043 90.

 19. Henzlova MJ, Duvall WL, Einstein AJ, Travin MI, Verberne HJ. ASNC imag-
ing guidelines for SPECT nuclear cardiology procedures: stress, protocols, 
and tracers. J Nucl Cardiol. 2016;23:606–39. https:// doi. org/ 10. 1007/ 
s12350- 015- 0387-x.

 20. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, 
et al. Standardized myocardial segmentation and nomenclature for 
tomographic imaging of the heart. A statement for healthcare profes-
sionals from the cardiac imaging committee of the council on clinical car-
diology of the American heart association. Circulation. 2002;105:539–42. 
https:// doi. org/ 10. 1161/ hc0402. 102975.

 21. Zavadovsky KV, Mochula AV, Maltseva AN, Boshchenko AA, Baev AE, 
Andreev SL, et al. The diagnostic value of SPECT CZT quantitative myo-
cardial blood flow in high-risk patients. J Nucl Cardiol. 2022;29:1051–63. 
https:// doi. org/ 10. 1007/ s12350- 020- 02395-8.

 22. Ziadi MC. Myocardial flow reserve (MFR) with positron emission tomog-
raphy (PET)/computed tomography (CT): clinical impact in diagnosis 
and prognosis. Cardiovasc Diagn Ther. 2017;7:206–18. https:// doi. org/ 10. 
21037/ cdt. 2017. 04. 10.

 23. Camici PG, Rimoldi OE. The clinical value of myocardial blood flow meas-
urement. J Nucl Med. 2009;50:1076–87. https:// doi. org/ 10. 2967/ jnumed. 
108. 054478.

 24. Pasupathy S, Rodgers S, Tavella R, McRae S, Beltrame JF. Risk of thrombosis 
in patients presenting with myocardial infarction with nonobstructive 
coronary arteries (MINOCA). TH Open. 2018;2(2):e167–72. https:// doi. org/ 
10. 1055/s- 0038- 16458 75.

 25. Momot AP. The problem of thrombophilia in clinical practice. Russ 
J Child Hematol Oncol. 2015;2(1):36–48. https:// doi. org/ 10. 17650/ 
2311- 1267- 2015-1- 36- 48.

 26. Campello E, Spiezia L, Adamo A, Thrombophilia P. risk factors and preven-
tion. Expert Rev Hematol. 2019;12(3):147–58. https:// doi. org/ 10. 1080/ 
17474 086. 2019. 15835 55.

 27. Kang MG, Koo B-K, Tantry US. Association between thrombogenicity 
indices and coronary microvascular dysfunction in patients with acute 
myocardial infarction. JACC Basic Transl Sci. 2021;6(9–10):749–61. https:// 
doi. org/ 10. 1016/j. jacbts. 2021. 08. 007. eColl ectio n2021 Sep- Oct.

 28. Pan J, Yuan M, Yu M, et al. Myocardial blood flow quantified by low-dose 
dynamic CT myocardial perfusion imaging is associated with peak 
troponin level and impaired left ventricle function in patients with 
ST-elevated myocardial infarction. Korean J Radiol. 2019;20(5):709–18. 
https:// doi. org/ 10. 3348/ kjr. 2018. 0729.

 29. Zavadovsky KV, Vorobyeva DA, Mochula OV, Mochula AV, Maltseva AN, 
Bayev AE, et al. Myocardial blood flow and flow reserve in patients with 
acute myocardial infarction and obstructive and non-obstructive coro-
nary arteries: CZT SPECT study. Front Nucl Med. 2022;2:935539. https:// 
doi. org/ 10. 3389/ fnume. 2022. 935539.

 30. Konijnenberg LSF, Damman P, Duncker DJ, et al. Pathophysiology 
and diagnosis of coronary microvascular dysfunction in ST-elevation 

myocardial infarction. Cardiovasc Res. 2020;116(4):787–805. https:// doi. 
org/ 10. 1093/ cvr/ cvz301.

 31. Pelletier-Galarneau M, Dilsizian V. Microvascular angina diagnosed by 
absolute PET myocardial blood flow quantification. Curr Cardiol Rep. 
2020;22(2):9. https:// doi. org/ 10. 1007/ s11886- 020- 1261-2.

 32. Huynh DTN, Heo KS. Therapeutic targets for endothelial dysfunction in 
vascular diseases. Arch Pharm Res. 2019;42(10):848–61. https:// doi. org/ 10. 
1007/ s12272- 019- 01180-7.

 33. Ma Y, Li L, Geng XB, et al. Correlation between hyperhomocysteinemia 
and outcomes of patients with acute myocardial infarction. Am J Ther. 
2016;23(6):e1464–8. https:// doi. org/ 10. 1097/ MJT. 00000 00000 000130.

 34. Yang B, Fan S, Zhi X, et al. Prevalence of hyperhomocysteinemia in China: 
a systematic review and meta-analysis. Nutrients. 2015;7:74–90. https:// 
doi. org/ 10. 3390/ nu701 0074.

 35. Tanriverdi H, Evrengul H, Enli Y. Effect of homocysteine-induced oxida-
tive stress on endothelial function in coronary slow-flow. Cardiology. 
2007;107(4):313–20. https:// doi. org/ 10. 1159/ 00009 9068.

 36. Gong L-L, Peng J-H, Han F-F, et al. Association of tissue plasminogen 
activator and plasminogen activator inhibitor polymorphism with 
myocardial infarction: a meta-analysis. Thromb Res. 2012;130(3):e43-51. 
https:// doi. org/ 10. 1016/j. throm res. 2012. 06. 015.

 37. Choo EH, Chang K, Lee KY. Prognosis and predictors of mortality in 
patients suffering myocardial infarction with non-obstructive coronary 
arteries. J Am Heart Assoc. 2019;8(14):e011990. https:// doi. org/ 10. 1161/ 
JAHA. 119. 011990.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1161/CIRCULATIONAHA.114.011201
https://doi.org/10.1161/CIRCULATIONAHA.114.011201
https://doi.org/10.1016/j.trsl.2020.05.006
https://doi.org/10.1016/j.ijcard.2019.05.037
https://doi.org/10.1016/j.ijcard.2019.05.037
https://doi.org/10.15829/1560-4071-2018-10-33-42
https://doi.org/10.15829/1560-4071-2018-10-33-42
https://doi.org/10.1177/00033197211004390
https://doi.org/10.1007/s12350-015-0387-x
https://doi.org/10.1007/s12350-015-0387-x
https://doi.org/10.1161/hc0402.102975
https://doi.org/10.1007/s12350-020-02395-8
https://doi.org/10.21037/cdt.2017.04.10
https://doi.org/10.21037/cdt.2017.04.10
https://doi.org/10.2967/jnumed.108.054478
https://doi.org/10.2967/jnumed.108.054478
https://doi.org/10.1055/s-0038-1645875
https://doi.org/10.1055/s-0038-1645875
https://doi.org/10.17650/2311-1267-2015-1-36-48
https://doi.org/10.17650/2311-1267-2015-1-36-48
https://doi.org/10.1080/17474086.2019.1583555
https://doi.org/10.1080/17474086.2019.1583555
https://doi.org/10.1016/j.jacbts.2021.08.007.eCollection2021Sep-Oct
https://doi.org/10.1016/j.jacbts.2021.08.007.eCollection2021Sep-Oct
https://doi.org/10.3348/kjr.2018.0729
https://doi.org/10.3389/fnume.2022.935539
https://doi.org/10.3389/fnume.2022.935539
https://doi.org/10.1093/cvr/cvz301
https://doi.org/10.1093/cvr/cvz301
https://doi.org/10.1007/s11886-020-1261-2
https://doi.org/10.1007/s12272-019-01180-7
https://doi.org/10.1007/s12272-019-01180-7
https://doi.org/10.1097/MJT.0000000000000130
https://doi.org/10.3390/nu7010074
https://doi.org/10.3390/nu7010074
https://doi.org/10.1159/000099068
https://doi.org/10.1016/j.thromres.2012.06.015
https://doi.org/10.1161/JAHA.119.011990
https://doi.org/10.1161/JAHA.119.011990

