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American diabetes association
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acute myocardial infarction

atrial natriuretic peptide
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American society of echocardiography
area under the curve

body mass index

B-type natriuretic peptide

coronary artery bypass graft
coronary artery disease
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confidence interval

cardiology intensive care unit
cardiovascular magnetic resonance
coronary microvascular dysfunction
C-reactive protein
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LBBB —  left bundle branch block

LDL —  low-density lipoprotein

LV —  left ventricular

LVEF —  left ventricular ejection fraction

LVEDP — left ventricular end-diastolic pressure

LVEDV —  left ventricular end diastolic volume

MACE —  major adverse cardiovascular events

MBG —  myocardial blush grade

MI —  myocardial infarction

MRR —  microvascular resistance reserve

NLR — neutrophil-to-lymphocyte ratio

NLRP —  nucleotide-binding oligomerization domain, leucine rich repeat and
pyrin domain containing

NH-IMRangio —  non-hyperemic IMRangio

NPV —  negative predictive value

OOB —  out-of-bag

ox-LDL —  oxidized low-density lipoprotein

Pa —  aortic pressure

PCI —  percutaneous coronary intervention

PET —  positron emission tomography

P4 —  distal coronary pressure

PLT —  platelets

PPV —  positive predictive value

PRRs —  pattern recognition receptors

POCE —  patient-oriented composite endpoint

Pzf —  zero-flow pressure

QFR —  quantitative flow ratio

QuBE —  quantitative blush evaluator

RDW —  red cell distribution width

RCT —  reverse cholesterol transport

relVIM —  relative variable importance measures

RF —  random forest

ROC —  receiver operating characteristic

SD —  standard deviations

SL —  super learner

SMOTE —  synthetic minority over-sampling technique

SRs —  scavenger receptors

STEMI —  ST-elevation myocardial infarction

SVM —  support vector machine

suPAR —  soluble urokinase plasminogen activator receptor

TAMIR —  impact of trimethylamine-N-oxide on index of microcirculatory
resistance

TC —  total cholesterol

TFG —  thrombolysis in myocardial infarction flow grade

TG —  triglycerides

TIMI —  thrombolysis in myocardial infarction

T™MA —  trimethylamine

TMAO —  trimethylamine N-oxide

TMPG —  thrombolysis in myocardial infarction myocardial perfusion grade
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INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of mortality globally,
responsible for a significant number of deaths and disabilities [1]. In 2021
alone, CVDs accounted for 20.5 million deaths, comprising approximately
one-third of all global deaths. Over the European continent, CVD accounts for
half of all deaths [2]. Despite improvements in the management of ischemic
heart diseases, ST-Elevation Myocardial Infarction (STEMI) remains the
cornerstone of these deaths [3]. In the vast and ever-evolving landscape of

Early reperfusion with primary percutaneous coronary intervention (PCI)
is the standard of care for the contemporary management of STEMI [4].
Despite the established efficacy of PCI in reestablishing 95% of epicardial
vessel patency, the restoration of coronary microcirculation and complete
myocardial perfusion may not be achieved in up to 50% of patients [5].
Inadequate myocardial perfusion may lead to the cascade of ischemic heart
disease: diastolic dysfunction, systolic dysfunction, and adverse left ventricular
remodelling. Further investigations have revealed that up to 15.5% of STEMI
patients continue to experience anginal symptoms even after successful
reperfusion of epicardial arteries, which can be attributed to disruption of
coronary microvasculature, independently associated with ongoing anginal
symptoms, poor recovery of left ventricular function, and adverse clinical
outcomes [6].

CMD involve a spectrum of anatomical and functional aberrations of the
cardiac microcirculation that curtail the necessary coronary blood supply to the
myocardium, culminating in myocardial ischemia [7]. In STEMI patients,
CMD may be caused by several pathophysiologic pathways, including
microvascular occlusion, intramyocardial hemorrhage, and inflammation [8].

Coronary microvasculature is not visible on conventional angiography.
Thus, the diagnosis of CMD requires invasive physiology tests or advanced
imaging techniques, all of which can be costly, time-consuming, and carry a
risk of complication, contributing to its underdiagnosis [9, 10]. Among these,
the thermodilution-derived evaluation of Coronary Flow Reserve (CFR) and
the Index of Microcirculatory Resistance (IMR) using a pressure-temperature
sensor coronary guidewire are the most widely adopted, reproducible, and
streamlined diagnostic strategies, with CFR representing the functional
vasodilatory capacity and IMR representing the microvascular resistance [11].
The link between abnormal CFR, IMR, and unfavorable clinical outcomes in
STEMI patients has been repeatedly demonstrated [12].

In this thesis, the investigation focuses on a thorough exploration of CMD
within the context of STEMI. The work is structured, comprising a series of in-
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depth studies that systematically address various dimensions of CMD. These
investigations range from evaluating interventional strategies in STEMI
management to the enhancement of CMD diagnostics through the utilization
of machine learning algorithms. Additionally, the identification and validation
of novel biomarkers form a crucial part of this work, culminating in an
extensive examination of their implications on patient outcomes.

The initial segment of the research offers a critical comparison of various
interventional approaches in STEMI, such as direct stenting, aspiration
thrombectomy, and the administration of intracoronary glycoprotein I1b/I1la
inhibitors. Emphasis is placed on assessing the impact of these strategies on
the prevalence of CMD and the incidence of Major Adverse Cardiac Events
(MACE), providing insights crucial for optimizing treatment protocols.

Subsequently, the thesis then delves into the development of a novel
machine learning algorithm, a significant innovation in the diagnosis of
CMD. This algorithm is grounded in data-driven analytics and is designed to
assess the probability of CMD by analyzing a suite of biomarkers, which have
been identified in previous literature as being associated with CMD. The
research progresses towards a critical phase that includes both internal and
external validations of this algorithm. These steps are instrumental in marking
a substantial advancement in CMD diagnostics. The ultimate aim is to estab-
lish this algorithm as a reliable, blood test-based tool for the identification of
CMD in patients with STEMI.

Following the implementation of the machine learning algorithm, the
thesis progresses by selecting the most relevant biomarker identified through
this analysis for further exploration. This subsequent phase delves into exa-
mining the chosen biomarker’s role in diagnosing CMD in STEMI patients.
It highlights the biomarker’s correlation with crucial clinical outcomes,
including Left Ventricular (LV) recovery post-STEMI.

Additionally, the thesis investigates the prognostic value of Micro-
vascular Resistance Reserve (MRR) in STEMI patients. While MRR has been
validated in Chronic Coronary Syndrome (CCS), its utility in STEMI was
hitherto unexplored. This study fills this gap, validating MRR as a robust
prognostic indicator and comparing it with other coronary physiological para-
meters.

One of the first comprehensive efforts to categorize CMD endotypes in
STEMI patients is also presented. This research delves into the prevalence
and clinical implications of various CMD endotypes, paving the way for more
targeted therapeutic interventions based on distinct CMD profiles.

The final part of the thesis examines the long-term implications of CMD
on cardiac remodelling, particularly focusing on Functional LV Remodelling
(FLVR) and diastolic dysfunction post-STEMI. This research establishes

15



CMD as an early marker for predicting future LV remodelling and increased
MACE risk, underscoring the importance of early CMD diagnosis for
improving patient monitoring and long-term outcomes.

This thesis stands as a significant milestone in our understanding of
CMD within the STEMI framework. Each chapter meticulously unravels dif-
ferent facets of CMD, blending innovative methodologies, critical analyses,
and pioneering discoveries to enhance diagnostic accuracy, therapeutic
efficacy, and patient outcomes in cardiovascular care. This introduction sets
the stage for a journey through groundbreaking research, with each subse-
quent part building upon the last to present a comprehensive view of CMD in
the STEMI landscape.
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1. THE AIM AND OBJECTIVES OF THE STUDY

1.1. The aim of the study

The primary aim of the PhD thesis is to enhance the understanding and
management of CMD in patients suffering from STEMI, ultimately contri-
buting to improved patient outcomes and the advancement of cardiovascular
medicine.

1.2. The objectives of the PhD thesis

1. To evaluate the efficacy of various interventional strategies in STEMI
management, focusing on their impact on the prevalence of CMD and
incidence of MACE.

2. To introduce and validate a machine learning algorithm for CMD diag-
nosis in patients who suffered from STEMI, emphasizing its utility in
diverse patient populations.

3. To investigate the biomarker deemed most relevant by the machine
learning algorithm for CMD in STEMI patients, aiming to determine its
cut-off value, compare it with other presumed biomarkers, and analyze
its correlation with clinical outcomes and LV recovery post-STEMI.

4. To assess and validate the prognostic value of the novel coronary phy-
siology parameter, MRR, in STEMI patients, and to conduct comparative
analyses with other established coronary physiological parameters.

5. To explore the prevalence of different CMD endotypes in STEMI
patients and their respective clinical implications, paving the way for
personalized treatment approaches.

6. To study the long-term effects of CMD on LV function post-STEMI,
focusing on functional remodelling and diastolic dysfunction.

1.3. Scientific novelty of the PhD thesis

This thesis introduces groundbreaking elements to cardiovascular

research, particularly in the realm of CMD and STEMI:

1. Pioneering Percutaneous Coronary Intervention (PCI) Technique
Evaluation in STEMI: This research breaks new ground by systema-
tically identifying the most effective PCI technique for STEMI
patients [13]. It introduces a novel analytical approach, setting a
precedent in comparative interventional research and potentially
influencing future studies in cardiac care.

2. Breakthrough in Artificial Intelligence-Driven CMD Diagnosis: The
integration of a machine learning algorithm in CMD diagnosis repre-
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sents a groundbreaking development in cardiovascular diagnostics.
This research marks a novel application of artificial intelligence, uti-
lizing advanced data analytics to interpret complex biomarker infor-
mation for CMD detection. This approach is pioneering in its combi-
nation of machine learning with cardiovascular diagnostic processes.
Groundbreaking Biomarker Research: This thesis delves into an in-
depth investigation of the biomarker identified as most relevant
through the previously mentioned machine learning algorithm for
CMD in STEMI patients, heralding a new era in cardiac research.
By focusing on the metabolic indicators and their link to CMD, this
research holds the potential to revolutionize our understanding of
CMD mechanism and diagnostics. It lays a foundation for innova-
tive diagnostic approaches, thereby significantly contributing to the
advancement of cardiac health knowledge and practice.

Pioneering MRR Prognostic Evaluation in STEMI: This research
represents a novel foray into validating MRR as a prognostic marker
specifically in STEMI patients. This investigation is groundbreaking,
as it extends the application of MRR from CCS to STEMI, a
relatively uncharted territory in microvascular health research. It
establishes a new precedent in understanding the long-term implica-
tions of microvascular health in heart disease.

Charting Unexplored Terrain in CMD Endotypes: This segment of the
study breaks new ground by comprehensively exploring CMD endo-
types in STEMI patients. It marks one of the first extensive efforts to
classify and understand the diversity of CMD presentations within
this patient group. This exploration adds a novel perspective to the
field of precision cardiovascular care, potentially revolutionizing the
approach to treatment by tailoring it to specific CMD endotypes.
Unraveling CMD’s Impact on LV Recovery Post-STEMI: This part
of the study pioneers in unraveling the complex relationship between
CMD and diverse patterns of LV recovery following STEMI. It
offers a novel perspective by identifying CMD as a critical factor
influencing the varied trajectories of cardiac recovery or decline.
This groundbreaking approach provides a deeper understanding of
the mechanisms behind different recovery patterns in both systolic
and diastolic heart function post-STEMI. The study’s advanced
methods in assessing functional LV remodelling and diastolic
dysfunction represent a significant advancement in cardiac progno-
sis research.
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1.4. The practical value of the PhD thesis

This PhD thesis offers significant practical contributions to the field of
cardiovascular medicine, particularly in the management and understanding
of CMD in STEMI patients:

1.

Enhanced STEMI Management Strategies: The practical implica-
tions of this study are profound for clinical practice. By offering a
detailed assessment of various PCI strategies, the research equips
clinicians with evidence-based insights to refine STEMI treatment
protocols. This directly contributes to improved patient manage-
ment, potentially reducing the incidence of CMD and MACE, and
enhancing overall patient outcomes in STEMI care.

Enhancing Diagnostic Precision in CMD: The practical application
of this machine learning algorithm for CMD diagnosis in STEMI
patients is transformative. By offering a validated, data-driven me-
thod, this tool enhances diagnostic accuracy, facilitating early detec-
tion and more precise management of CMD. Its effectiveness across
diverse patient demographics marks a significant step forward in
improving patient care and outcomes in cardiovascular health.
Biomarker-Based Personalized Care in CMD: The in-depth explora-
tion of the biomarker identified by the machine learning algorithm
as being most relevant in diagnosing CMD marks a significant leap
in diagnostic and therapeutic realms. This research goes beyond
enhancing diagnostic capabilities; it profoundly impacts patient
care. By elucidating the intricate relationship between this blood
biomarker, CMD diagnosis, clinical outcomes, and LV recovery
post-STEMI, the study paves the way for tailored and effective treat-
ment strategies. It underscores the transformative potential of bio-
marker-based approaches in refining the precision and efficacy of
patient management following STEMI, thereby charting a course
towards personalized cardiac healthcare.

Enhancing STEMI Patient Risk Stratification with MRR: The
successful validation of MRR as a prognostic tool for MACE in
STEMI patients adds a significant layer to cardiac risk assessment.
By enabling clinicians to identify high-risk individuals accurately,
this research fosters a targeted and efficient approach to patient care.
It empowers healthcare providers with a powerful tool to prioritize
and intensify treatment for those most in need, potentially improving
patient outcomes and management strategies.

Tailoring Treatment with CMD Endotype Insights: The investiga-
tion into the various CMD endotypes and their clinical significance
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in STEMI patients paves the way for a more nuanced and persona-
lized approach to patient care. By identifying specific endotypes and
understanding their unique clinical implications, this research em-
powers clinicians to develop more targeted and effective treatment
strategies. It signifies a substantial step towards enhancing the quali-
ty and specificity of care for STEMI patients, moving closer to a
personalized medicine model in cardiology.

Enhancing Post-STEMI Cardiac Care through CMD Insights: The
insights gained from this study about the long-term effects of CMD
on LV remodelling and diastolic dysfunction are invaluable for
patient care following STEMI. By establishing CMD as a marker for
future cardiac function, the research equips clinicians with critical
information for proactive and personalized patient management.
This understanding is vital for the ongoing monitoring and inter-
vention, aiming to mitigate further deterioration and optimize
recovery, ultimately enhancing the quality of life and long-term
outcomes for STEMI patients.
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2. LITERATURE REVIEW

2.1. Chapter overview

The prevailing paradigm in the management of STEMI predominantly
relies upon the expeditious mechanical reperfusion of the occluded epicardial
coronary artery, primarily executed via PCI. This interventionist approach
has demonstrated considerable efficacy, with a success rate exceeding 95%
in re-establishing patency within the epicardial coronary artery, thereby sub-
stantially diminishing mortality rates in STEMI cohorts [14]. Nonetheless,
despite the angiographically ascertained restoration of unimpeded flow in the
epicardial coronary artery, a significant proportion — approximately 50% — of
patients continue to exhibit a phenomenon of incomplete microvascular
perfusion in the distal segments of the coronary microvasculature. This
phenomenon of suboptimal reperfusion is inextricably linked with escalated
risks of morbidity and mortality [15].

Intriguingly, experimental investigations employing animal models have
elucidated that the genesis of regions within the coronary microvasculature,
characterized by diminished or absent perfusion, predominantly manifests
during the reperfusion phase [16, 17]. This observation accentuates the para-
doxical propensity of reperfusion to amplify myocardial damage. The initial
correlation between structural manifestations of microvascular injury and
corresponding regions within the intramural myocardium, exhibiting poor or
null perfusion, was reported in the seminal year of 1974 [18]. The intervening
years have witnessed a proliferation of documentation on the nuances of
reperfusion injury. More contemporaneously, the discourse regarding the
coronary microcirculation has evolved from a passive bystander to an active
therapeutic target in the quest to ameliorate reperfusion injury.

The intricate pathophysiological mechanisms underpinning this process,
however, remain a subject mired in scholarly debate [19]. Within the ambit
of this comprehensive review, we endeavor to dissect and elucidate the
prevailing understanding of CMD within the STEMI context. Primarily, our
discourse will offer an integrative analysis of the pathophysiological mecha-
nisms predisposing to coronary microvascular injury concomitant with the
STEMI event. Furthermore, we will discuss the modalities used for diagnosis
and quantification of CMD. Additionally, this review will delve into the
critical biomarkers (including Trimethylamine N-oxide (TMAQ)) associated
with microvascular injury, examining their role and significance in CMD.
Alongside this, we will review key clinical trials related to CMD, focusing
on their findings and implications for clinical outcomes in STEMI.

21



2.2. Definitions

Within the scope of scholarly literature, a variety of terminologies have
been employed to characterize the occurrence of reduced myocardial perfu-
sion subsequent to reperfused STEMI. To facilitate clarity and understanding
for the reader, we commence by presenting a concise exposition, replete with
the relevant nomenclature and definitions, thereby elucidating this complex
phenomenon.

2.2.1. No-reflow

As early as 1966, Krug and his colleagues identified perturbations in
blood flow following the alleviation of coronary artery blockage in feline
models [20]. However, this early finding did not specifically link these
alterations to microvascular compromise. The concept of “no-reflow” was
initially introduced in a rabbit model investigating cerebral ischemia [21].
Later, Kloner et al. explored the no-reflow phenomenon in a canine model of
ACS, observing continuous inadequate or absent myocardial blood supply in
vast areas of the reperfused cardiac muscle, despite clear epicardial coronary
arteries, correlating this state with microvascular damage [18].

In the subsequent years, the term no-reflow continued to be prevalent,
mainly stemming from animal experiments utilizing flow indicators like
carbon black or microspheres, or vascular cell dyes such as Thioflavin S. The
lack of these markers in certain areas of the heart muscle was interpreted as
evidence of no-reflow zones following ischemia [22]. In human studies, the
recognition of coronary no-reflow trailed its experimental discovery. Schofer
and his team delivered scintigraphic evidence of no-reflow in a STEMI
patient undergoing thrombolysis [23]. This observation was soon augmented
by Bates et al., who presented angiographic proof of no-reflow, measuring
coronary circulation using the opacity of angiographic contrast [24]. The key
concepts of the no-reflow phenomenon are presented in Fig. 2.2.1.1.
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Fig. 2.2.1.1. Key concepts in no-reflow phenomenon: diagnostic techniques
and pathophysiological considerations

With the introduction of primary PCI, the detection of no-reflow became
more common via immediate angiographic analysis [25]. The absence of
angiographic no-reflow was considered a benchmark for procedural success,
reflecting its link with negative patient outcomes. However, the term no-
reflow, although descriptive, provides limited understanding of its patho-
physiological basis. It covers a range of clinical features, with microvascular
obstruction, microvascular damage, intramyocardial hemorrhage, and CMD
being the key elements. In modern clinical practice, angiographic no-reflow
is noted in fewer than 5% of patients, a statistic that considerably underre-
presents the true frequency, especially when compared with the incidence of
myocardial perfusion impairments detected through Cardiovascular Magne-
tic Resonance (CMR) following STEMI [26].

2.2.2. Microvascular obstruction

The realization that angiographic no-reflow lacked the sensitivity to
adequately detect microvascular perfusion deficits led to the incorporation of
CMR for this evaluative purpose. Utilizing CMR, a distinct pattern emerged,
characterized by a contrast-enhanced infarct region surrounding a core devoid
of contrast uptake, a phenomenon subsequently termed microvascular
obstruction (Fig. 2.2.2.1). This term was predicated on the assumption that
microvascular obstruction was the principal mechanism inhibiting the
penetration of contrast into the infarct core. The genesis of microvascular
obstruction was hypothesized to involve a confluence of factors: distal embo-
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lization, intraluminal obstruction from circulating blood cells, in situ forma-
tion of microvascular thrombi, and extravascular compression. However,
clinical trials aimed at addressing these factors have not yielded positive
outcomes, suggesting that the role of microvascular obstruction in the context
of reperfusion injury might be more circumscribed than initially perceived
[27, 28]. Additionally, CMR-defined microvascular obstruction has been
observed to be reversible in some cases [29]. It has also become evident that
CMR-defined microvascular obstruction frequently encapsulates a broader
spectrum of microvascular injury, including complete microvascular destruc-
tion and intramyocardial hemorrhage [30, 31]. Consequently, the usage of the
term microvascular obstruction should be confined to the histological verifi-
cation of microvessel obstruction, rather than encompassing the entire clini-
cal spectrum of failed primary reperfusion. The key concepts of microvascu-
lar obstruction are presented in Fig. 2.2.2.2.

Fig. 2.2.2.1. Identifying microvascular obstruction
through cardiovascular magnetic resonance

This figure describes two sets of short-axis images taken from cardiovascular magnetic resonance
imaging using a 3-dimensional inversion recovery gradient-echo pulse sequence. The first image (A)
is captured early (2 minutes after contrast injection) and shows a central area of reduced enhancement
in the anteroseptal region, indicative of early microvascular obstruction (highlighted by arrows). The
second image (B) is taken later (10 minutes after contrast injection) and displays hyperenhancement in
the anteroseptal region, consistent with myocardial infarction (marked by arrowheads), along with a
central zone of microvascular obstruction (shown by arrows). Notably, the area of late microvascular
obstruction is smaller than that of the early obstruction, suggesting gradual penetration of the contrast
agent over time.
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Fig. 2.2.2.2. Key concepts in microvascular obstruction phenomenon:
diagnostic techniques and pathophysiological considerations

2.2.3. Intramyocardial hemorrhage

Intramyocardial hemorrhage manifests as an irrevocable pathological
outcome of severe microvascular injury [32]. While certain instances of
microvascular obstruction may exhibit resolution, such as the restoration of
perfusion following the dissipation of edema, intramyocardial hemorrhage
signifies a level of capillary destruction that is irremediable [29]. Experi-
mental evidence indicates that reperfusion is a critical factor in the genesis of
Intramyocardial hemorrhage, characterized by the disintegration of interen-
dothelial cell connections and the subsequent perivascular seepage of red
blood cells [33]. Additionally, a significant congruence has been observed
between the dimensions and locations of CMR-defined microvascular obstruc-
tion and histologically confirmed Intramyocardial hemorrhage, further em-
phasizing the severity and irreversible nature of the damage wrought by
intramyocardial hemorrhage in the myocardial tissue [31, 33]. The key con-
cepts of the intramyocardial hemorrhage phenomenon are presented in
Fig. 2.2.3.1.
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2.3. Coronary microvascular dysfunction in the context
of ST-elevation myocardial infarction

The etiology of reperfusion injury is complex and multifaceted, encom-
passing a spectrum of factors such as compromised vasomotor functionality,
microvascular obstruction, microvascular injury, intramyocardial hemorrhage,
and inflammatory processes [27]. Consequently, the term CMD in the context
of STEMI more aptly encapsulates the diverse pathophysiological facets
contributing to myocardial reperfusion deficits, which arise from an amalgam
of pathological mechanisms. It is noteworthy that the terminology of CMD is
contemporarily employed in scenarios involving ischemia in the absence of
obstructive Coronary Artery Disease (CAD).

2.3.1. Physiology and anatomy of coronary microcirculation

The coronary arterial network is intricately structured into three primary
segments: expansive conductive arteries (with diameters exceeding 500 um),
intermediary prearterioles (ranging from 100 to 500 pm in diameter), and the
finer arterioles (diameters less than 100 um). The latter two categories
collectively form the coronary microcirculation [34—40].

Coronary blood flow is propelled by the differential pressure existing
between the aortic root and the capillary beds. Each segment within this
tripartite system exerts distinct regulatory control over vascular tone,
ultimately governed by the metabolic demands of the cardiac muscle.
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The larger epicardial arteries and the proximal segments of prearterioles,
accounting for a mere 10% of the total resistance in coronary vasculature,
primarily function as conduits for blood delivery. Their vasomotor activity is
largely dictated by flow-mediated dilation, a process dependent on the
endothelial response.

In contrast, the distal prearterioles and arterioles, which are pivotal in the
coronary microcirculation, play a significant role in regulating the total
resting vascular resistance. The distal prearterioles are particularly sensitive
to alterations in intravascular pressure, playing a central role in the autore-
gulation of coronary blood flow. This myogenic control mechanism involves
the vascular smooth muscle cells’ reaction to intraluminal pressure shifts,
resulting in constriction or dilation as the pressure fluctuates.

Arterioles, meanwhile, are acutely attuned to variations in intramyo-
cardial metabolite levels, primarily steering the metabolic regulation of coro-
nary blood flow. Elevated metabolic activity induces vasodilation in these
smaller arterioles, reducing pressure in the distal prearterioles, which in turn
triggers myogenic dilation. This cascade effect enhances upstream flow,
culminating in endothelium-dependent vasodilation.

At the terminal end of the coronary circulation lie the capillaries and
venules. Though they contribute only about 10% to the overall coronary blood
flow resistance, they function predominantly as capacitance vessels, harboring
90% of the myocardial blood volume. This zone is pivotal for the effective
exchange between myocardial tissues and the blood within the capillaries,
often described as the critical ‘business end’ of circulation, crucial for the
delivery of oxygen and nutrients and the removal of metabolic by-products.

Dysfunctions or structural anomalies within the coronary microcircu-
lation can disrupt the regulation of myocardial blood flow, thereby playing a
contributory role in the development of myocardial ischemia.

2.3.2. Pathophysiological mechanisms of microvascular injury in
ST-elevation myocardial infarction

The rapid restoration of full and lasting blood flow in the epicardial arteries
is essential to save the ischemic myocardium from becoming infarcted.
Nonetheless, the prompt reconstitution of coronary flow via the revascula-
rization of the occluded infarct-related artery may paradoxically precipitate
injury within the coronary microvascular network, and this intervention does
not instantaneously halt the progression of cardiomyocyte demise within the
myocardial region at risk. Amidst the phases of coronary occlusion and
subsequent reperfusion, a spectrum of dynamic pathological transformations
within both the microvascular and interstitial realms significantly exacerbates
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the ongoing deterioration of cardiomyocytes in the subtended myocardial
zone [41]. The functional and structural ramifications emanating from this
procession of pathological alterations, which unfold both temporally and
spatially across the successive segments of myocardial circulation, appear to
critically influence the ultimate destiny of the affected myocardial territory
(Table 2.3.2.1).

Table 2.3.2.1. Myocardial circulation changes during occlusion and post-
reperfusion

Site
Phase | Epicardial Cardi " Total Coronary | Coronary
plearcial| o erioles | Capillaries | —r o oD OCYHS| Resistance Flow
Coronaries and Interstitium
Early Complete |Adaptive Cellular Elevated (due to |No-flow
ischemia |Occlusion |Dilation Dysfunction and |Macrocirculation)
Response Edematous State
Prolonged |Persistent |Paralysis |Permeability |Necrotic Elevated (due to |No-flow
ischemia |Occlusion |(both Augmentation, | Transformation |Macrocirculation)
ischemic  |Structural
insult and |Disruption
adaptive
response)
Initial Luminal Paralysis  |Occlusion Interstitial Fluid |Low (due to Overflow
phase of |Reopening from Accumulation  |microcirculation)
reper- Intraluminal
fusion Plugs
Late Maintained |Partial More plugged, |Aggravated High (due to Normal,
phase of |Vascular  |Restoration |leakier Edema, microcirculation) |slow or
reper- Patency of Intramyocardial “no-
fusion Constrictor Hemorrhage reflow”
Tone

The protracted duration of ischemia is acknowledged as the paramount
determinant in dictating the severity of microvascular injury and its
subsequent recuperation post-STEMI [42]. However, recent empirical
evidence derived from rodent models of Acute Myocardial Infarction (AMI)
suggests that ischemia, in isolation, precipitates only nominal morphological
alterations within the coronary microcirculatory system, albeit with a conco-
mitant augmentation in vascular permeability. Contrastingly, ischemia
succeeded by reperfusion is implicated in the genesis of substantial microvas-
cular trauma [33]. In this context, on a chronological spectrum commencing
from the preocclusion phase, the intricate interplay among the dynamic
processes unfolding during both coronary occlusion and subsequent reperfu-
sion appears to be pivotal in determining the ultimate extent of microvascular
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impairment and cardiomyocyte attrition within the microcirculatory domain
subjugated by the occlusion over time (Table 2.3.2.1).

In this context, the adoption of the classification paradigm (Fig. 2.3.2.1)
that was adopted by Sezer et al. to facilitate a deeper understanding of the
discrete contributions of various elements to the pathology of CMD post-
primary PCI, as well as foster a reevaluation of their potential interactions
[27]. Post-reperfusion, the factors leading to microvascular damage within
the myocardium supplied by the culprit artery are broadly classified into two
main categories: intraluminal microvascular obstruction and extravascular
compression of the microcirculation.

Post-revascularization
microvascular injury

‘ Intraluminal

obstruction

7‘ Cellular

‘ ‘ Vazospasm Intersitial ‘ ‘ dl;/lﬁamn?i-c ‘
[ Edema j ) Edema)
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Fig. 2.3.2.1. Pathophysiological mechanism of microvascular injury
post revascularization LVEDP

latrogenic
thrombo-
embolism

LVEDP - Left ventricular end-diastolic pressure.

Intraluminal obstruction primarily results from a series of pathologies
including distal thromboembolization, the formation of thrombosis in situ,
cellular obstruction within the vessels, and vasospasm. These conditions
collectively contribute to blocking the blood flow within the microvascular
lumen, impeding proper circulation.

On the other hand, the microcirculation can also be externally compressed,
which is attributed to different pathological processes. Cellular edema,
interstitial fluid accumulation, and intramyocardial hemorrhage can exert an
outward pressure on the microvessels. Additionally, elevated LV end-diastolic
pressure (LVEDP) can further exacerbate this external compression, leading
to a significant impairment of the coronary microcirculation. This composite
of internal obstruction and external pressure on the microvessels effectively
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summarizes the intricate interplay of factors that contribute to microvascular
injury after the reperfusion of blood flow to the myocardium.

2.3.3. Coronary microvascular obstruction

2.3.3.1. Coronary intraluminal obstruction

Within the context of reperfusion during STEMI, the etiology of
coronary microvascular intraluminal obstruction predominantly arises from
phenomena such as iatrogenic thromboembolism, occlusion by circulating
cells, and in situ thrombosis. Intraluminal microvascular obstruction is
identified as the primary pathological mechanism underpinning myocardial
malperfusion after primary PCI. Pathologically, microvascular obstruction
initially manifests in the infarct core and subsequently undergoes spatial and
temporal expansion, correlating with the progressive myocardial deteriora-
tion following the revascularization of the culprit coronary artery. Notably,
the obstruction zone expands for a duration of up to two days after restoration
of epicardial coronary flow [43]. In the aftermath of an ischemic episode, it
has been documented that the majority of the capillaries within the myocar-
dial area at risk remain devoid of restored blood flow even after the reestab-
lishment of epicardial patency [44]. In myocardium subjected to ischemic
reperfusion, there is an initial hyperemic response in certain microvascular
territories during the inaugural minutes of reperfusion [45]. This is followed
by a rapid and progressive diminution in regional blood flow within the
myocardium, culminating in a constant stable phase within the subsequent
few hours after revascularization, which consequently results in an approxi-
mate tripling of the anatomical microvascular obstruction zone [16, 45]. This
delayed, progressive decline in blood flow in initially adequately perfused
myocardial areas is believed to result from the simultaneous activation of
intraluminal obstructive and extravascular compressive pathologies, both of
which are incited by the reperfusion process itself. Experimental and clinical
investigations have consistently underscored a robust correlation between
zones of microvascular obstruction and myocardial necrosis [42, 46].
Additionally, an experimental study involving female Fisher rats, designed to
investigate the dynamics of coronary occlusion and reperfusion, has revealed
that the phenomenon of microvascular obstruction can resolve itself
approximately one month following the revascularization procedure [47].
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2.3.3.1.1. Iatrogenic thromboembolization

Within the procedural milieu of interventional revascularization, it is
postulated that atherothrombotic embolization, emanating from the culprit
lesion and reported in approximately 13.4% of cases, stands as a predominant
factor contributing to microvascular obstruction during the reperfusion of
STEMI [48]. The mechanism underlying this phenomenon involves the distal
dissemination of the thrombus, which not only exerts a physical blockage but
also incites the activation of coagulative and inflammatory cascades within
the distal microcirculatory network.

In previous literature, it has been observed that subjects exhibiting distal
embolization shortly following reperfusion are predisposed to larger Myocar-
dial Infarction (MI) sizes and more pronounced microvascular damage [49].
Conversely, a study employing advanced modalities to quantify embolized
particles during the reperfusion of STEMI patients through interventional
means, indicated that while distal embolization might transiently impede
coronary flow, its impact on MI size and cardiac function may not be
significantly pronounced [50]. In contrary, angiographic evidence of distal
embolization during reperfusion of STEMI patients through interventional
means, has been reported to contribute to myocardial injury and rates of heart
failure hospitalizations; however, its impact on major cardiovascular out-
comes appears to not be avoidable even when distal embolization protection
devices are being utilized [51].

In the STEMI therapeutic landscape, utilizing aspiration catheter devices
in the culprit arteries is postulated to substantially mitigate the risk of distal
embolization, ostensibly leading to a marked decrement in the extent of
microvascular obstruction and myocardial necrosis. Paradoxically, despite
the achievement of comparatively lower rates of distal embolization with
aspiration catheters versus balloon pre-dilatation followed by stenting,
aspiration of thrombus mass does not appear to correspond with an
enhancement in myocardial perfusion, a finding at odds with earlier meta-
analytic observations [52, 53].

More critically, a preponderance of trials investigating the advantages of
the utilization of aspiration catheters during primary PCI has not substan-
tiated any diminution in MI size [54]. Similarly, thrombus removal, whether
applied as a regular or selective intervention, has not demonstrated benefits
in outcomes [55-57].

The medical community continues to debate the effectiveness of
thrombus aspiration in treating epicardial thrombus during the initiation of
reperfusion. Clinical trials and meta-analyses have produced conflicting re-
sults, highlighting the complexity of this issue. There are various approaches
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to managing this condition, including standard primary PCI and adjunctive
thrombectomy before stenting. However, there is still rigorous debate over
these methods due to the different outcomes and experiences reported in
clinical practice. A key point of contention is the role of iatrogenic emboli-
zation, originating from the culprit lesion, in worsening microvascular and
myocardial damage during primary PCI. This topic remains highly debated
due to its complexity and the varied perspectives within the field.

2.3.3.1.2. Cellular intraluminal obstruction

In the context of STEMI, after revascularization by interventional means,
such as primary PCI, microvascular obstruction is exacerbated by phenomena
such as white blood cell and thrombocyte adhesion and erythrocyte clustering
[58, 59]. Following the re-establishment of flow in the culprit coronary artery,
neutrophils contribute to the impairment of microvascular flow by adhering
to the endothelium alongside thrombocytes and releasing inflammatory
cytokines [60, 61]. In non-perfused zones, capillary segments are often
blocked due to extensive white blood cell entrapment, leading to upstream
congestion of red cells and rouleaux formation, which can potentially cause
mechanical obstruction [44].

The deformability of circulating cells and the smoothness of the endo-
thelial surface layer are crucial for maintaining blood flow through coronary
microvascular segments, particularly when capillary diameters are smaller
than the diameters of red blood cells. However, microvascular resistance
increases due to the effects of ischemia-reperfusion, which damages the endo-
thelial glycocalyx layer. This damage leads to reduced endothelial perme-
ability and alters the properties of the vascular surface, increasing the likeli-
hood of capillary blockage by cellular plugging [62].

Despite these potential ways that circulatory cells obstruct microvascular
flow, clinical trials in patients with acute coronary syndrome have not
demonstrated beneficial results from treatments like complement inhibition,
antagonism of white blood cell integrin receptors, or enhanced local throm-
bocyte inhibition [63—65]. This suggests that circulating cells have a limited
impact on acute CMD following primary PCI, although they may contribute
to intraluminal obstruction after reperfusion. White blood cell invasion into
the microvasculature, on the other hand, seems to play a more significant role
in myocardial remodelling and infarct healing, rather than in defining CMD
zone or size of the culprit vessel. Therefore, the clinical efficacy of targeting
cellular interactions and endothelial changes that contribute to microvascular
obstruction in STEMI patients after primary PCI continues to be debated
within the medical community. This is due to the complex interplay of white
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blood cells, thrombocytes, and endothelial factors in coronary microvascular
dysfunction. Understanding these dynamics is crucial to unraveling the
intricacies of CMD and its contributing factors.

2.3.3.1.3. In situ thrombosis

In STEMI, particularly within the culprit coronary artery, the micro-
circulation distal to the occlusion site becomes highly procoagulant, favoring
the development of in situ microvascular thrombosis. This environment leads
to hypoxia, which in turn triggers coagulative processes. These processes
activate hemostatic responses in the compromised endothelium, potentially
resulting in microvascular thrombosis and in situ fibrin formation at sites of
endothelial injury [66]. The expression of tissue factor by predominantly
hypoxic and damaged endothelial cells, in conjunction with vascular
stasis, serves as a potent catalyst for the activation of the coagulation cascade
and subsequent de novo fibrin generation at the microvascular echelon
(Fig. 2.3.3.1.3.1).

Virchow’s triad

Activation of
coagulation factors

% ow

Structural damage

Stasis

Fig. 2.3.3.1.3.1. Pathogenesis of microvascular thrombosis in ST-elevation
myocardial infarction — the role of virchow'’s triad

This illustration depicts the intricate and multifaceted pathophysiological process initiated by epicardial
occlusion in ST-elevation Myocardial Infarction. It intricately outlines the sequence of events starting
with hypoxic injury to the endothelium, leading to stasis and activation of coagulation and tissue
factors. This sequence potently triggers the components of Virchow’s Triad, setting the stage for the
progression to in situ microvascular fibrin formation, thereby illustrating the intricate dynamics of a
self-perpetuating thrombotic cycle.
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Moreover, the reperfusion phase subsequent to ischemic insult is charac-
terized by a marked dysfunction in endogenous fibrinolysis, as delineated by
the significantly diminished release of tissue plasminogen activator from the
endothelium, which could contribute to the persistence of fibrin deposits within
the coronary microvasculature [67]. The entrenched fibrin, which tenaciously
adheres to the vascular wall through interactions with intercellular cadherin
receptors, poses a formidable challenge to elimination by the mere reestablish-
ment of blood flow to the infarcted zone [68].

Exacerbating this condition, all mobile hematologic constituents intrinsi-
cally exhibit a propensity for adherence to the fibrin matrix that augments
within the microcirculatory channels, a process that occurs passively and is
further facilitated by direct interaction with distinct fibrin receptors located
on their cellular membranes [69]. Consequently, even minimal intraluminal
fibrin presence can act as a viscous snare for formed blood elements introduced
during reperfusion, thereby potentially impeding the restorative process once
the obstructed epicardial artery is recanalized. Despite the paucity of focus
on in situ fibrin deposition within the cardiac microvasculature following
ischemia-reperfusion events, the existence of in situ fibrin depositions in the
microcirculation has been unequivocally evidenced in ischemia-reperfusion
models pertaining to cerebral, intestinal, and renal domains [70-73].

Under circumstances characterized by reduced circulatory dynamics,
which give rise to diminished shear stress, fibrinogen significantly augments
resistance within the microvascular flow. It accomplishes this through its role
in promoting aggregation of erythrocytes, fostering adherence between
leukocytes and the endothelial lining, and enhancing post-ischemic leukocyte-
thrombocyte conjugation [74—76].

From a therapeutic standpoint, the successful removal of fibrin deposits
from the microvascular network may serve to significantly enhance perfusion
at this critical juncture. Evidence supporting this therapeutic strategy is found
in the administration of adjunctive, low-dose intracoronary fibrinolytic
medications like streptokinase and urokinase during primary PCI in STEMI
patients, which has been associated with a notable improvement in microvas-
cular perfusion, a reduction in the size of myocardial infarctions, the presser-
vation of LV function, and overall enhancement of patient outcomes [77-79].
The auspicious results gleaned from these interventions have provided
impetus for further investigation into the effects of fibrin clearance from the
microvasculature using diverse fibrinolytic agents, as evidenced by large-
scale clinical trials such as the Trial of Low-Dose Adjunctive Alteplase
During Primary PCI (T-TIME) [80, 81].

Within this context, the in situ generation of fibrin in the distal coronary
microcirculation, leading to thrombotic microvascular obstruction at the local
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level, may be pivotal in the etiology of microvascular dysfunction precipi-
tated by ischemia-reperfusion events. It is clear, however, that extensive
clinical trials, exemplified by the T-TIME trial, are crucial to obtaining
conclusive evidence regarding the phenomenon of in situ microvascular
thrombosis.

2.3.3.2. Vasospasm

In instances of STEMI and presence of a complete occlusion in the
culprit coronary artery, the microcirculatory system distal of the blockage is
typically found in a state of pronounced vasodilation, this being a result of
the overwhelmed autoregulatory capabilities of the arteriolar sphincters.
Intriguingly, even in the face of severe myocardial ischemia, which is
acknowledged as the most intense vasodilatory stimulus known, there often
remains a pharmacologically accessible reserve for vasodilation [82]. Addi-
tionally, during STEMI the microvascular structures exhibit an increased
responsiveness to a-adrenergic stimuli known to induce coronary constric-
tion. This phenomenon, combined with the release of soluble vasoconstrictors
like serotonin and thromboxane A2 from fragmented plaques and platelet
clusters into the microcirculation, contributes to the development of a
vasospastic state during STEMI [83].

Predicated on such premises, the administration of vasodilators into the
culprit artery, particularly adenosine (A2 receptor activator leading to vasodi-
lation of microvasculature) have been rigorously evaluated in numerous
clinical trials focusing on the reduction of CMD during STEMI [84]. While
initial studies yielded promising results, more recent clinical research has
revealed that the targeted use of adenosine and sodium nitroprusside for
microvascular bed dilation was ineffective in reducing CMD in STEMI
patients [85]. Significantly, high doses of adenosine were linked with an
increase in necrotic zone and a decrease in LV ejection fraction (LVEF)
compared to the control group.

Crucially, the control of vasomotor function in regulating pressure in the
microvasculature is vital to prevent an uncontrolled and rapid increase in
capillary pressure during recanalization of STEMI patients. This serves as a
protective mechanism against myocardial edema and intramyocardial
hemorrhage. Thus, in light of adverse outcomes from recent studies that
employ potent vasodilators along with STEMI, it is apparent that preserving
vasomotor function at the arteriolar level is essential.

35



2.3.4. External compression

The process of extravascular compression within the microcirculation
involves an external narrowing of capillary pathways, primarily instigated by
both interstitial and cellular forms of myocardial edema, in conjunction with
intramyocardial hemorrhage, which materialize in the heart muscle as a result
of primary PCI of the culprit vessel. This external pressure plays a significant
part in aggravating myocardial malperfusion after primary PCI, chiefly by
intensifying the overall resistance in the microvascular framework.

Under normal cardiac conditions, the capillaries in the coronary system
typically do not impede myocardial blood circulation significantly. Nonethe-
less, this vascular network is acutely susceptible to external constriction
caused by adjacent edema and intramyocardial hemorrhage, due to its inhe-
rently limited capacity to withstand radial pressure. Such constriction results
in a narrowing of the capillary diameter, with each incremental reduction
leading to a disproportionately large increase in resistance, which could
significantly reduce myocardial blood flow in the microvasculature. Theoreti-
cally, the calculation of extravascular pressure involves assessing the addi-
tional volume introduced into the cardiac tissue relative to the tissue’s ability
to accommodate this volume, known as myocardial compliance. Situations
involving intramyocardial hemorrhage and edema lead to an expansion in the
volume of the interstitial space and concurrently reduce myocardial comp-
liance, thereby resulting in a significant rise in extravascular pressure, which
in turn leads to pronounced external compression of the microvasculature
[86].

During instances of STEMI, the extended time of ischemia trigger a
hypoxia-induced disruption in endothelial integrity, leading to impaired
functionality of the microvascular barrier and subsequent microvascular
leakage [87]. This leakage serves as the fundamental anatomical basis for the
development of myocardial edema and hemorrhage following primary PCI.
CMR imaging in clinical settings has linked the deterioration of microvas-
cular barrier integrity in cases of STEMI with the emergence of edema and
intramyocardial hemorrhage [88]. Therefore, both edema and intramyocar-
dial hemorrhage, as the primary factors driving extravascular compression,
are regarded as consequences of microvascular leakage.

In advanced studies utilizing murine models of ischemia/reperfusion, the
application of late gadolinium enhancement in CMR imaging, acknowledged
as a marker for extravascular volume, alongside detailed histological exami-
nations of microvascular leakage, both demonstrated a robust correlation
[89]. This observation underscores a compromise in the microvascular barrier
integrity reperfusion, culminating in microvascular leakage, during STEMI
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acute stage. Importantly, within the ischemic zone, the region impacted by
microvascular leakage exceeded both the infarct size and the microvascular
obstruction zone in the initial phase of STEMI. During the protracted phase,
a discernible link was noted between the extent of microvascular leakage and
a reduction in the LVEF. Collectively, these insights portray MVL as a
primary pathological manifestation of recanalized culprit vessel in STEMI
patients.

2.3.4.1. Edema

In the early phases of STEMI, there is a disruption in the energy-dependent
sodium-potassium pump, leading to the onset of myocardial edema. As the
ischemia becomes more severe, there is accompanying harm to endothelial
cells, including their protective glycocalyx layer and the walls of the
capillaries, resulting in increased microvascular permeability and capillary
leakage. Simultaneously, during occurrences of coronary occlusion, a signi-
ficant rise in myocardial demand (an adaptive widening of blood vessels)
combined with the impact of ischemic harm (reduced muscle contraction
ability) is believed to impair the arteriolar sphincters ability to constrict vessels.
This leaves the microvascular segments downstream vulnerable, without the
protection of the arterioles that usually regulate pressure, especially during
sudden reperfusion. Upon reperfusion during primary PCI, before the
restoration of coronary self-regulation, this exposed and defenseless micro-
circulation faces a surge in pressure due to a rapid increase in capillary hydro-
static pressure, causing interstitial myocardial edema in the early reperfusion
hyperemia phase [90].

Remarkably, myocardial edema worsens when blood flow is restored to
the ischemic microvascular region. Interestingly, without reperfusion, the
initial wave of edema is almost completely prevented, highlighting a direct
link between revascularization via primary PCI and the development of
myocardial edema. Challenging conventional views, recent studies suggest
that myocardial edema is not a stationary event but follows a two-phase
pattern [91]. The first spike in edema related to recanalization is seen quickly
at two hours after reperfusion, while a later edema is thought to stem from
the healing process in the following week after reperfusion [91]. However, a
study conducted in the United Kingdom found that the severity of edema
follows this two-phase timeline only in patients who also suffer from
intramyocardial hemorrhage. In the study, patients without intramyocardial
hemorrhage exhibited a steady, singular progression of myocardial edema
[29]. Another study, which was a retrospective synthesis of data from three
separate studies, refuted the hypothesis of a two-phase pattern of edema
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following the revascularization of STEMI patients. However, the validity of
this conclusion is limited by the fact that most subjects in these studies
underwent only a single CMR scan at varying times, lacking consistent,
sequential evaluations [92]. The most recent clinical and experimental
research, specifically designed to investigate the edematous response of the
heart muscle to ACS, has confirmed that the post-heart attack edema reaction
is indeed dynamic and follows the two-phase pattern previously described,
regardless of the presence or severity of intramyocardial hemorrhage [93].
Initially, myocardial edema exerts an external compressive force on the
capillary bed, thereby increasing the hydrostatic pressure in the surrounding
tissue space. Subsequently, the heightened stiffness and diminished elasticity
of the edematous cardiac muscle tissue lead to increased LVEDP, which
further imposes external pressure on the microcirculation. These processes
collectively elevate the resistance to blood flow in the myocardium, poten-
tially exacerbating the severity of muscle death within the infarct zone [86].

2.3.4.2. Intramyocardial hemorrhage

Intramyocardial hemorrhage is recognized as a critical marker of severe
microvascular damage, occurring in about half of patients following primary
PCI for STEMI [29]. CMR imaging has demonstrated that intramyocardial
hemorrhage generally worsens, reaching its peak approximately two days
after primary PCI in patients with STEMI [94]. There is a notable association
between myocardial hemorrhage and larger necrotic zone, detrimental chan-
ges in heart structure, reduction in LVEF, arrhythmias, and generally poorer
clinical outcomes [29, 31, 94-96]. A multi-institutional observational study
identified that infarcts occurring in the anterior region and the use of peri-
procedural glycoprotein IIb/Illa inhibitors are key indicators of myocardial
hemorrhage following primary PCI [97].

The loss of endothelial integrity caused by low oxygen levels during
extended culprit artery occlusion results in fragile capillary walls [66]. Prior
to reperfusion, both the adaptive response to widen blood vessels and the
ischemic effects on arteriolar sphincters leave the distal microcirculation
exposed to the sudden spike in hydrostatic pressure that comes with recanali-
zation of culprit vessel. In such cases, rapid blood flow, as achieved through
effective primary PCI, can lead to a trauma-like impact on the already
compromised, permeable capillaries, causing red blood cells to leak from the
microvascular network into the surrounding tissue, thus resulting in myocar-
dial hemorrhage. Conversely, blockages that do not undergo primary PCI
lead to cell edema but not hemorrhage [98]. Intramyocardial hemorrhage was
significantly less common in patients where primary PCI was not accomplished

38



and was rare in patients with untreated ACS [99, 100]. In the initial phase,
the aggregation of red blood cells in the interstitial space creates an external
compressive mass on the capillaries, while in the later stages, it triggers
macrophage infiltration, production of reactive oxygen species, inflamma-
tion, and fibrosis [101]. Therefore, intramyocardial hemorrhage is seen as a
more severe form of myocardial edema and represents the most extreme case
of microvascular dysfunction.

Imaging studies have consistently found that nearly all patients with
intramyocardial hemorrhage show signs of microvascular obstruction on
CMR [31]. Additionally, recent animal studies have shown that the areas
affected by intramyocardial hemorrhage and microvascular obstruction
during STEMI as identified in CMR closely correspond to areas of intramyo-
cardial hemorrhage confirmed through histopathology [31]. This connection
between intramyocardial hemorrhage and severe microvascular obstruction
suggests that hemorrhage primarily occurs in areas with substantial micro-
vascular obstruction. Moreover, the IMR measured right after primary PCI
was notably higher in STEMI patients with intramyocardial hemorrhage
compared to those without [102]. A high microvascular resistance was
recently identified as an independent factor predicting intramyocardial
hemorrhage in patients undergoing primary PCI [103]. Once established,
intramyocardial hemorrhage severely worsens microvascular damage in the

infarct area by creating an external compressive force on the microvascular
bed.

2.3.4.3. Increased left ventricular end diastolic pressure

The complex interaction between vascular and heart muscle compart-
ments makes the vessels within the myocardium highly responsive to hemo-
dynamic changes in the surrounding cardiac tissue and the LV chamber. In
cases of STEMI, an increase in LVEDP arises due to a sudden decrease in
cardiac output, coupled with increased stiffness and reduced flexibility of the
cardiac muscle, a result of edema and intramyocardial hemorrhage. This leads
to a diminished capacity of the intramyocardial vessels, negatively affecting
blood flow during the later part of the diastole. The heightened pressures
within the heart chamber, which are partially transmitted, play a role in
externally compressing the coronary microvasculature, particularly in the
subendocardial areas, which are more susceptible to increases in LV filling
pressure. Consistent with this, studies in patients with STEMI have shown a
relationship between LVEDP and zero flow pressure, a measure largely indi-
cative of the external force applied to the coronary microvasculature [104].
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Thus, in STEMI scenarios, diastolic LV dysfunction, leading to increased LV
filling pressure, may further restrict the microvascular space.

However, LV filling pressure isn’t the only factor influencing myocar-
dial interstitial pressure. In the case of post-primary PCI STEMI patients, the
formation of intramyocardial edema and hemorrhage, resulting from signifi-
cant microvascular damage in the affected cardiac muscle, can notably raise
interstitial pressure, especially in a cardiac muscle with limited elasticity.
Additionally, this extra volume added to an already rigid cardiac chamber
may cause interstitial pressure to exceed diastolic intraventricular pressure
levels.

2.3.5. Post-reperfusion microvascular injury in acute myocardial
infarction

While the advent of successful primary PCI has markedly altered the
trajectory of STEMI management, it remains insufficient in halting the
progression of cardiomyocyte loss, particularly in the presence of severe
microvascular damage. This review examined the pathophysiological mecha-
nisms of CMD during STEMI, focusing on the potential impact of both intra-
and extravascular elements on microvascular integrity and, consequently, the
survival of cardiomyocytes in ischemic regions post-epicardial reperfusion,
through an integrated and comprehensive analysis. The complex interplay of
intravascular obstructions and extravascular compressive forces is fundamen-
tal to the development of microvascular injury post-primary PCI. Following
the blockage of an epicardial artery and subsequent reperfusion, a complex,
multifactorial cascade of interrelated pathologies leads to the progressive
deterioration of the microvasculature and subsequent cardiomyocyte attrition
in the affected zone (Fig. 2.3.5.1). Consequently, this progressive damage to
the microvascular structure and myocardial tissue following reperfusion
might be mitigated through innovative therapeutic approaches that address
mechanisms linked to both intraluminal obstruction (such as localized phar-
macological interventions for microvascular thrombolysis) and extravascular
compression of the microcirculation (such as controlled-pressure, gradual
reperfusion techniques).
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Fig. 2.3.5.1. Key phases of ischemic and reperfusion-induced myocardial
damage from a hemodynamic perspective

2.4. Assessment of CMD

2.4.1. Assessing coronary microvascular dysfunction noninvasively

The noninvasive assessment of CMD focuses on examining coronary
vasomotor function, which includes evaluating both regional and overall
myocardial blood circulation at rest and during stress, assessing microvas-
cular resistance, and measuring CFR. CFR, defined as the ratio of myocardial
blood flow during hyperemia to its flow at rest, acts as a comprehensive
indicator of coronary vasomotor impairment. It encompasses the combined
hemodynamic effects of localized, widespread, and small-vessel disorders on
the blood supply to myocardial tissue. In clinical practice, CMD is recognized
by a reduction in CFR, particularly in the absence of significant epicardial
CAD, suggesting impaired downstream vasomotor control.

Delving deeper into this field, it becomes apparent that some patients
may have both localized obstructive CAD and CMD simultaneously, while
others may show signs of CMD without any noticeable atherosclerosis.
Importantly, a considerable number of individuals are found to have CMD
along with widespread, but not obstructive, CAD. Although measuring loca-
lized myocardial ischemia and regional CFR is crucial in assessing focally
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obstructive CAD, this part of the review mainly focuses on the use of overall
measurements of myocardial blood flow and CFR. These comprehensive
evaluations are essential for both diagnosis and prognosis of CMD, especially
in assessing the overall condition of the LV system.

2.4.1.1. Positron emission tomography

Positron Emission Tomography (PET) is recognized as the most tho-
roughly validated and accurate noninvasive technique for quantitatively
evaluating coronary vasomotor function. Recent technological advancements
have allowed for the incorporation of these assessments into routine PET
myocardial perfusion stress testing procedures [105]. This imaging method
employs a two-phase protocol, consisting of a resting phase and a stress test
for myocardial perfusion, each following the injection of a specific blood
flow tracer [82]. Rubidium and 13N-ammonia, both approved by the U.S.
Food and Drug Administration for this purpose). The subsequent analysis of
the gathered rest and stress images enables the precise measurement of both
localized and total myocardial blood flow (measured in ml/min/g of heart
muscle tissue) and facilitates the calculation of CFR, which is determined as
the ratio of myocardial blood flow during stress compared to the resting state.

Recent studies confirm that a significant number of individuals with
confirmed or suspected CAD exhibit coronary vascular dysfunction, as indi-
cated by reduced CFR [106]. This impairment aggravates the severity of
potential myocardial ischemia (beyond the effects of blockages in the
epicardial coronary arteries) and plays a role in asymptomatic heart muscle
damage [107]. Additionally, a decreased CFR as detected by PET is a strong
indicator of MACE, including death due to heart-related causes [108—110].
The precision of PET in noninvasively measuring myocardial blood flow and
CFR has been extensively validated through both animal experiments and
human clinical studies, and the consistency of this method has been well-
established [105].

2.4.1.2. Cardiovascular magnetic resonance

CMR presents an alternative technique for measuring myocardial perfu-
sion, using methods similar to those in PET [105]. Nonetheless, CMR’s post-
processing is considerably complex and time-consuming. Like PET, CMR
adopts a two-phase imaging strategy that includes a resting phase and a
vasodilator-stress first-pass myocardial perfusion scan, each following the
injection of a gadolinium-based contrast medium [105]. Analyzing these
resting and stress images allows for the assessment of both localized and
overall myocardial perfusion, using either semi-quantitative methods (like the
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myocardial perfusion reserve index) or fully quantitative models (such as
CFR) (Fig. 2.2.2.1). Recently, a new T1 mapping-based, gadolinium-free
stress CMR approach has been introduced, providing diagnostic capabilities
for myocardial ischemia, regardless of the presence of obstructive CAD [111].

CMR has multiple benefits, including its superior spatial resolution that
facilitates detailed assessment of myocardial blood flow across heart muscle
layers, and its lack of ionizing radiation exposure. It also enables a thorough
analysis of cardiovascular anatomy and function. The significance of a dimi-
nished myocardial perfusion reserve index in evaluating CMD has been shown,
with potential prognostic value, although research in this field is still in
development and relatively limited [112].

2.4.1.3. Doppler echocardiography

Doppler echocardiography, especially when applied to the left anterior
descending coronary artery, serves as another method for assessing coronary
blood flow velocity, both under normal conditions and during vasodilator
stress induced pharmacologically (Fig. 2.4.1.3.1). Utilizing pulsed-wave
Doppler techniques, precise measurements of coronary flow velocities are
obtained, focusing on the diastolic peak velocities in both resting and peak
hyperemic conditions. The coronary flow velocity reserve is computed as the
ratio of hyperemic to resting coronary flow velocity. This technique is recog-
nized for its cost-efficiency, the lack of ionizing radiation, and its potential
for broad application. However, it’s crucial to acknowledge that this method
heavily relies on the expertise and proficiency of the practitioner. Further-
more, it requires effective echocardiographic imaging of the proximal coro-
nary arteries, which can be challenging, particularly in individuals with obe-
sity. A growing body of research indicates that a reduced coronary flow
velocity reserve index plays a critical role in detecting CMD and provides
important prognostic information [113-115].
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Fig. 2.4.1.3.1. Identifying coronary microvascular dysfunction via doppler
echocardiography shows transthoracic doppler echocardiography of the
mid-distal left anterior descending artery

Top: color doppler images. Bottom: diastolic flow velocity curves. (A) Resting state, (B) Adenosine
stress.

2.4.1.4. Dynamic myocardial perfusion computed tomography

Dynamic myocardial perfusion Computed Tomography (CT) offers an
alternative method for estimating myocardial blood flow, using techniques
similar to those in CMR perfusion imaging. This method involves conducting
dynamic CT scans after administering an iodinated contrast medium, using
prospective electrocardiographic synchronization to capture the initial passage
of the contrast through the heart [105]. The acquired dynamic imaging data
are then used to calculate myocardial blood flow estimates, utilizing methods
originally developed for CMR. Key advantages of this approach include CT’s
exceptional spatial resolution, along with the ability to perform detailed
anatomical and functional assessments of both the myocardial tissue and
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coronary arteries in a single examination. However, it’s important to consider
the trade-off of increased radiation exposure for the patient with this method.

2.4.2. Assessing CMD invasively
2.4.2.1. Angiography

Coronary angiography serves as a foundational technique for appraising
the state of coronary microcirculation, primarily through the direct obser-
vation of contrast dye dynamics within the infarct-related artery. The flow
velocity of this contrast medium offers a readily accessible and semi-quanti-
tative approximation of CMD, which generally shows a congruent relation-
ship with the presence and severity of CMD as determined by CMR, as well
as with prognostic outcomes. However, it is widely acknowledged that such
anatomical evaluations do not fully encapsulate the complexities of the
coronary microvascular bed under the domain of the culprit artery. Thus,
alternative methodologies that more accurately gauge coronary physiology
are often preferred. Despite this, angiographic techniques for CMD detection
retain clinical utility as expedient estimations during interventional proce-
dures and have laid the groundwork for the evolution of more sophisticated
diagnostic tools.

2.4.2.2. TIMI flow grade

The Thrombolysis In Myocardial Infarction (TIMI) Flow Grade (TFG)
constitutes a visual assessment scale used in angiography to evaluate
anterograde flow through an epicardial vessel, assigning a score from 0
(denoting no antegrade flow past the lesion, indicative of an occluded vessel)
to 3 (representing normal anterograde flow) (Table 2.4.2.2.1, Fig. 2.4.2.2.1)
[116]. In the Primary Angioplasty in Myocardial Infarction (PAMI) trial,
TFG 3 was redefined to encompass complete opacification of the epicardial
vessel within three cardiac cycles [117]. While microvascular obstruction, an
acute form of CMD, may be inferred in cases of a TFG less than 3 with no
significant epicardial stenosis after undergoing PCI, this assessment remains
a semi-quantitative measure and is subject to considerable interobserver
variability. Notably, even reperfused culprit arteries with TFG 3 have been
shown to exhibit CMD in a substantial percentage of cases as identified by
CMR [118, 119]. Nonetheless, TFG remains an effective tool for prognosti-
cating MACE in STEMI patients with reperfused culprit arteries [120].
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CARDIACCYCLES

Fig. 2.4.2.2.1. Visualization of TIMI flow grades across three consecutive
cardiac cycles

Each panel shows the progression of blood flow through a coronary artery, graded from 0 (no perfusion)
to 3 (full perfusion), demonstrating the TIMI flow grades during different phases of the cardiac cycle.

Table 2.4.2.2.1. Evaluation criteria for thrombolysis in myocardial infarction
grade flow: acquisition process and grading scale

Acquisition Scale

TIMI Grade |Begin at the frame when contrast touches |0: No anterograde flow
Flow both side of the ostium and travels distally
with > 70% vessel opacification

1: Anterograde flow with no opacification
of capillary bed

Visual assessment of anterograde flow 2: Anterograde flow with partial
and opacification of capillary bed opacification of capillary bed

3: Anterograde flow with complete
opacification of capillary bed

TIMI — Thrombolysis In Myocardial Infarction.

2.4.2.3. Corrected TIMI frame count

The corrected TIMI frame count (cTFC) was developed to enhance
objectivity and reduce variability in quantifying myocardial perfusion (Table
2.4.2.3.1). It involves counting the number of cine frames required for
contrast to traverse from a coronary ostium to a predetermined distal land-
mark [121]. The application of cTFC has been instrumental in diminishing
both inter- and intraobserver variability, with sources of variance being
restricted to factors such as nitroglycerin usage, patient-specific attributes
(gender, weight, blood pressure), and the rate of contrast injection [122].
Critically, cTFC shows correlation with, and can facilitate the calculation of
CFR and average peak velocity, both serving as proxies for microvascular
resistance [122, 123]. While direct comparative studies between cTFC and
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CMD as determined by CMR in STEMI patients are yet to be conducted, a
higher cTFC has been correlated with increased mortality, even in cases
exhibiting TFG 3 [124]. For a detailed overview of the evaluation criteria for
TIMI grade flow and acquisition Process refer to Table 2.4.2.3.1.

Table 2.4.2.3.1. Evaluation criteria for corrected thrombolysis in myocardial
infarction grade flow: acquisition process and grading scale

Acquisition Scale

Corrected TIMI |Begin at the frame when contrast touch both side of the  |Frame counts above a
Frame Count ostium and travels distally with > 70% vessel range of 21 +/-3

opacification indicate hypoperfusion.

Count the number of frames until each standard landmark

is reach below: *Note: the frame counts

— LAD: opacification of distal bifurcation of the apical |for the LAD must be
segment (Whale tail branch) divided by 1.7 to correct

— LCX: opacification of most distal branch of the obtuse [for its longer course
marginal artery

— RCA: opacification of the first branchof the postero-
lateral artery

The standard frame acquisition rate is 30 fps. If a lower
rate is used (ie. 15 fps), the multiple to equal 30 (ie. 2)
must be multiplied by the cTFC for the artery

TIMI — thrombolysis in myocardial infarction; LAD — left anterior descending artery; LCX — left
circumflex artery; RCA — right coronary artery.

2.4.2.4. Myocardial blush grade and TIMI myocardial perfusion
grade

While TFG and cTFC primarily assess epicardial patency and flow, there
is a recognized need for metrics that directly evaluate microcirculation and
myocardial perfusion. This necessity led to the development of additional
semi-quantitative measures, such as the Myocardial Blush Grade (MBG) and
the TIMI Myocardial Perfusion Grade (TMPG).

MBG is a scoring system designed to quantify the extent of contrast
density within the myocardium, colloquially referred to as ‘blush’. It ranges
from 0, indicating no ‘blush’ of the culprit coronary artery microcirculation,
to 3, denoting normal density, similar to that observed in non-culprit terri-
tories [125].

On the other hand, the TMPG is a mechanism to evaluate the clearance
of the contrast medium from the microcirculation. It is graded on a scale from
0 to 3, where 0 signifies an absence of ‘blush’ and 3 indicates a sustained,
mild to moderate ‘blush’ across three cardiac cycles, akin to that observed in
non-culprit coronary arteries [126].
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For accurate assessment, it is imperative to utilize specific imaging
angles tailored to the involved coronary artery. This approach minimizes the
impact of overlapping capillary beds on the perceived density and clearance
duration of the contrast agent (Table 2.4.2.4.1).

Table 2.4.2.4.1. Evaluation criteria for myocardial blush grade and throm-
bolysis in myocardial infarction myocardial perfusion grade: acquisition
process and grading scale

Acquisition Scale
Myocardial Blush |Acquisition rate set to 30 fps  |Graded by comparing to a non- culprit coronary
Grade artery
Perfusion Grade

Prolonged cine-acquisition to  |0: No myocardial |0: No or minimal blush
ensure contrast is visualized contrast density or |1: Blush persists for —30
entering and leaving the blush seconds

microcirculation 1: Minimal blush |2: Blush strongly persists

- - — 2: Moderate blush |for over 3 cardiac cycles
Specific angiographic views for|3: Normal blush ~ |3: Blush mildly/moderately

the culprit artery to minimize persists for over 3 cardiac
superimposition with non- cycles
culprit capillary bed.

— LAD: RAO 40°, CRA 40°
—LCx: RAO 0°, CAU 20°
—RCA: RAO 30°, CRA 0°

MBG — myocardial blush grade; TMPG — TIMI myocardial perfusion grade; LAD — left anterior
descending artery; LCX — left circumflex artery; RCA — right coronary artery; RAO — right anterior
oblique; CRA — cranial; CAU — caudal.

Despite TMPG demonstrating a higher correlation with infarct size and
reductions in LVEF than MBG, the latter is often preferred in clinical settings.
This preference is due to MBG’s clearly delineated grading system compared
to TMPG [127, 128]. In a study involving STEMI patients undergoing prima-
ry PCI, an MBG score of 0 or 1 was associated with CMD as determined by
CMR. Subsequently, an MBG score of less than 2 exhibited a sensitivity of
53.8% and a specificity of 74% for CMD [129, 130]. In a smaller cohort study
of 21 patients, TMPG scores of less than 3 were aligned with the presence of
microvascular obstruction on CMR. This finding demonstrated a sensitivity
of 90% and was associated with larger infarct sizes and lower LVEF
compared to TMPG 3 [131].

48



2.4.2.5. Quantitative blush evaluator

In an endeavor to refine the objectivity of MBG and TMPG assessments,
the Quantitative Blush Evaluator (QuBE) was introduced. This technique
employs computerized analysis to quantify variations in myocardial ‘blush’
over time, thereby standardizing measurements (Table 2.4.2.5.1). QuBE
synthesizes the advantages of both contrast density changes and wash-out
durations by automatically generating a “perfusion curve” specific to the
culprit coronary artery [132]. In a study encompassing 52 STEMI patients
who underwent reperfusion via primary PCI, QuBE demonstrated a sensiti-
vity of 81% and a specificity of 80% in detecting CMD, in comparison to
CMR, yielding an area under the receiver operating curve (AUC) of 0.88.
A QuBE score below 3 was indicative of an 80% positive-predictive value
for CMD [133]. The acquisition technique for QuBE is analogous to that of
MBG and TMPG, albeit with a frame rate adjustment to 12.5 frames per
second, diverging from the standard 30.

Table 2.4.2.5.1. Evaluation criteria for quantitative blush evaluator: acquisi-
tion process and grading scale

Acquisition Scale
Quantitative Acquisition rate set to 12.5 fps Range of value from 1 to 40 with

blush evaluator higher values representing less

Minimize panning ; >
coronary microvascular disease.

Similar angiographic views to MBG and TMPG
MBG — myocardial blush grade; TMPG — TIMI myocardial perfusion grade.

2.4.2.6. Intracoronary doppler assessment

The advent of guidewires equipped with Doppler-flow and pressure-
sensing capabilities has revolutionized the measurement of coronary flow
velocity and pressure within the continuity of the coronary artery. Moreover,
coronary velocity can be used as a surrogate for coronary flow as demon-
strated in the continuity equation [134]:

Flow = Velocity X Cross sectional area

These measurements are obtained using a 0.014" Doppler wire (FlowWire,
Volcano Therapeutics), featuring a mounted transducer at its apex
(Fig. 2.4.2.6.1). The incorporation of a 12-megahertz ultrasound transducer
modality on the Doppler flow wire enhances both accuracy and reprodu-
cibility compared to indirect measurement techniques. However, these direct
measures necessitate the induction of hyperemia and the instrumentation of
the culprit coronary artery, which are associated with specific procedural
risks.
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Direct blood flow velocity
measurements for diagnosing
microvascular disease and
endothelial dysfunction

Fig. 2.4.2.6.1. Flow-wire doppler wire for coronary velocity
and pressure measurement

2.4.2.6.1. Diastolic flow deceleration and systolic flow reversal

Patterns of coronary flow velocity, such as diastolic flow deceleration
and systolic flow reversal, can be directly quantified using Doppler guide-
wires. In the context of STEMI after primary PCI, the manifestation of these
flow patterns has been linked with suboptimal myocardial reperfusion [124].
In scenarios of severe CMD after primary PCI, alterations in coronary flow
are predominantly dictated by increased microvascular resistance. This results
in a characteristic pattern involving shortened diastolic flow deceleration
time, systolic flow reversal, and ultimately the cessation of anterograde flow,
which can be depicted schematically (Fig. 2.4.2.6.1.1).

Coronary flow velocity

Diastole Systole

Fig. 2.4.2.6.1.1. Diastolic deceleration and systolic reversal
in microvascular disease

This figure depicts the rapid diastolic flow deceleration (green) and reversal of systolic flow (violet) in
severe coronary microvascular disease, driven by myocardial contraction.
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In an investigative study encompassing 23 STEMI patients after primary
PCI, a diastolic flow deceleration time of 600 milliseconds was associated
with a sensitivity of 86% and a specificity of 89% for CMD, in comparison
to Coronary Flow Velocity Reserve (CFVR) [135]. Other research has
demonstrated that, following STEMI and PCI, progressively shorter
deceleration times were correlated with decreased LVEF and severe CMD as
determined by CMR, particularly when myocardial involvement exceeded
16% of wall segments with a threshold of less than 382 milliseconds [136].
Moreover, a diastolic deceleration time of less than 600 milliseconds emerged
as an independent prognostic indicator for mortality, recurrent myocardial
infarction, and heart failure over an average follow-up period of 4 years [137].

2.4.2.6.2. Coronary flow velocity reserve

The notion of CFVR was originally delineated by Gould et al. in 1974,
conceptualizing it as the proportion of coronary flow during hyperemic states
to that in resting conditions. This reserve metric is instrumental in ascer-
taining the physiological impact of an epicardial stenosis, with a CFR value
of 2.0 or higher typically regarded as normal for epicardial vessels [138].
Conversely, in scenarios devoid of epicardial disease, CFR emerges as a
diagnostic indicator for CMD [139]. This inference is rooted in the principles
of Ohm’s law, expressed as:

Pressure = Flow X Resistance

In conditions where resistance is minimized, such as during hyperemic
states, pressure becomes directly proportional to flow. Furthermore, since
flow is inherently related to velocity, assessments of velocity under both
hyperemic and resting states serve as effective surrogate markers for CFR
evaluation. Consequently, the calculation of CFVR is derived as follows:

Vhyperemia

CFVR A
APVbaseline

In this formula, the Average Peak Velocity (APV) of blood flow is
directly ascertained using a Doppler wire positioned in the distal third of the
culprit coronary artery. CFVR’s efficacy and reliability have been corrobo-
rated through numerous research studies focusing on STEMI patients after
undergoing primary PCI (Table 2.4.2.6.2.1) [140—144]. It is crucial to distin-
guish between CFVR and CFR in scientific literature, as they are occasionally
used interchangeably; however, CFVR specifically refers to velocity measu-
rements as opposed to direct flow assessments. In STEMI presentations,
comparative analyses of various prognostic markers, including TFG, cTFC,
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MBG, coronary Doppler flow velocity, ST-segment resolution on ECG, and
CFVR, revealed that CFVR uniquely predicted both global and regional
recovery at a 6-month follow-up interval [140]. In terms of long-term
outcomes within a similar patient cohort, those exhibiting a CFVR < 2.1 had
a significantly higher likelihood of cardiac mortality [141]. Furthermore,
CFVR mirrors the extent and severity of CMD as depicted on CMR, although
precise sensitivity and specificity metrics remain unspecified [142].

Table 2.4.2.6.2.1. Coronary flow velocity reserve prognostic impact in
ST-elevation myocardial infarction patients

PMID | Sample CFVR Time Frame Conclusion
cut-off
17719324 | 118 1.3 |CFVR immediately |CFVR < 1.3: larger infarct size by CK, lower
[144] after PCI for STEMI |LVEF, and larger LVEDV; worse long-term
outcomes (mean follow-up of 62 months)
including HF, cardiac death, and total cardiac
events
14975460 73 2.0 |CFVR immediately |CFVR >2.0: no LVEF recovery at 6-month;
[140] after PCI for STEMI |CFVR was superior and only predictor for
LVEF compared to TFG, ¢cTFC, MBG, and
Doppler flow velocity indices
23735476 100 2.1 |CFVR immediately |CFVR >2.1: after PCI, had larger infarct size
[141] and 6 months after by CK, greater NT-proBNP; at 6-months, had
primary PCI greater WMSI and lower CFVR; at 10-years
were 4.09 times more likely to have cardiac
mortality
18534269 | 27 2.0 |CFVR immediately |CFVR <2.0: lower CFVR was associated
[136] after PCI for STEMI |with increased severity of microvascular
and CFVR with CMR |obstruction as determined by CMR
within 8 days
24135835 44 2.0 |CFVR immediately |Higher CFVR post-PCI and increase in CFVR
[142] after PCI for STEMI |from PCI to day 1 were associated with higher
and at day 1. CMR at |salvage index. Persistently low CFVR is
day 1 and at 6-month |associated with microvascular obstruction by
follow-up CMR

CFVR — coronary flow velocity reserve; PCI — percutaneous coronary intervention, STEMI — ST-
elevated myocardial infarction; CMR — cardiac magnetic resonance; CK — creatine kinase; LVEF — left
ventricular ejection fraction; LVEDV — left ventricular end-diastolic volume; HF — heart failure;
PMID — PubMed Index.

Despite its diagnostic value, the integration of CFVR into routine clinical
practice is limited due to several factors, including the influence of patient
hemodynamics on APV measurements and the methods lack of specificity
for microvascular disease [143]. Efforts to address these challenges have
included the utilization of pressure-derived flow ratios and the computation
of a relative CFVR by comparing CFVR values in non-culprit and culprit
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territories, under the assumption of CMD absence in non-culprit territories
[145, 146]. Nevertheless, the significance of CFVR in evaluating CMD remains
paramount. The innovative linkage of CFVR with APV, as measured by
Doppler-wire technology, paves the way for the utilization of alternate
velocity surrogates and fosters the development of new indices for diagnosing
and understanding CMD, such as those based on thermodilution-derived
CFR.

2.4.2.6.3. Hyperemic Microvascular Resistance

Hyperemic Microvascular Resistance (HMR) is an index conceptualized
during hyperemic conditions, as proposed by Kitabata et al. The index is
calculated using the formula [147]:

P
HMR = d

APVhyperemia

In this equation, P4 denotes the distal coronary pressure ascertained via a
pressure-flow wire. Measurements are conducted during hyperemia employing
a dual-function pressure and Doppler-flow guidewire (Combo-wire, Volcano
Therapeutics), enabling the acquisition of simultaneous measurements over
three successive cardiac cycles to determine average values.

The exploration of HMR in the context of STEMI has been relatively
limited. In a cohort of 27 patients undergoing primary PCI for STEMI, heigh-
tened HMR values recorded immediately post-revascularization exhibited a
significant correlation with infarct size, as indicated by peak creatinine-
kinase levels and CMR, as well as with the transmural extent of the infarction.
HMR demonstrated enhanced sensitivity, specificity, and diagnostic accuracy
(75%, 89%, and 85%, respectively) using a threshold of 3.25 mmHg/cm/s, in
comparison to CFVR and diastolic deceleration time [147]. In a subsequent
study involving 24 of these patients, an HMR value exceeding 2.96 mmHg/cm/s
was predictive of LV remodelling within 1 year [148].

In a research study involving 60 patients, of which 48 had complete data
sets, HMR was found to correlate with CMD and reduced myocardial blood
flow, as verified by CMR and PET, respectively. An optimal threshold of
2.5 mmHg/cm/s was established, yielding a sensitivity and specificity of 71%
and 63%, respectively, for the prediction of any CMD, and 93% and 65%,
respectively, for extensive CMD [149]. However, considering these variations,
a universally accepted cut-off for HMR is yet to be established, with larger
trials suggesting a higher threshold for predicting long-term clinical outcomes.
In two separate studies encompassing 176 patients (130 with STEMI and 46
with non-STEMI) and 145 STEMI patients, HMR values exceeding 3.0 and
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2.82 were associated with hospital admissions for heart failure and mortality,
respectively, over median and average follow-up periods of 3.2 years and 85
months [150, 151].

It is important to note that HMR measurements may be inflated in cases
of severe epicardial disease, as is the case with thermodilution-derived IMR.
In instances of pronounced stenoses, where fractional flow reserve is below
0.6, HMR needs to be adjusted for coronary wedge pressure, similar to the
adjustments made for IMR, according to the following formula:

HMR = (Pd/v) X (Pq — Pw)/(Pa —Py)

In this equation, P. represents aortic pressure, Pq symbolizes distal
coronary pressure, and Py denotes coronary wedge pressure.

2.4.2.6.4. Zero-flow pressure

Zero-flow pressure (Pzf) is conceptualized as the distal coronary pressure
(Pq) in the culprit coronary artery at which the blood flow velocity ceases
entirely [152]. Utilizing a Doppler-pressure wire, both P4 and velocity are
meticulously measured across multiple cardiac cycles, with dedicated soft-
ware automatically generating an average pressure-velocity loop. A regres-
sion line is then constructed from data points along the diastolic phase of this
loop, extrapolating to the point on the x-axis where velocity equals zero,
thereby denoting the zero-flow pressure (Fig. 2.4.2.6.4.1). Notably, during
diastole, the pressure derived from Pzf is not influenced by myocardial
contraction occurring in systole. Consequently, Pzf primarily reflects the
pressure impacting the microcirculation due to impaired myocardial relaxa-
tion or augmented myocardial stiffness, conditions that are exacerbated in the
presence of CMD and microvascular obstruction as a consequence of edema
or intramyocardial hemorrhage, subsequently hindering perfusion within the
coronary microvasculature [104, 152, 153].

In the inaugural study employing Pzf, 27 STEMI patients after primary
PCI underwent Pzf and CFR measurements, which were then juxtaposed with
myocardial viability assessments via PET [154]. Pzf demonstrated a correla-
tion with myocardial viability, unlike CFR, thereby asserting its superior
prognostic utility. A subsequent investigation involving 34 STEMI patients
after PCI revealed that Pzf, as measured at the time of PCI, surpassed HMR
and IMR in predicting the extent of infarct transmurality, size, salvage index,
and the reduction in LVEF over a 6-month follow-up period [152]. While a
Pzf threshold of 42 mmHg is recognized as the optimal benchmark for
predicting a > 24% LV infarction and > 50% transmurality at six months, as
well as >70% ST-segment resolution (with 49 mmHg as the cutoff for
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predicting an LVEF > 50%), this criterion does not distinctly differentiate
between patients with CMD and those without. However, it does discern
between individuals with more pronounced myocardial edema and those with
less, likely indicative of the severity of ischemia-reperfusion injury.
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Fig. 2.4.2.6.4.1. Pressure-velocity curve used to calculate
zero-flow pressure
2.4.2.6.5. Advanced wave intensity analysis

Wave Intensity Analysis (WIA) is predicated on the concept that the
dynamics of blood flow in the coronary circulation are more intricate than the
straightforward pressure gradient observed in other organ systems. In the
coronary arteries, the interplay between constant aortic pressure and fluc-
tuating resistance within the microvasculature due to myocardial contractions
culminates in distinct periods within the cardiac cycle that facilitate optimal
antegrade blood flow. This understanding posits that these evolving pressure
differentials are critical in driving myocardial perfusion. These dynamics can
be categorized into six distinct “waves” during the cardiac cycle, each
providing intricate insights into the pressure, timing, and location of flow
[155, 156].

While the application of WIA in the context of CMD in STEMI is still
emerging, preliminary studies show promise. In one particular investigation,
the backward-traveling expansion wave, which originates in the microvascu-
lature as a response to the relaxation of the myocardium, exhibited an inverse
relationship with infarct size as depicted on CMR. Additionally, it showed a
positive correlation with LV recovery at a 3-month follow-up, demonstrating
high sensitivity and specificity [157]. These findings suggest that WIA could
be a valuable tool in the future for the assessment of CMD during the acute
phase of STEML.
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2.4.2.7. Intracoronary thermodilution assessment
2.4.2.7.1. Thermodilution-derived coronary flow reserve

Thermodilution-derived CFR represents a nuanced technique diverging
from traditional CFVR, which relies on blood flow velocity ratios. CFR
instead employs the proportionality of transit times for assessment. This
method involves utilizing a pressure guidewire equipped with dual temperature
sensors, advanced towards the distal third of the desired coronary artery.
Sequential injections of room temperature saline (3 mL each) into the artery
facilitate the measurement of time from the nadir of temperature change back
to baseline, averaged over three trials to determine the mean baseline transit
time (Twn (rest)) (Fig. 2.4.2.7.1) [147]. This procedure is replicated under hype-
remic conditions to ascertain the mean hyperemic transit time (Tmn (hyperemia))-

Mean transit time

R

Start PW proximal temp
= PW distal temp
Stop
Fig. 2.4.2.7.1. Measurement of transit time by thermodilution

The estimate of coronary flow is made by measuring the time it takes for saline to travel from the
proximal to the distal sensors. The acronym Tmn stands for “mean transit time”, and it is measured in
seconds. PW — Pressure wire.

Given that the spatial separation between the two temperature sensors
remains constant, the distance elements within the velocity ratios of CFVR
effectively negate each other, thereby simplifying CFR into a ratio of transit
times. These transit times at rest and during hyperemia serve as proxies for
velocity, which in turn, is a surrogate for blood flow. For optimal reprodu-
cibility, the temperature sensor should be positioned a minimum of 50 mm
from the tip of the guiding catheter. The catheter tip should remain immobile,
with precautions taken to avoid displacement following the initial saline
injection. The use of side-hole guiding catheters or 5 Fr catheters is generally
discouraged. Importantly, the units for mean transit times are in inverse
seconds, thus allowing for the calculation of CFR as:

CFR = (1/Tmn (hyperemia))/(l/Tmn (rest)) = Tmn (rest) /Tmn (hyperemia)

CFR has undergone similar validation and is applicable in much the same
way as CFVR. In a cohort study involving 82 STEMI patients post-primary
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PCI, invasive CMD assessment was conducted concurrently with the inter-
vention and subsequently reassessed, along with CMR, at one day and six
months post-procedure. Initial low CFR readings at the time of PCI and at
one day were indicative of CMD, as evidenced by CMR on day one, though
this association did not persist at the six-month mark [158]. This suggests a
progressive improvement in CFR over this period, indicative of microcircula-
tory recovery. Conversely, in a reevaluation of 44 patients from this group,
those exhibiting persistently reduced LVEF at six months, compared to those
with preserved LVEF, showed an association between low CFR at one day
and higher troponin-I AUC as well as more severe CMD on CMR. At six
months, these patients displayed reduced myocardial salvage and more pro-
nounced CMD on CMR [159]. In a separate study of 288 STEMI patients
where both CFR and IMR were measured, a CFR value below 2.0 mirrored
the extent and severity of CMD on CMR, with a sensitivity of 79% and
specificity of 34%, and an AUC of 0.57. However, there was no correlation
with changes in LV end-diastolic volume at follow-up, nor with all-cause
mortality or heart failure hospitalizations, whereas IMR showed high accu-
racy and correlations with these outcomes [142]. Typically, CFR values > 2.0
units are considered normal, with lower values indicative of more pronounced
epicardial stenosis or CMD [160]. Despite similarities to CFVR, CFR is not
specific to microvasculature and may be influenced by hemodynamic
variations.

2.4.2.7.2. Thermodilution-derived index of microcirculatory
resistance

The IMR via Thermodilution was pioneered by Fearon et al. as a specia-
lized method to evaluate the microcirculatory system. This technique invol-
ves advancing a pressure guidewire, equipped with a distal temperature sen-
sor, into the distal third of the culprit coronary artery) [161]. Upon induction
of hyperemia, the distal coronary pressure (Pq) is recorded, and the mean
hyperemic transit time (Tmn (hyperemia)) 1 ascertained, akin to the methodology
used in CFR calculations. IMR is derived using the following equation:

IMR = Pd/(l/Tmean (hyperemia)) = Pd X Tmean (hyperemia)

A distinctive feature of IMR is its independence from patient-specific
hemodynamic variables, as both parameters in the IMR equation are gauged
during hyperemia. While generally unaffected by the presence of epicardial
stenosis, IMR values could be inflated in cases of severe epicardial disease.
This inflation stems from a lesion-induced elevation in Tmn (hyperemia) and an
augmented Py, consequent to collateral flow impacts on the microcirculation
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of the culprit territory. In such scenarios, correctional formulas incorporating
coronary wedge pressure (Py) may be utilized to adjust for collateral effects
[162,163]:

IMR = Pa X Tmn (hyperemia) X [(Pd - Pw)/(Pa - Pw)]

Typically, IMR values <25 units are considered normal, with higher
values indicative of more pronounced CMD (Fig. 2.4.2.7.2.1) [160].

IMR 2;5
[ |

Fig. 2.4.2.7.2.1. Index of microcirculatory resistance
established cut-off value

IMR has been the subject of extensive research in post-PCI STEMI
patient populations (Table 2.4.2.7.2.1) [102, 103, 164—169]. Among various
CMD markers, including TBG, TFC, CFR, ST-segment elevation resolution,
and IMR, in STEMI presentations, IMR emerged as the most robust predictor
of peak creatine kinase levels, wall motion score at 3 months, and LVEF
recovery [164]. Additionally, IMR has consistently shown correlation with
infarct size and CMD as determined by CMR, exhibiting a sensitivity of 58%
and specificity of 72%, with an AUC of 0.65 when an IMR threshold > 27 is
applied [142, 165, 169]. In STEMI patients undergoing primary PCI, an IMR
> 40 has been identified as a predictor for acute cardiac complications within
30 days after primary PCI, including cardiac death, cardiogenic shock,
arrhythmias, and wall rupture, as well as long-term outcomes like heart
failure hospitalization and mortality over an average follow-up of 2.8 years
[166, 167]. This underscores the utility of an IMR threshold of 40 for risk
stratification and prognostication in STEMI contexts.

It is noteworthy, however, that discordance between IMR and CMR can
occur in up to 36.4% of cases, particularly concerning the detection of micro-
vascular obstruction and infarct size at six months follow-up [170]. While
CMR offers direct insights into structural damage within the coronary
microvasculature, IMR provides an assessment of the anatomical extent of
injury, microvascular functionality, and potential reversibility. An IMR value
<40 units may suggest a potential for CMD resolution, even in the presence
of microvascular obstruction as evidenced by CMR.
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Table 2.4.2.7.2.1. Index of microcirculatory resistance prognostic impact in
ST-elevation myocardial infarction patients

2 days and at 3-month
follow-up

PMID |Sample| IMR Time Frame Conclusion
cut-off
18237685 29 32 |IMR immediately after IMR >32: larger infarct size by CK, less
[165] primary PCL. wall motion recovery at 3 months
Echocardiography within
1 day and at 3-month
follow-up
20650433 57 35 |IMR immediately after PCI |IMR >35: larger troponin-I peak, lower
[169] for STEMI. CMR within LVEF and greater infarct volume at 2
2 days and at 3-month days and 3 months, presence of
follow-up microvascular obstruction on CMR
27017370 40 36  |IMR immediately after PCI [IMR >36: presence of microvascular
[166] for STEMI. CMR within obstruction on CMR
7 days and at 3-month
follow-up
27699259 | 288 25 |IMR immediately after PCI [IMR >25: lower LV ejection fraction at
[171] for STEMI. CMR within 2 days and at 6 months, greater infarct
2 days and at 6-month size and myocardial edema, and
follow-up microvascular obstruction all as
determined by CMR
23681066 | 253 40 |IMR immediately after PCI [IMR >40: increased risk of death or
[167] for STEMI. Follow-up at  |rehospitalization from heart failure
mean 2.8 years
29113999 | 261 40 |IMR immediately after PCI [IMR >40: predicts cardiac death,
[168] for STEMI. Follow-up at 1- |cardiogenic shock, arrhythmia, and wall
month rupture; predictive power superior to
CFR, PAMI-II, and Zwolle score
27803036 | 288 40 IMR immediately after PCI |{IMR >40: lower LV ejection fraction,
[103] for STEMI. CMR within greater infarct size and myocardial
2 days and 6 months. edema, lower myocardial salvage index,
Follow-up at mean 845 days |microvascular obstruction all as
determined by CMR, and all-cause
death or first hospitalization for heart
failure
23130166 | 108 28 |IMR immediately after PCI [IMR >28: lower LV ejection fraction
[102] for STEMI. CMR within and greater infarct size, and lower

myocardial salvage index

IMR — Index of Microcirculatory resistance by thermodilution; PCI — percutaneous coronary
intervention; STEMI — ST-elevated myocardial infarction; CMR — cardiac magnetic resonance; CK —
creatine kinase; LV— left ventricular; CFR — coronary flow reserve.

59




2.4.2.7.3. Absolute coronary blood flow

The methodologies previously delineated predominantly employ proxy
indicators such as flow velocity and mean transit time to gauge coronary flow.
A novel approach for calculating absolute coronary blood flow has been
developed, utilizing a continuous infusion of room temperature saline, as
delineated by the following formula [172]:

Qp =1.08 X Q; X [(T, — Ty) /(Ty — T)]

In this equation, Qs signifies the absolute flow, Q; denotes the rate of
continuous saline infusion, Ty represents the temperature of the blood post-
infusion, T; is the pre-infusion blood temperature, and T corresponds to the
temperature of the saline-blood mixture. If Ty is normalized to 0, and both T;
and T are measured relative to Ts, the equation simplifies to:

Qb = 1.08 x Qi X (TI/T)

The infusion rate Q; is operator-defined, typically ranging from
8 mm/min to 25 mm/min. This infusion is administered via a specialized
microcatheter (RayFlow, Hexacath), while temperatures (T; and T) are
measured using a conventional pressure wire equipped with a distal tempe-
rature sensor. The factor 1.08 serves as a corrective coefficient to account for
the disparity in specific heat capacities between normal saline and blood.
Intriguingly, the infusion of room temperature saline can elicit hyperemia
akin to that induced by continuous adenosine infusion, albeit devoid of its
associated adverse effects [173]. With Qp thus determined, distal pressure
(Pq) can be directly measured using a pressure wire, enabling the calculation
of absolute resistance (AR) as:

AR = Py4/Qp

In an exploratory study involving 20 STEMI patients, AR was quantified
immediately post-primary PCI and then again between three to five days
afterward, CMR was additionally performed in 15 of these patients. The study
observed an increase in flow and a concomitant decrease in resistance post-
PCI, although these findings did not reach statistical significance. Further-
more, no correlation was established between AR and the detection of CMD
via CMR. However, AR measurements were feasibly conducted within twenty
minutes in the catheterization suite, signifying a safe and rapid procedure
[174]. While the utility of AR in clinical settings remains a subject of ongoing
research, the continuous monitoring of coronary blood flow represents a
significant leap forward in the assessment of coronary microvascular dys-
function.
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2.4.2.7.4. Microvascular resistance reserve

The concept of MRR was innovatively introduced and substantiated by
De Bruyne et al. in 2021, within a study encompassing 37 patients, as a
methodology to intricately assess the vasodilatory reserve capacity of the
coronary microvasculature [175]. This assessment notably factors in the
concurrent presence of epicardial disease and the hemodynamic alterations
induced by potent vasodilators on aortic pressure. Initially conceptualized
from absolute coronary flow metrics obtained via continuous thermodilution
techniques, MRR’s theoretical foundation allows for its application across
various modalities, contingent upon the precise acquisition of coronary flow
and pressure data.

The derivation of MRR, as proposed by De Bruyne et al., integrates the
dynamic interplay of CFR and Fractional Flow Reserve (FFR), further adjust-
ted for the hemodynamic shifts transitioning from non-hyperemic to hypere-
mic states. The refined formula employed in their analysis is articulated as:

MRR = (CFR/FFR) X (Pa (rest)/Pa (hyperemia))

Here, CFR represents the quotient of coronary flow (or velocity) under
maximal hyperemia relative to its non-hyperemic baseline, and FFR denotes
the ratio of distal coronary pressure to aortic pressure at peak hyperemia.
Pa (resty and Pa (hyperemia) correspond to aortic pressures during non-hyperemic
conditions and maximal hyperemia, respectively. Thus, MRR adjusts the
coronary circulation’s vasodilatory reserve capacity, as expressed by CFR, to
account for the severity of epicardial CAD, as indicated by FFR, and the
influence of pharmacological vasodilation on perfusion pressure, as denoted
by the ratio of resting to hyperemic aortic pressure.

The diagnostic and prognostic efficacy of MRR was further explored by
De Bruyne et al. within the ILIAS registry, where they successfully establi-
shed an MRR value of < 3 as the optimal threshold for CMD diagnosis. MRR
demonstrated an independent association with MACE over a 5-year follow-
up period, exhibiting a hazard ratio of 0.78, thereby underscoring its long-
term prognostic significance in cardiac outcomes [176].

It is imperative to note, in a distinct consideration, that while the MRR
has undergone rigorous validation and testing within populations diagnosed
with CCS, its efficacy and applicability in patients experiencing STEMI
remain yet unexplored and undetermined.
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2.4.2.8. Index of microcirculatory resistance by angiography

The evolution of pressure-wire independent analogues of fractional flow
reserve has marked a pivotal shift in the analysis of the physiological impact
of epicardial stenoses [177]. In this vein, De Maria et al. have innovated an
angiography-based, pressure-wire free Index of Microcirculatory Resistance
(IMRangio) [168]. Utilizing the foundational principles of the original IMR, an
equation for IMRangio was formulated. This integrates an angiography-derived
fractional flow reserve surrogate, such as the Quantitative Flow Ratio (QFR;
Medis Medical Imaging Systems B.V., The Netherlands), with frame count
rate and aortic pressure data (Fig. 2.4.2.8.1).

IMRThermo = Paistal X TiMerransit

Given Pyistal = Paortic X (Paistal/ Paortic) = Paortic X (Paistal/ Paortic) X Timerransit

Given QFR = (Pyistal/Paortic) = Paortic X QFR X Timeransi
Given Timeryansit = (Nframes(hyperemia)/ FPS)
IMRangio = Paortic X QFR X (Ngrames(hyperemia)/ FPS)
Fig. 2.4.2.8.1. Derivation of index of microcirculatory resistance (IMR)

The novel IMR angio measures distal pressure and transit time similar to IMR thermo, however, uses
the unique relationship of QFR to aortic pressure along with the frame count on angiography as
surrogate markers for these values.QFR: quantitative flow ratio; fps: frames per second.

In an initial study comprising 45 STEMI patients who underwent primary
PCI, both thermodilution-derived IMR and IMRangio Were measured post-
restoration of blood flow in the culprit territories. Subsequent to stenting,
these measurements were repeated, and CMR was conducted 48 hours later.
It was observed that IMR derived from thermodilution and IMRangio demonst-
rated correlation in infarct related arteries both pre- and post-stenting, as well
as in non-infarct related arteries, exhibiting an area under the curve (AUC) of
0.96. The sensitivity and specificity for predicting an IMRangio > 40 U were
83.0% and 100.0%, respectively, when employing a thermodilution-derived
IMR cutoff of >40 U. Moreover, IMRangio > 40 U exhibited a diagnostic
accuracy of 76.5% in predicting CMD post-PCI, as verified by CMR [168].
These findings received further validation in subsequent research involving
patients with STEMI, NSTEMI, and stable angina [178]. However, an
IMR_angio cutoff of > 25 U was utilized for NSTEMI and stable angina,
yielding diagnostic accuracies of 73.3% and 78.4%, respectively.

A non-hyperemic variant of IMRangio (NH-IMRangio) was also examined
and revealed commendable diagnostic accuracy for an IMR > 40 in STEMI,
with an AUC of 0.82, albeit less precise than its hyperemic counterpart. NH-
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IMRungio demonstrated moderate diagnostic accuracy for NSTEMI and stable
angina. In detecting CMD as identified on CMR, NH-IMRungio achieved an
AUC of 0.71, comparable to the IMR angio AUC of 0.76. Consequently, a
hybrid IMRangio methodology could be proposed for STEMI patients,
employing NH-IMRangio < 30 U to exclude CMD and NH-IMRungio > 90 U to
confirm CMD, with cases falling within this range undergoing further
assessment via hyperemic IMRangio. Finally, in a retrospective analysis of 262
STEMI patients post-PCI, an NH-IMRangio value > 43 U was identified as an
independent predictor of all-cause mortality, resuscitated cardiac arrest, and
heart failure, paralleling the prognostic value of hyperemic IMRangio [179].

In summary, the field of CMD evaluation features a broad spectrum of
both noninvasive and invasive methods, each with its distinct advantages and
limitations, as delineated in Fig. 2.4.2.8.2. In the sphere of invasive diagnos-
tics, while basic angiographic techniques offer the benefit of rapid assess-
ment, they are limited by their accuracy and the dependency on the observer’s
interpretation. The introduction of CFRV as an invasive diagnostic innova-
tion represents a significant advancement in CMD assessment, leading to the
development of more sophisticated techniques, as outlined in Table 2.4.2.8.1.
Most of these methodologies are characterized by high accuracy and
reproducibility, and have been extensively validated in STEMI scenarios,
except for MRR, which has yet to be validated in the STEMI context.
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PET (CFR<2.0) CMR (MPRI<2.0) Doppler CFRvia doppler  IMR (>25U) WIA (-4.8)
echocardiography (<2.0)
(CFVR<2.0)
™ Accuracy Reproducibility Prognostic Validation Availability Cost
Fig. 2.4.2.8.2. Strengths and limitations of selected diagnostic techniques

with their cut-off values for the evaluation of CMD

CFR — coronary flow reserve; CFVR — coronary flow velocity reserve; CMD — coronary microvascular
disease; CMR — cardiac magnetic resonance; CT — computed tomography; IMR — Index of
Microcirculatory resistance; MPRI — myocardial perfusion reserve index; PET — positron emission
tomography; WIA — wave intensity analysis.
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2.5. Novel biomarkers of coronary microvascular disease

2.5.1. Overview

The endothelial cells lining the coronary arteries execute numerous
critical roles, including the generation of vasodilatory agents such as
prostacyclin and nitric oxide. They respond to various stimuli, like inflam-
mation or oxidative stress, and take part in hemostasis processes. When
subjected to stress, compromised endothelium and minor arterioles may fail
to dilate adequately or may even undergo paradoxical constriction. This leads
to reduced perfusion of the myocardial tissue, manifesting as ischemic symp-
toms and anginal pain. The fundamental driver behind endothelial dysfunc-
tion is the skewed balance between the production and degradation of nitric
oxide, with a propensity towards increased consumption and diminished
synthesis. Furthermore, endothelial impairment fosters an environment con-
ducive to the aggregation of platelets and the adhesion of leukocytes [180—
182]. Hence, biomarkers related to inflammatory processes, oxidative stress,
and coagulation pathways could be pivotal in conducting research on CMD.

2.5.2. Biomarkers of inflammation

Inflammation and immune dysregulation are crucial factors in the onset
of endothelial dysfunction and the development of CAD. In line with these
findings, CMD has been linked to various inflammatory biomarkers.

2.5.2.1. High sensitivity C-reactive protein

High sensitivity C-Reactive Protein (Hs-CRP), a generalized marker of
systemic inflammation, has been extensively recognized for its role in
predicting cardiovascular risk, particularly in females [183—185]. The
Reynolds Risk Score, derived from the Women’s Health Study which
monitored 24,558 healthy females over an average of 10.2 years, includes
Hs-CRP along with classic risk factors like age, smoking habits, familial
history, and cholesterol levels to forecast the 10-year likelihood of MACE
[184]. Given the historical perception of CMD as predominantly affecting
females, these epidemiological studies suggest that hs-CRP could be a
relevant biomarker for CMD. Patients with CMD typically exhibit elevated
hs-CRP levels, often mirroring those seen in individuals with chronic CAD
[186—190]. Nevertheless, hs-CRP levels can vary throughout the day due to
its association with various metabolic processes affecting endothelial cell
function, thereby complicating its interpretation over extended durations
[191, 192].
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2.5.2.2. Erythrocyte sedimentation rate

An elevated Erythrocyte Sedimentation Rate (ESR) is indicative of
systemic inflammation, yet a reduced ESR may occur in conditions like
polycythemia vera. Despite cytokines playing a central role in inflammatory
states, ESR remains a crucial diagnostic and monitoring tool for various
conditions including rheumatoid arthritis, temporal arteritis, sickle cell
disease, and osteomyelitis, as well as in non-inflammatory states like stroke,
CAD, and prostate cancer [193].

Andresdottir et al. explored the link between ESR and CAD risk in a
cohort study, concluding that ESR can function as an independent prognostic
factor for CAD in both genders, rooted in the inflammatory nature of athero-
sclerosis [194]. However, ESR is not recommended for screening or routine
evaluations in asymptomatic individuals. Gillum et al. also noted an increased
ESR as a risk factor for CAD, a finding corroborated by their study which
also observed elevated other inflammatory markers, thus reinforcing the
hypothesis of inflammation as a foundational element in atherosclerosis
development [195].

In a clinical observational study by Natali et al., a connection between
coronary atherosclerosis and ESR was identified, with seven patients diagno-
sed with coronary atherosclerosis via cardiac catheterization showing prolon-
ged ESR in three arteriosclerosis cases [196].

Josef Yayan, in his retrospective study, discovered that ESR was exten-
ded in patients with CAD and CMD, with an ESR specificity for CAD of
70.59% and a sensitivity of 67.65% [197].

2.5.2.3. Soluble urokinase plasminogen activator receptor

The Soluble Urokinase-type Plasminogen Activator Receptor (suPAR)
serves as a key proinflammatory biomarker and chemotactic substance, origi-
nating from the cleavage of Urokinase-type Plasminogen Activator Receptor
(uPAR), a protein ubiquitously present on various cell types, including
hematopoietic, endothelial, and smooth muscle cells [198, 199]. Distinct from
hs-CRP, suPAR demonstrates remarkable stability and lacks susceptibility to
diurnal fluctuations [199]. Despite a moderate correlation with hs-CRP,
extensive longitudinal studies within diverse population cohorts have consi-
stently associated elevated suPAR levels with an augmented risk of cardio-
vascular diseases and mortality, independent of conventional risk factors and
hs-CRP levels [200-204]. In a focused investigation involving 47 individuals,
heightened plasma suPAR concentrations were observed to negatively
correlate with CFR in patients presenting with nonobstructive CAD [205].

66



2.5.2.4. Leukocytes and their distinct subtypes

Leukocytes and their distinct subtypes are recognized as robust markers
of inflammation and have been implicated in the development of CMD in
STEMI patients [206]. Emerging research has proposed several mechanisms
to explain this association, including leukocyte-induced hypercoagulability
and systemic inflammatory cytokine-induced cardiotoxic effects [207, 208].
Elevated leukocyte counts have been associated with increased thrombus
formation in the infarct-related artery and a heightened resistance to thrombo-
lysis [209]. Neutrophils, specifically, play a critical role in synthesizing and
regulating a range of inflammatory mediators, such as myeloperoxidase,
reactive oxygen species, elastase, and others, which can induce endothelial
dysfunction and contribute to the development of CMD in later stages [210,
211].

Conversely, lymphocytes serve pivotal functions in the regulation of
immune responses. An inverse relationship has been noted between lympho-
cyte levels and inflammatory cytokines, which are linked to endothelial
dysfunction [212]. This inverse correlation may present a potential risk factor
for CMD. The Neutrophil-to-Lymphocyte Ratio (NLR), which derives its
value from the juxtaposition of these two leukocytes subtypes, becomes
significantly elevated in the context of increased neutrophil counts coupled
with decreased lymphocyte levels. Such elevated NLR values are indicative
of heightened inflammatory states and damage to the endothelial microvascu-
lature, particularly in patients with acute coronary syndrome.

Moreover, collaborative interactions between thrombocytes and mono-
cytes have been implicated in the exacerbation of microvascular obstruction
following primary PCI [58]. Correlations of clinical significance have been
observed between microvascular obstruction presence, neutrophil concentra-
tions, and thrombocyte activity [213, 214]. Elevated neutrophil counts, in-
creased thrombocyte volumes, and a heightened neutrophil-to-lymphocyte
ratio have been associated with CMD in STEMI patients, underscoring the
obstructive potential of the previously mentioned markers [206, 215].

Impaired microcirculation are identified as critical prognostic factors
following reperfusion therapy in STEMI cases [216]. Prior studies have
established a link between elevated WBC counts and increased NLR with
diminished myocardial perfusion [217]. Consequently, it is plausible to consi-
der that a heightened NLR might signal compromised coronary microcircu-
lation post-effective reperfusion in patients with STEMI.
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2.5.3. Biomarkers of oxidation

The pivotal role of oxidative stress in disrupting endothelium-dependent
vasodilation, contributing to the complexity of CMD and atherosclerotic
pathogenesis, is increasingly recognized. This phenomenon manifests at the
cellular level through an imbalance in redox signaling and regulation, where
pro-oxidant elements overpower the cell’s antioxidant defenses [218]. The
reduced synthesis and augmented consumption of nitric oxide, a primary
endogenous vasodilator, precipitate endothelial dysfunction and angina-like
symptoms, observable even in individuals devoid of angiographic evidence
of atherosclerosis.

Endothelial nitric oxide synthase is instrumental in the endothelium for
the biosynthesis of nitric oxide from l-arginine and tetrahydrobiopterin [219—
221]. Endothelial nitric oxide synthase function is critical in preserving endo-
thelial health, influencing vasodilation, modulating local cellular prolifera-
tion, and safeguarding vascular integrity [222]. An upsurge in reactive
oxygen species disrupts this nitric oxide synthesis pathway by depleting
endothelial nitric oxide synthase cofactors, leading to a shift in endothelial
nitric oxide synthase activity towards the production of superoxide and hyd-
rogen peroxide instead of nitric oxide. This ‘uncoupling’ of endothelial nitric
oxide synthase not only diminishes the bioavailability of nitric oxide but exa-
cerbates oxidative stress, thereby amplifying endothelial dysfunction [223—
225]. A variety of circulating biomarkers linked to this disruption in nitric
oxide homeostasis have been identified, suggesting their potential as indi-
cators of CMD.

2.5.3.1. Erythrocyte morphological characteristics

Within the microvascular network, blood flow dynamics are intricately
linked to the deformability of red blood cells, a property closely associated
with nitric oxide release. RBC morphology can be quantitatively assessed
through parameters such as erythrocyte count, average RBC size, and Red
Blood Cell Distribution Width (RDW). Initial studies, albeit small in scale,
have indicated that patients with CMD tend to exhibit elevated Red Blood
Cell Distribution values when compared to healthy individuals [226, 227].

2.5.3.2. Aminothiol biomarkers

Glutathione, a critical aminothiol, plays a vital role in maintaining the
reduced states of thiol groups in enzymes and other biomolecules, as well as
in preventing the peroxidation of membrane lipids [228]. It is also posited to
facilitate the transport of nitric oxide from larger epicardial vessels to the
distal microvasculature [229]. Observations have highlighted a positive
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correlation between glutathione concentrations and CFR, implying that
heightened levels of glutathione may signify a more robust microvascular
health, whereas lower levels could reflect increased oxidative stress, poten-
tially correlating with CMD [226, 228].

2.5.3.3. Low-density lipoprotein

Low-Density Lipoprotein (LDL) cholesterol levels have long been the
archetypal biomarker for CAD [191]. Elevated LDL cholesterol levels have
been directly linked to coronary microvascular function, as measured by the
IMR, irrespective of the presence of coronary atherosclerosis [230]. Reactive
oxygen species interact with methylene carbons in polyunsaturated fatty acids
within vascular walls, leading to the formation of oxidized LDL [191]. This
process triggers chronic inflammation and atherosclerotic plaque develop-
ment. The presence of oxidized LDL in arterial walls stimulates the upregula-
tion of adhesion molecules and the secretion of chemokines that attract
leukocytes, further accelerating atherosclerosis [231]. The unique role of
oxidized LDL in bridging lipoprotein disorders with the inflammation driving
atherosclerosis is well recognized, positioning it as a potential biomarker for
CMD.

The incursion of oxidized LDL into endothelial cells escalates gene
expression and post-transcriptional activities of key oxidative enzymes like
NADPH oxidase and xanthine oxidase, located on endothelial cell membra-
nes [232]. This results in an amplified production of ROS. Additionally,
oxidized LDL has been shown to augment the release of Von Willebrand
factor and exert direct cytotoxic effects on endothelial cells [233]. The integ-
rity of endothelial cell membranes is compromised by the self-sustaining
reactions of lipid peroxides, leading to heightened membrane permeability
and irreversible cellular damage [228]. However, the in vivo assessment of
oxidized LDL levels presents significant challenges due to its minimal pre-
sence in plasma and the difficulty of accurate measurement, limiting its
practicality as a biomarker [233].

2.5.4. Biomarkers of platelet function

Platelet activation and aggregation processes involve critical inducers
such as adenosine diphosphate (ADP), thromboxane A2 (TxA2), and epine-
phrine, which contribute to the development of cardiovascular disease [234,
235]. ADP is the main substance that triggers platelet aggregation. The effect
of other platelet aggregation inducers depends on the release of ADP. ADP
attaches itself to two different types of platelet surface membrane receptors,
namely P2Y1 (linked to Gq) and P2Y 12 (linked to Gi). When ADP activates
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the P2Y 12 receptor, platelets undergo shape change and aggregation [236].
ADRP is stored in the dense granules of platelets and gets released when the
platelets are activated [237]. In combination with ADP, vasopressor epine-
phrine induces platelet aggregation. Although epinephrine is not a true plate-
let aggregation inducer, it plays a substantial role in determining platelets’
aggregatory function. A study by Martin and colleagues showed that epine-
phrine may restore the effect of ADP on ADP-sensitive receptors blocked by
ticagrelor [235]. TxA2 is synthesized from arachidonic acid by the action of
cyclooxygenase (COX) and thromboxane synthase. The resulting TxA2 binds
to its receptor, thromboxane/prostaglandin H2 (PGH2) receptor, and triggers
platelet activation by increasing intracellular calcium levels [238, 239].

2.5.5. Cardiac biomarkers
2.5.5.1. Natriuretic peptide dynamics

Among the well-recognized natriuretic peptides, Atrial Natriuretic
Peptide (ANP) is released in response to atrial wall distension, while BNP is
secreted due to ventricular wall stretching.

The microvascular impact of ANP infusion is observed to be contingent
on dosage. Studies involving individuals on a high-sodium diet revealed that
low-dose ANP infusion led to constriction within the skin’s microvascular
network, a functional diminution in conjunctival capillary density, and an
elevation in renal vascular resistance [240]. The researchers posited that ANP
exerted a direct influence on microvascular structures, as the microvascular
alterations were not aligned with potential confounding variables such as
blood pressure, heart rate, or the renin—angiotensin—aldosterone system’s
activity. Conversely, higher doses of ANP were found to induce skin vasodi-
lation, accompanied by a decrease in blood pressure and an elevation in heart
rate.

While the prognostic significance of elevated BNP levels in systolic heart
failure is well documented, there is a paucity of research linking BNP levels
with CMD. Elevated resting NT-proBNP levels were noted in CMD patients
experiencing complications such as left bundle branch block and LV diastolic
dysfunction, in contrast to normal subjects; however, NT-proBNP levels in
CMD patients without left bundle branch block were more akin to those of
control groups [241]. A detailed imaging study involving ten controls and 18
patients with symptomatic hypertrophic cardiomyopathy and unobstructed
coronary arteries utilized PET-derived hyperemic myocardial blood flow as
a CMD indicator. In this research, while hyperemic myocardial blood flow
was attenuated in hypertrophic cardiomyopathy patients compared to cont-
rols, NT-proBNP exhibited an inverse and independent correlation with

70



hyperemic myocardial blood flow [242]. Additionally, myocardial perfusion
reserve during hyperemia, as assessed via MRI in 184 asymptomatic adults
devoid of overt CAD from the multi-ethnic study of atherosclerosis, demon-
strated a correlation between elevated NT-proBNP levels and reduced myo-
cardial perfusion reserve [243].

2.5.5.2. Troponin dynamics

Troponin, an exquisitely sensitive biomarker for myocardial injury, has
been extensively investigated in patients with CMD, particularly following
PCI. Among individuals with stable angina, post-PCI IMR readings, indica-
tive of microvascular impairment, were significantly elevated in patients
exhibiting abnormal troponin I spikes compared to those without [244].
Furthermore, an inquiry involving 55 patients undergoing PCI demonstrated
a direct correlation between post-PCI CFR and cardiac enzyme levels [245].

While cardiac enzymes are firmly established as markers for acute
myocardial damage, their utility in managing stable CMD remains less clear.
A study examining 58 heart failure patients for CMD (characterized by
CFR < 2.0) noted that troponin levels were markedly higher in CMD-afflic-
ted patients than in those without CMD [246]. Another analysis involving 19
stable patients, who underwent simultaneous troponin assessments and
coronary physiological evaluations, reported a weak correlation between
troponin values and CFR and a somewhat stronger correlation with IMR
[247]. In a more extensive study, 761 patients suspected of CAD but without
explicit manifestations were monitored over a median duration of 2.8 years.
This study revealed that individuals with any positive troponin readings
exhibited lower CFR than those with negative troponin tests. Moreover, those
with both diminished CFR and positive troponin readings faced an elevated
risk of major adverse cardiovascular events [107].

2.6. Trimethylamine N-oxide and cardiovascular diseases

2.6.1. Trimethylamine N-oxide metabolism

Nutrients like choline, L-carnitine, betaine, and similar compounds rich
in choline serve as primary building blocks for TMAO, a metabolite linked
to heart-related diseases, through a process reliant on gut bacteria [248].
These elements, common in diets, are converted to Trimethylamine (TMA)
by intestinal flora and a variety of enzymes [249]. Once formed, TMA is
taken up by the intestines and transported to the liver via the bloodstream,
where it transforms into TMAO under the action of liver-specific enzymes,
Flavin-Containing Monooxygenase (FMO), fish have high pre-existing
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TMAO levels, which are readily absorbed upon ingestion and later eliminated
through urine [250, 251].

Dietary patterns play a pivotal role in TMAO synthesis. Foods of animal
origin, like red meats, poultry products, eggs, and certain seafood, are the
main sources of L-carnitine and choline. In contrast, plants predominantly
contain betaine [252]. Excessive red meat consumption, rich in L-carnitine,
has been associated with heightened atherosclerosis risk due to microbial
composition shifts in the gut and increased TMA and TMAO production
[253]. A comprehensive study highlighted a significant correlation between
high red meat intake and increased CAD incidents [254]. Continual red meat
consumption leads to higher TMAO levels from carnitine, impacts TMAO
excretion through kidneys, and TMAO levels are observed to decrease
following the cessation of red meat intake [248]. y-Butyrobetaine (GBB), a
derivative of dietary L-carnitine, plays a role in converting L-carnitine into
TMAO [255]. Studies revealed that omnivores tend to have elevated TMAO
levels compared to vegans or vegetarians after L-carnitine supplementation.
Further research indicates the gut microbiota’s conversion of GBB to TMA
is influenced by dietary habits, particularly omnivorous diets and prolonged
L-carnitine consumption [256]. However, the relationship between dietary
intake of choline/betaine and cardiovascular health risks is not definitively
established. Elevated plasma levels of these nutrients are primarily concerning
when accompanied by high TMAO levels [257]. Diets high in fats or typical
Western dietary habits have been linked to increased plasma TMAO, whereas
Mediterranean diets have been shown to have advantageous impacts [258].

The intestinal microbiome is also a critical component in TMAO
creation, proving essential in the conversion of diet-derived compounds into
TMA in both controlled mouse environments and human studies [248, 259—
261]. Alterations in the gut microbiome significantly influence TMAO levels.
Stroke patients, for instance, exhibited significant changes in their gut
bacteria and lower TMAO levels [262]. Mice studies showed that exposure
to certain environmental chemicals can result in substantial shifts in gut
microbial populations, leading to an increase in fecal TMA [263]. Nine gut
bacteria strains known for TMA production from choline have been identi-
fied. Mice with minimal colonization by these bacteria experienced a notable
rise in plasma TMAO [264]. Mice with diets rich in choline and implanted
with gut bacteria from high TMAO-producing strains exhibited more arterial
lesions than those with bacteria from low TMAO-producing strains [265].

The conversion of TMA to TMAO involves the FMO enzyme group,
especially FMO1 and FMO3. FMO3 demonstrates a higher activity level than
FMO1, making it a key player in TMAO synthesis [266]. FMO3 was
significantly down-regulated by testosterone in mice, suggesting the mecha-
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nism why in both humans and mice, the expression of hepatic FMO3 was
lower in males than in females [266].

Female mice with gut bacteria that produce TMA showed increased
TMAO levels and higher liver FMO3 activity compared to males [264]. Addi-
tionally, FMO3 regulation is subject to control by the bile acid-activated Far-
nesoid X Receptor (FXR), with FXR activators promoting FMO3 expression
and TMAO production in mice [266].

A significant relationship exists between TMAO levels and body mass
index (BMI) in adults, with TMAO concentrations rising with age in both
humans and mice [267, 268].

2.6.2. Immune mechanism of Trimethylamine N-oxide

Atherosclerosis, a chronic condition characterized by inflammation,
involves responses from both the innate and adaptive immune systems to a
range of internal and external factors, highlighting its complex nature [269].
Studies have shown that immune responses generally aggravate atheroscle-
rosis, leading to its potential classification as an autoimmune disease to some
extent [270].

As atherosclerosis progresses, the modification of autoantigens activates
both innate and adaptive immune responses. Heat shock proteins (HSPs),
which are found in atherosclerotic plaques and the bloodstream, are a primary
type of autoantigen in this context [271]. Georg Wick and colleagues
identified the autoimmune response to HSP60 as an initiating factor in athero-
sclerosis development [272]. Established risk factors for atherosclerosis
prompt a cellular immune response in macrophages, characterized by increased
expression of stress-induced HSPs [273]. These proteins are highly similar
across various species, from microbes to humans [274]. Both microbial and
human HSP60 can bind to endothelial cells via Toll-like receptors, sparking
autoimmune responses [272]. Recent findings indicate that TMAO, a
compound derived from gut microbes, can modify the expression or structure
of HSPs. In murine J774A.1 macrophages, for instance, TMAO induced
stress leading to an upregulation of Glucose-Regulated Protein (GRP) 94 and
HSP70 proteins, potentially linked to abnormal macrophage activation and
subsequent foam cell formation, a key aspect of atherosclerosis [275]. Addi-
tionally, TMAO increases the mRNA expression of stress-induced heat shock
proteins such as HSP60 and GRP78, markers of endoplasmic reticulum
stress, which is associated with an increased risk of atherosclerosis [276].

The innate immune system identifies pathogens through various Pattern
Recognition Receptors (PRRs), leading to an immune response that includes
the release of inflammatory cytokines [277]. Among these PRRs are scaven-
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ger receptors (SRs) like SR-A and Cluster of Differentiation (CD)36, located
on macrophages. These receptors play a crucial role in recognizing and
internalizing oxidized low-density lipoprotein (ox-LDL), an important auto-
antigen in the development of atherosclerosis [278]. This uptake process,
which doesn’t have a negative feedback mechanism from intracellular cho-
lesterol, leads to the transformation of macrophages into foam cells, a key
early sign of atherosclerosis [279]. TMAO has been shown to increase the
expression of SR-A1 and CD36 in macrophages, thus enhancing ox-LDL
uptake and foam cell formation [248]. Interestingly, reducing TMAO produc-
tion through antibiotics lessened macrophage presence and foam cell forma-
tion in aortic lesions in ApoE—/— mice [248]. Further studies indicated that
TMAO amplifies CD36 expression and ox-LDL-induced foam cell formation,
which can be mitigated by CD36 Small interfering RNA (siRNA) knockdown
and inhibition of the Mitogen-activated protein kinases (MAPK) (SB230580)
and c-Jun N-terminal Kinase (JNK) (SP600125) pathways, suggesting a
critical role for the CD36/MAPK/INK pathway in TMAO-induced foam cell
formation [280]. Destruction of CD36 also hindered atherosclerotic lesion
development in mice [281]. However, contrasting findings showed that diffe-
rent TMAO concentrations did not impact foam cell formation in mouse
macrophages in vitro [282].

The Nucleotide-binding oligomerization domain, Leucine rich Repeat
and Pyrin domain containing (NLRP)3 inflammasome, a complex formed by
PRR activation, has been recently recognized as vital in atherosclerosis prog-
ression [283]. Activation of the NLRP3 inflammasome leads to the conver-
sion of pro-caspase-1 into active caspase-1, facilitating the maturation and
release of Interleukin (IL)-18 and IL-1pB, and triggering inflammatory and
immune responses [284]. Elevated TMAO levels have been shown to activate
the NLRP3 inflammasome. For instance, studies with carotid artery endothe-
lial cells and wild-type mice demonstrated that TMAO significantly activates
the NLRP3 inflammasome, increasing caspase-1 activity, IL-1p production,
and cell permeability, thus contributing to endothelial damage, a key initiator
of atherosclerosis [285]. This activation is thought to be linked to lysosomal
dysfunction and redox regulation. Additionally, the essential role of intracel-
lular Reactive Oxygen Species (ROS) in NLRP3 activation was confirmed in
hyperhomocysteinemia (HHcy) mouse models [286]. TMAO-induced endo-
thelial NLRP3 inflammasome activation was diminished by mitochondrial
ROS scavengers or Sirtuin (SIRT)3 overexpression in human umbilical vein
endothelial cells, implicating the SIRT3- Superoxide Dismutase (SOD)2-
Mitochondrial ROS (mtROS) signaling pathway in the activation process
[287]. Other research proposed the ROS- Thioredoxin Interacting Protein
(TXNIP) pathway as a mediator [288]. TXNIP is a well-studied protein
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connecting ROS with NLRP3 inflammasome activation. TMAO triggers
oxidative stress and TXNIP-NLRP3 inflammasome activation, leading to the
dose- and time-dependent release of inflammatory cytokines IL-18 and IL-1f
[289]. Furthermore, experiments in fetal human colon cells revealed that
TMAO causes increases in NLRP3 inflammasome activation and ROS pro-
duction in a dose- and time-dependent manner [290].

2.6.3. Inflammatory mechanism of Trimethylamine N-oxide

Atherosclerosis, a disease marked by chronic inflammation, experiences
continuous inflammatory activation [291]. Research has linked higher plasma
levels of TMAO with increased pro-inflammatory cytokines. For instance,
obesity in mice, induced by a western diet, a known risk factor for athero-
sclerosis, resulted in elevated TMAO and pro-inflammatory cytokines like
Tumour Necrosis Factor alpha (TNF-a) and IL-18, while anti-inflammatory
IL-10 decreased [292]. A study involving 271 German adults found a positive
correlation between TMAO plasma levels and low-grade inflammation, with
elevated levels of TNF-a and its receptors, though IL-6 and CRP levels
showed no significant difference [293]. Further, TMAO levels were positi-
vely associated with IL-1f and high-sensitivity CRP (hsCRP) in patients with
stable angina, emphasizing the need to explore TMAO-CRP relationships
further, given CRP’s established role in assessing atherosclerosis risk. In vitro
studies indicated that TMAO promoted inflammation and oxidative stress in
endothelial progenitor cells [294].

The NF-kB pathway, known to regulate several atherosclerosis-related
pro-inflammatory genes, was found to be upregulated by TMAO [295]. Seldin
et al. showed that TMAO increased inflammatory gene expression in aortic
endothelial and smooth muscle cells, enhancing leukocyte adhesion, a process
dependent on MAPK and NF-«kB signaling [296]. TMAO also upregulated
pro-atherogenic inflammatory proteins such as cyclooxygenase 2 and
E-selectin by activating NF-kB. This pathway is also crucial in atherosclero-
tic thrombosis, with studies showing TMAO-induced upregulation of Vascu-
lar Cell Adhesion Molecule (VCAM)-1 and tissue factor via NF-«xB signaling
in human endothelial cells, promoting atherothrombosis [297, 298].

Lastly, the IL-23—-1L-22 axis appears to play a role in TMAO regulation.
Fatkhullina et al. proposed that this pathway, through inhibiting pro-athero-
genic microbiota and metabolites like TMAOQO, could suppress atherosclerosis
[299]. IL-22, primarily produced by Th17 cells and regulated by IL-23, has
been implicated in metabolic disorders in diabetes, but its specific role in
atherosclerosis warrants further investigation [300].
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2.6.4. Trimethylamine N-oxide and lipid metabolism

TMAO significantly influences lipid metabolism, as evidenced in
various studies. Research in mice indicates that TMAO, along with choline
and carnitine, can impair Reverse Cholesterol Transport (RCT), a process that
removes excess cholesterol from tissues to the liver and intestines [252]. Ross
and Glomset initially suggested that atherosclerosis could result from an
imbalance in arterial cholesterol deposition and removal [301]. The primary
pathway for cholesterol elimination involves converting it into bile acids in
the liver [302]. Studies have shown that TMAO reduces the total bile acid
pool in mice, and in ApoE—/— mice, TMAO was found to suppress bile acid
synthesis in the liver by inhibiting CYP7al, potentially through FXR and
Small Heterodimer Partner (SHP) activation, thereby exacerbating athero-
sclerosis [249, 303].

In experiments with peritoneal macrophages from C57BL/6J mice,
TMAQO exposure modestly increased ABCG1 and ABCAI1 expression,
enhancing cholesterol efflux. Dietary TMAO also reduced the expression of
cholesterol transporters Npc1L1 and ABCG5/8 in the gut [249, 304]. However,
the specific role of these transporter changes in TMAO-induced RCT reduc-
tion remains unclear.

Furthermore, the gut microbiota-driven TMA/FMO3/TMAO pathway is
a key regulator of lipid metabolism [305]. The enzyme FMO3, involved in
TMAO production, has been shown to decrease RCT and alter the bile acid
pool’s composition and size [306]. Liver X receptor’s (LXR) critical role in
cholesterol metabolism is highlighted by studies showing that mice lacking
LXR couldn’t induce CYP7a transcription [307]. In cholesterol-fed mice,
FMO3 knockdown, stimulated by LXR, enhanced macrophage RCT,
improving cholesterol balance and protecting against atherosclerosis [305].

2.6.5. Trimethylamine N-oxide and thrombosis

TMAO has been implicated in directly causing atherosclerosis and
thrombosis in animal studies [308]. Atherosclerotic Cardiovascular Disease
(ASCVD) like oxidative stress and hyperlipidemia often see heightened risks
of platelet hyperreactivity and thrombosis [309]. Research in both humans
and animals indicates that TMAO may enhance platelet hyperreactivity,
thereby increasing thrombosis risk [310, 311]. This increase is associated
with higher risks of coronary events, myocardial injury, and death [312].
Platelets exposed directly to TMAO showed heightened activation in respon-
se to various agonists, primarily through increased intracellular Ca2+ release
[310]. In atherosclerosis and hyperlipidemia, oxLDL has been known to
activate platelets via a CD36-dependent pathway, with the activation of
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MAPK JNK2 and Extracellular signal-Regulated Kinases (ERK)S5 playing a
key role [313]. TMAO also contributes to foam cell formation and vascular
inflammation by upregulating MAPK/JNK and MAPK/ERK pathways [280].
TMAO also promotes atherothrombosis through increased Tissue factor (TF)
expression, monocyte adhesion, and leukocyte adhesion to endothelial cells,
all mediated by the NF-xB pathway [296-298].

Further studies in germ-free mice highlighted that microbial TMA/TMAO
production, dependent on Copper Homeostasis Protein (CutC), is sufficient
to increase platelet reactivity and thrombosis risk [314]. The administration
of CutC/D inhibitors significantly lowered plasma TMAO levels and reduced
diet-induced platelet hyperreactivity and thrombosis, without notable toxicity
or increased bleeding risk [315]. Additionally, FMO3-knockout mice exhibit-
ted markedly reduced TMAO levels and thrombosis potential [316]. Recent
research suggests that targeting gut microbial proteins related to TMAO
production could be a promising approach to reduce platelet aggregation and
arterial thrombosis [317].

2.6.6. Trimethylamine N-oxide and clinical outcomes

TMAO is gaining recognition as a potential biomarker for atheroscle-
rosis. A significant link between TMAO and CVD was established in a large
study involving 1,876 participants [248]. Elevated TMAO levels were found
in CAD patients compared to those with healthy arteries and were identified
as an independent predictor in CAD patients with or without type 2 diabetes
mellitus [318, 319]. Urinary TMAO was correlated with an increased risk and
progression of CAD [320]. High TMAO levels in STEMI patients indicated
severe coronary atherosclerosis [321]. While TMAO showed a positive corre-
lation with carotid intima-media thickness, no significant changes were ob-
served in TMAO levels concerning carotid plaque presence over a decade,
suggesting its limited role in early atherosclerotic disease in healthy adults
[262, 322, 323].

Prospective studies indicate that higher plasma levels of TMAO are
linked to an increased risk of MACE in individuals with existing athero-
sclerosis. A study involving 4,007 patients undergoing coronary angiography
over three years showed a strong correlation between high TMAO levels and
a greater risk of MACE (stroke, myocardial infarction, or death) [324]. In
cases of chest pain and acute coronary syndromes, TMAO and its precursor
TML were effective in predicting both short-term and long-term cardio-
vascular event risks [325]. Elevated TMAO levels were also predictive of
S5-year mortality in patients with stable CAD, heart failure, and peripheral
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artery disease, with respective increases in mortality risk by factors of 4, 3.4,
and 2.7 [259, 326].

Additionally, TMAO was a predictor of all-cause mortality or reinfarc-
tion two years post-hospitalization for acute myocardial infarction, although
it did not predict these outcomes at 6 months. However, it did aid in reclassi-
fying the risk of death/MI at 6 months [327]. A similar graded relationship
was observed between TMAO levels and subsequent cardiovascular events
in patients with a recent ischemic stroke [328]. Elevated levels of L-carnitine,
choline, and betaine also indicated higher CVD and MACE risks, but this was
significant only in those with high TMAO levels [329]. However, a meta-
analysis did not support this association [257]. Moreover, several studies
found no significant link between TMAO levels and CAD history, incident
cardiovascular events, or cardiovascular mortality [330-332].

2.6.7. Trimethylamine N-oxide therapeutic regulation

The potential of targeting TMAO as a therapeutic approach in athero-
sclerosis is gaining interest. Key dietary precursors of TMAO include choli-
ne, L-carnitine, betaine, and other choline-rich foods. These are initially
metabolized to TMA by gut bacteria and various enzymes. TMA is then
absorbed by the intestines, transported to the liver via the portal vein, and
transformed into TMAO by the enzyme FMO3. There are several strategies
to target TMAO:

1. Dietary Changes: Adjustments in diet, supplements, and lifestyle
can significantly alter TMAO levels. The Mediterranean diet is one
example of a dietary approach that might influence TMAO levels.

2.  Gut Microbiota Modulation: Using antibiotics, probiotics, functio-
nal probiotic products, and specific natural compounds can effecti-
vely reduce TMA and TMAO levels by altering gut microbiota
composition.

3. TMA Generation Inhibition: Compounds like plant sterol esters,
meldonium, 3,3-dimethyl-1-butanol, and CutC/D inhibitors can
suppress TMA production.

4. Inhibiting TMA to TMAO Conversion: Substances like trigonelline
and guggulsterone can potentially block the conversion of TMA into
TMAO by inhibiting the FMO3 enzyme.

In conclusion, this comprehensive review outlined the multifaceted
approach to understanding, diagnosing, and managing coronary CMD and its
broader implications on cardiovascular health. It delved into the crucial roles
played by endothelial function, novel biomarkers of inflammation, oxidative
stress, and platelet function in the pathophysiology of CMD, providing a
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detailed account of how factors like hs-CRP, ESR, suPAR, and others served
as indicators of disease presence and severity. Furthermore, it extended into
the metabolic contributions to CMD, particularly emphasizing the role of
TMAO, a gut microbiota-derived metabolite. TMAQO’s association with diet
and its impact on atherosclerosis, lipid metabolism, endothelial dysfunction
and thrombosis was highlighted, revealing its potential as a biomarker for
CMD. The review collectively underscored the complexity of CMD, empha-
sizing the need for a holistic understanding that spans biological markers,
metabolic processes, and the gut microbiome, to better predict, prevent, and
treat CMD and its associated cardiovascular complications.
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3. METHODS

3.1. Study design

3.1.1. Overview of the research

This research is based on a comprehensive, prospective, observational,
and validation-focused cohort study conducted at the Hospital of the Lithua-
nian University of Health Sciences Kauno klinikos. The overarching goal of
the study is to explore the multifaceted aspects of CMD within the context of
STEMI and its associated prognostic implications. This research approach
includes several critical dimensions:

1. Impact of PCI strategies during STEMI on the prevalence of CMD.

2. Prediction of CMD in STEMI patients via a machine learning

approach.

3. Investigation of the biomarker identified as most relevant by the

machine learning prediction algorithm for CMD in STEMI patients.
This includes determining its cut-off value for predicting CMD,
assessing its sole ability in predicting CMD, and evaluating its
impact on patient outcomes.

4. Validation of the prognostic performance of the novel parameter

MRR in STEMI Patients.

5. Prevalence and prognostic impact of CMD endotypes on clinical

outcomes in STEMI patients

6. Impact of CMD on FLVR, diastolic dysfunction, and clinical

outcomes.

3.1.2. Study setting
3.1.2.1. Location of the study

The research was conducted at the Hospital of the Lithuanian University
of Health Sciences Kauno klinikos, a prominent medical facility located in
Kaunas, Republic of Lithuania. This hospital is a major healthcare hub,
boasting 2,249 hospital beds and accommodating over 1.3 million patient
visits and 91,000 hospital admissions annually. Its substantial capacity and
high patient turnover make it an ideal setting for conducting extensive
medical research, particularly in the field of cardiology.

3.1.2.2. Cardiology intensive care unit

The Cardiology Intensive Care Unit (CICU) at the Hospital of the
Lithuanian University of Health Sciences Kauno klinikos, equipped with 18
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advanced beds, is central to this study. Each bed features sophisticated moni-
toring and interventional tools, ensuring superior care for patients. Serving as
the first response unit and initial admission point for all STEMI patients in
our study. Post-urgent primary PCI, these patients were brought back to the
CICU for at least 24 hours of detailed monitoring, highlighting the CICU’s
integral role as a connector between the out-of-hospital settings and the
catheterization laboratory.

3.1.2.3. Catheterization laboratory

Central to this study are the hospital’s advanced catheterization lab
facilities. There are three fully equipped catheterization labs, operational 24
hours a day, providing round-the-clock service for emergency and scheduled
cardiac procedures. These labs are equipped with cutting-edge technologies
for coronary physiology assessment and imaging, making them perfectly
suited for the intricate procedures and evaluations involved in this study.
Additionally, the facility maintains a ready cardiac surgery backup, ensuring
comprehensive care for all patients undergoing cardiac interventions.

3.2. Inclusion, exclusion and withdrawal criteria

3.2.1. Demographics of the study population

The study’s goal was to capture a wide and representative sample of the
adult population, mirroring real-world clinical scenarios. It included a diverse
group of individuals from different demographic backgrounds, without
limitations based on gender, education, or residency. The inclusion of patients
from both urban and rural areas provided a holistic view of the STEMI patient
demographic, ensuring diversity in experiences and health outcomes. Such
inclusivity in age and gender was crucial for understanding the varied
manifestations of STEMI and CMD, thereby enhancing the relevance and
applicability of the findings to the general adult population in clinical settings.

3.2.2. Inclusion criteria

The study established precise inclusion criteria to accurately identify the
target patient population for this research. Eligibility was confined to adults
aged 40 and above with STEMI diagnoses. A crucial criterion was the receipt
of dual antiplatelet therapy before successful primary PCI on the culprit
vessel, typically combining acetylsalicylic acid (300 mg) with either ticagre-
lor (180 mg) or clopidogrel (600 mg), following clinical guidelines. Moreover,
candidates were those scheduled for a subsequent PCI on the non-culprit
vessel three months after the initial procedure. This approach was vital for
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the study’s longitudinal nature, as it enabled a thorough evaluation of
coronary microvascular function over time.

3.2.3. Exclusion criteria

A detailed set of exclusion criteria was carefully established to ensure
the specificity and validity of the study’s findings:

1.

10.

History of ACS: Patients were excluded to mitigate the impact of
pre-existing microvascular obstruction, which could confound the
assessment of newly developed CMD post-STEMI.

Fibrinolysis: Patients who underwent fibrinolysis were excluded
because those patients had altered clinical outcomes and prognosis.
Absence of requirement for staged PCI: Exclusion of patients
who did not require staged PCI was crucial, as coronary physiology
assessment was planned during this procedure, scheduled 3 months
post-index PCI.

Atrial fibrillation: Excluded due to the potential confounding
effects on coronary physiology assessment, and the inability to
evaluate diastolic function accurately, which is one of the outcomes
monitored in the study.

Sever comorbid conditions: Patients with these conditions such as
septicemia, autoimmune disorders, terminal hepatic disease,
advanced kidney dysfunction, or malignant solid tumors were
excluded due to their known effects in causing severe systemic
inflammation, altering clinical outcomes and worsening prognosis.

Severe valvular heart disease: Patients with severe valvular heart
diseases were excluded to avoid complications related to altered
coronary physiology and the risk of degenerative arrhythmias during
hyperemia.

Coronary artery bypass grafts (CABG): Patients with a history of
CABG were excluded due to the potential alteration in coronary
circulation, impacting the accurate assessment of CMD.

Allergy to contrast media and adenosine intolerance: These
conditions were critical exclusion criteria, as they are vital
components of the diagnostic procedures and coronary physiology
assessments used in the study.

Informed consent refusal: Participation was contingent upon
voluntary informed consent, ensuring ethical compliance and patient
autonomy.

Dementia: Excluded due to potential challenges in obtaining
informed consent and ensuring adherence to the study protocol.
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11. Pregnancy: Excluded due to ethical considerations and the

potential impact of physiological changes during pregnancy.

3.2.4. Withdrawal criteria

To ensure the integrity and validity of the longitudinal data, specific
criteria were established for participant withdrawal from the study. These cri-
teria were applied to manage instances where participants, initially included
in the study, could no longer contribute to the meaningful progression of the
research. The withdrawal criteria included:

1.

Withdrawal of consent: Participants who chose to withdraw their
consent at any point during the study were respectfully removed
from the cohort. Their right to discontinue participation without any
repercussions was upheld in accordance with ethical research
practices.

Inability to complete follow-up assessments: Participants who, for
any reason, were unable to attend or complete the scheduled three-
month coronary physiology assessment or the 12-month follow-up
were excluded from the final analysis. This ensured that the data
remained consistent and robust, representing those who completed
the entire study protocol.

Development of exclusion criteria post-enrollment: In cases
where participants developed conditions post-enrollment that would
have initially qualified them for exclusion (e.g., pregnancy, severe
comorbidity), they were withdrawn from the study. This was crucial
to maintain the scientific rigor, ethics and homogeneity of the study
population.

Data integrity and continuity concerns: any situation that compro-
mised the integrity or continuity of the data collected (e.g., income-
plete data collection, significant protocol deviations) resulted in
participant withdrawal. This criterion was vital for ensuring the
reliability and validity of the study findings.

3.3. Participant recruitment and enrollment

3.3.1. Patient recruitment and enrolment flow chart

The study commenced with a cohort of 624 STEMI patients who under-
went primary PCI, from which 400 were identified with non-culprit lesions
suitable for staged PCI. During the selection process, 172 patients were exclu-
ded for meeting exclusion criteria. This left 228 patients in the primary ana-
lysis group. However, 18 additional patients withdrew due to the develop-
ment of new exclusion criteria, inability to complete follow-up, or voluntary
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withdrawal, resulting in a final cohort of 210 patients for the study’s analysis
(Fig. 3.3.1.1).

January 2021 — August 2022

Consecutive STEMI patients
underwent primacy PCI (n = 624)

Patients with non-culprit lesions
eligible for staged PCI (n = 400)

v

Exlusion

criteria —_—>

(n=172)

v

Primary patient cohort
for analysis (n = 228)

Withdrawals

from study ——>

(n=18)

v

Final patient cohort
for analysis (n = 210)

+ History of CABG surgery

Previous acute coronary
syndrome episodes

» Severe valvular heart disease

Underwent fibrinolysis

» Adenosine hypersensitivity
» Serious comorbid conditions

Declined to complete medical
assessment

+ Informed consent not provided

Existing atrail fibrillation diagnosis

» Documented dementia diagnosis

» Developed additional exclusion

criteria

+ Incomplete follow-up
+ voluntary withdrawal from study

Fig. 3.3.1.1. Patient recruitment and enrolment flow chart

PCI — Percutaneous Coronary Intervention; CABG — coronary artery bypass graft.

3.3.2. Recruitment strategy

The recruitment strategy for this study was designed to capture a compre-

hensive and representative sample of the STEMI patient population. We
focused on enrolling all consecutive patients who were admitted to the cardio-
logy intensive care unit for urgent primary PCI. This approach was intended
to minimize selection bias and ensure that the study population accurately
reflected the diverse range of individuals typically treated for STEMI.
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3.3.3. Process of identifying eligible participants

Upon admission to the cardiology intensive care unit, patients were
initially assessed to determine their eligibility for the study. This assessment
involved a review of their medical history and current clinical presentation to
confirm the diagnosis of STEMI. The study team worked collaboratively to
identify potential participants, ensuring that each patient who met the study
criteria was considered for inclusion.

3.3.4. Engagement and informed consent

Once a patient was identified as a potential participant, a member of the
research team approached them for enrollment. The engagement process
involved providing detailed information about the study’s purpose, proce-
dures, potential risks and benefits, and the rights of the participants, including
their right to withdraw from the study at any point. If the patient expressed
interest and agreed to participate, written informed consent was obtained.
This process was conducted with utmost respect for patient autonomy and in
strict adherence to ethical guidelines.

3.3.5. Continuous enrolment and monitoring

Enrollment of participants was a continuous process, maintained throughout
the study period from January 2021 to August 2022. The research team close-
ly monitored admissions to ensure that every eligible STEMI patient was
considered for inclusion. Regular meetings were held to discuss enrollment
progress and address any challenges encountered, ensuring that the recruit-
ment process remained efficient and effective.

3.4. Sequential protocol for study participants follow-up

The study’s patient enrollment period was from January 2021 to August
2022. The chosen PCI strategy, either direct stenting or balloon pre-dilation
followed by stenting, was determined by physicians based on each patient’s
unique clinical condition. Initial assessments, including echocardiography
and blood sample collection, were carried out within the first 24 hours after
the procedure. At the three-month follow-up, additional blood tests and
coronary physiology evaluations were conducted to identify microvascular
dysfunction. Though enrollment ended in August 2022, the follow-up
continued until August 2023. The critical twelve-month follow-up involved
another echocardiography to assess cardiac structure and function one-year
post-STEMI. Along with patient-oriented composite endpoints, major adverse
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cardiovascular events, and other significant health events within the first year
following the STEMI incident, were also monitored (Fig. 3.4.1).

January 2021 — August 2023

Patient enroliment for study (n = 210)

v

Primary PCI procedure performed

|
v v

. . Balloon pre-
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Baseline assessment within 24 hours —
Follow-up assessment after 3 months Echocardio-
—>  graphy
¢ | ¢ evaluation
Coronary
- Blood sample
phy3|olc_>gy collection
evaluation
Clinical
outcomes
Twelve-month follow-up period —
Echocardio-
—>  graphy
evaluation

Fig. 3.4.1. Sequential protocol for study participants follow-up

PCI — Percutaneous Coronary Intervention.
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3.5. On-admission study procedures

3.5.1. Coronary angiography and primary percutaneous coronary
intervention procedures

3.5.1.1. Procedure overview

Coronary angiography and primary PCI were conducted using 6-French
guiding catheters via radial or femoral arterial approaches (Fig. 3.5.1.1.1).
This approach selection provided flexibility, accommodating patient-specific
factors and operator preferences. Such adaptability demonstrates the proce-
dure’s versatility across different clinical scenarios.

Trans femoral artery approach

Trans radial artery approach

Fig. 3.5.1.1.1. Comparative illustration of trans femoral and trans radial
artery approaches for coronary angiography

3.5.1.2. Anticoagulation protocol

Since all patients included in the study underwent primary PCI, they were
anticoagulated using a heparin bolus ranging from 70 to 100 U/kg. The
administration of heparin was versatile, being injected either peripherally
through the arterial sheath, intravenously through a venous catheter, or directly
into the coronary artery via the guiding catheter. This crucial step in the
procedure was tailored to individual patient needs, with the route of heparin
administration left to the discretion of the operator. The decision-making pro-
cess and specifics of the heparin administration were prospectively recorded,
ensuring detailed documentation of this aspect of the intervention.
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3.5.1.3. Angiographic assessment

Angiographic assessments were critically conducted by two interventio-
nal cardiologists, both blinded to treatment allocation and study data, to
ensure objectivity and minimize bias in evaluating angiographic outcomes.
Their primary task included the identification of the culprit artery responsible
for STEMI, achieved through careful examination of coronary angiograms to
determine the location and severity of the blockage. This step was pivotal for
guiding the PCI procedure and understanding individual coronary patholo-
gies. A key focus of the assessment was the TIMI flow score, evaluated both
at baseline and immediately after the primary PCI procedure (Fig. 2.4.2.2.1,
Table 2.4.2.2.1). The baseline TIMI flow score offered insights into the initial
severity of coronary occlusion, while the post-PCI TIMI score was instru-
mental in determining the intervention’s effectiveness in restoring blood
flow. Beyond the TIMI score, additional angiographic parameters, such as
the degree of coronary stenosis, collateral circulation, and arterial blockage
characteristics, were also scrutinized. These comprehensive evaluations pro-
vided a deeper understanding of coronary anatomy and pathology in each
patient. Throughout the process, all findings were documented, and any
discrepancies between the cardiologists’ interpretations were resolved through
a consensus approach, ensuring accuracy and consistency in the angiographic
data.

3.5.1.4. Contrast agent

Iopromide (Ultravist, Bayer HealthCare Pharmaceuticals, Leverkusen,
Germany), a well-established contrast agent, was utilized during the proce-
dure. It is non-ionic, low-osmolality contrast agent known for its effecti-
veness and safety in coronary angiography. The choice of lopromide was
based on its excellent track record in providing clear coronary angiographic
images, essential for accurate diagnosis and intervention. The total volume
used, concentration, and administration rate were documented to analyze the
potential impact on patient outcomes, especially in the context of renal
function and the risk of contrast-induced nephropathy.

3.5.1.5. Stenting techniques and post-dilation practices

Operators were given the choice between balloon pre-dilatation followed
by stenting and direct stenting, based on their clinical assessment and the
individual case characteristics. Regardless of the selected method, post-
dilation with non-compliant balloons was consistently applied after stent
implantation for all patients. This step was vital to ensure optimal stent
placement and expansion, reducing the risks of stent under-expansion or
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malapposition. Comprehensive documentation of procedural details, such as
stent diameter and length, along with maximum inflation pressure, was
maintained. This level of detailed recording was crucial for the study,
allowing for an in-depth analysis of procedural variables and their potential
mpacts.

3.5.1.6. Use of aspiration catheter and intracoronary glycoprotein
IIb/I1Ia inhibitors

The choice to use an aspiration catheter (Thrombuster II manual throm-
bus aspiration catheter, Kaneka Inc., Osaka, Japan) was left to the discretion
of the treating physician and was prospectively documented. The use of the
intracoronary glycoprotein IIb/Illa inhibitor, specifically Eptifibatide (Integ-
rilin, Millennium Pharmaceuticals), followed institutional protocols. It was
primarily administered when a TIMI flow score of 3 was not achieved after
revascularization. However, in cases with relative contraindications, such as
advanced age, low hemoglobin levels, or a history of hemorrhagic complica-
tions, the decision to administer Eptifibatide was made with caution by the
treating physician and duly recorded.

3.5.1.7. Procedural decision-making and documentation

Every step of the PCI procedure, from anticoagulation to stent deploy-
ment and post-procedural care, was guided by a combination of clinical
guidelines, physician expertise, and patient-specific factors. The accurate
documentation of each decision and procedural detail was integral to the
study, providing a comprehensive dataset for subsequent analysis and inter-
pretation.

3.5.2. Baseline assessment procedures
3.5.2.1. Blood sampling

The blood sampling procedure for this study was conducted with
stringent adherence to protocol to ensure the accuracy and reliability of
results. Performed by skilled nurses at the Lithuanian University of Health
Sciences Kauno klinikos Cardiology Intensive Care Unit, the process com-
menced with patient preparation, including a brief medical history to identify
any conditions that might complicate venipuncture. Utilizing aseptic techni-
ques, the nurse selected an appropriate puncture site, typically the median
cubital vein located in the antecubital fossa of the arm, which is favored for
its accessibility and reduced likelihood of complications. In some cases,
alternative sites like the dorsal hand veins were used, depending on the
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patient’s vascular anatomy and condition. The area around the selected
venipuncture site was cleansed with an alcohol swab in a circular motion,
moving outward, and allowed to air dry to minimize contamination risk. The
patient’s arm was then positioned to ensure venous distension, aided by a
tourniquet applied 3—4 inches above the puncture site to engorge the veins,
though care was taken to release the tourniquet as soon as blood flow was
established to prevent hemoconcentration. The nurse then inserted a sterile,
single-use needle swiftly and smoothly into the vein at an angle of 15 to 30
degrees with the bevel up, minimizing discomfort for the patient. Once the
needle was in place and blood flow was confirmed, the nurse collected the
required volume of blood into vacutainer tubes. The needle was withdrawn,
pressure was applied to the puncture site with a clean gauze pad to prevent
bruising, and a bandage was placed once bleeding had ceased. In alignment
with data privacy regulations, each sample was coded, ensuring no direct
patient identifiers were present on the labels. The coding system maintained
patient anonymity while allowing for accurate sample identification and
traceability. After labeling, the samples were promptly placed on ice or in a
cool transport container when necessary and were swiftly conveyed to the
laboratory for processing.

3.5.2.2. Echocardiographic evaluation
3.5.2.2.1. Execution and timing of echocardiography

The echocardiographic evaluations, integral to the study, were performed
by experienced cardiologist who was deliberately kept unaware of the
specific study data. This measure was taken to ensure objectivity and impar-
tiality in the evaluations. The first echocardiographic assessment was conduc-
ted within 24 hours following the STEMI occurrence, a critical timeframe for
capturing acute cardiac responses post-event. The second assessment took
place at the l-year mark, offering insights into the longer-term cardiac
repercussions of CMD on STEMI patients.

3.5.2.2.2. Echocardiography equipment and settings

All echocardiographic assessments were performed with the EPIQ 7
ultrasound system provided by Phillips Ultrasound, Inc., headquartered in
Washington, USA. All echocardiographic assessments were synchronized
with ECG gating to correlate the imagery with specific phases of the cardiac
cycle, ensuring highly accurate temporal resolution and cardiac event timing.
To optimize image quality and ensure the most accurate readings, echocar-
diograms were conducted in a specialized darkened room. This controlled
lighting environment minimized glare and reflections on the monitor, thereby
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enhancing the cardiologist’s ability to discern fine details in the ultrasound
images. During each session, patient comfort and privacy were of utmost
importance. The room was arranged to afford a private and secure space,
shielding the patient from outside observation during the procedure. Patients
were draped appropriately, with only the necessary area of the chest exposed
for the ultrasound transducer. The echocardiography machine settings were
calibrated before each examination to ensure consistency across all measure-
ments. Standardized protocols for transducer placement and image acquisi-
tion were strictly followed. Each patient’s study was saved under a unique
identifier code, corresponding to the anonymized patient data, to ensure
confidentiality.

3.5.2.2.3. Detailed measurement techniques

1. LVEF assessment: LVEF was precisely measured using Simpson’s
biplane method, conforming to the standards set by the European Association
of Cardiovascular Imaging (EACVI) and the American Society of Echocar-
dioraphy (Fig. 3.5.2.2.3.1) [333]. This method calculates LVEF with the
formula:

LVEF = [(EDV — ESV)) / EDV] X 100%

where EDV represents End-Diastolic Volume and ESV is End-Systolic
Volume.
These volumes are derived using the equation:

Volume = 8 X (Areal X Area2)/(3m X Length)

Here, Areal and Area2 denote the cross-sectional arcas of the left
ventricle in the apical four-chamber and two-chamber views, respectively,
while Length is the longest dimension of the left ventricle measured in these
Views.
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Fig. 3.5.2.2.3. 1. Visualization of left ventricular ejection fraction
estimation via the Simpson’s biplane technique
Assessment of left ventricular ejection fraction via the application of Simpson’s biplane method. the

top panels depict the 4-chamber view, while the bottom panels display the 2-chamber view, with
diastole shown on the left and systole on the right.

2. Left Atrial (LA) volume estimation: The LA volume was quantified
using the modified Simpson method, leveraging apical 4-chamber and apical
2-chamber views at the point of ventricular end-systole (representing the
maximum LA size) (Fig. 3.5.2.2.3.2) [334]. The formula for this method is:

20
1'[/42 aiXbiXL/ZO

where a; and b; represent the 20 disks obtained from orthogonal views, and L
represent the length measured from the mitral annular plane to the back wall.
The precision of this method, particularly in calculating dimensions from
multiple disk-shaped sections obtained from orthogonal views, provided a
nuanced understanding of LA size and volume.
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Fig. 3.5.2.2.3.2. Methodology of assessing of left atrium volume via
the modified Simpson’s biplane technique

Assessment of left atrial volume via the application of modified Simpson’s biplane method. the left
panel depict the 4-chamber view, while the right panel display the 2-chamber view

3. Diastolic function analysis: Following the American Society of
Echocardiography 2016 guidelines, various diastolic parameters were
analyzed [335]. This included pulsed doppler imaging to measure the mitral
peak early (E) and late (A) diastolic inflow velocities, and pulsed tissue
doppler for assessing the average peak early diastolic velocity (e’) of the
annulus (Fig. 3.5.2.2.3.3, 3.5.2.2.3.4). Continuous wave Doppler was used to
measure the tricuspid regurgitation peak velocity (TRpV) (Fig. 3.5.2.2.3.5).
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Fig. 3.5.2.2.3.3. Demonstration of the methodology of acquiring
the mitral peak early (E) and late (A) diastolic inflow velocities
via pulsed doppler technique

Fig. 3.5.2.2.3.4. Demonstration of the methodology of acquiring
the average peak early diastolic velocity (e’) of the mitral annulus
via pulsed tissue doppler technique
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Fig. 3.5.2.2.3.5. Demonstration of the methodology of acquiring
the tricuspid regurgitation peak velocity via continuous wave
doppler technique

3.6. Follow-up study procedures

3.6.1. Coronary physiology assessment
3.6.1.1. Procedure overview and timing

The coronary physiology assessments, a pivotal element of this study,
were conducted with precision 3 months after the occurrence of STEMI. This
specific timing was deliberately selected based on previous literature, which
suggests that microvascular obstruction post-STEMI typically resolves
within a month. Assessing at 3 months provided a window for evaluating
coronary physiology and microcirculation once these acute obstructions had
subsided, thereby ensuring more accurate and meaningful measurements. To
preserve the integrity and unbiased nature of the assessment, an experienced
interventionalist, purposefully blinded to each patient’s data, as well as the
revascularization techniques implemented during primary PCI, performed the
measurements. This strategic approach to blinding was critical to eliminate
any potential bias, thereby upholding the objectivity and reliability of the
physiological assessments.
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3.6.1.2. Equipment and techniques used

For the assessment of coronary physiology in this study, the CoroFlow
system (Coroventis Research AB, Uppsala, Sweden) was chosen for its
precision and reliability, particularly in measuring critical parameters such as
CFR, FFR, and IMR (Fig. 3.6.1.2.1). Recognized for its advanced technolo-
gical capabilities, the CoroFlow system is essential in the diagnostics of
microcirculation and microcirculation, adeptly assessing both the flow
capacity and hemodynamic impact of coronary artery stenosis, as well as the
nuances of coronary microvascular dysfunction. Enhanced by the integration
with a pressure/temperature sensor-tipped guidewire, notably the Pressure
Wire X (Abbott Vascular, Santa Clara, CA, United States), the system
provides simultaneous and accurate measurements of pressure gradients and
temperature fluctuations (Fig. 3.6.1.2.1). This harmonious integration is
pivotal for an all-encompassing evaluation of coronary hemodynamics, with
a particular focus on calculating IMR, a key indicator of microvascular
health. Additionally, the adenosine served as the hyperemic agent due to its
potent vasodilatory effects on microvascular systems. It primarily interacts
with Aj-receptors on vascular smooth muscle, an action largely independent
of endothelial function, yet it also prompts NO release from endothelial cells.
For maximal hyperemia, adenosine should be administered in 100 pg and
200 pg for right and left coronary arteries, respectively.

Fig. 3.6.1.2.1. CoroFlow coroventis system featuring the pressure wire X:
a pressure/temperature sensor-tipped guidewire
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3.6.1.3. Procedure for coronary physiology measurement

The procedure for measuring coronary physiology in this study was
conducted following standard validated protocols with meticulous care to
ensure the accuracy of data (Fig. 3.6.1.3.1) [336]. The procedure began with
the aortic pressure transducer being zeroed to air, following which routine
preparation, including the administration of nitroglycerin (100 to 200 pg) via
the guiding catheter. This administration was crucial for dilating the coronary
arteries, thereby preventing coronary spasm and avoiding false assessments.
Following this, the coronary pressure/temperature sensor-tipped guidewire,
specifically the Pressure Wire X (Abbott Vascular, Santa Clara, CA, United
States), was employed. The wire was carefully equalized to match the aortic
pressure, ensuring that the readings taken were reflective of the true coronary
pressure. This equalization was conducted at the tip of the guiding catheter
positioned at the aortic sinus, a strategic point for obtaining accurate pressure
readings. Once the pressure wire was appropriately calibrated, it was
advanced into the coronary artery, specifically targeting the distal two-thirds
of the infarct-related artery. Positioning the sensor in this location was critical
for obtaining readings that accurately reflect the conditions in the area most
affected by the STEMI event. Once the pressure wire was suitably positioned
in the distal two-thirds of the infarct-related artery, thermodilution curves
were obtained by briskly injecting 3 mL of saline at room temperature through
the guiding catheter and this was repeated 3 times, allowing for calculation
of the non-hyperemic mean transit time (Tmn). Then, the process of inducing
maximal hyperemia began. To achieve this state, repeated boluses of intra-
coronary adenosine were administered, with at least three boluses given for
acquiring the three desired Tmn (hyperemia) measurements. Once stable hypere-
mia was verified, thermodilution curves under hyperemic conditions were
recorded, adhering to the same method used for establishing baseline
conditions. To expedite the process of administering the three saline bolus
injections during intracoronary adenosine-induced hyperemia, a tripartite
stopcock system was employed. This setup connected the manifold to a
reservoir containing heparinized saline and a 3 mL syringe, while reserving
the third outlet for adenosine administration. After performing these proce-
dures Corflow system provide various coronary physiology parameters as
shown in Fig. 3.6.1.3.2.
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Patient enroliment forstaged PCI admitted at 3-month post-STEMI

v

Local anesthesia administered: 1% Procaine or 2% Lidocaine (2-5 mL subcutaneously)

v

Arterial puncture executed via right/left radial or femoral artery

v

0.014 inch guide wire inserted for arterial sheath placement
and heparin (70—100 U/kg) bolus administered

v

Coronary artery accessed with a six French guiding catheter
(EBU, JR4/AL 0.75/AL1/AL2) via arterial sheath

v

300 micrograms of Nitroglycerin administered into the coronary artery

v

Aortic pressure transducer calibrated to zero with air

v

Pressure/temperature sensor-tipped guidewire (pressure wire X; Abbott Vascular)
flushed and calibrateded

v

Sensor-tipped guidewire advanced to guiding catheter tip
and equalized to aortic pressure

v

Sensor-tipped guidewire positioned in distal two-thirds of infarct-related artery

v

Non-hyperemic thermodilution curves acquired with three brisk 3 mL
room-temperature saline injections via guiding catheter

v

Intracoronary adenosine boluses administered repeatedly:
200 mcg for right coronary artery, 200 mcg for left coronary artery

Confirmation of stable hyperemia

v

Hyperemic thermodilution curves generated with three 3 mL
room-temperature saline injections via guiding catheter

v

Documentation of ~ _ YES Consistency of NO | Repeat

physiology parameters measurements? measurements

Fig. 3.6.1.3.1. Detailed step-by-step protocol
for coronary physiology assessments

PCI — Percutaneous Coronary Intervention; STEMI — ST-Elevation Myocardial Infarction; EBU — Extra-
Backup; JR — Judkins Right; AL — Amplatz left.
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Fig. 3.6.1.3.2. Invasive physiological traces of pressure and
temperature curves during bolus thermodilution displayed on
a Coroflow console (Coroventis; Abbott)
CFR - coronary flow reserve; CFRuom — normalised coronary flow reserve; FFR — fractional flow
reserve; Hyp — hyperaemic; IMR — index of microcirculatory resistance; IMRcor — corrected index of
microcirculatory resistance; LAD Prox — proximal left anterior descending artery; P, — aortic pressure;

PB-CFR — pressure-bounded coronary flow reserve; PCI — percutaneous coronary intervention; Pq =
distal coronary pressure; RRR = resistive reserve ratio.

3.6.1.4. Calculation of fractional flow reserve, coronary flow
reserve, index of microcirculatory resistance and microvascular
resistance reserve.

1. CFR: This physiological index evaluates the entire coronary bed’s
capability, from the epicardial vessels to the microvasculature, to dynami-
cally adjust in response to the myocardium’s heightened oxygen needs. To
determine this adaptability, the CFR is calculated using the following
formula:

CFR = (1/Tmn (hyperemia))/(l/Tmn (rest)) = Tmn (rest) /Tmn (hyperemia)

which compares the mean transit time (Tmn) of blood during rest to that during
hyperemia [147].
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2. IMR: This is a physiological index that measures the resistance
within the microvascular network of the coronary bed. It reflects the micro-
vasculature’s capacity to permit blood flow under conditions of increased
demand, as observed during maximal hyperemia. To calculate the IMR, the
formula:

IMR = Pd/(l/Tmean (hyperemia)) = Pd X Tmean (hyperemia)

where P4 represents the distal coronary pressure and Tmn signifies the mean
transit time, both measured during the hyperemic state [161].

3. FFR: This is a physiological index used to assess the physiological
impact of coronary artery stenosis. It provides an index of the potential for
any given coronary stenosis to cause myocardial ischemia. The FFR is
calculated during maximal hyperemia using the formula:

FFR = P, /P,

where ‘P4’ denotes the mean distal coronary pressure, and ‘P,’ stands for the
mean aortic pressure. This ratio offers a valuable assessment of the hemody-
namic severity of coronary artery narrowing [337].

4. MRR: is a calculated index that evaluates the microvascular resistan-
ce independently of any epicardial resistance to flow, offering a specific view
of the microvascular function [175]. The MRR is derived using the formula:

MRR = (CFR/FFR) X (Pa (rest)/Pa (hyperemia))

where CFR represents the coronary flow reserve, FFR the fractional flow
reserve, Pa (esty the aortic pressure at rest, and Pa (nyper) the aortic pressure
during maximal hyperemia. This calculation allows for the isolation of
microvascular resistance, and when epicardial resistance is negligible, the
MRR is equivalent to CFR. This distinction is particularly relevant in patients
where the condition of the epicardial arteries may influence the assessment
of microvascular function.

3.6.2. 12-month echocardiographic evaluation

During the follow-up phase of the study, participants underwent echocar-
diographic evaluations at 12-month to monitor changes in cardiac function
and structure. These assessments were performed in accordance with the
protocols outlined previously.
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3.7. Blood and biomarkers analysis

All blood tests in this study were meticulously analyzed at the Lithuanian
University of Health Sciences Kauno klinikos Laboratories and the Institute
of Cardiology Molecular Laboratory, both renowned for their state-of-the-art
technology and experienced staff. These facilities uphold rigorous quality
control standards, ensuring unparalleled accuracy and reliability in our analy-
ses. Every procedure, from sample preparation to final analysis, was executed
with precision, leveraging advanced automated systems alongside detailed
manual techniques.

3.7.1. Complete blood count

The complete blood count was conducted using an advanced hematolo-
gical analyzer. This device drew a small volume of blood into a mixing
chamber, where it was diluted with a reagent to separate the cells. Using elect-
rical impedance for cell counting and sizing, and photometric analysis for
hemoglobin concentration, the machine provided a detailed count of red and
white blood cells, platelets, hemoglobin levels, and hematocrit values.

3.7.2. Troponin I levels

Troponin I levels were analyzed at two critical points: admission and
peak concentration. A high-sensitivity assay was employed, which involved
adding the blood sample to a solution containing specific antibodies. These
antibodies, tagged with a color-changing enzyme, bound to troponin I mole-
cules, leading to a color change proportional to the troponin concentration,
which was then measured photometrically.

3.7.3. Erythrocyte sedimentation rate

The ESR test began by mixing the blood with an anticoagulant to prevent
clotting. The sample was then placed in a vertical Westergren tube and left
undisturbed for one hour. The distance the red blood cells fell in this time,
due to gravity, was measured.

3.7.4. Creatinine levels

Creatinine levels were measured using the Jaffe method, a well-establi-
shed colorimetric assay. Initially, blood samples were collected and centrifu-
ged to obtain serum, the preferred sample type for this assay. The key reagent,
an alkaline picric acid solution, was prepared to react with creatinine in the
serum. Upon mixing the serum with this solution, creatinine reacted with
picric acid to form a red-colored complex, creatinine-picrate. This reaction
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mixture was then incubated for a specific duration to allow the reaction to
complete fully. The intensity of the resulting color change, which is directly
proportional to the creatinine concentration in the sample, was measured
using a spectrophotometer at a specific wavelength (around 490 nm). For
accurate quantification of creatinine levels, the absorbance values obtained
from the spectrophotometer were compared against a pre-established calibre-
tion curve, created using standards with known creatinine concentrations.
Additionally, control samples with defined creatinine levels were included in
each batch of tests to ensure the assay’s accuracy and reliability.

3.7.5. High sensitivity C-reactive protein

The hs-CRP levels were precisely determined using an advanced immu-
noturbidimetric assay, a method renowned for its sensitivity and accuracy in
detecting low concentrations of hs-CRP. This process began with the careful
collection and preparation of blood serum from the participants. The serum
was then introduced into a prepared reagent containing anti-CRP antibodies.
These antibodies were conjugated to latex particles, a crucial component that
enhanced the assay’s sensitivity and specificity. Upon mixing the serum with
this reagent, the anti-CRP antibodies bound to any CRP molecules present,
forming antibody-CRP complexes. These complexes caused an increase in
the turbidity of the solution due to the light-scattering properties of the latex
particles. The next step involved incubating the mixture for a specific period
under controlled conditions to ensure optimal binding and reaction. Following
incubation, the turbidity of the mixture was assessed using a sophisticated
photometric device. This device measured the amount of light scattered by
the latex-enhanced complexes, with the degree of light scattering being
directly proportional to the concentration of CRP in the serum. To accurately
quantify the CRP levels, a calibration curve was employed. This curve was
generated using standard solutions with known CRP concentrations, pro-
viding a reference for interpreting the test results. By comparing the photo-
metric readings of the participant samples against this calibration curve, the
precise concentration of hs-CRP in each sample was determined. This
method’s high sensitivity allowed for the detection of even very low levels of
CRP, which is critical in assessing subtle inflammatory changes and cardio-
vascular risk in patients.

3.7.6. Lipid levels

For the majority of the lipid parameters, enzymatic hydrolysis was the
cornerstone of our methodology. Blood serum samples were treated with
specific enzymes that targeted each type of lipid. These enzymes catalyzed
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reactions that broke down the lipids into smaller components, leading to the
production of colorimetrically measurable end products. The intensity of the
color change in these reactions was directly proportional to the concentration
of each lipid type, allowing us to quantify levels of total cholesterol (TC),
triglycerides, and High-Density Lipoprotein (HDL) cholesterol. For LDL
cholesterol, however, a different approach was taken. Given that direct
measurement of LDL cholesterol can be challenging and resource-intensive,
we employed the Friedewald formula, a widely accepted calculation method
in lipidology [338]. This formula calculates LDL cholesterol as follows LDL
Cholesterol (mmol/L) = Total Cholesterol (mmol/L) — HDL Cholesterol
(mmol/L) — (Triglycerides (mmol/L) / 2.2). This calculation is based on the
principle that the TC in the serum is the sum of LDL cholesterol, HDL
cholesterol, and VLDL cholesterol. Since VLDL cholesterol is roughly one-
fifth the triglyceride value in most individuals with normal lipid metabolism,
this ratio is used in the formula. The accuracy of the Friedewald formula relies
on precise measurements of TC, HDL cholesterol, and triglycerides. It’s
important to note that this formula is most reliable when triglyceride levels
are below 4.5 mmol/L. In cases where triglyceride levels are significantly
higher, direct LDL measurement was done.

3.7.7. B-type natriuretic peptide

The BNP levels were measured using a highly accurate sandwich immu-
noassay technique. This process was carried out both during patient
admission and at the 3-month follow-up to monitor changes over time. Initial-
ly, patient blood samples were collected and prepared to isolate the serum.
The assay involved introducing the serum into a solution containing two types
of highly specific antibodies against BNP. One antibody was immobilized on
a solid phase, typically a microplate, and the other was in a fluid phase,
labeled with an enzyme that could trigger a color change upon binding. As
BNP molecules from the serum bound to these antibodies, they formed a
‘sandwich’ complex. The enzyme attached to the fluid-phase antibody cata-
lyzed a reaction in the presence of a substrate, leading to a measurable color
change. The intensity of this color change was directly proportional to the
BNP concentration in the sample. A spectrophotometer was then used to
quantify this color intensity, translating it into BNP concentration values.

3.7.8. Plasma TMAO levels

Plasma TMAO levels were quantified using an Enzyme-linked Immuno-
sorbent Assay (ELISA) kit provided by Bioassay Technology Laboratory,
Shanghai, China. Initially, blood samples were collected and centrifuged to
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separate the plasma, which was then stored at —80 °C to preserve sample
integrity. For the assay, the plasma was thawed and added to wells in an
ELISA plate pre-coated with TMAO-specific antibodies. A labeled TMAO
analog was also added, competing with plasma TMAO for antibody binding.
The plate underwent incubation, allowing binding between the antibodies and
either the plasma TMAO or the analog. The color change intensity in each
well, measured by an ELISA reader, was inversely proportional to the plasma
TMAO concentration; more plasma TMAO resulted in less analog binding
and a weaker color change. These readings were compared against a standard
curve of known TMAO concentrations, enabling accurate quantification of
TMAO levels in the plasma samples.

3.7.9. Platelet aggregation

The assessment of platelet aggregation was carried out using a state-of-
the-art STAGO TA-8V platelet aggregometer (STAGO, Frouard, France),
employing the classical Born method to provide detailed insights into blood
clotting dynamics. Blood samples were drawn into specialized vacutainer
tubes (Greiner Bio-One Vacuette North America, Inc, Monroe, NC), which
contained a 3.2% sodium citrate solution.

The blood samples were then treated with adenosine diphosphate (ADP)
and epinephrine (ADR), which served as induction agents for platelet aggre-
gation.

These agents play a pivotal role in stimulating the platelets to aggregate,
mimicking the physiological process of clot formation. Once treated, the
samples were placed in the aggregometer, which monitored changes in light
transmission through the blood. As the platelets aggregated in response to the
induction agents, they formed aggregates, leading to a decrease in light trans-
mission through the sample. This change in light transmission was precisely
measured by the aggregometer, providing quantitative data on the extent of
platelet aggregation.

3.8. Study endpoints

The overarching objectives of this PhD thesis were to investigate the
clinical and physiological outcomes in post- STEMI patients, with a parti-
cular focus on CMD and its prognostic implications. Several endpoints were
defined to explore the multifaceted nature of CMD post-STEMI.

A. 3-month follow-up endpoints

1. Prevalence of CMD.
2. Prevalence of CMD endotypes.
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12-month follow-up endpoints

Functional left ventricular remodelling grade

Diastolic dysfunction grade.

The occurrence of the patient-oriented composite endpoint (POCE)
and MACE with its individual components.

W=

3.9. Data collection

Data collection for this observational study was orchestrated and adhered
to standardized protocols, ensuring robust and reliable data across all phases
of the patient journey. From initial enrollment through the twelve-month
follow-up, each data point was systematically captured. Following the prima-
ry PCI procedure, real-time data entry methods were employed to document
the specifics of the intervention, such as direct stenting, balloon pre-dila-
tation, aspiration thrombectomy, and intracoronary glycoprotein IIb/Illa
inhibitor infusion. Within the first 24 hours post-procedure, a comprehensive
baseline was established through echocardiographic evaluations and blood
sample collections, with all samples immediately coded for anonymity and
processed using validated instruments. By the three-month mark, a structured
follow-up assessment ensured continuity in tracking coronary physiology and
biomarker trajectories, with stringent quality checks in place to validate data
accuracy. The culmination of data collection at twelve months involved
repeat echocardiography and careful monitoring of clinical outcomes,
including POCE and MACE, to ascertain the full spectrum of patient health
outcomes. Robust training and detailed audit trails for all personnel involved
in data handling reinforced the integrity of the process. Additionally, adverse
events were diligently recorded, providing a comprehensive dataset for ana-
lyzing the interplay between coronary microvascular dysfunction and patient
outcomes. Each stage of data collection was precisely aligned with the study’s
timeline, and redundant systems were in place to protect data integrity,
ensuring the final dataset’s strength for significant clinical insights.

3.10. Definitions

3.10.1. Alcohol abuse

Alcohol Abuse was defined by regularly consuming alcohol in amounts
greater than the equivalent of 14 standard drinks per week for men and 7
standard drinks per week for women, with one standard drink defined as
approximately 0.6 ounces (17.7 milliliters) of pure alcohol. This typically
translates to 12 ounces (355 milliliters) of beer, 5 ounces (148 milliliters) of
wine, or 1.5 ounces (44 milliliters) of distilled spirits per drink [339].
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3.10.2. STEMI

STEMI, delineated in accordance with the 2023 European Society of
Cardiology (ESC) Guidelines for the management of acute coronary syndro-
mes, manifests as an ST-segment elevation at the J-point observed in two
contiguous ECG leads, with an elevation threshold of > 2 mm in chest leads
or > 1 mm in limb leads, adhering to specified gender and age-based criteria.
Additionally, a new onset or presumed new left bundle branch block (LBBB)
augments the clinical suspicion of STEMI [4]. A definitive diagnosis is
contingent upon the clinical presentation of ischemic symptoms and is sub-
stantiated by the evidentiary confirmation of obstructive CAD via coronary
angiography. In instances where coronary angiography does not reveal
obstructive CAD, the patient would not be classified as having experienced a
STEMI, regardless of the fulfilment of the aforementioned electrocardio-
graphic and clinical criteria.

3.10.3. Dyslipidemia

In alignment with the 2019 ESC/ European Atherosclerosis Society
Guidelines for the management of dyslipidemias, it was defined by having a
fasting LDL cholesterol level exceeding 1.4 mmol/L or the ongoing use of
lipid-lowering medications [340].

3.10.4. Hypertension

In accordance with the 2018 ESC/European society of hypertension
clinical practice guidelines for the management of arterial hypertension,
hypertension is diagnosed by a systolic blood pressure at or above 140 milli-
meters of mercury (mmHg) and/or diastolic blood pressure at or above
90 mmHg [341]. This diagnosis must be based on blood pressure measure-
ments that are confirmed on at least two separate occasions, ensuring con-
sistency in the elevated readings. The measurements should be taken using
validated and calibrated techniques to guarantee accuracy. Furthermore, the
definition of hypertension also includes individuals who are actively taking
medication to lower their blood pressure, regardless of their current measured
values. This encompasses those who have been prescribed antihypertensive
therapy as part of their treatment plan to manage high blood pressure.

3.10.5. Diabetes mellitus

Drawing on the standards set forth by the 2019 American Diabetes
Association (ADA) Standards of Medical Care in Diabetes, diabetes mellitus
was defined through multiple criteria [342]. One criterion is a fasting plasma
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glucose level of 7.0 mmol/L (126 mg/dL) or greater. Fasting is defined as no
caloric intake for at least 8 hours. Alternatively, diabetes was also defined by
an HbA1c level of 6.5% or higher, which reflects the average plasma glucose
over the previous 2 to 3 months. Additionally, patients who are actively using
blood glucose-lowering medications were also considered as diabetics.

3.10.6. KILLIP classification

Killip classification was defined based on the following criteria [343]:

1. Killip Class I: Denotes patients who show no clinical signs of heart
failure. This includes the absence of rales, a third heart sound (S3),
and normal findings on chest radiography.

2. Killip Class II: Represents patients with mild to moderate heart
failure. Indicators include the presence of rales in the lower half of
the lung fields, a potential S3, and elevated jugular venous pressure.

3. Killip Class III: Identifies patients with severe heart failure,
characterized by extensive rales across lung fields, marked hypoxe-
mia, and frequently, an audible S3. This class is commonly asso-
ciated with acute pulmonary edema.

4. Killip Class IV: Corresponds to patients in cardiogenic shock or
experiencing hypotension (systolic blood pressure <90 mmHg),
alongside signs of peripheral vasoconstriction like oliguria, cyano-
sis, or diaphoresis.

3.10.7. Creatinine clearance

In this study, the evaluation of renal function was primarily conducted
through the assessment of creatinine clearance, utilizing the Cockcroft-Gault
equation [344]. This established formula calculates creatinine clearance by
considering the patient’s serum creatinine level, age, body weight, and
gender. The resulting value provides an estimate of the kidneys’ glomerular
filtration rate, reflecting the body’s ability to clear creatinine from the blood.

3.10.8. Successful PCI

Successful PCI was defined by the implantation of a second-generation
drug-eluting stent into the targeted lesions. The measure of success was
twofold: visually, there needed to be a reduction of the lesion’s stenosis to
less than 20%, and functionally, there had to be a restoration of coronary
blood flow. This restoration was quantified as achieving TIMI flow grades of
either 2 or 3, indicating substantial blood flow restoration through the treated
coronary artery. These criteria collectively constitute the benchmark for a
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successful PCI, encapsulating both mechanical success in stent placement
and the effective restoration of coronary blood flow [345].

3.10.9. Pain-to-door time

Defined by the 2023 ESC guidelines for the management of acute coro-
nary syndromes, pain-to-door time denotes the elapsed duration, measured in
minutes, from the initial manifestation of symptoms indicative of an acute
coronary syndrome — typically chest pain— to the moment the patient
presents at a medical facility, such as the emergency department of a hospital
[4]. This critical temporal metric is utilized in evaluating the responsiveness
and efficacy of emergency medical services and the healthcare delivery
system in acute cardiac care. Additionally, it depends on patient awareness in
recognizing and acting upon critical cardiac symptoms.

3.10.10. Door-to-balloon time

Defined as the measured time interval, expressed in minutes, from the
patient’s initial arrival at a medical facility, typically the emergency depart-
ment, to the precise moment of balloon inflation during PCI in the culprit
artery. This time frame is pivotal in the context of STEMI management, as it
encapsulates the entire process of patient evaluation, diagnosis, preparation
for catheterization, and the actual interventional procedure. This metric
serves as a benchmark for evaluating the quality of care and is a key factor in
determining the prognosis of patients undergoing treatment for STEMI [346].

3.10.11. TIMI flow

In the study, TIMI flow grades is defined as follows [116]:

1. TIMI Grade 0 (No Perfusion): Characterized by the complete
absence of antegrade flow through the coronary artery beyond the
point of occlusion.

2. TIMI Grade 1 (Penetration Without Perfusion): This grade
indicates the presence of contrast material penetration beyond the
occlusion site but without successful perfusion of the distal coronary
bed.

3. TIMI Grade 2 (Partial Perfusion): Denotes a scenario where
contrast material passes the site of occlusion, but the flow is reduced
and delayed, leading to incomplete or late filling of the distal
coronary bed.

4. TIMI Grade 3 (Complete Perfusion): Represents normal flow,
characterized by prompt and complete perfusion of the distal corona-
ry territory, indicative of successful revascularization.
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These TIMI flow grades, as defined in the study, are utilized to evaluate
the extent of coronary artery perfusion, particularly in the context of ACS and
post-interventional assessment in PCI. The optimal clinical outcome is
reflected by achieving a TIMI Grade 3 flow, whereas TIMI Grades 0 to 2 are
indicative of reduced or absent perfusion, often requiring additional clinical
interventions for optimal patient care.

3.10.12. Coronary physiology indices

The assessment of coronary physiology was anchored by established cut-
off values for FFR, CFR, IMR and MMR.

1. Normal FFR was defined as a value greater than 0.80, indicating
adequate coronary blood flow [337].

2. Normal CFR was defined as a value of 2.0 or higher, reflecting
sufficient blood flow increase in response to stress [160].

3. Normal IMR was defined as a value of less than 25 units, signifying
unimpeded microvascular flow [160].

4. Normal MRR was defined as a value of 3 or higher, derived from
non-invasive stress test data and clinical outcomes from prior studies
[176].

3.10.13. CMD

Microcirculatory dysfunction was defined by either an IMR value of 25
or higher or a CFR value below 2.0, indicating impaired microvascular
function [160]. Additionally, our study utilized a subset analysis where
microcirculatory dysfunction was further classified based on the novel para-
meter MRR. Also an MRR value below 3 indicated the presence of CMD,
which was then sub-divided into functional-CMD for IMR values below 25,
and structural-CMD for IMR values of 25 or higher [160].

3.10.14. Functional Left Ventricular Remodelling

FLVR in this study was categorized based on a classification system
outlined by Surenjav Chimed et al. This system stratifies patients into four
distinct groups based on changes in LV dimensions and ejection fraction
[347]:

1. Group 1: Encompasses patients who exhibit no significant dynamic

changes in both LV diameter and LVEF, indicating stable cardiac
dimensions and function.
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Group 2: Included in this category are patients who do not show LV
dilatation; however, they experience a notable decrease in LVEF,
defined as an absolute reduction of more than 5%. This suggests a
decline in cardiac contractility without dimensional changes.
Group 3: Patients classified in this group exhibit an increase in Left
Ventricular End-Diastolic Volume (LVEDV) of 20% or more, but
without impairment in LVEF. This indicates an enlargement of the
ventricular chamber while maintaining functional pumping effi-
ciency.

Group 4: This final group consists of patients who show both an
increase in LVEDV by 20% or more and a significant reduction in
LVEF (an absolute decrease of more than 5%). This group repre-
sents the most pronounced form of LV remodelling, involving both
dimensional and functional cardiac alterations.

3.10.15. Diastolic dysfunction

Diastolic dysfunction was defined and categorized according to the ASE
2016 algorithm and definitions [335]. The grading system is as follows:

1.

Grade I dysfunction or normal LV filling pressure: This is identi-
fied by an E/A ratio of 0.8 or lower, coupled with a peak E velocity
not exceeding 50 cm/s, indicating normal diastolic function or mild
diastolic dysfunction.

Intermediate diastolic dysfunction (Grade II): For E/A ratios
between 0.8 and 2, the assessment requires additional parameters:
average E/e’, tricuspid regurgitant peak velocity (TRpV), and left
atrial volume index (LAVI). A diagnosis of grade II dysfunction,
suggestive of elevated LV filling pressures, is made if two or three
of these parameters are positive. Conversely, if two or three parame-
ters are negative, grade I dysfunction with normal filling pressures
is indicated.

Mixed diastolic dysfunction: In cases where the readings of the
supplementary parameters are mixed, the pulmonary vein S/D ratio
is considered. A ratio less than 1 indicates grade II diastolic dysfunc-
tion, implying increased LV filling pressures.

Advanced diastolic dysfunction (Grade III): An E/A ratio excee-
ding 2 is indicative of grade III diastolic dysfunction, representing
significantly elevated LV filling pressures.
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3.10.16. Major adverse cardiac events and patient-oriented
composite endpoint

MACE was defined comprehensively to include both POCE and hospita-
lization due to heart failure. This definition aligns with the aim to capture a
wide spectrum of significant adverse cardiac outcomes post-intervention. The
POCE itself was defined in accordance with the Academic Research
Consortium (ARC) II consensus, which encompasses a collective of critical
events: all-cause mortality, any instance of myocardial infarction, any
revascularization procedures undertaken (including target vessel revascula-
rization), and strokes [348].

3.11. Ethics

3.11.1. Ethical compliance and approval

This research was meticulously designed and executed in full compliance
with the ethical standards outlined in the Declaration of Helsinki. The study
received ethical approval from the Kaunas Regional Biomedical Research
Ethics Committee, in the Republic of Lithuania. The committee recognized
and sanctioned the study’s methodologies, objectives, and implications,
granting approval under reference number BE-2-5. This endorsement, recei-
ved in January 2021, underscored the study’s adherence to the highest ethical
standards in biomedical research.

3.11.2. Informed consent process

A cornerstone of our ethical conduct was the informed consent process.
Every participant, or their legal representatives where applicable, was
provided with comprehensive information about the study. This included a
detailed explanation of the study’s purpose, the procedures involved, poten-
tial risks and benefits, and the confidentiality measures in place to protect
their privacy. After ensuring understanding and addressing any queries,
written informed consent was obtained from each participant or their legal
representative. This process not only adhered to ethical guidelines but also
fostered trust and transparency between the researchers and the participants.

3.11.3. Data privacy and confidentiality measures

We took stringent measures to uphold the privacy and confidentiality of
all participants. From the outset, data anonymization protocols were rigo-
rously applied. All identifying information was detached from the datasets to
ensure that individual participants could not be identified in any published
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material. Data storage and handling were conducted under strict security
protocols to prevent unauthorized access and ensure data integrity. These
measures reflect our unwavering commitment to protecting participant
confidentiality and upholding ethical research practices.

3.11.4. Registration and compliance with regulations

In an effort to maintain transparency and public trust, our study was
registered in the clinical trials registry, bearing the identifier NCT05406297.
This registration provided a public record of our study, facilitating its acce-
ssibility and scrutiny by the broader scientific community and the public. It
also served as a testament to our commitment to ethical standards and regula-
tory compliance in clinical research.

3.12. Data analysis: statistical analysis and software
3.12.1. Overview

In this doctoral research, various statistical methods were employed to
analyze data across different studies. The methods chosen were contingent on
the nature of the data, which included continuous and categorical variables,
and the specific requirements of each analysis. The overarching goal was to
provide a rigorous and detailed statistical examination of the findings,
ensuring the reliability and validity of the results.

3.12.2. Data presentation and comparison

Continuous variables, depending on their distribution, were presented
either as means with standard deviations (SD) or medians with interquartile
ranges (IQR). Categorical variables were consistently represented as frequen-
cies and percentages. To compare these variables between different study
groups, a suite of tests was utilized. The choice of test — Student’s t-test,
Mann—Whitney U test, Wilcoxon Rank sum test, Chi-square test, or Fisher’s
exact test — was based on the type of data (continuous or categorical) and its
distribution.

3.12.3. Multivariable analysis

A key aspect of the analysis involved the creation of multivariable
logistic regression models. These models were instrumental in identifying
procedural factors associated with CMD, LV diastolic dysfunction, and
functional LV remodelling. For this, stepwise selection was employed. Simi-
larly, multivariable Cox regression models were utilized to calculate hazard
ratios for MACE per unit increase of specific indicators like TMAO, FFR,
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and MRR. All models were adjusted for pertinent patient demographics, me-
dical history, clinical course, laboratory values, and angiographic characte-
ristics, with a significance level of p < 0.05 for inclusion.

3.12.4. Survival analysis

Kaplan-Meier analysis was a pivotal tool in assessing MACE-free survi-
val rates across the studies. Differences in survival rates were evaluated using
the log-rank test. This method provided a non-parametric estimation of survi-
val probabilities, allowing for a clear visual representation of survival data
over time.

3.12.5. Dose-response relationships and receiver operating
characteristic curve analysis

To explore the dose-response relationships between variables like TMAO,
CMD, and MACE, restricted cubic spline curves were created. Additionally,
Receiver Operating Characteristic (ROC) curve analysis, supplemented with
the Delong test and Youden index, was employed. This was particularly
useful in identifying optimal cutoffs for indicators like TMAO, FFR, IMR,
CFR, and MRR. This analysis provided a robust method for assessing the
diagnostic performance of these indicators.

3.12.6. Data collection and descriptive statistics for the machine
learning approach

The study involved data collection from patients over two distinct time
periods: from January 12, 2021, to July 31, 2022, and from August 1, 2022,
to January 31, 2023. In these cohorts, descriptive statistics were computed to
provide an initial overview of the data. For quantitative variables, this
included calculating the mean, SD, median, first and third quartiles (Q1, Q3),
and range (minimum to maximum). Categorical variables were presented in
terms of frequencies and percentages. To discern any significant differences
(p-value < 0.05) between subpopulations, data were stratified based on
qualitative variables and analyzed using the Wilcoxon Rank Sum test for
quantitative variables, the Ordered test for ordinal variables, and the Fisher
exact test for qualitative variables.
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3.12.7. Objective and model selection for the machine learning
approach

The primary objective was to predict the presence or absence of CMD in
STEMI patients using selected biomarkers (covariates collected at baseline).
Various models were estimated and compared on the first sample (the training
set) which comprised 149 patients (74.5% of the entire sample), to identify
the most accurate one.

3.12.8. Multicollinearity check and data balancing for
the machine learning approach

A crucial step involved checking for multicollinearity in the data using
Spearman correlations (p_s) between pairs of quantitative variables, visua-
lized through a correlation plot. The plot used a color-coded system to indica-
te the nature and intensity of correlations. To address the moderate prevalence
of CMD in the training set, which could lead to biased predictions, a
sophisticated oversampling method called SMOTE (Synthetic Minority
Over-sampling Technique) was used to balance the dataset.

3.12.9. Machine learning algorithms and model comparison

The focus was on Machine Learning algorithms due to their suitability
in handling classification problems with correlated covariates and outliers.
Ensemble methods like Random Forest (RF), Gradient Boosting Machine
(GBM), Support Vector Machines (SVM), XGBoost algorithm, Super Lear-
ner, and Discrete Super Learner (Discrete SL) were applied to the balanced
dataset. Their performance was evaluated using 10-fold Cross-Validation
(CV) risk estimates, and comparisons were made against classical Logistic
regression and a meta-learner (SL.mean) to identify the best performing
model.

3.12.10. Model validation and tools for interpretation for
the machine learning approach

RF emerged as the best predictor, and its AUC was compared with com-
peting models using the DeLong test. To further understand the relationship
between covariates and the outcome, the RF model provided two tools: the
relative Variable Importance Measure (relVIM) and the 3D Partial Depen-
dence Plot (3D-PDP). The rel VIM was represented using a lollipop plot, and
the 3D-PDP visualized the joint variation of the three most important cova-
riates in predicting CMD risk.
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3.12.11. Model testing and performance metrics for
the machine learning approach

The RF model, trained on SMOTE data, was then tested on the second
sample to evaluate its performance on new data and to check for overfitting.
This was complemented by comparing its accuracy to an RF model estimated
on the original data using the DeLong test and analyzing Out-Of-Bag (OOB)
errors. Performance metrics such as Accuracy (95% CI), Sensitivity, Specifi-
city, Positive Predicted Value, Negative Predictive Value, and Precision were
reported for the RF models on both the balanced training set and the test set.

3.12.12. Significance level and software

Throughout the analysis, a probability level of p < a, with a set at 0.05,
was used to determine statistical significance. This standard threshold ensured
a balance between sensitivity and the risk of type I error. Data processing and
analysis were performed using IBM SPSS Statistics 27, and for specific tasks,
R (version 4.1.3) on R Studio (Build 576) software was utilized. These tools
provided a comprehensive platform for statistical analysis, ensuring accuracy
and efficiency in handling large datasets.
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4. RESULTS

4.1. The impact of percutaneous coronary intervention
strategies during ST-elevation myocardial infarction on
the prevalence of coronary microvascular dysfunction

4.1.1. Study population characteristics

This cohort was stratified based on stenting strategy (direct stenting vs.
balloon pre-dilatation followed by stenting). Two hundred and ten patients
were included in the study, of which 98 patients (46.66%) underwent direct
stenting and 112 patients (53.33%) did undergo balloon pre-dilatation followed
by stenting. In total 125 males took part in the study, which accounts for
59.52% of the total population of the study; however, there were no differen-
ces in gender between the two groups of participants in the study. The study
population’s median age was 65 years, with an interquartile range of 58 to 76
years. While patients undergoing direct stenting tended to be older, with a
median age of 67 years, the age difference between the two groups partici-
pating in the study was not statistically significant. Between these two groups,
there was no discernible difference in terms of body mass index, body surface
area, or the location of STEMI events. It is essential to take note of the fact
that 51 participants, or 24.29% of the total population of the study, were diag-
nosed with diabetes; despite this, diabetics were almost equally distributed
between the two groups. A total of 109 patients, representing 51.90% of the
study’s STEMI population, were identified as current or former smokers.
Despite this, smokers were almost evenly distributed across study groups.
The baseline CHADS2-VASc score was relatively comparable across study
groups. The two groups did not differ from one another in any of the risk
factors, such as arterial hypertension, dyslipidemia, Killip classification, or a
history of alcohol abuse, stroke and CAD. In conclusion, patients within the
study groups were fairly similar, with no statistically significant differences
in terms of general characteristics (Table 4.1.1.1).
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Table 4.1.1.1. Characteristics of ST-elevation myocardial infarction patients
classified by percutaneous coronary intervention technique

Characteristic 8‘:{; (l)l) Dir?lclt:t;;)ting B?;:?(?I? sI::lt;llilga p-value
(n=112)

Sex (Female) 85 (40.48%) 35(35.71%) 50 (44.64%) 0.240
Age (years) 65.0 [58, 76] 67.0 [58.25,76.0] | 63.50[56.0,75.0] | 0.477
Body mass index (kg/m?) |27.39 [24.56, 30.69]|27.71 [25.32, 30.60]|26.38 [24.29, 31.10]| 0.443
Body surface area (m?) 1.93 [1.81,2.10] 1.94 [1.81,2.10] 1.92[1.83,2.12] 0.768
Primary diagnosis

Anterior STEMI 116 (55.24%) 53 (54.08%) 63 (56.25%) 0.860

Inferior STEMI 94 (44.76%) 45 (45.92%) 49 (43.75%)
Arterial hypertension 123 (58.57%) 58 (59.18%) 65 (58.04%) 0.978
History of coronary artery 59 (28.10%) 27 (27.55%) 32 (28.57%) 0.992
disease
History of PCI 26 (12.38%) 11 (11.22%) 15 (13.39%) 0.790
History of stroke 27 (12.86%) 11 (11.22%) 15 (13.39%) 0.649
History of diabetes 51 (24.29%) 21 (21.43%) 30 (26.79%) 0.458
mellitus
History of dyslipidemia 119 (56.67%) 60 (61.22%) 59 (52.68%) 0.268
Smoker (former/current) 109 (51.90%) 51 (52.04%) 58 (51.79%) 1
History of alcohol abuse 20 (9.52%) 8 (8.16%) 12 (10.71%) 0.695
Baseline CHADS2-VASc 312,4] 3[2,4] 31[2,4] 0.851
score
KILLIP class

I 62 (29.52%) 27 (27.55%) 35 (31.25%) 0.519

11 111 (52.86%) 53 (54.08%) 58 (51.79%)

I 27 (12.86%) 15 (15.31%) 12 (10.71%)

v 10 (4.76%) 3 (3.06%) 7 (6.25%)

STEMI — ST elevation myocardial infarction; PCI — Percutaneous Coronary Intervention. Values are

n (%) or median [IQR].

4.1.2. Laboratory findings

There was no noticeable difference between the study groups based on
the findings of the complete blood count that was performed. The levels of
hemoglobin, white blood cell count, and platelet count all diverged from one
another in the same proportion across the two study groups. Direct stenting
group had a higher TC level than the balloon pre-dilatation followed by
stenting group, this difference was significant enough to reach the level of
statistical significance (5.06 mmol/L vs. 4.43 mmol/L; p = 0.035). In a similar
vein, the level of low-density lipoprotein showed a tendency to be higher in

117



the group that received direct stenting; however, this tendency achieved
statistical significance (3.51 mmol/L vs. 3.17 mmol/L; p = 0.047). Creatinine
clearance did not show a significant difference between the two study groups
(40.45 mL/min vs. 38.2 mL/min; p = 0.121). Neither group showed signifi-
cant differences in troponin levels between samples taken upon admission
and after 24 hours. In addition, the values of platelet aggregation with adeno-
sine diphosphate, which reflect the effect of platelet aggregation inhibitors,
did not differ significantly between the two study groups (26.5 vs. 28.5;
p =0.341) (Table 4.1.2.1).

4.1.3. Echocardiographic findings

There was no statistically significant difference between the two groups
in terms of LVEF assessed after primary PCI (42.00% vs. 40.00%; p =0.913),
nonetheless, this was short-lived, as the LVEF in the direct stenting group
recovered significantly faster at one year follow-up (48.00% vs. 45.00%;
p =0.003) (Table 4.1.2.1).

Table 4.1.2.1. Laboratory and echocardiographic parameters of patients
with ST-elevation myocardial infarction, categorized by percutaneous coro-
nary intervention technique

Overall Direct stenting Ballf)on P re-fhlata-
Parameters (n=210) (n = 98) tion stenting p-value
(n=112)
Laboratory test
Hemoglobin (g/L) 136.0 [119.0, 148.0]1{137.0 [121.0, 146.8]|135.0 [118.0, 148.3]| 0.631
White blood cell count 9.86 [8.22,12.09] | 9.78[8.09, 12.07] | 10.05 [8.38,12.10] | 0.742
(x10°/L)
Platelets (x10°/L) 240.5 [204.0, 273.0]{242.0 [212.5, 273.8] | 240.0 [200.0, 271.5]| 0.635
Total cholesterol 4.64 [3.75, 5.79] 5.06 [4.07, 6.01] 4.43 [3.60, 5.57] 0.035
(mmol/L)
Low-density lipoprotein 3.26[2.37,4.31] 3.51[2.66, 4.46] 3.17 [2.23, 4.08] 0.047
(mmol/L)
High-density lipoprotein 1.12[0.92, 1.35] 1.11 [0.94, 1.36] 1.13[0.91, 1.32] 0.568
(mmol/L)
Triglycerides (mmol/L) 1.16 [0.82, 1.65] 1.11 [0.82, 1.72] 1.17 [0.85, 1.57] 0.896
Creatinine clearance 39.5[34.95,47.5] |40.45 [35.28, 48.68]|38.20 [34.80, 47.10]| 0.121
(mL/min)
Basal troponin I (png/L) 2.19[0.81, 3.71] 2.22[0.96, 3.89] 2.18[0.76, 3.29] 0.427
Peak troponin I (ug/L) 45.0 [27.0, 64.0] | 42.0 [26.25,67.75] | 46.0[28.0, 62.0] 0.830
High-sensitivity C- 3.80[1.85,10.52] | 4.22[1.85,10.06] | 3.66[1.94,10.77] | 0.872
reactive protein (mg/L)
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Table 4.1.2.1. Laboratory and echocardiographic parameters of patients
with ST-elevation myocardial infarction, categorized by percutaneous coro-
nary intervention technique

Balloon pre-dilata-
tion stenting p-value
(n=112)

Overall Direct stenting

Parameters (n = 210) (n = 98)

Echocardiographic parameters
Post-PCI left ventricular | 40.0 [36.25,45.75] | 42.0[38.5,45.0] | 40.0[35.75,46.25] | 0.913
ejection fraction (%)

12-month left ventricular | 45.0 [40.0, 50.0] 48.0 [40.0, 55.0] 45.0 [35.0,50.0] | 0.003
ejection fraction (%)

CMD — Coronary microvascular dysfunction; PCI — percutaneous coronary intervention. Values are n
(%) or median [IQR]. In bold and italics significant p-values (< 0.05).

4.1.4. Angiographic findings

The overall time it took patients to seek medical attention after the onset
of symptoms did not differ significantly between the two groups (348 min vs.
278.5 min; p = 0.166). Similarly, the time it took medical personnel to
diagnose, respond, and revascularize the culprit vessel did not vary signifi-
cantly between study groups (41.50 min vs. 39.00 min; p = 0.318). TIMI flow
both before and after PCI was nearly evenly distributed across study groups.
Despite the fact that the left anterior descending artery was identified as the
culprit vessel in the majority of STEMI patients 118 (56.19%), this did not
make a significant difference because the distribution was relatively close in
both study groups (54.08% vs. 58.04%; p = 0.771). In the investigation,
patients presenting with single vessel disease were systematically excluded,
while the cohort predominantly comprised individuals diagnosed with two-
vessel disease, accounting for 58.57% of the sample; conversely, the remaining
41.43% manifested three-vessel disease, with no statistically significant
disparity observed in the distribution of these pathologies between the between
the direct stenting group and the balloon pre-dilatation followed by stenting
group (p = 0.801) (Table 4.1.4.1).
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Table 4.1.4.1. Coronary angiography and physiology parameters of ST-ele-
vation myocardial infarction patients, categorized by percutaneous coronary
intervention technique

(millimeters)

Parameter Overall Direct stenting Balloon pre-dilatation | al
eters (n=210) (n=98) stenting (n=112) | P7Y21e
Angiographic
Pain-to-door 314[107.75,592.25] | 348.0 [112.0, 677.75] | 278.5 [108.75, 460.25] | 0.166
time (minutes)
Door-to-balloon | 40[29.25, 52.0] 41.5[31.0, 51.75] 39.0[29.0, 52.25] 0.318
(minutes)
Pre-PCI TIMI flow
0 130 (61.90%) 55 (56.12%) 75 (66.96%) 0.305
1 8 (3.81%) 3 (3.06%) 5 (4.46%)
2 44 (20.95%) 25 (25.51%) 19 (16.96%)
3 28 (13.33%) 15 (15.31%) 13 (11.61%)
Post-PCI TIMI flow
0 2 (0.95%) 1 (1.02%) 1 (0.89%) 0.824
1 1 (0.48%) 0 (0.0%) 1 (0.89%)
2 22 (10.48%) 10 (10.20%) 12 (10.71%)
3 185 (88.1%) 87 (88.78%) 98 (87.50%)
Culprit Vessel
Left anterior 118 (56.19%) 53 (54.08%) 65 (58.04%) 0.771
descending artery
Circumflex 49 (23.33%) 25 (25.51%) 24 (21.43%)
artery
Right coronary 43 (20.48%) 20 (20.41%) 23 (20.54%)
artery
Number of diseased vessels
2-vessel disease 123 (58.57%) 56 (57.14%) 67 (59.82%) 0.801
3-vessel disease 87 (41.43%) 42 (42.86%) 45 (40.18%)
Intracoronary interventions
Intracoronary 104 (49.52%) 56.0 (57.14%) 48.0 (42.86%) 0.054
heparin infusion
Intracoronary 46 (21.9%) 21.0 (21.43%) 25.0 (22.32%) 1
glycoprotein IIb/I11a
inhibitor
Aspiration 52 (24.76%) 25.0 (25.51%) 27.0 24.11%) 0.940
thrombectomy
Stent diameter 3.0[3.0,3.5] 3.0 3.0, 3.5] 3.0[3.0,3.5] 0.699
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Table 4.1.4.1. Continued

Parameters Overall Direct stenting Balloon pre-dilatation _value
(n=210) (n=98) stenting(n=112) |7

Stent length 24.0[19.0, 26.0] 24.0[19.0, 26.0] 24.019.0, 26.0] 0.293
(millimeters)
Maximal stent 14.0 [14.0, 16.0] 15.0[14.0, 17.0] 14.0[13.0, 16.0] 0.160
pressure (atm)
Contrast dose 100.0[90.0, 110.0] | 100.0[90.0, 110.0] 100.0[90.0, 111.25] 0.262
(milliliters)
Coronary physiology at 3-month follow-up
Coronary flow 2.81[2.54,2.98] 2.87[2.65, 3.14] 2.70 [2.16, 2.95] 0.003
reserve
Fractional flow 0.9210.87, 0.97] 0.9210.87, 0.97] 0.92[0.86, 0.97] 0.452
reserve
Index of 20[15.0,29.0] 19.5[14.0, 22.0] 22.0[15.0, 42.0] 0.001
Microcirculatory
resistance
Coronary 57 (27.14%) 12.0 (12.24%) 45.0 (40.18%) <0.001
microvascular
dysfunction

PCI — percutaneous coronary intervention; TIMI — Thrombolysis in Myocardial Infarction. Values are
n (%) or median [IQR]. In bold and italics significant p-values (< 0.05).

4.1.5. Procedural characteristics

The intracoronary administration of heparin was utilized in 104 STEMI
patients, which is equivalent to 49.52% of all study participants. These
patients were nearly evenly distributed between the groups undergoing direct
stenting and balloon pre-dilatation followed by stenting (57.14% vs. 42.86%;
p = 0.054). Despite the fact that only 46 (21.9%) of the patients who partici-
pated in the study were given an intracoronary glycoprotein IIb/Illa inhibitor,
the distribution of these patients was comparable between the two study
groups 21.43% vs. 22.32%; p = 1). Aspiration thrombectomy was performed
on 52 patients, representing 24.76% of the study population; this technique
was used roughly equally in both groups (25.51% vs. 24.11%; p = 0.940).
There were no significant differences in the study groups with regard to
contrast dose, stent diameter and length, or maximal inflation pressure
(Table 4.1.4.1).
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4.1.6. Coronary physiology findings

Insignificantly greater CFR was observed in patients who underwent
direct stenting compared to those who were stented after balloon pre-
dilatation (2.87 vs. 2.70; p = 0.003) (Fig. 4.1.6.1, Table 4.1.4.1). The FFR
values of patients who had direct stenting were similar to those of patients
who underwent balloon pre-dilatation followed by stenting (0.92 vs. 0.92; p =
0.452). Patients who underwent revascularization with direct stenting rather
than balloon pre-dilatation followed by stenting method had an IMR that was
significantly lower (19.5 vs. 22.0; p = 0.001) (Fig. 4.1.6.2, Table 4.1.4.1).
After undergoing coronary physiology testing, 57 patients (27.14%) were
diagnosed with CMD. However, patients who underwent direct stenting were
less likely to suffer from CMD compared to those who were treated using
balloon pre-dilatation followed by stenting method (12.24% vs. 40.18%;
p <0.001) (Fig. 4.1.6.3, Table 4.1.4.1).

6 p=0.003

CFR at 3 months
w

2 ~
8
1 N
0 Median 2.87 [2.65-3.14] Median 2.70 [2.16-2.95]
Direct stenting Balloon followed by stenting
Fig. 4.1.6.1. Distribution of coronary flow reserve displayed

by percutaneous coronary intervention technique

CFR — coronary flow reserve.
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Fig. 4.1.6.2. Distribution of index of microcirculatory resistance
displayed by percutaneous coronary intervention technique

IMR — index of microcirculatory resistance.

p < 0.001
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86 (87.76%) 67 (59.82%)

Percentage of patients

12 (12.24%) 45 (40.18%)

Direct stenting Balloon followed by stenting
(n=98) (n=112)

Fig. 4.1.6.3. Prevalence of coronary microvascular dysfunction
displayed by percutaneous coronary intervention technique

CMD - coronary microvascular dysfunction.
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4.1.7. Clinical outcome

The incidence of new onset atrial fibrillation displayed a clear tendency
to be higher in the balloon pre-dilatation followed by stenting group (15.18%)
compared to the direct stenting group (6.12%), though this difference
approached but did not reach statistical significance with a p-value of 0.061
(Table 4.1.7.1). All individual components of MACE, such as non-fatal MI,
cardiovascular death, and heart failure hospitalization, were numerically
more prevalent in the balloon pre-dilatation followed by stenting group
compared to the direct stenting group, but these differences did not achieve
statistical significance. However, the incidence of stroke was significantly
higher in the balloon pre-dilatation followed by stenting group (0 vs. 6.25%;
p = 0.033). While the rate of target vessel revascularization was numerically
greater in the direct stenting group, this difference was not statistically
significant. During the course of the follow-up, the overall rates of MACE
were 20.95%. We found that the rate of MACE in patients treated with
balloon pre-dilatation followed by stenting was significantly higher than the
rate of MACE in patients treated with direct stenting over a period of 12
months (14.29% vs. 26.76%; p = 0.040) (Fig. 4.1.7.1).

Table 4.1.7.1. Twelve-month clinical outcomes of patients presenting with
ST-elevation myocardial infarction, categorized by percutaneous coronary
intervention technique

Overall | Direct stenting | Balloon pre-dilatation

(m=210) | (n=98) stenting (n=112) | P-v2lue
New onset atrial fibrillation 23 (10.95%)| 6 (6.12%) 17 (15.18%) 0.061
Ischemic stroke 7 (3.33%) 0 (0%) 7 (6.25%) 0.033
Nonfatal MI 10 (4.76%) 3 (3.06%) 7 (6.25%) 0.448
Cardiovascular death 6 (2.86%) 1 (1.02%) 5 (4.46%) 0.280
Target vessel revascularization 10 (4.76%) 6 (6.12%) 4 (3.57%) 0.588
Decompensated HF requiring 16 (7.62%) 5 (5.10%) 11 (9.82%) 0.305
hospitalization
MACE 44 (20.95%)| 14 (14.29%) 30 (26.79%) 0.040

MI — myocardial infarction, HF — heart failure, MACE — the composite of stroke, nonfatal myocardial
infarction, revascularization, heart failure hospitalization, and cardiovascular death. Values are n (%)
or median [IQR]. In bold and italics significant p-values (< 0.05).
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Percentage of patients

14 (14.29%)

30 (26.79%)

Direct stenting Balloon followed by stenting
(n = 98) (n=112)
Fig. 4.1.7.1. Rates of major adverse cardiovascular events displayed
by percutaneous coronary intervention technique

MACE — major adverse cardiovascular events.

The Kaplan-Meier curve revealed an increased incidence of MACE in
patients who underwent balloon pre-dilatation stenting (log-rank p = 0.048),
most noticeably starting at 6 months post-PCI (Fig. 4.1.7.2).

A sensitivity analysis examining the incidence of MACE at 12 months
according to IMR category revealed a lower incidence of MACE in patients
with an IMR <25, when compared to those with a 25 <IMR <40 (p <0.001)
and those with an IMR > 40 (p < 0.001). These was no difference in the
incidence of MACE at 12 months in patients with an 25 <IMR <40 and those
with an IMR > 40 (p = 0.352) (Fig. 4.1.7.3).
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Probability of no MACE

1.00 _i’ — Direct stenting == Balloon followed by stenting
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Number at risk (direct stenting)

98 98 98 98 98 98 91 91 91 91

Number at risk (balloon followed by stenting)

112 110 110 110 110 108 108 108 108 108 108 108

Fig. 4.1.7.2. Kaplan-Meier event-free survival curve for occurrence
of major adverse cardiovascular events, patients grouped
by percutaneous coronary intervention technique
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IMR < 25 25 <IMR <40 IMR > 40
(n=153) (n=20) (n=37)

Fig. 4.1.7.3. Sensitivity analysis examining the incidence
of major adverse cardiovascular events at 12 months according
to index of microcirculatory resistance category

MACE — major adverse cardiovascular events; IMR — index of microcirculatory resistance.
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4.1.8. Multivariable logistic analysis

The multivariable logistic regression analysis revealed that direct stenting,
aspiration thrombectomy, and utilization of glycoprotein IIb/Illa jointly
yielded a ROC AUC of 0.79 (0.71-0.86), indicating a good predictive ability
in the binary logistic multivariable analysis (Fig. 4.1.8.1).

1.0
0.8
>
3 0.6
2
3 0.4+
02 — AUC =0.79
95% Cl: [0.71, 0.86]
§ p < 0.001
0.0*
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

Fig. 4.1.8.1. Receiver operating characteristic curve for
the model of coronary microvascular dysfunction
in ST-elevation myocardial infarction patients

AUC - area under the receiver operating characteristic curve; CI — confidence interval.

In this particular model, we were able to determine that the use of direct
stenting as opposed to balloon pre-dilatation before stenting, the utilization
of aspiration thrombectomy, and the administration of intracoronary glyco-
protein IIb/Illa were associated with decreased odds of CMD (odds ratio
(OR): 0.184, 95% confidence interval (CI): 0.085-0.396, p < 0.001), (OR:
0.113, 95% CI: 0.032-0.399, p = 0.001), and (OR: 0.175, 95% CI: 0.062—
0.495, p = 0.001), respectively (Table 4.1.8.1, Fig. 4.1.8.2).

Table 4.1.8.1. Multivariable binary logistic analysis for prediction of
coronary microvascular dysfunction after ST-segment elevation myocardial
infarction event

Effect Odds ratio 95% confidence limits p-value
Direct stenting vs. balloon pre-dilatation 0.184 0.085 0.396 <0.001
stenting
Aspiration thrombectomy 0.175 0.062 0.495 0.001
Glycoprotein IIb/I11a 0.113 0.032 0.399 0.001
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Odds ratio (with 95% Cl)

Fig. 4.1.8.2. Forest plot for the outcome of coronary
microvascular dysfunction

CI — confidence interval.

4.2. Prediction of coronary microvascular dysfunction in ST-elevation
myocardial infarction patients via a machine learning approach

4.2.1. Study flow-chart and data set overview

This analysis dataset encompassed data from 200 patients, characterized
by a spectrum of 30 variables. This included 12 clinical variables, 17 quanti-
tative biomarkers, and their respective CMD diagnoses (categorized as either
No CMD or CMD). Within the timeframe of January 12, 2021, to July 31,
2022, data were collected from 149 patients. Out of this group, 44 individuals
(29.5%) were identified with CMD. These 44 cases formed the basis of the
training dataset used for developing a CMD risk score through sophisticated
machine learning algorithms. Subsequently, an additional cohort of 49
patients was compiled from August 1, 2022, to January 31, 2023. Within this
latter group, CMD was diagnosed in 7 patients (13.7%), and this cohort
served as the test sample for evaluating the accuracy and generalizability of
the Machine Learning-derived CMD risk score, particularly in scenarios
where the prevalence of CMD differs from that of the training dataset.

The study’s methodology unfolds in a structured manner, beginning with
the establishment of the composition and prevalence of the training and test
sets. It then moves to the rebalancing method, followed by the identification
of specified outcomes and covariates. The process advances with the
application of ensemble methods to derive the CMD risk score and ends with
the execution of the testing procedure. This sequential approach is visualized
in Fig. 4.2.1.1, offering a clear and concise overview of the study’s analytical
framework.
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Fig. 4.2.1.1. Flow-chart of the data and the empirical analyses
applied in the study

STEMI — ST-elevation myocardial infarction; CMD — coronary microvascular dysfunction; SMOTE —
synthetic minority over-sampling technique; OOB — out-of-bag; RF — random forest; RDW — red cell
distribution width; WBC — white blood cells; Neutr — neutrophil; Lymph — lymphocytes; NLR —
neutrophil-to-lymphocyte ratio; PLT — platelets; TC — total cholesterol; LDL — low-density lipoprotein;
HDL — high-density lipoprotein; TG — triglycerides; Peak Tnl — peak troponin I; hs-CRP — high
sensitivity C-reactive protein; ESR — erythrocyte sedimentation rate; ADP — adenosine diphosphate;
ADR — epinephrine; BNP — B-type natriuretic peptide; TMAO — trimethylamine N-oxide.
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4.2.2. Descriptive analysis of clinical variables in the training and
testing sets

Descriptive statistics of the 12 clinical variables within the training set
are delineated in Table 4.2.2.1, stratified based on CMD status (No/Yes).
Complementarily, Table 4.2.2.2 details the descriptive statistics for the test
set. Analysis of Table 4.2.2.1 indicates a significant elevation in the percentage
of female patients and those diagnosed with diabetes mellitus among CMD
cases, with respective p-values of 0.012 and 0.021. Concordant findings are
observed in the test sample, as shown in Table 4.2.2.2, where the variables
gender and diabetes mellitus exhibit p-values less than 0.01, affirming the
trends observed in the training set.

Table 4.2.2.1. Training set characteristics of patients with ST-elevation
myocardial infarction stratified by coronary microvascular dysfunction

Variables | Total(N=149) | CMD(N=44) | No CMD (N =105) | p-value
Age (years)
Mean (SD) 66.70 (11.80) 65.16 (11.25) 67.35(12.02) 0.302
Median (Q1, Q3) | 66.00 (59.00, 76.00) | 63.00 (57.75, 73.00) | 68.00 (59.00, 76.00)
Range 41.00-93.00 46.00-91.00 41.00-93.00
Gender
Male 85 (57.0%) 18 (40.9%) 67 (63.8%) 0.012
Female 64 (43.0%) 26 (59.1%) 38 (36.2%)
Body mass index (kg/m?)
Mean (SD) 28.26 (5.33) 27.57 (5.03) 28.55 (5.45) 0.307
Median (Q1, Q3) | 27.78 (24.98, 30.64) | 27.26 (24.48,29.41) | 28.26 (25.25, 30.93)
Range 0.00-43.73 19.15-43.73 0.00-42.87
History of arterial hypertension
No 61 (40.9%) 20 (45.5%) 41 (39.0%) 0.472
Yes 88 (59.1%) 24 (54.5%) 64 (61.0%)
History of coronary artery disease
No 105 (70.5%) 29 (65.9%) 76 (72.4%) 0.438
Yes 44 (29.5%) 15 (34.1%) 29 (27.6%)
History of PCI
No 128 (85.9%) 37 (84.1%) 91 (86.7%) 0.797
Yes 21 (14.1%) 7 (15.9%) 14 (13.3%)
History of stroke
No 129 (86.6%) 39 (88.6%) 90 (85.7%) 0.794
Yes 20 (13.4%) 5(11.4%) 15 (14.3%)
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Table 4.2.2.1. Con

tinued

Variables | Total(N=149) | CMD(N=44) [ NoCMD (N=105) |p-value
History of diabetes mellitus
No 112 (75.2%) 27 (61.4%) 85 (81.0%) 0.021
Yes 37 (24.8%) 17 (38.6%) 20 (19.0%)
History of dyslipidemia
No 60 (40.3%) 19 (43.2%) 41 (39.0%) 0.715
Yes 89 (59.7%) 25 (56.8%) 64 (61.0%)
History of alcohol abuse
No 134 (89.9%) 41 (93.2%) 93 (88.6%) 0.554
Yes 15 (10.1%) 3 (6.8%) 12 (11.4%)
Smoker
Never 68 (45.6%) 16 (36.4%) 52 (49.5%) 0.259
Ex-smoker 51 (34.2%) 19 (43.2%) 32 (30.5%)
Current smoker 30 (20.1%) 9 (20.5%) 21 (20.0%)
CHA,DS;-VASc Score
1 15 (10.1%) 5 (11.4%) 10 (9.5%) 0.909
2 33 (22.1%) 7 (15.9%) 26 (24.8%)
3 34 (22.8%) 9 (20.5%) 25 (23.8%)
4 36 (24.2%) 15 (34.1%) 21 (20.0%)
5 18 (12.1%) 6 (13.6%) 12 (11.4%)
6 10 (6.7%) 2 (4.5%) 8 (7.6%)
7 3 (2.0%) 0 (0.0%) 3 (2.9%)

PCI — percutaneous coronary intervention; CMD — coronary microvascular dysfunction. In bold and
italics significant p-values (<0.05).

Table 4.2.2.2. Test set characteristics of patients with ST-elevation myocar-
dial infarction stratified by coronary microvascular dysfunction

Variables | Total(N=51) | CMD(N=7) | NoCMD (N=44) |p-value
Age (years)
Mean (SD) 65.92 (12.90) 65.29 (16.60) 66.02 (12.44) 0.890
Median (Q1, Q3) | 62.00 (56.50, 76.00) | 62.00 (52.50, 76.00) | 62.50 (56.75, 76.00)
Range 45.00-94.00 47.00-91.00 45.00-94.00
Gender
Male 34 (66.7%) 1 (14.3%) 33 (75.0%) 0.004
Female 17 (33.3%) 6 (85.7%) 11 (25.0%)
Body mass index (kg/m?)
Mean (SD) 27.89 (6.30) 2491 (2.14) 2837 (6.62) 0.179
Median (Q1, Q3) | 26.20 (23.98, 31.23) | 24.30 (24.02, 25.96) | 26.42 (23.99, 31.63)
Range 15.96-49.54 21.71-28.38 15.96-49.54

131



Table 4.2.2.2. Continued

Variables | Total(N=51) | CMD(N=7) | NoCMD(N=44) |p-value
History of arterial hypertension
No 21 (41.2%) 2 (28.6%) 19 (43.2%) 0.685
Yes 30 (58.8%) 5(71.4%) 25 (56.8%)
History of coronary artery disease
No 40 (78.4%) 6 (85.7%) 34 (77.3%) 1.000
Yes 11 (21.6%) 1 (14.3%) 10 (22.7%)
History of PCI
No 48 (94.1%) 7 (100.0%) 41 (93.2%) 1.000
Yes 3(5.9%) 0 (0.0%) 3 (6.8%)
History of stroke
No 46 (90.2%) 5(71.4%) 41 (93.2%) 0.133
Yes 5(9.8%) 2 (28.6%) 3 (6.8%)
History of diabetes mellitus
No 39 (76.5%) 2 (28.6%) 37 (84.1%) 0.005
Yes 12 (23.5%) 5(71.4%) 7 (15.9%)
History of dyslipidemia
No 26 (51.0%) 3 (42.9%) 23 (52.3%) 0.703
Yes 25 (49.0%) 4 (57.1%) 21 (47.7%)
History of alcohol abuse
No 47 (92.2%) 6 (85.7%) 41 (93.2%) 0.457
Yes 4 (7.8%) 1 (14.3%) 3 (6.8%)
Smoker
Never 24 (47.1%) 3 (42.9%) 21 (47.7%) 0.291
Ex-smoker 16 (31.4%) 1 (14.3%) 15 (34.1%)
Current smoker 11 (21.6%) 3 (42.9%) 8 (18.2%)
CHA,DS;,-VASc score
1 8 (15.7%) 0 (0.0%) 8 (18.2%) 0.925
2 7 (13.7%) 0 (0.0%) 7 (15.9%)
3 18 (35.3%) 1 (14.3%) 17 (38.6%)
4 9 (17.6%) 2 (28.6%) 7 (15.9%)
5 5(9.8%) 2 (28.6%) 3 (6.8%)
6 4 (7.8%) 2 (28.6%) 2 (4.5%)
7 0 (0.0%) 0 (0.0%) 0 (0.0%)

PCI — percutaneous coronary intervention; CMD — coronary microvascular dysfunction. In bold and
italics significant p-values (<0.05).
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4.2.3. Laboratory and biomarkers analysis in the training

and testing s

ets

In the training set, laboratory and biomarker values are categorized ac-
cording to CMD and presented in Table 4.2.3.1. These quantitative variables
do not exhibit a normal distribution, as demonstrated in Fig. 4.2.3.1 (A, B),
with all the Shapiro-Wilk test p-values being less than 0.001.

Table 4.2.3.1. Laboratory and biomarker values collected on the training set
of patients with ST-elevation myocardial infarction, stratified by coronary
microvascular dysfunction

(unitvoafr:z:;iires) Total (N = 149) CMD (N=44) | No CMD (N = 105) | p-value
Red cell distribution width (%)
Mean (SD) 13.96 (1.53) 14.50 (2.13) 13.73 (1.14) 0.005
Median (Q1, Q3) | 13.50 (12.90, 14.50) |13.60 (12.97, 16.18)| 13.50 (12.90, 14.30)
Range 11.30-19.00 11.30-19.00 11.63-17.90
White blood count (x10%/L)
Mean (SD) 9.76 (3.28) 9.91 (2.95) 9.69 (3.42) 0.705
Median (Q1,Q3) | 9.48(7.23,12.00) | 10.15(7.43, 12.26) | 8.60 (7.20, 11.68)
Range 4.79-22.45 4.79-15.90 4.79-22.45
Neutrophils (x10°/L)
Mean (SD) 7.59 (5.21) 8.80 (8.43) 7.08 (2.90) 0.066
Median (Q1,Q3) | 6.90(5.28,8.80) | 7.04(5.68,9.41) | 6.90 (5.12,8.72)
Range 2.04-60.60 3.64-60.60 2.04-23.50
Lymphocytes (x 10%/L)
Mean (SD) 2.25 (2.80) 2.80 (4.91) 2.01 (0.98) 0.114
Median (Q1,Q3) | 1.75(1.30,2.55) | 1.75(1.31,2.57) | 1.75(1.30,2.55)
Range 0.20-33.80 0.67-33.80 0.20-5.44
Neutrophil-to-Lymphocyte ratio
Mean (SD) 4.63 (4.29) 4.49 (2.82) 4.68 (4.78) 0.806
Median (Q1,Q3) | 3.80(2.39,5.77) | 3.76(2.33,5.8%) | 3.80(2.39,5.35)
Range 0.65-45.00 1.22-14.65 0.65-45.00
Platelet count (x 10%/L)
Mean (SD) 214.57 (68.60) 210.55 (68.58) 216.26 (68.86) | 0.644
Median (Q1, Q3) 210.00 206.50 211.00
(168.00,254.00) | (159.00,252.50) | (169.00,254.00)
Range 70.00-404.00 80.00-368.00 70.00-404.00
Total cholesterol (mmol/L)
Mean (SD) 3.51 (1.15) 4.02 (1.60) 3.29 (0.82) <0.001
Median (Q1,Q3) | 3.21(2.86,4.12) | 3.77(2.96,4.58) | 3.14(2.76,3.82)
Range 1.78-8.89 1.91-8.89 1.78-5.34
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Table 4.2.3.1. Continued

Variables

(unit of measures) Total (N = 149) CMD (N =44) No CMD (N =105) | p-value
Low-density lipoprotein (mmol/L)
Mean (SD) 2.18 (0.89) 2.53(1.26) 2.04 (0.64) 0.002
Median (Q1, Q3) 2.11 (1.51, 2.58) 2.06(1.72,3.12) 2.12(1.47,2.41)
Range 0.91-6.10 0.91-6.10 1.02-3.75
High-density lipoprotein (mmol/L)
Mean (SD) 1.30 (0.29) 1.32 (0.27) 1.29 (0.30) 0.622
Median (Q1, Q3) 1.25(1.12, 1.48) 1.32(1.14, 1.51) 1.23 (1.12, 1.48)
Range 0.71-2.15 0.77-1.97 0.71-2.15
Triglycerides (mmol/L)
Mean (SD) 1.24 (0.73) 1.11 (0.48) 1.29 (0.81) 0.188
Median (Q1, Q3) 1.10 (0.75, 1.47) 1.06 (0.80, 1.30) 1.11 (0.74, 1.49)
Range 0.314.21 0.31-2.25 0.32-4.21
Peak Troponin I (ug/L)
Mean (SD) 53.34 (32.52) 58.89 (30.22) 51.02 (33.30) 0.179
Median (Q1, Q3) | 49.00 (30.00, 69.00) [52.50 (34.50, 81.25)| 47.00 (28.00, 67.00)
Range 4.50-250.00 15.00-136.00 4.50-250.00
Hs-CRP (mg/L)
Mean (SD) 4.37(2.35) 4.55(2.37) 430 (2.35) 0.550
Median (Q1, Q3) 4.17 (2.44, 6.27) 4.26 (2.48, 6.33) 4.06 (2.27, 6.14)
Range 0.19-11.50 0.37-11.50 0.19-10.20
ESR (mm/hr)
Mean (SD) 13.69 (6.01) 16.23 (6.91) 12.63 (5.28) <0.001
Median (Q1, Q3) | 13.00 (10.00, 17.00) [16.00 (12.00,21.00)| 12.00 (9.00, 16.00)
Range 1.00-29.00 2.00-29.00 1.00-25.00
Platelet aggregation with ADP (%)
Mean (SD) 34.36 (18.85) 34.59 (18.21) 34.26 (19.20) 0.922
Median (Q1, Q3) | 32.00(21.00, 42.00) [31.50 (20.75,42.50)| 32.00 (21.00, 41.00)
Range 3.00-97.00 7.00-83.00 3.00-97.00
Platelet aggregation with ADR (%)
Mean (SD) 32.51(14.92) 37.50 (15.48) 30.42 (14.23) 0.008
Median (Q1, Q3) | 32.00 (22.00, 40.00) {40.00 (25.00, 49.25)| 31.00 (21.00, 37.00)
Range 2.00-98.00 2.00-62.00 3.00-98.00
Trimethylamine N-Oxide (uM)
Mean (SD) 3.56 (2.59) 5.15(2.44) 2.90 (2.36) <0.001
Median (Q1, Q3) 2.97 (1.66, 4.28) 5.07 (3.72,7.19) 2.39(1.25, 3.45)
Range 0.42-14.10 0.42-10.24 0.57-14.10
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Table 4.2.3.1. Continued

Variables

(unit of measures) | Tt (N=149) CMD (N=44) | No CMD (N = 105) | p-value
B-type natriuretic peptide (ng/L)
Mean (SD) 60.55 (64.85) 87.11 (93.33) 49.42 (44.26) 0.001
Median (Q1, Q3) 40.00 (28.00, 69.00) |69.50 (28.75, 88.00)| 37.00 (27.00, 57.00)
Range 9.00-412.00 9.00-412.00 10.00-304.00

Hs-CRP — high-sensitivity C-reactive protein; ESR — erythrocyte sedimentation rate; ADP — adenosine
diphosphate; ADR — epinephrine in bold and italics significant p-values (< 0.05).
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Fig. 4.2.3.1 (A). Histograms of the 17 biomarkers and body mass index
used in the model which evaluating the risk of coronary microvascular
dysfunction at baseline

Biomarkers and body mass index are not normally distributed highlighting distributions with strong
positive or negative asymmetries and presence of outliers.
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used in the model which evaluating the risk of coronary microvascular
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Biomarkers and body mass index are not normally distributed highlighting distributions with strong
positive or negative asymmetries and presence of outliers.

Among the 17 biomarkers, six of them demonstrate noticeably elevated
median values in patients with CMD. As demonstrated in Table 4.2.3.1, the
RDW was 13.50% in CMD patients compared to 13.60%, with a p-value of
0.005. The TC level was 3.14 mmol/L compared to 3.77 mmol/L, with a p-value
of less than 0.001. The ESR was 12.00 mm/hr compared to 16.00 mm/hr, with
a p-value of less than 0.001. Platelet aggregation with ADR was 31.00%
compared to 40.00%, with a p-value of 0.008. The TMAO level was 2.39 uM
compared to 5.07 uM, with a p-value of less than 0.001. The BNP level was
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37.00 ng/L compared to 69.00 ng/L, with a p-value of 0.001. In contrast, patients
with CMD exhibit a noticeably lower median value of LDL (2.06 mmol/L vs.
2.12 mmol/L; p-value = 0.002).

The test set underwent a parallel analytical process, as detailed in
Table 4.2.3.2. Among the six biomarkers identified as correlates of CMD,
five exhibited trends consistent with those observed in the training set,
affirming that CMD patients typically present with significantly elevated
median biomarker values in comparison to their non-CMD counterparts.
Specific observations include TC levels of 3.33 mmol/L vs. 5.12 mmol/L
(» <0.001), ESR values of 12.00 mm/hr versus 22.00 mm/hr (p < 0.001),
platelet aggregation in response to ADR at 30.00% compared to 47.00%
(» <0.001), TMAO concentrations of 2.53 uM versus 5.12 uM (p = 0.04),
and BNP levels at 34.00 ng/L against 88.00 ng/L (p < 0.001). Contrariwise,
LDL-C levels presented a divergent pattern from the training dataset, with a
notable increase in CMD patients (2.14 mmol/L vs. 3.71 mmol/L; p <0.001).
Interestingly, RDW demonstrated no significant difference between the two
subgroups in the test set (p = 0.131). Moreover, Hs-CRP, was observed to
significantly increase in CMD patients (3.93 mg/L vs. 10.80 mg/L; p <0.001).
These findings, highlighting the differences between the training and testing
sets, underscore the challenging nature of the testing set for the CMD
machine learning algorithm we aim to develop. The robustness and accuracy
of this model, when applied to such a diverse set, would be indicative of its
generalizability.

Table 4.2.3.2. Laboratory and biomarker values collected on the test set of
patients with ST-elevation myocardial infarction, stratified by coronary
microvascular dysfunction

(unitvé‘frlis'g;ires) Total N=51) | Yes CMD (N=7) | No CMD (N =44) | p-value
Red cell distribution width (%)
Mean (SD) 13.90 (1.50) 14.70 (2.03) 13.78 (1.38) 0.131
Median (Q1,Q3) | 13.50 (12.85, 14.50) | 14.50 (12.85, 16.30) | 13.50 (12.88, 14.25)
Range 11.63-18.40 12.60-17.50 11.63-18.40
White blood count (x10°/L)
Mean (SD) 9.91 (3.12) 9.19 (2.08) 10.03 (3.26) 0.517
Median (Q1, Q3) 9.12(7.67, 11.74) | 9.08(7.96,10.99) | 9.27 (7.68, 12.04)
Range 4.14-18.52 5.96-11.43 4.14-18.52
Neutrophils (x10%/L)
Mean (SD) 7.48 (2.29) 7.62 (2.35) 7.46 (2.30) 0.869
Median (Q1, Q3) 747(5.93,9.03) | 7.05(6.23,9.05) | 7.51(5.85,9.02)
Range 3.38-14.04 4.50-11.19 3.38-14.04
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Table 4.2.3.2. Continued

Variables

(unit of measures) Total (N =51) Yes CMD (N=7) | No CMD (N =44) | p-value
Lymphocytes (x10%/L)
Mean (SD) 2.12(1.01) 2.34 (1.23) 2.09 (0.99) 0.541
Median (Q1, Q3) 1.85(1.34,2.64) 2.44 (1.48, 2.60) 1.85(1.39,2.69)
Range 0.67-4.74 1.06-4.74 0.67-4.25
Neutrophil-to-Lymphocyte ratio
Mean (SD) 4.51(2.92) 3.67 (1.10) 4.64 (3.11) 0.419
Median (Q1, Q3) 3.90 (2.44, 5.61) 3.90 (3.27,4.42) 3.92 (2.36, 6.29)
Range 0.97-16.27 1.69-4.72 0.97-16.27
Platelet count (x10°/L)
Mean (SD) 204.49 (53.81) 208.57 (70.47) 203.84 (51.68) 0.831
Median (Q1, Q3) 207.00 224.00 206.50
(166.00, 241.00) (145.50, 259.50) (174.00, 241.00)
Range 70.00-312.00 127.00-299.00 70.00-312.00
Total cholesterol (mmol/L)
Mean (SD) 3.66 (1.03) 5.10(1.07) 3.43 (0.82) <0.001
Median (Q1, Q3) 3.51(3.12,4.18) 5.12 (4.91, 5.56) 3.33(2.94,4.03)
Range 2.01-6.51 3.12-6.51 2.01-6.24
Low-density lipoprotein (mmol/L)
Mean (SD) 2.28 (0.83) 3.55(0.82) 2.08 (0.63) <0.001
Median (Q1, Q3) 2.14 (1.73, 2.69) 3.71 (3.26,4.12) 2.14 (1.50, 2.44)
Range 1.01 4.41 2.014.41 1.01-3.91
High-density lipoprotein (mmol/L)
Mean (SD) 1.32 (0.39) 1.17 (0.16) 1.35(0.41) 0.272
Median (Q1, Q3) 1.29 (1.06, 1.48) 1.23 (1.04, 1.30) 1.33 (1.09, 1.55)
Range 0.71-3.12 0.95-1.32 0.71-3.12
Triglycerides (mmol/L)
Mean (SD) 1.20 (0.68) 1.23 (0.71) 1.19 (0.68) 0.898
Median (Q1, Q3) 1.11 (0.72, 1.41) 1.12 (0.66, 1.52) 1.11 (0.79, 1.41)
Range 0.41-4.51 0.61-2.51 0.41-4.51
Peak Troponin I (pg/L)
Mean (SD) 35.56 (21.36) 28.50 (20.88) 36.68 (21.46) 0.352
Median (Q1, Q3) 30.00 (17.00, 53.00) | 22.00 (17.50, 37.00) | 32.00 (17.00, 54.25)
Range 4.50-81.00 4.50-64.00 5.12-81.00
Hs-CRP (mg/L)
Mean (SD) 4.79 (3.26) 10.49 (3.06) 3.88(2.21) <0.001
Median (Q1, Q3) 4.55(2.08, 6.27) 10.80 (8.86, 12.05) | 3.93 (1.92,5.67)
Range 0.57-15.10 5.74-15.10 0.57-8.45
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Table 4.2.3.2. Continued

(unitV:frli:::::lres) Total N=51) | Yes CMD (N=7) | No CMD (N =44) | p-value
ESR (mm/hr)
Mean (SD) 13.35(7.05) 19.86 (11.63) 12.32 (5.57) 0.007
Median (Q1, Q3) 12.00 (8.50, 16.50) | 22.00 (9.50,29.00) | 12.00 (8.00, 15.25)
Range 2.00-34.00 6.00-34.00 2.00-25.00
Platelet aggregation with ADP (%)
Mean (SD) 38.59 (20.81) 49.29 (19.99) 36.89 (20.64) 0.145
Median (Q1, Q3) 35.00 (23.00, 58.00) | 49.00 (45.00, 63.50) | 31.50 (22.75, 47.00)
Range 3.00-80.00 10.00-69.00 3.00-80.00
Platelet aggregation with ADR (%)
Mean (SD) 32.73 (12.50) 48.57 (9.88) 30.20 (10.99) <0.001
Median (Q1, Q3) 32.00 (23.50, 38.00) | 47.00 (45.50, 55.50) | 30.00 (22.00, 36.00)
Range 3.00-63.00 31.00-60.00 3.00-63.00
Trimethylamine N-Oxide (uM)
Mean (SD) 3.67 (2.78) 6.38 (3.84) 3.24 (2.35) 0.004
Median (Q1, Q3) 2.75(1.90, 4.67) 5.12 (4.17,7.23) 2.53(1.77,3.89)
Range 0.57-14.10 2.64-14.10 0.57-10.74
B-type natriuretic peptide (ng/L)
Mean (SD) 45.08 (37.66) 89.14 (65.91) 38.07 (26.01) <0.001
Median (Q1, Q3) 34.00 (26.50, 48.00) |88.00 (34.00, 119.50)| 34.00 (24.25, 44.00)
Range 6.00-205.00 24.00-205.00 6.00-154.00

Hs-CRP — high-sensitivity C-reactive protein; ESR — erythrocyte sedimentation rate; ADP — adenosine
diphosphate; ADR — epinephrine. In bold and italics significant p-values (< 0.05).

4.2.4. Comparative analysis of the training and test sets

When examining the training and test sets, it is evident that the median
value of the Peak Troponin is lower in the test set (49.00 pg/L vs. 30.00 pg/L;
p-value < 0.001). Additionally, the prevalence is significantly lower in the
test set (29.5% vs. 13.7%; p-value = 0.026). This evidence is presented in
Table 4.2.3.3, which provides a comprehensive comparison of the 30
variables that were involved in the analyses. The notable variance in troponin
levels and the lower prevalence of CMD in the test set present additional
complexities for our CMD-focused machine learning algorithm. These
factors, coupled with the distinct differences observed between the two sets,
amplify the challenge faced by the algorithm. If the future model succeeds in
successfully navigating these complexities, it would be a strong testament to
its accuracy and generalizability.
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Table 4.2.3.3. Characteristics, Laboratory and Biomarker values of patients
with ST-elevation myocardial infarction stratified respect training and test
set used for the analyses

Current smoker

41 (20.5%)

11 (21.6%)

30 (20.1%)

Variables Total Test set Training set
(unit of measures) (N = 200) (N =51) (N=149)  |Pvalue
Age (years)
Mean (SD) 66.50 (12.06) 65.92 (12.90) 66.70 (11.80) 0.690
Median (Q1, Q3) 65.50 (58.00, 76.00) | 62.00 (56.50, 76.00) | 66.00 (59.00, 76.00)
Range 41.00-94.00 45.00-94.00 41.00-93.00
Gender
Male 119 (59.5%) 34 (66.7%) 85 (57.0%) 0.251
Female 81 (40.5%) 17 (33.3%) 64 (43.0%)
Body mass index (kg/m?)
Mean (SD) 28.17 (5.58) 27.89 (6.30) 28.26 (5.33) 0.684
Median (Q1, Q3) 27.53 (24.54,30.74) | 26.20 (23.98, 31.23) | 27.78 (24.98, 30.64)
Range 0.00-49.54 15.96-49.54 0.00-43.73
History of Arterial Hypertension
No 82 (41.0%) 21 (41.2%) 61 (40.9%) 1.000
Yes 118 (59.0%) 30 (58.8%) 88 (59.1%)
History of coronary artery disease
No 145 (72.5%) 40 (78.4%) 105 (70.5%) 0.364
Yes 55(27.5%) 11 (21.6%) 44 (29.5%)
History of PCI
No 176 (88.0%) 48 (94.1%) 128 (85.9%) 0.140
Yes 24 (12.0%) 3 (5.9%) 21 (14.1%)
History of Stroke
No 175 (87.5%) 46 (90.2%) 129 (86.6%) 0.627
Yes 25 (12.5%) 5(9.8%) 20 (13.4%)
History of diabetes mellitus
No 151 (75.5%) 39 (76.5%) 112 (75.2%) 1.000
Yes 49 (24.5%) 12 (23.5%) 37 (24.8%)
History of dyslipidemia
No 86 (43.0%) 26 (51.0%) 60 (40.3%) 0.194
Yes 114 (57.0%) 25 (49.0%) 89 (59.7%)
History of alcohol abuse
No 181 (90.5%) 47 (92.2%) 134 (89.9%) 0.786
Yes 19 (9.5%) 4 (7.8%) 15 (10.1%)
Smoker
Never 92 (46.0%) 24 (47.1%) 68 (45.6%) 0.933
Ex-smoker 67 (33.5%) 16 (31.4%) 51 (34.2%)
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Table 4.2.3.3. Continued

Variables Total Test set Training set
(unit of measures) (N = 200) (N=51) (N=149)  |Pvalue
CHA,DS;,-VASc score
1 23 (11.5%) 8 (15.7%) 15 (10.1%) 0.434
2 40 (20.0%) 7 (13.7%) 33 (22.1%)
3 52 (26.0%) 18 (35.3%) 34 (22.8%)
4 45 (22.5%) 9 (17.6%) 36 (24.2%)
5 23 (11.5%) 5(9.8%) 18 (12.1%)
6 14 (7.0%) 4 (7.8%) 10 (6.7%)
7 3 (1.5%) 0 (0.0%) 3 (2.0%)
Red cell distribution width (%)
Mean (SD) 13.94 (1.52) 13.90 (1.50) 13.96 (1.53) 0.825
Median (Q1, Q3) 13.50 (12.90, 14.50) | 13.50 (12.85, 14.50) | 13.50 (12.90, 14.50)
Range 11.30-19.00 11.63-18.40 11.30-19.00
White blood count (x10%/L)
Mean (SD) 9.80 (3.23) 9.91 (3.12) 9.76 (3.28) 0.765
Median (Q1, Q3) 9.30(7.40,11.96) | 9.12(7.67,11.74) | 9.48(7.23, 12.00)
Range 4.14-22.45 4.14-18.52 4.79-22.45
Neutrophils (x10%/L)
Mean (SD) 7.56 (4.64) 7.48 (2.29) 7.59 (5.21) 0.888
Median (Q1, Q3) 7.05 (5.47, 8.88) 7.47 (5.93,9.03) 6.90 (5.28, 8.80)
Range 2.04-60.60 3.38-14.04 2.04-60.60
Lymphocytes (x10%/L)
Mean (SD) 2.21(2.46) 2.12 (1.01) 2.25(2.80) 0.759
Median (Q1, Q3) 1.79 (1.29, 2.59) 1.85(1.34,2.64) 1.75 (1.30, 2.55)
Range 0.20-33.80 0.674.74 0.20-33.80
Neutrophil-to-Lymphocyte ratio
Mean (SD) 4.60 (3.98) 4.51(2.92) 4.63 (4.29) 0.853
Median (Q1, Q3) 3.81(2.38, 5.68) 3.90 (2.44, 5.61) 3.80(2.39,5.77)
Range 0.65-45.00 0.97-16.27 0.65-45.00
Platelet count (x10°/L)
Mean (SD) 212.00 (65.16) 204.49 (53.81) 214.57 (68.60) 0.342
Median (Q1, Q3) 209.00 207.00 210.00
(167.50, 249.00) (166.00, 241.00) (168.00, 254.00)
Range 70.00—404.00 70.00-312.00 70.00—404.00
Total cholesterol (mmol/L)
Mean (SD) 3.55(1.12) 3.66 (1.03) 3.51 (1.15) 0.392
Median (Q1, Q3) 3.25(2.87,4.14) 3.51(3.12,4.18) 3.21(2.86,4.12)
Range 1.78-8.89 2.01-6.51 1.78-8.89
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Table 4.2.3.3. Continued

Variables Total Test set Training set
(unit of measures) (N = 200) (N =51) (N=149)  |PValue
Low-density lipoprotein (mmol/L)
Mean (SD) 2.21(0.87) 2.28 (0.83) 2.18 (0.89) 0.500
Median (Q1, Q3) 2.12(1.52,2.62) 2.14 (1.73, 2.69) 2.11(1.51, 2.58)
Range 0.91-6.10 1.01-4.41 0.91-6.10
High-density lipoprotein (mmol/L)
Mean (SD) 1.31(0.32) 1.32(0.39) 1.30(0.29) 0.677
Median (Q1, Q3) 1.25(1.12, 1.48) 1.29 (1.06, 1.48) 1.25(1.12, 1.48)
Range 0.71-3.12 0.71-3.12 0.71-2.15
Triglycerides (mmol/L)
Mean (SD) 1.23 (0.71) 1.20 (0.68) 1.24 (0.73) 0.746
Median (Q1, Q3) 1.10 (0.74, 1.47) 1.11(0.72, 1.41) 1.10 (0.75, 1.47)
Range 0.31-4.51 0.41-4.51 0.314.21
Peak Troponin I (ug/L)
Mean (SD) 48.81 (31.01) 35.56 (21.36) 53.34 (32.52) <0.001
Median (Q1, Q3) 45.00 (27.00, 65.00) | 30.00 (17.00, 53.00) | 49.00 (30.00, 69.00)
Range 4.50-250.00 4.50-81.00 4.50-250.00
Hs-CRP (mg/L)
Mean (SD) 448 (2.61) 4.79 (3.26) 4.37 (2.35) 0.332
Median (Q1, Q3) 4.21(2.31,6.28) 4.55(2.08, 6.27) 4.17 (2.44,6.27)
Range 0.19-15.10 0.57-15.10 0.19-11.50
ESR (mm/hr)
Mean (SD) 13.61 (6.28) 13.35(7.05) 13.69 (6.01) 0.741
Median (Q1, Q3) 13.00 (9.00, 17.00) | 12.00 (8.50, 16.50) | 13.00 (10.00, 17.00)
Range 1.00-34.00 2.00-34.00 1.00-29.00
Platelet aggregation with ADP
Mean (SD) 35.44 (19.40) 38.59 (20.81) 34.36 (18.85) 0.179
Median (Q1, Q3) 32.00 (21.75, 44.25) | 35.00 (23.00, 58.00) | 32.00 (21.00, 42.00)
Range 3.00-97.00 3.00-80.00 3.00-97.00
Platelet aggregation with ADR (%)
Mean (SD) 32.56 (14.31) 32.73 (12.50) 32.51(14.92) 0.926
Median (Q1, Q3) 32.00 (22.00, 40.00) | 32.00 (23.50, 38.00) | 32.00 (22.00, 40.00)
Range 2.00-98.00 3.00-63.00 2.00-98.00
Trimethylamine N-oxide (1M)
Mean (SD) 3.59 (2.63) 3.67 (2.78) 3.56 (2.59) 0.799
Median (Q1, Q3) 2.96 (1.83,4.37) 2.75(1.90, 4.67) 2.97 (1.66, 4.28)
Range 0.42-14.10 0.57-14.10 0.42-14.10
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Table 4.2.3.3. Continued

Variables Total Test set Training set
(unit of measures) (N = 200) (N=51) (N=149)  |Pvalue
B-type natriuretic peptide (ng/L)
Mean (SD) 56.60 (59.41) 45.08 (37.66) 60.55 (64.85) 0.109
Median (Q1, Q3) 37.00 (27.00, 66.25) | 34.00 (26.50, 48.00) | 40.00 (28.00, 69.00)
Range 6.00-412.00 6.00-205.00 9.00-412.00
Microcirculatory disorder
No 149 (74.5%) 44 (86.3%) 105 (70.5%) 0.026
Yes 51 (25.5%) 7 (13.7%) 44 (29.5%)

PCI — Percutaneous Coronary Intervention; Hs-CRP — High-Sensitivity C-Reactive Protein; ESR —
Erythrocyte Sedimentation Rate; ADP — Adenosine diphosphate; ADR — Epinephrine. In bold and
italics significant p-values (< 0.05).

4.2.5. Variables multicollinearity check

The biomarkers in Tables 4.2.3.1 and 4.2.3.2 have been identified in the
literature as critical for the prediction of CMD and used as covariates in a
model where the outcome is the diagnosis (No CMD vs CMD). For checking
the multicollinearity in the data, two correlation plots (on training and test
set) were computed (Fig. 4.2.5.1 A, B). In both graphs, but particularly in the
training set, it is evident that some biomarkers are significantly (cells with the
pink profile) positively (blue cells) or negatively (red cells) correlated. Addi-
tionally, within the study’s correlation matrices, a general pattern of weak or
random associations between biomarkers suggests the intricate and complex
nature of biological interactions. However, several strong expected relation-
ships stand out. A significant correlation is noted between LDL and TC,
which aligns with established clinical understanding as LDL cholesterol is
factored into the calculation of TC. Similarly, the NLR displays a strong
positive correlation with Neutrophil count and a strong negative one with
Lymphocyte count, consistent with the definition of NLR as the ratio between
these two cell counts. Another anticipated correlation is seen between throm-
bocyte aggregation with ADP and ADR, reflecting their shared role in platelet
aggregation. These particular strong correlations validate known biochemical
interactions and therapeutic effects. Conversely, other biomarker correlations
within the matrices did not exhibit significant connections, emphasizing the
selectivity of substantial correlations within a complex landscape of physio-
logical parameters.

143



] SER
A Training Set &
i
RO
& &
&
\\"’Q \\’”Q
& &
N @ @
> & S oSS 005‘ 06,4‘ 3
& & & NS o & & O 2
F I IO IEC T & TS
1
RDW  -0.06 0.07 0.02 0.03 0 0 -002 0.1 -0.05 0.04 0.09 0.16 0.08 0.01 0.03 0.15
WBC  -0.01 0.14 -0.15-0.13 0 0.04 -0.02 0.05 0.04 -0.02 -0.18 0.03 0.03 0.09 -0.23 08
Neutr  -0.09 0.04 0.05 -0.03 -0.03 -0.02 -0.16 -0.02 0.16 -0.02 -0.16 0.02 -0.01
06
Lymph 0 001 006 0 -0.01008 0.08 -0.02-0.06 0.03 0.08 0.01
NLR 0.2 0.04 -0.06 0 0 -0.13 -0.08 0.08 0.06 -0.09 -0.05 -0.05 04
Plt  0.04 -0.03 0.04 -0.15 0.05 0.04 -0.03 0.07 -0.09 -0.02 -0.04
TC.mmol.| .0.29 027 003 0.09 0.05 0.13 0.12 -0.03 -0.01 02
LDL.mmoll [0.21 0.29 0.07 0.13 -0.02 0.08 0.15 -0.11 0.03
0
HDLmmoll '.0.17 0.18 0.02 0.09 0.13 0.17 -0.11 0.08
TGmmoll -0.03 -0.11 -0.06 -0.04 0.06 -0.08 -0.13 02
Peak.Tnl  -0.09 0.03 0.11 0.1 0.16 -0.07
0.4
hs.CRP.mg.l  0.07 0.07 0.04 0.07 -0.05
ESRmm.hr  0.42 0.18 -0.02 0.09 06
Thrombocyte.antiagregation.with ADP
Thrombocyte.antiagregation.with ADR  0.08 -0.05 0.8
TMAO  0.12
-1
A R &
B Testing Set © ©
& &
$° &
& &
o)
'bo\@ 'b&\'b
S AN > &
N S NS SIS
F CE TR EF S S
o o & & S EFFTE TS SO S
F & & o o oL FE YK
F I IO E SN
1
RDW 003 -017 0.09 -0.18 -0.15 0.06 0.03 -0.12 0.06 -0.09 -0.02 0.16 -0.04 0.11 002 0.13
WBC  .008 -02 008 -0.24 -0.12 -0.13 -0.11 044 0.07 0.42 -0.14 045 -0.09 -0.07 0.03 0.8
Neutr  -0.03 006 012 0.09 -0.03 0.05 -0.05 -0.22 -0.03 0.12 -0.19 0.08 -0.14
Lymph 02 014 01 004 0.2 -0.26 002 -0.06 011 -0.1 0.04 -0.11 06
NLR -0 -0.08 -0.03 0.07 0.11 0.21 -0.17 0.05 003 0 0 001 o4
Plt  -015 047 -01 0.03 -0.05 -0.04 -0.16 011 -0.05 013 -0.03
TC.mmol.l .o,u 0.04 003 016 0.04 -0.15 0.19 0.18 0.09 0.2
LDL.mmoll 024 -0.02 0.06 013 0.1 -0.14 0.16 023 0.09
0
HDL.mmol.l '-0.33 0.2 -0.08 0.07 0.13 -0.25 -0.04 -0.15
TG.mmol.l  -0.21 0.09 -0.04 025 0.14 -0.11 -0.03 0.2
Peak.Tnl 02 -0.05 002 02 -0.06 0.23
hs.CRP.mg.l 007 002 022 013 -0.02 04
ESRmm.hr 018 035 0.03 0.01 06
Thrombocyte.antiagregation.with. ADP  0.04 026 0.23
Thrombocyte.antiagregation.with. ADR  -0.09 0.2 0.8

TMAO  -0.01

Fig. 4.2.5.1. Correlation plots on biomarkers used to predict CMD risk

These upper triangular matrices report in each cell the Spearman correlation (ps) coefficient computed
between couples of biomarkers. Figures A and B evaluate correlations in the training and test set,
respectively. The background of the cells is coloured of blue if the relationship is positive (0 < ps < 1);
otherwise, the cell is coloured red (—1 < ps < 0). The colors intensity is proportional to the magnitude
of ps and the pink profiles identify cells containing significant correlations (correlation test p-

value < 0.05).
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4.2.6. Employment of machine learning algorithms
to address data complexities

To address data complexities including outliers and multicollinearity, a
suite of ML algorithms, known for their robustness in handling such challen-
ges, were employed. The training set, characterized by a relatively low CMD
prevalence of 29.5%, underwent a SMOTE procedure to achieve balance.
This process resulted in a modified cohort of 186 STEMI patients, comprising
81 CMD and 105 non-CMD cases, thereby elevating the prevalence to 43.5%.
Leveraging the harmonized training set, an array of sophisticated machine
learning algorithms was systematically deployed, each utilizing an identical
set of outcomes and covariates to ensure uniformity across experimental
conditions. The computational techniques encompassed a diverse suite of
models, including RF, GBM, SVM, XGBoost, Super Learner, and Discrete
Super Learner. In an endeavor to contextualize the efficacy of these advanced
methodologies, a comparative analysis was conducted — predicated on a 10-
fold Cross-Validation (CV) risk assessment framework — against the conven-
tional statistical benchmark of logistic Regression. For the purpose of
exhaustive analytical rigor, the forest plot pertaining to the logistic regression
model was documented in Fig. 4.2.6.1. Furthermore, these varied algorithms
were juxtaposed with the meta-analytic learner, SL.mean, utilizing the
SuperLearner statistical package implemented within the R programming
ecosystem. This multifaceted comparison procedure was crafted to distill
insights into the relative predictive veracity and the concomitant risk stratifi-
cation capabilities intrinsic to each algorithmic model.
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Fig. 4.2.6.1. Forest plot of the Logistic regression model for

the prediction of Coronary Microvascular Dysfunction
Forest plot of the Logistic regression estimated on rebalanced training set where the outcome is the
diagnosis (No CMD/CMD) and the covariates are the 17 biomarkers. The plot visualizes odds ratios
(95% CI) computed in correspondence of each biomarker, arranged in descending order based on their
values (from the highest at the top of the graph to the lowest at the bottom). Odds ratios > 1 are colored
in blue, red otherwise, and when they are significantly different from 1, they are identified by the aste-
risks.

4.2.7. Performance of machine learning and logistic
regression algorithms

While the RF algorithm emerged as the superior model with the lowest
10-fold CV risk (0.120 + 0.010, as illustrated in Fig. 4.2.7.1), the DeLong test
revealed a statistically significant difference between its AUC and those of
logistic regression and SL.mean (p < 0.05 for both, detailed in Table 4.2.7.1).
This finding corroborates the efficacy of ensemble methods in this analytical
context, demonstrating comparable predictive accuracy across different
approaches.

146



0.120 +0.010

RF -
. 0.123 £0.012
Discrete SL - ®
0.124 +0.012
» Super Learner - .
° 0.124 +0.014
_g SVM 4 °
® 0.127 +0.014
= GBM - .
0.129 +£0.016
XGBoost - ™

0.156 +0.018

Logistic regression -

0.247 +0.005
SL.mean - e

0.10 0.15 0.20 0.25
10-fold CV risk estimate

Fig. 4.2.7.1. Ten-fold cross validation risk in correspondence
of each method (+ standard error)
RF — random forest; GBM — gradient boosting machine; SVM — support vector machine; XGBoost —
eXtreme gradient boosting; SL — super learner; CV — cross validation.

Table 4.2.7.1. AUCs (95% confidence interval) of each model compared in
the study and p-values of the DeLong test

Model AUCOS%CD | e best performer (RF)

RF (best performer) 0.912 (0.89-0.97) -

Discrete SL 0.911 (0.87-0.96) 0.9305
Super Learner 0.906 (0.86-0.95) 0.5667
SVM 0.900 (0.85-0.95) 0.4797
GBM 0.900 (0.86-0.94) 0.3104
XGBoost 0.894 (0.85-0.94) 0.2567
Logistic regression 0.855 (0.8-0.91) 0.0138
SL Mean 0.591 (0.51-0.67) <0.001

RF — random forest; GBM — gradient boosting machine; SVM — support vector machine; XGBoost —
eXtreme gradient boosting; SL — super learner; CV — cross validation; CI — confidence interval. In bold
and italics significant p-values (< 0.05).

Notwithstanding the similar performance levels, the application of RF is
advocated for its provision of two insightful analytical tools: relVIM and 3D-
PDP. These tools offer an enhanced understanding of the relationships
between the outcome and covariates. Subsequently, the RF model was reca-
librated using the random Forest package in R, which facilitates the extraction
and utilization of relVIM and 3D-PDP, thereby enriching the interpretability
of the model’s results.
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4.2.8. Relative variable importance measures analysis

In the visual exposition provided by the lollipop graph depicted in
Fig. 4.2.8.1, there is a nuanced articulation of the relVIM attributed to the
covariates within the RF model. This graphical representation methodically
sequences the covariates in a hierarchical schema based on their contributory
significance, commencing with the paramount influence of TMAO (relVIM =
100.00%) and descending to the minimal impact exhibited by platelet
aggregation with ADP (relVIM = 13.51%). It is of particular interest to note
that the graph delineates TMAO, platelet aggregation with epinephrine
(relVIM = 50.59%), and BNP (relVIM = 41.15%) as the principal variables
exerting considerable sway in the CMD predictive model. Such a stratifi-
cation intimates that the model’s prognostic precision is predominantly
contingent upon a cadre of biomarkers. For instance, ESR, with a relVIM of
29.94%, intriguingly falls just shy of the 30% demarcation, suggesting a
secondary tier of influence within the model’s predictive apparatus.
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Lymph - ————
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LDL.mmoll- ————————————
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Thrombocyte .antiagregation.with. ADR

TMAO

0 25 50 75 100
relVIM

Fig. 4.2.8.1. Relative variable importance (relVIM) extracted
from the random forest

relVIM identifies which variables had a substantial impact on the diagnosis (No CMD/CMD). It was
extracted from the RF estimated on the rebalanced dataset where the diagnosis was the outcome and
the 17 biomarkers the covariates. It ranks from the most (TMAO, relVIM =100.00%) to the least
(platelet aggregation with ADP, relVIM = 13.51%) important covariates in the model. RDW — red cell
distribution width; WBC — white blood cells count; Neutr — neutrophil count; Lymph — lymphocyte
count; NLR — neutrophil-to-lymphocyte ratio; PLT — platelets count; TC — total cholesterol; LDL —
low-density lipoprotein; HDL — high-density lipoprotein; TG — triglycerides; Peak Tnl — peak troponin I;
hs-CRP — high sensitivity C-reactive protein; ESR — erythrocyte sedimentation rate; ADP — adenosine
diphosphate; BNP — B-type natriuretic peptide; ADR — epinephrine; TMAO — trimethylamine N-oxide.

148



Given TMAO'’s pronounced association with CMD risk, a subsequent
RF analysis excluded TMAO to assess the influence of other covariates
(Fig. 4.2.8.2). In this adjusted model, platelet aggregation with ADR
(relVIM = 100.00%), BNP (relVIM = 92.95%), and TC (relVIM = 60.46%)
emerged as the most significant predictors. This alternative analysis
underscores that omitting TMAO necessitates monitoring a broader spectrum
of biomarkers for maintaining robust predictive capability in the RF model.
The analysis identified 12 biomarkers with a relVIM exceeding 30%
(including platelet anti-aggregation with epinephrine, BNP, TC, ESR, RDW,
LDL, Peak Tnl, TG, WBC, hs-CRP, Neutr, and NLR). This not only under-
scores the complexity and multifactorial essence inherent to CMD prediction
but also, in underscoring the potency of TMAO within the predictive frame-
work, it highlights the unique and substantial contribution of this biomarker
to the model’s overall predictive strength.
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Fig. 4.2.8.2. Relative variable importance extracted from
the random forest, excluding TMAO from the analysis

relVIM identifies which variables had a substantial impact on the diagnosis (No CMD/CMD). It was
extracted from the RF estimated on the rebalanced dataset where the diagnosis was the outcome and
the 16 biomarkers the covariates (in this sensitivity analysis TMAO was excluded). It produces a
ranking from the most (platelet aggregation with epinephrine (%), relVIM =100.00%) to the least
(HDL(mmol.l), relVIM = 26.07%) significant covariates in predicting the risk of having CMD. RDW —
red cell distribution width; WBC — white blood cells; Neutr — neutrophil; Lymph — lymphocytes; NLR —
neutrophil-to-lymphocyte ratio; PLT — platelets; TC — total cholesterol; LDL — low-density lipoprotein;
HDL — high-density lipoprotein; TG — triglycerides; Peak Tnl — peak troponin I; hs-CRP — high
sensitivity C-reactive protein; ESR — erythrocyte sedimentation rate; BNP — B-type natriuretic peptide;
ADP — adenosine diphosphate; ADR — epinephrine; TMAO — trimethylamine N-oxide.
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4.2.9. 3D partial dependence plot analysis

The 3D-PDP elucidates how the probability of CMD diagnosis fluctuates
in relation to the levels of key biomarkers identified by the RF algorithm
(Fig. 4.2.9.1). This plot is represented in a three-dimensional space, where
the colour gradient shifts from blue to yellow, corresponding to an escalating
likelihood of being classified as a CMD patient. The directional arrows in the
plot, with arrowheads pointing towards higher values, reveal that an increase
in all three primary biomarkers is associated with a peak probability of CMD
occurrence, reaching approximately 0.7.
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Fig. 4.2.9.1. 3D-PDP extracted from the random forest and
based on the three most important variables selected by
the relative variable importance measure

3D-PDP shows how the probability of having CMD changes based on values of the covariates selected
by the RF algorithm (TMAO in x-axis, platelet aggregation with epinephrine in y-axis, and BNP.ng.1
in z-axis). The colour spectrum shifts from blue to yellow, indicating an increasing probability of being
classified as “patient with CMD” (the legend, on the right of the plot, displays the probability
magnitude). The arrows on the x, y, and z-axes show the directions in which the values of the three
covariates increase. BNP — B-type natriuretic peptide; ADR — epinephrine; TMAO — trimethylamine
N-oxide; CMD — coronary microvascular dysfunction.
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4.2.10. Random forest model performance and validation

The RF model’s performance, as assessed by the OOB error rate on the
rebalanced training set, is detailed in Table 4.2.10.1. The model exhibits
impressive metrics across various parameters, including accuracy, sensitivity,
specificity, Negative Predictive Value (NPV), Positive Predictive Value
(PPV), and precision, indicating its strong predictive capabilities.

Table 4.2.10.1. Performance metrics of the RF on rebalanced training set
(OOB) and on the test set

Metrics RF on rebalanced training set (OOB) Test set
Accuracy (95% CI) 0.84 (0.78-0.89) 0.92 (0.81-0.98)
Sensitivity 0.86 0.91
Specificity 0.81 1.00
Positive Predicted Value 0.86 1.00
Negative Predicted Value 0.81 0.64
Precision 0.86 1.00

RF — random forest; CI — confidence interval.

When this model, whose outputs are interpretable as CMD risk scores, is
applied to a fresh dataset (comprising 51 patients collected between 08/01/2022
and 01/31/2023), the performance metrics not only remain robust but show
improvement in nearly all aspects (except for NPV). This enhancement in
model performance on new data, as reported in Table 4.2.10.1, underscores
the RF model’s generalizability and reliability in predicting CMD, even when
confronted with fresh, unobserved data. This result is particularly note-
worthy, affirming the model’s potential utility in clinical settings for CMD
risk assessment.

4.2.11. Efficacy of synthetic minority over-sampling technique
rebalancing method

To validate the effectiveness of the SMOTE in rebalancing the dataset
for RF modeling, a comparative analysis was conducted between the RF
models estimated on the original and the SMOTE-rebalanced datasets. The
comparative outcomes are comprehensively presented in Table 4.2.11.1.
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Table 4.2.11.1. Comparison of the performance metrics of the RF’s estimated
on the rebalanced training set (OOB) vs the original dataset

Metrics RF on rebalanced training set RF on original data
Accuracy (95% CI) 0.84 (0.78-0.89) 0.82 (0.75-0.88)
Sensitivity 0.86 0.94
Specificity 0.81 0.52
Positive predicted value 0.86 0.82
Negative predicted value 0.81 0.79
Precision 0.86 0.82

RF — random forest; CI — confidence interval.

Intriguingly, the analysis revealed that the RF model trained on the
original dataset exhibited a decline in several performance metrics compared
to the SMOTE-rebalanced data. Specifically, there was a decrease in accuracy
by 2.4%, specificity by 35.8%, PPV by 4.7%, NPV by 2.5%, and precision
by 4.7%. These findings underscore the impact of dataset imbalance on model
performance and highlight the efficacy of SMOTE in enhancing the predicti-
ve capabilities of the RF model.

Further, the AUC for the RF model was higher on the rebalanced training
set (0.84 with a 95% [CI] of 0.78—0.89) compared to the original dataset (0.73
with a 95% CI of 0.65-0.81). The DeLong test, as reported in Table 4.2.11.2,
confirmed a statistically significant difference between these AUCs (p-value =
0.034). This signifies the enhanced discriminatory power of the RF model
when applied to the rebalanced data.

Table 4.2.11.2. Comparison of the area under the curves of random forests
estimated on the rebalanced training set (OOB) vs. the original dataset

RF AUC DeLong test p-values
On rebalanced training set 0.84 (0.78-0.89)" 0.034
On original data 0.73 (0.65-0.81)
Comparison of the OOB mean error
RF OOB mean error Wilcoxon rank sum test
On rebalanced training set 0.16 <0.001
On original data 0.19

In bold and italics significant p-values (< 0.05).

*This AUC (95% CI) was estimated from the random forest (RF) based on rebalanced training set,
using the R package random forest (which automatically employs the Out-of-Bag procedure). It differs
from the AUC obtained with the package Super Learner (0.912 (0.89-0.97)) since, in that case, the
estimates of the different models are based on 10-fold CV which is a procedure less stringent than
OOB.
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Additionally, the OOB mean error rates for the RF models further corro-
borated these findings: 0.16 for the rebalanced training set versus 0.19 for the
original dataset. The Wilcoxon rank-sum test with continuity correction affir-
med the statistical significance of this difference (p-value < 0.01), thereby
reinforcing the advantage of utilizing the SMOTE rebalancing method in this
context. This comparison not only validates the choice of SMOTE but also
emphasizes the necessity of addressing data imbalance for optimizing machi-
ne learning model performances in medical research.

4.3. Trimethylamine N-oxide as a predictive biomarker
for coronary microvascular dysfunction and prognosis
in ST-elevation myocardial infarction patients

4.3.1. Temporal correlations of Trimethylamine N-oxide levels
with coronary microvascular function

The temporal associations between TMAO levels and coronary micro-
vascular function were closely examined. No significant association was
found between TMAO levels immediately after primary PCI and CFR, with
a Pearson correlation coefficient of r = —0.02 (p = 0.828). Similarly, the
correlation between TMAO levels and the IMR was negligible, with an
r-value of 0.00 (p = 0.965) (Fig. 4.3.1.1 A, B). At the 3-month follow-up, the
relationship between TMAO levels and coronary microvascular function
became apparent. There was a significant inverse correlation with CFR
(r=-0.41, p < 0.001) and a positive correlation with IMR (r = 0.35,
p <0.001), indicating that higher TMAO levels were significantly associated
with a lower CFR and higher IMR, reflective of impaired coronary microvas-
cular health (Fig. 4.3.1.1 C, D). These associations were more pronounced at
the 12-month follow-up. The negative correlation between CFR and TMAO
became stronger (r =—0.54, p <0.001), and a correspondingly strong positive
correlation was observed between IMR and TMAO (r = 0.54, p < 0.001).
These findings suggest that higher levels of TMAO over time may predict a
decline in microvascular function (Fig. 4.3.1.1 E, F).
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Fig. 4.3.1.1. Temporal associations between trimethylamine N-oxide levels
and microvascular function indicators

CFR — coronary flow reserve; IMR — index of microcirculatory resistance; TMAO — trimethylamine
N-oxide.

4.3.2. Optimal cut-off value determination

In this analysis, the central aim was to establish an optimal cut-off value

for TMAO in predicting CMD following primary PCI. The ROC curve
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analysis was employed to examine the correlation between TMAO levels
post-primary PCI and the presence of CMD at the 3-month follow-up
(Fig. 4.3.2.1). The analysis revealed that the area under the ROC curve
(AUC) was 0.55 (95% CI: 0.46-0.64), with a p-value of 0.426. This result
suggested a modest predictive value, establishing an optimal TMAO cut-off
value at 0.75 pM. This cut-off correlated with a sensitivity of 0.43 (95% CI:
0.32-0.56) and a specificity of 0.71 (95% CI: 0.63—0.78). In contrast, the
ROC analysis for the correlation of TMAO levels at the 3-month follow-up
with the presence of CMD demonstrated a more significant predictive value
(Fig. 4.3.2.1). The AUC at this stage was 0.80 (95% CI: 0.73-0.87; p <0.001),
indicating a robust predictive capability. Accordingly, the optimal cut-off
value for TMAO was established at 3.91 uM, yielding a sensitivity of 0.75
(95% CI: 0.63—0.86) and a specificity of 0.82 (95% CI: 0.76—0.88). Given the
superior predictive value of the 3-month TMAO levels, the decision was
made to dichotomize the patient cohort based on this time point’s established
cut-off value. This stratification, distinguishing between high and low TMAO
groups, is pivotal for subsequent analyses concerning the predictive relevance
of TMAO levels in CMD post-PCI.
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Fig. 4.3.2.1. Receiver operating characteristic curve analysis of
trimethylamine N-oxide for diagnosing coronary microvascular
dysfunction

AUC - area under curve; TMAO — trimethylamine N-oxide.
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4.3.3. Baseline characteristics of patients stratified
by trimethylamine N-oxide levels

Patients were categorized as presented in Table 4.3.3.1 into two groups
based on the determined cut-off value of 3.91 uM. The analysis encompassed
a total of 210 patients, with 70 patients (33.33%) presenting with higher
TMAO levels (> 3.91 uM), while the remaining 140 patients (66.67%) had
lower TMAO levels (< 3.91 uM). A notable difference was observed in the
gender distribution between the two groups; the higher TMAO group had a
significantly larger proportion of female participants (55.71%) compared to
the lower TMAO group (32.86%), with a p-value of 0.002, indicating statisti-
cal significance. The median age of the overall cohort was 65 years, with IQR
showing a slightly higher median age in the higher TMAO group (67 years,
IQR [59.25, 78.00]) compared to the lower TMAO group (64 years, IQR [56.00,
75.00]); however, this difference was not statistically significant (p = 0.120).
BMI and BSA were similar across both groups, with median BMIs of
26.75 kg/m? (IQR [24.6, 30.48]) and 27.53 kg/m? (IQR [24.6, 30.75]) and
median BSAs of 1.91 m? (IQR [1.81, 2.13]) and 1.94 m? (IQR [1.81, 2.1]) for
the higher and lower TMAO groups, respectively.

The primary diagnosis of STEMI was comparable between the groups,
with anterior STEMI occurring in 54.29% of the higher TMAO group and
55.71% of the lower TMAO group, and inferior STEMI in 45.71% and
44.29%, respectively. The prevalence of arterial hypertension and a history
of CAD showed no significant differences between the two groups. Further-
more, no significant differences were found regarding past PCI, stroke,
diabetes mellitus, or dyslipidemia. A history of smoking was slightly more
prevalent in the higher TMAO group (54.29% vs. 50.71%), but this was not
statistically significant.

The distribution of the KILLIP class, which is an indicator of the severity
of heart failure, was similar across both groups, with the majority of patients
classified in class II. The higher TMAO group had a slightly higher propor-
tion of patients in KILLIP class II (57.14%) compared to the lower TMAO
group (50.71%), though this was not statistically significant. Classes III and
IV were less common, with no significant differences observed between the
two groups.
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Table 4.3.3.1. Baseline demographic and clinical characteristics of patients
categorized by trimethylamine N-oxide level thresholds

Characteristic Overall TMAO >3.91 pM | TMAO <3.91 pM p-value
(n=210) (n=70) (n=140)

Sex (Female) 85 (40.48%) 39 (55.71%) 46 (32.86%) 0.002
Age (years) 65.00 [58.00, 76.00]|67.00 [59.25, 78.00] | 64.00 [56.00, 75.00]| 0.120
Body mass index (kg/m?) |27.39 [24.56, 30.69]| 26.75 [24.6, 30.48] | 27.53 [24.6,30.75] | 0.652
Body surface area (m?) 1.93[1.81,2.10] 1.91[1.81,2.13] 1.9411.81,2.1] 0.857
Primary diagnosis

Anterior STEMI 116 (55.24%) 38 (54.29%) 78 (55.71%) 0.961

Inferior STEMI 94 (44.76%) 32 (45.71%) 62 (44.29%)
Arterial hypertension 123 (58.57%) 42 (60.00%) 81 (57.86%) 0.882
History of coronary artery 59 (28.10%) 18 (25.71%) 41 (29.29%) 0.704
disease
History of PCI 26 (12.38%) 8 (11.43%) 18 (12.86%) 0.941
History of stroke 27 (12.86%) 9 (12.86%) 18 (12.86%) 1
History of diabetes 51 (24.29%) 23 (32.86%) 28 (20.00%) 0.060
mellitus
History of dyslipidemia 119 (56.67%) 33 (47.14%) 86 (61.43%) 0.069
Smoker (former/current) 109 (51.90%) 38 (54.29%) 71 (50.71%) 0.732
History of alcohol abuse 20 (9.52%) 8 (11.43%) 12 (8.57%) 0.678
KILLIP class

I 62 (29.52%) 19 (27.14%) 43 (30.71%) 0.698

1T 111 (52.86%) 40 (57.14%) 71 (50.71%)

I 27 (12.86%) 7 (10.00%) 20 (14.29%)

v 10 (4.76%) 4 (5.71%) 6 (4.29%)

STEMI — ST elevation myocardial infarction; PCI — percutaneous coronary intervention. Values are n
(%) or median [IQR]. In bold and italics significant p-values (< 0.05).

4.3.4. Comparative predictive value of biomarkers
for coronary microvascular dysfunction.

Within the scope of evaluating various biomarkers for predicting CMD
at a 3-month follow-up. The ROC curve analysis underscores the superior
predictive value of TMAO levels at 3 months, which presented an AUC of
0.801 (95% CI: 0.731-0.871) (Fig. 4.3.4.1). This indicator significantly out-
performed the other assessed biomarkers, exhibiting a strong statistical
significance (p < 0.05). CRP, a marker of systemic inflammation, showed a
weaker association with CMD at the 3-month mark, with an AUC of 0.619
(95% CI: 0.533-0.706) and a p-value of 0.002, indicating a modest but
significant predictive capability. BNP, another cardiac biomarker evaluated,
had an AUC of 0.672 (95% CI: 0.582—0.762) at 3 months. While this reflects
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a moderate predictive value for CMD, it does not reach the predictive strength
of TMAO, with the p-value suggesting marginal significance (p = 0.017). In
contrast, LDL cholesterol, often implicated in cardiovascular risk, yielded an
AUC of 0.508 (95% CI: 0.415-0.601), which indicates a limited predictive
value in this context, as underscored by the statistical analysis (p < 0.001).
Furthermore, the NLR, considered a marker of systemic inflammation,
demonstrated an AUC of 0.512 (95% CI: 0.425-0.598), showing no signi-
ficant predictive value for CMD at the 3-month follow-up (p = 0.076). The
comparative analysis, as depicted in Table 4.3.4.1, reveals that among the
biomarkers evaluated, TMAO at 3 months shows the most robust association
with CMD. This finding highlights the potential of TMAO as a singular
biomarker with enhanced predictive capability for CMD, thereby proposing
its utility in post-STEMI risk stratification.

1.0 HJ == TMAO after primary PCI:

AUC = 0.552 (0.462—0.643),
cut-off = 0.745

== TMAO at 3-months:
AUC =0.801 (0.731-0.871),
cut-off = 3.91
CRP after primary PCI:
AUC = 0.621 (0.536-0.706),
cut-off = 2.345

== CRP at 3-months:
AUC = 0.619 (0.533-0.706),
cut-off =5.725
BNP at 3-months:
AUC = 0.672 (0.582-0.762),
cut-off = 68

== DL at admission:
AUC = 0.508 (0.415-0.301),
cut-off =1.912

0.8

o
[

Sensitivity

o
~

0.2 == Neutrophil/lymphocyte ratio:
AUC = 0.512 (0.425-0.598),
cut-off = 4.39
0.0 |4
0.0 0.2 0.4 0.6 0.8 1.0

1 — Specificity

Fig. 4.3.4.1. Receiver operating characteristic curve analysis
of trimethylamine N-oxide and other biomarkers for diagnosing
coronary microvascular dysfunction

AUC — area under curve; LDL — low-density lipoprotein; CRP — C-reactive protein; BNP — B-type
natriuretic peptide; TMAO — trimethylamine N-oxide.
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Table 4.3.4.1. Comparison of receiver operating characteristic curves for
diagnosing coronary microvascular dysfunction

ratio

Predictorl AUC Predictor2 AUC p-value
TMAO after primary |0.552 (0.462-0.643) TMAO at 3 months 0.801 (0.731-0.871)| <0.001
PCI
TMAO after primary |0.552 (0.462-0.643) |CRP after primary PCI |0.621 (0.536-0.706)| 0.284
PCI
TMAO after primary | 0.552(0.462—0.643) |CRP at 3 months 0.619 (0.533-0.706)| 0.357
PCI
TMAO after primary |0.552 (0.462—0.643) |BNP at 3 months 0.672 (0.582-0.762)| 0.064
PCI
TMAO after primary |0.552 (0.462-0.643) |[LDL 0.508 (0.415-0.601)| 0.491
PCI
TMAO after primary |0.552 (0.462—0.643) [Neutrophil/lymphocyte |0.512 (0.425-0.598)| 0.559
PCI ratio
TMAO at 3 months  |{0.801 (0.731-0.871) |CRP after primary PCI |0.621 (0.536-0.706)| 0.002
TMAO at 3 months  |{0.801 (0.731-0.871) |CRP at 3 months 0.619 (0.533-0.706)| 0.002
TMAO at 3 months  |{0.801 (0.731-0.871) |[BNP at 3 months 0.672 (0.582-0.762)| 0.017
TMAO at 3 months  |{0.801 (0.731-0.871) |[LDL 0.508 (0.415-0.601)| <0.001
TMAO at 3 months  |{0.801 (0.731-0.871) [Neutrophil/lymphocyte |0.512 (0.425-0.598)| < 0.001

ratio
CRP after primary 0.621 (0.536-0.706) |CRP at 3 months 0.619 (0.533-0.706)| 0.981
PCI
CRP after primary 0.621 (0.536-0.706) |BNP at 3 months 0.672 (0.582-0.762)| 0.474
PCI
CRP after primary 0.621 (0.536-0.706) |LDL 0.508 (0.415-0.601)| 0.104
PCI
CRP after primary 0.621 (0.536-0.706) |Neutrophil/lymphocyte |0.512 (0.425-0.598)| 0.061
PCI ratio
CRP at 3 months 0.619 (0.533-0.706) | BNP at 3 months 0.672 (0.582-0.762)| 0.425
CRP at 3 months 0.619 (0.533-0.706) |LDL 0.508 (0.415-0.601)| 0.128
CRP at 3 months 0.619 (0.533-0.706) |Neutrophil/lymphocyte |0.512 (0.425-0.598)| 0.076
ratio
BNP at 3 months 0.672 (0.582-0.762) |LDL 0.508 (0.415-0.601)| 0.006
BNP at 3 months 0.672 (0.582-0.762) |Neutrophil/lymphocyte |0.512 (0.425-0.598)| 0.011
ratio
LDL 0.508 (0.415-0.601) |Neutrophil/lymphocyte |0.512 (0.425-0.598)| 0.958

AUC — area under curve; LDL — low-density lipoprotein; CRP — C-reactive protein; BNP — B-type
natriuretic peptide; TMAO — trimethylamine N-oxide. Values are n (%) or median [IQR].
In bold and italics significant p-values (< 0.05).
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4.3.5. Haematological and biochemical markers

The overall median hemoglobin level across the cohort was 136.00 g/L,
with no significant difference between the higher and lower TMAO groups
(p = 0.340) (Table 4.3.5.1). White blood cell count and platelet levels were
also consistent across both groups. In lipid profiles, TC levels were signifi-
cantly lower in the high TMAO group (4.24 mmol/L) compared to the low
TMAO group (4.78 mmol/L) with a p-value of 0.008. While LDL and HDL
levels exhibited some differences, only HDL showed a significant difference,
lower in the high TMAO group (p = 0.027). Triglycerides and Creatinine
Clearance rates did not differ significantly.

Baseline and Peak Troponin I levels did not demonstrate a significant
difference between the groups. However, hs-CRP levels were different at the
3-month mark, with the high TMAO group showing a median of 4.48 mg/L
compared to the lower group’s 4.14 mg/L, though this was not statistically
significant (p = 0.119). The 3-month ESR was similar across groups, while
BNP levels were significantly higher in the high TMAO group at 3 months
(p=0.014).

4.3.6. Echocardiographic parameters

Initial post-PCI LVEF demonstrated a median value of 40.0% [IQR:
36.25, 45.75] across the entire patient population. When categorized by
TMAO levels, patients with TMAO > 3.91 uM had a median post-PCI LVEF
of 45.0% [IQR: 40.00, 50.00], which was notably higher compared to those
with TMAO <3.91 uM, who had a median LVEF of 40.0% [IQR: 35.00,
45.00]. The difference observed was statistically significant (p < 0.001),
suggesting that higher TMAO levels may be associated with a more favorable
LV function shortly after PCI (Table 4.3.5.1).
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At the 12-month follow-up, the trend reversed. The group with higher
TMAO levels showed an inferior median LVEF of 40.00% [IQR: 35.00,
50.00], whereas the lower TMAO group showed a superior median of 48.00%
[IQR: 40.00, 55.00] (Fig. 4.3.6.1 A). The statistical significance of this
difference was maintained (p < 0.001), reinforcing the postulate that high
TMAO levels may indicate long-term cardiac function deterioration.

The percentage change in LVEF over the 12 months further illuminated
these differences. Patients with lower TMAO levels experienced a median
increase in LVEF of +8.00% [IQR: 1.50, 10.00], contrasted with a decrease
of =5.00% [IQR: —10.00, 5.00] in the higher TMAO group (Fig. 4.3.6.1 B).
This stark contrast not only remained statistically significant (p < 0.001) but
also suggested a potential role of TMAO in cardiac remodelling post-STEMI.

The data elucidates a complex relationship between TMAO levels and
LV function recovery in STEMI patients. While initial post-PCI assessments
indicated a better LVEF in patients with higher TMAO levels, the 12-month
follow-up revealed a reversal in this trend, with these patients exhibiting a
decline in LVEF compared to their counterparts with lower TMAO levels
(Fig. 4.3.6.1 A). These findings highlight the importance of monitoring TMAO
levels not just as a biomarker for immediate post-PCI prognosis but also for
understanding long-term cardiac remodelling and recovery trajectories post-
STEML.

p<0.001 p<0.001
1 1
S
i 20
E, 60 55.00
S 50 48.00 55.00 2 10 10.00
(7} c 5.00
£ 40.00 g 8.00
c 40 <
s 40.00 S 0 150
£ 35.00 T ' —5.00
& 30 i
- - —10
® 20 -10.00
L
I'|>J 10 1 —20
- 0 1 0 1
A TMAO = 3.91 pM at 3-months B TMAO = 3.91 uM at 3-months
Fig. 4.3.6.1. 12-month left ventricular ejection fraction and change in left

ventricular ejection fraction categorized by trimethylamine N-oxide groups

LVEF - left ventricular ejection fraction; TMAQO — trimethylamine N-oxide.
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4.3.7. Trajectory of TMAQ levels following STEMI

The evolution of TMAO levels following STEMI and primary PCI demon-
strates a dynamic profile across the 12-month monitoring period. Initially,
after PCI, the median TMAO level was established at 0.92 uM [IQR: 0.61,
1.93], reflecting the baseline state of the patients’ metabolic response following
acute coronary intervention. A considerable escalation in TMAO levels was
observed at the 3-month follow-up, with the median value ascending sharply
to 2.97 uM [IQR: 1.82, 5.06]. At the 12-month milestone, the TMAO levels
exhibit a slight regression to a median of 2.44 uM [IQR: 1.35, 4.02], indi-
cating a relative stabilization (Table 4.3.5.1). Fig. 4.3.7.1 reflects this trend
with many patient lines plateauing or slightly descending, suggesting a chro-
nic phase response where the fluctuations in TMAO levels taper off and reach
a new equilibrium.

TMAO group

®<3.91
=3.91

TMAO value (pM)

After At 3-months At 12-months
primary PCI

Time point

Fig. 4.3.7.1. Longitudinal changes in trimethylamine N-oxide levels
for ST-elevation myocardial infarction patients stratified
by trimethylamine N-oxide levels threshold

PCI — percutaneous coronary intervention; TMAO — trimethylamine N-oxide.
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4.3.8. Angiographic parameters

The pain-to-door time, a critical metric in STEMI management, had a
median value of 314 minutes [IQR: 107.75, 592.25] across the entire cohort,
indicating the time from symptom onset to hospital arrival (Table 4.3.8.1).
When comparing between the high TMAO (>3.91 uM) and low TMAO
(<3.91 uM) groups, there was no significant difference, with medians of 352
minutes [IQR: 124.75, 612.00] and 306.50 minutes [IQR: 104.75, 537.25],
respectively (p = 0.246). The door-to-balloon time, representing the interval
from hospital arrival to balloon inflation during PCI, showed a consistent
median of 40 minutes [IQR: 29.25, 52.00] overall, which was mirrored in
both TMAO stratified groups (p = 0.649), reflecting standardized acute care.
Pre-PCI TIMI flow grades, which assess coronary artery blood flow, were
reported with most patients presenting with grade 0 flow, denoting complete
occlusion. The distribution of TIMI flow grades did not show significant
variation post-PCI between the two TMAO groups (p = 0.159), indicating
similar immediate revascularization outcomes. Notably, the post-PCI TIMI
flow grade 3, indicative of normal flow, was achieved in 88.1% of the overall
patient population. Culprit vessel analysis revealed the left anterior descending
artery as the most common site, with no significant difference in distribution
across the TMAO groups (p = 0.135). Additionally, the number of diseased
vessels, reflecting disease severity, was comparable between the two groups.

4.3.9. Physiologic parameters in relation to trimethylamine
N-oxide levels

At the 3-month follow-up, there was a notable divergence in coronary
physiology parameters based on TMAO levels. The high TMAO group exhi-
bited a lower median CFR of 2.22 [IQR: 1.7, 2.83] compared to the overall
median of 2.81 [IQR: 2.54, 2.98], with a significant p-value of <0.001
(Table 4.3.8.1). This suggests a potential impact of TMAO levels on micro-
vascular function. Conversely, the FFR remained consistent across groups
(p = 0.680), implying that TMAOQ levels did not significantly affect epicardial
artery stenosis severity.

The IMR, a direct measure of coronary microvascular function, was
significantly higher in the high TMAO group, with a median value of 35.5
[IQR: 18.25, 47.75], compared to the overall median of 20.00 [IQR: 15.00,
29.00] (p <0.001).
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4.3.10. Trimethylamine N-oxide and clinical outcomes
at 12-month follow-up

In the evaluation of STEMI patients following primary PCI, the 3-month
post-procedure phase revealed a pronounced prevalence of CMD in indivi-
duals with elevated TMAO levels. Specifically, 61.43% of patients with
TMAO levels >3.91 uM had CMD, contrasting starkly with the 10.00%
prevalence in those with lower TMAO levels, indicating a potent correlation
between TMAQO concentrations and CMD incidence (p < 0.001) (Table
4.3.10.1, Fig 4.3.10.1).

Extending the observation period to 12 months post-PCI, the data pre-
sented further clinical outcomes stratified by TMAO levels. Notably, the
occurrence of nonfatal myocardial infarctions was more frequent in the higher
TMAO group, reaching a significant 10.00%, compared to 2.14% in the lower
TMAO group (p = 0.017). Additionally, mortality rates were higher in the
elevated TMAO cohort at 7.14%, against a lower 0.71% in the sub-threshold
group (p = 0.016). While the need for subsequent revascularization proc-
edures post-PCI did not differ substantially between the groups, a significant
disparity emerged in hospitalizations due to heart failure, with 17.14% of
patients in the higher TMAO bracket requiring hospital care compared to only
2.86% in the lower bracket (p < 0.001).

The study also assessed MACE and POCE. A marked increase in MACE
was observed in the higher TMAO group, which reported a 41.43% incidence
rate, significantly exceeding the 10.71% rate seen in the lower TMAO group
(p <0.001). Similarly, POCE was significantly more common among those
with higher TMAO levels, occurring in 27.14% of these patients, compared
to 7.86% in those with TMAO levels below the threshold (p < 0.001). The
Kaplan-Meier curve revealed an increased incidence of MACE in the high
TMAO group (log-rank p < 0.001), starting from the first-month post-PCI
(Fig 4.3.10.2).

These findings collectively underscore the impact of TMAO levels on
the prognosis of STEMI patients. Elevated TMAO is evidently associated
with an increased risk of CMD in the short term and correlates with a higher
incidence of adverse clinical outcomes within a year following the event.
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Table 4.3.10.1. Clinical outcomes of patients presenting with ST-elevation
myocardial infarction, categorized by trimethylamine N-oxide levels

Overall TMAO >391 | TMAO <391

(n=210) (n=70) (n=140) |P-value
3-month physiology diagnosis
CMD | 5707.14%) | 43(6143%) | 14(10.00%) |<0.001
12-month clinical outcome
Ischemic or hemorrhagic stroke 7 (3.33%) 5(7.14%) 2 (1.43%) 0.043
Nonfatal MI 10 (4.76%) 7 (10.00%) 3(2.14%) 0.017
Death 6 (2.86%) 5 (7.14%) 1 (0.71%) 0.016
Revascularization 8 (3.80%) 3 (4.29%) 5(3.57%) 1
Hospitalization for Heart failure 16 (7.62%) 12 (17.14%) 4 (2.86%) <0.001
MACE 44 (20.95%) 29 (41.43%) 15(10.71%) | <0.001
POCE 30 (14.29%) 19 (27.14%) 11 (7.86%) <0.001

CMD - coronary microvascular dysfunction; POCE — The composite of all-cause mortality, any
myocardial infarction, any stroke and any revascularization, MACE — POCE + heart failure
hospitalization; TMAO — trimethylamine N-oxide. Values are n (%).

In bold and italics significant p-values (< 0.05).

100%
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Fig. 4.3.10.1. Rates of clinical events and major adverse cardiac events

CMD —

displayed by trimethylamine N-oxide levels groups

coronary microvascular dysfunction, LVEF — left ventricular ejection fraction, MI — myocardial

infarction, POCE — the composite of all-cause mortality, any myocardial infarction, any stroke and any
revascularization, MACE = POCE +heart failure hospitalization.
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Fig 4.3.10.2. Kaplan-Meier event-free survival curve for occurrence
of major adverse cardiac events grouped by trimethylamine
N-oxide levels at 3 months

TMAO - trimethylamine N-oxide.

4.3.11. Relationship between trimethylamine N-oxide levels
and odds of coronary microvascular dysfunction

The cubic spline model illustrates the relationship between TMAO con-
centrations at the 3-month follow-up and the likelihood of developing CMD
in post-STEMI patients (Fig. 4.3.11.1). The curve exhibits a distinctive
reversed J-shape, indicating a nuanced association between TMAO levels and
the odds of CMD.

Initially, at lower concentrations of TMAO, the odds of CMD remain
relatively stable with a slight incline. However, as TMAO levels progress
beyond the 3.91 uM threshold, there is a discernible sharp escalation in the
risk of CMD. This risk intensifies markedly as TMAOQO levels increase towards
the 6 uM mark, suggesting a threshold effect where the odds of CMD rise
substantially within this range.

Beyond the 6 uM level, the curve begins to plateau, indicating that while
the risk remains elevated, the rate of increase in the odds of CMD does not
continue to rise as steeply with higher TMAO levels. This pattern suggests a
possible saturation point or a ceiling effect in the relationship between
elevated TMAO levels and CMD risk.

This curve not only captures the direct correlation between TMAO levels
and the probability of CMD but also highlights a critical concentration
window where TMAO levels are most predictive of adverse microvascular
outcomes. The delineation of this relationship is crucial for clinicians as it
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underscores the potential for TMAO to serve as a biomarker for stratifying
patient risk and tailoring post-STEMI management strategies.

The shaded area around the curve represents the Cls, which grow wider
at the extremes of TMAO measurements, indicating less certainty in the
estimates due to fewer observations at these levels. Nonetheless, within the
central, more densely sampled TMAO range, the CIs are narrower, reflecting
greater precision in the odds estimation of developing CMD.

Odds ratio of CMD

2 4 6 8
TMAO at 3 months follow-up (M)

Fig. 4.3.11.1. Cubic spline analysis of trimethylamine N-oxide levels
at 3 months and the associated odds of developing coronary
microvascular dysfunction post-ST-elevation myocardial infarction

CMD - coronary microvascular dysfunction; TMAO — trimethylamine N-oxide.

4.3.12. Multivariable logistic regression analysis

Univariable logistic regression analysis and multivariable analysis with
adjustment for variables with p < 0.05 in univariable logistic regression were
performed to identify the independent risk factors for CMD (Table 4.3.12.1).
The model showed that the white blood cell count, creatinine clearance, BNP
and CRP at 3-month follow-up, pre-PCI TIMI flow, intracoronary IIb/Illa
inhibitor injection, use of aspiration thrombectomy, and TMAO at 3-month
follow-up were the independent predictors for CMD.
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Table 4.3.12.1. Multivariable binary logistic analysis for the prediction of
coronary microvascular dysfunction after ST-segment elevation myocardial

infarction
. Univariable Multivariable
Variable
Odds ratio p-value Odds ratio p-value

Age (years) 0.994 (0.97-1.019) | 0.635

Sex (Female) 3.638 (1.925-6.875) | <0.001 |1.064 (0.962-1.178)| 0.227
Body mass index (kg/m?) 0.953 (0.895-1.016) | 0.141

Body surface area (m?) 0.447 (0.11-1.817) 0.260

Primary diagnosis 0.951 (0.515-1.755) | 0.872

Arterial hypertension 0.872 (0.472-1.613) | 0.663

History of coronary artery disease 1.412 (0.731-2.728) | 0.304

History of PCI 1.5 (0.627-3.589) 0.362

History of stroke 1.406 (0.592-3.341) | 0.440

History of diabetes mellitus 3.394 (1.736-6.634) | <0.001 |1.118 (0.999-1.251)| 0.053
History of dyslipidemia 0.971 (0.526-1.793) | 0.925

Smoker (former/current) 1.393 (0.754-2.574) | 0.290

History of alcohol abuse 0.646 (0.207-2.022) | 0.453

KILLIP class 1.043 (0.708-1.537) | 0.831

Hemoglobin (g/L) 1.01 (0.995-1.026) | 0.176

White blood cell count (x10%/L) 1.112 (1.003-1.233) | 0.043 | 1.026 (1.01-1.043) | 0.002
Neutrophil lymphocyte ratio 0.972 (0.887-1.065) | 0.543

Platelets (x10°/L) 1.005 (1-1.009) 0.066

Total cholesterol (mmol/L) 0.951 (0.774-1.167) | 0.630

Low-density lipoprotein (mmol/ L) | 1.025 (0.814-1.29) | 0.835

High-density lipoprotein (mmol/ L) | 0.61 (0.237-1.567) | 0.304

Triglycerides (mmol/ L) 0.734 (0.489-1.101) | 0.135

Creatinine clearance (mL/min) 0.951 (0.919-0.985) | 0.005 |0.992 (0.988-0.997)| 0.001
Baseline troponin I (pug/L) 1.031 (0.978-1.088) | 0.255

Peak troponin I (png/L) 1.007 (0.997-1.017) | 0.170

Baseline high-sensitivity 0.978 (0.953-1.003) | 0.082

CRP (mg/L)

3-month high-sensitivity 1.21 (1.074-1.364) | 0.002 |1.020 (1.001-1.040)| 0.039
CRP (mg/L)

3-month BNP (ng/L) 1.012 (1.006-1.019) | <0.001 | 1.001(1.000-1.002) | 0.003
TMAO at primary PCI 0.988 (0.84-1.162) | 0.886

TMAO at 3-month 1.443 (1.262-1.65) | <0.001 {1.059 (1.040-1.079)| <0.001
Post-PCI LVEF (%) 1.081 (1.028-1.137) | 0.003 |1.007 (1.000-1.014)| 0.043
Pain-to-door time (minutes) 1.001 (1.000-1.001) | 0.018 |1.000 (1.000-1.000)| 0.154
Door-to-balloon (minutes) 1.009 (0.992-1.026) | 0.319
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Table 4.3.12.1. Continued

Univariable Multivariable
Variable
Odds ratio p-value Odds ratio p-value

Pre-PCI TIMI flow 0.685 (0.507-0.924) | 0.013 |0.950 (0.912-0.990)| 0.015
Post-PCI TIMI flow 0.578 (0.302-1.108) | 0.099

Culprit Vessel 1.175(0.808-1.708) | 0.398

Number of diseased vessels 0.769 (0.411-1.438) | 0.411

Intracoronary glycoprotein 0.199 (0.068-0.585) | 0.003 |0.827 (0.739-0.926)| 0.001
1Ib/IIa inhibitor

Aspiration thrombectomy 0.217 (0.081-0.578) | 0.002 |0.874 (0.782-0.977)| 0.019

Contrast dose (milliliters) 1.007 (0.987-1.027) | 0.519
Stent diameter (millimeters) 1.037 (0.527-2.04) | 0917
Stent length (millimeters) 1.046 (0.989-1.106) | 0.115

PCI —percutaneous coronary intervention; CRP — C-reactive protein; BNP — brain natriuretic peptide;
LVEF — left ventricular ejection fraction; TMAO — trimethylamine N-oxide. Values are n (%) or
median [IQR]. In bold and italics significant p-values (< 0.05).

4.4. Validation of the prognostic performance of
the novel parameter microvascular resistance reserve
in ST-elevation myocardial infarction patients

4.4.1. Study population characteristics

This cohort was stratified based on the presence of CMD, which was
defined by a MRR of less than 3 (Table 4.4.1.1). In this analysis, we analyzed
all the 210 patients who were presented with STEMI. Patients exhibiting an
MRR below this threshold constituted 26.67% of the study population,
indicating the presence of CMD. Conversely, patients with an MRR of 3 or
above represented the majority, comprising 73.33% of the cohort, indicating
the absence of CMD. On the other hand, 57 patients (27.1%) and 33 patients
(15.7%) had abnormal IMR (>25) and CFR (<2.0), respectively. The
distribution of patients with abnormal MRR, CFR, and IMR is shown in fig.
4.4.1.1. There was a significantly higher female representation in the CMD
group compared to the non-CMD group (62.50% vs. 32.47%; p < 0.001).
Although the median age was higher in the CMD group, the difference was
not statistically significant when compared to the non-CMD group (67 years
vs. 63 years; p = 0.460). No significant differences were observed in BMI
between the CMD and non-CMD groups (26.07 kg/m? vs. 27.69 kg/m?; p =
0.117). BSA measurements were also similar between the CMD and non-
CMD groups (1.89 m? vs. 1.94 m?; p = 0.487). When looking at the primary
diagnosis, the incidence of anterior STEMI was consistent across both groups
(55.36% vs. 55.19%; p = 1), as was the incidence of inferior STEMI (44.64%
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vs. 44.81%; p = 1). There were no statistically significant differences between
groups in terms of arterial hypertension (p = 0.680) and history of CAD (p =
0.337). Regarding the history of PCI, there were no significant differences
between the CMD and non-CMD groups (p = 0.788). Stroke history was re-
ported within similar rates between the CMD and non-CMD groups (14.29%
vs. 12.34%; p = 0.889). However, the presence of diabetes mellitus was signi-
ficantly higher in the CMD group compared to the non-CMD group (39.29%
vs. 18.83%; p =0.004). Dyslipidemia history was equally distributed between
both groups, with no significant difference (p = 1). The proportion of smokers
was also similar between the CMD and non-CMD groups (53.57% vs. 51.30%;
p = 0.892), as was the history of alcohol abuse (8.93% vs. 9.74%; p = 1).
KILLIP class distribution indicated that most patients fell into class II, but
there were no significant differences in KILLIP class distribution between the
CMD and non-CMD groups (p = 0.949).

Table 4.4.1.1. Characteristics of ST-elevation myocardial infarction patients
classified by coronary microvascular dysfunction according to
microvascular resistance reserve

e Overall CMD No CMD
Characteristic (n=210) (MRIE <3.0) (MRF >3.0) p-value
(n=56) (n=154)

Sex (Female) 85 (40.48%) 35 (62.50%) 50 (32.47%) <0.001
Age (years) 65.00 [58.00, 76.00]|67.00 [58.00, 76.00] | 63.00 [57.75, 75.25]| 0.460
Body mass index (kg/m?) |27.39 [24.56, 30.69]|26.07 [24.27,29.41]|27.69 [24.78, 31.04]| 0.117
Body surface area (m?) 1.93[1.81,2.10] 1.89[1.82,2.10] 1.94[1.81, 2.11] 0.487
Primary diagnosis

Anterior STEMI 116 (55.24%) 31 (55.36%) 85 (55.19%) 1

Inferior STEMI 94 (44.76%) 25 (44.64%) 69 (44.81%)
Arterial hypertension 123 (58.57%) 31 (55.36%) 92 (59.74%) 0.680
History of coronary artery 59 (28.10%) 19 (33.93%) 40 (25.97%) 0.337
disease
History of PCI 26 (12.38%) 8 (14.29%) 18 (11.69%) 0.788
History of stroke 27 (12.86%) 8 (14.29%) 19 (12.34%) 0.889
History of diabetes 51 (24.29%) 22 (39.29%) 29 (18.83%) 0.004
mellitus
History of dyslipidaemia 119 (56.67%) 32 (57.14%) 87 (56.49%) 1
Smoker (former/current) 109 (51.90%) 30 (53.57%) 79 (51.30%) 0.892
History of alcohol abuse 20 (9.52%) 5 (8.93%) 15 (9.74%) 1
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Table 4.4.1.1. Continued

Overall CMD No CMD
Characteristic (n=210) (MRR <3.0) (MRR > 3.0) p-value
(n=156) (n=154)
KILLIP class
I 62 (29.52%) 17 (30.36%) 45 (29.22%) 0.949
I 111 (52.86%) 30 (53.57%) 81 (52.60%)
1 27 (12.86%) 6 (10.71%) 21 (13.64%)
v 10 (4.76%) 3 (5.36%) 7 (4.55%)

STEMI — ST-elevation myocardial infarction; PCI—percutaneous coronary intervention; MRR —
microvascular resistance reserve. Values are n (%) or median [IQR]. In bold and italics significant p-
values (< 0.05).

l.MR abnormal;
6 MRR and CFR
normal

OMRR < 3.0
OCFR<2.0
OIMR = 25

33
CFR, IMR and
MRR abnormal

normal

Fig. 4.4.1.1. Overlap of abnormal coronary flow reserve,
index of microcirculatory resistance, and microvascular
resistance reserve measurements

CFR — coronary flow reserve; IMR — index of microcirculatory resistance; MRR — microvascular
resistance reserve.

4.4.2. Laboratory findings

Laboratory tests showed that hemoglobin levels, white blood cell count,
and platelet count were similar across the overall cohort, with no significant
differences between the MRR cut-off groups (p > 0.05) (Table 4.4.2.1). The
same was true for TC, LDL, HDL, and triglyceride levels, which were com-
parable between the groups (p > 0.05). Creatinine clearance rate was signifi-
cantly lower in the group with MRR < 3 compared to those with MRR >3
(37.05 mL/min vs. 40.90 mL/min; p = 0.002). Troponin levels, both at baseli-
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ne and peak, did not differ significantly between the groups (p > 0.05).
However, 3-month hs-CRP levels were significantly higher in the group with
MRR < 3 than in those with MRR >3 (5.43 mg/L vs. 4.02 mg/L; p = 0.007).
Similarly, BNP levels at 3 months were markedly elevated in those with
MRR < 3 (54.00 ng/L vs. 37.00 ng/L; p = 0.005).

Table 4.4.2.1. Laboratory and echocardiographic parameters of patients

with ST-elevation myocardial infarction, categorized by coronary
microvascular dysfunction
Overall CMD No CMD
Parameters (n=210) (MRR < 3.0) (MRR > 3.0) p-value
(n =56) (n =154)
\Laboratory test
Hemoglobin (g/1) 136.00 143.50 135.00 0.163
[119.00, 148.00] | [118.75,151.50] | [119.00, 146.00]
White blood cell count 9.86[8.22,12.09] | 10.91 [8.34, 12.52] | 9.75[8.22,11.96] | 0.318
(x10°/L)
Platelets (x10°/L) 240.50 242.50 238.50 0.186
[204.00,273.00] | [205.50,308.25] | [203.25,265.00]
Total cholesterol (mmol/L) | 4.64[3.75,5.79] | 4.55[3.54,5.71] | 4.65[3.80,5.79] | 0.755
Low-density lipoprotein 2.93[2.09, 3.93] 2.92[2.14,3.91] 3.01[1.88, 4.04] 0.706
(mmol/L)
High-density lipoprotein 1.12]0.92, 1.35] | 1.12[0.88, 1.28] | 1.12[0.95,1.35] | 0.463
(mmol/L)
Triglycerides (mmol/L) 1.160.82, 1.65] | 1.13[0.84,1.62] | 1.17[0.82,1.67] | 0.437
Creatinine clearance 39.50 [34.95, 47.501(37.05 [33.57, 41.97]{40.90 [36.10, 48.60]| 0.002
(mL/min)
Baseline troponin I (ug/L) | 2.19[0.81,3.71] | 2.22[0.88,4.12] | 2.16[0.75,3.56] | 0.471
Peak troponin I (ng/l) 45.00 [27.00, 64.00](50.00 [28.00, 64.00][41.00 [27.00, 63.50]| 0.271
3-month high-sensitivity 3.80[1.85,10.52] | 5.43[3.28,6.77] 4.02 [2.19, 5.88] 0.007
CRP (mg/L)
3-month BNP (ng/L) 37.00 [27.00, 66.75](54.00 [28.75, 88.00]|37.00 [27.00, 51.75] 0.005

Echocardiographic parameters (post-PCI)

LVEF (%)

[ 40.0 [36.25, 45.751 [45.00 [40.00, 50.00][40.00 [35.00, 45.00]| < 0.001

Echocardiographic parameters (at follow-up)

LVEF (%) 45.0 [40.00, 50.00] | 40.0 [32.00, 45.00] | 50.0 [40.00, 55.00] | < 0.001
LVEF change (%) 5.00 ~10.00 +8.00 <0.001
[0.00, 10.00] [-12.00, 2.00] [0.00, 10.00]

CMD - coronary microvascular dysfunction; BNP —brain natriuretic peptide; CRP — C-reactive
protein; LVEF — left ventricular ejection fraction; MRR — microvascular resistance reserve. Values are
n (%) or median [IQR]. In bold and italics significant p-values (< 0.05).
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4.4.3. Echocardiographic findings

Echocardiographically, LVEF just after PCI was higher in patients with
MRR <3 than those with MRR >3 (45.00% vs. 40.00%; p < 0.001)
(Table 4.4.2.1). Upon follow-up, patients with MRR < 3 exhibited a signifi-
cantly lower LVEF compared to those with MRR > 3 (40.0% vs. 50.0%;
p <0.001) (Fig. 4.4.3.1). Additionally, the change in LVEF from post-PCI to
1-year follow-up was significant, with a decrease observed in the MRR <3
group and an improvement in the MRR >3 group (—10.00% vs. +8.00%;
p <0.001) (Fig. 4.4.3.2).

p < 0.001
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S 45.00

40.
£ 4 0.00
5 40.00
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& 30 | 32.00
©
S 20
w
3 ‘
No CMD CMD
Fig. 4.4.3.1. Boxplot of left ventricular ejection fraction

at 12-month follow-up categorized by coronary microvascular
dysfunction according to microvascular resistance reserve

CMD - coronary microvascular dysfunction; LVEF — left ventricular ejection fraction.
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Fig. 4.4.3.2. 12-month change in left ventricular ejection
fraction categorized by coronary microvascular dysfunction
according to microvascular resistance reserve

CMD - coronary microvascular dysfunction; LVEF — left ventricular ejection fraction.

4.4.4. Angiographic findings

Patients with an MRR <3 and those with an MRR >3 showed no
significant difference in pain-to-door time (314.00 minutes for both groups;
p =0.249) or door-to-balloon time (40.00 minutes for both groups; p = 0.420)
(Table 4.4.4.1). TIMI flow grades prior were distributed across the groups
without significant disparity. A TIMI flow of 0 was observed in 69.64% of
patients with MRR <3, compared to 59.09% of patients with MRR >3
(p =0.529). Similarly, the TIMI flow following PCI also did not differ
significantly between the groups, with the highest grade (TIMI 3) seen in
82.46% of patients with MRR < 3 and in 90.20% of patients with MRR >3
(p = 0.197). When examining the culprit vessel territory, the left anterior
descending artery was the most common in both MRR <3 and MRR >3
groups (57.14% vs. 55.84%; p = 0.077). The number of diseased vessels did
not significantly vary between the two groups (p = 0.392).

4.4.5. Coronary physiology findings

At the 3-month follow-up, there were significant differences in certain
coronary physiological parameters between the groups defined by MRR
(Table 4.4.4.1). As expected, a clear difference was observed in CFR values
between the groups. Patients with MRR < 3 exhibited a significantly lower
CFR compared to those with MRR > 3 counterparts (1.91 vs. 2.88; p=0.001).
In contrast, FFR values displayed no significant disparity between the two
groups (0.92 vs. 0.92; p = 0.593). Notably, the IMR in patients with MRR < 3
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were markedly higher than in those with MRR >3 (44 vs. 18.0; p < 0.001).
Furthermore, a significant difference in median values was observed when
comparing the MRR < 3 group to the MRR > 3 group (2.42 vs. 3.66; p < 0.001).

Table 4.4.4.1. Coronary angiography and physiology parameters of ST-ele-
vation myocardial infarction patients, categorized by coronary microvas-
cular dysfunction according to microvascular resistance reserve

Overall CMD No CMD
Parameters (n=210) (MRR < 3.0) (MRR > 3.0) p-value
(n=56) (n=154)
Angiographic
Pain-to-door time 314[107.75, 592.25]|314.00 [136.75, 648.25]| 314.00 [104.00, 0.249
(minutes) 524.00]
Door-to-balloon 40.00 [29.25, 52.00]| 40.00 [32.75,53.50] |40.00[29.00, 51.00]| 0.420
(minutes)
Pre-PCI TIMI flow
0 130 (61.90%) 39 (69.64%) 91 (59.09%) 0.529
1 8 (3.81%) 2 (3.57%) 6 (3.90%)
2 44 (20.95%) 10 (17.86%) 34 (22.08%)
3 28 (13.33%) 5 (8.93%) 23 (14.94%)
Post-PCI TIMI flow
0 2 (0.95%) 1 (1.79%) 1 (0.65%) 0.197
1 1 (0.48%) 1 (1.79%) 0 (0.00%)
2 22 (10.48%) 8 (14.29%) 14 (9.09%)
3 185 (88.1%) 47 (82.46%) 138 (90.20%)
Culprit Vessel Territory
Left anterior 118 (56.19%) 32 (57.14%) 86 (55.84%) 0.077
descending artery
circumflex artery 49 (23.33%) 8 (14.29%) 41 (26.62%)
Right coronary 43 (20.48%) 16 (28.57%) 27 (17.53%)
artery
Number of diseased vessels
2-Vessel Disease 123 (58.57%) 36 (64.29%) 87 (56.49%) 0.392
3-Vessel Disease 87 (41.43%) 20 (35.71%) 67 (43.51%)
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Table 4.4.4.1. Continued

resistance reserve
(MRR)

Overall CMD No CMD
Parameters (n=210) (MRR < 3.0) (MRR > 3.0) p-value
(n=56) (n=154)
Coronary physiology at 3-month follow-up
Coronary flow reserve| 2.81[2.54,2.98] 1.91[1.35,2.22] 2.8812.77,3.15] | <0.001
(CFR)
Fractional flow 0.9210.87, 0.97] 0.92[0.87, 0.97] 0.92[0.87, 0.97] 0.593
reserve (FFR)
Index of 20.00 [15.00,29.00]| 44.00 [34.00, 54.25] |18.00[14.00,21.00]| <0.001
Microcirculatory
resistance (IMR)
Microvascular 3.46[2.93, 3.85] 2.42[1.7,2.74] 3.66[3.35,4.10] | <0.001

PCI —percutaneous coronary intervention; TIMI — thrombolysis in myocardial infarction; MRR — micro-
vascular resistance reserve. Values are n (%) or median [IQR].

In the correlation analysis, MRR showed a slight negative correlation

with FFR, which was not statistically significant (r =

—0.12; p=

0.076;

Fig. 4.4.5.1 A). In contrast, a strong positive correlation between MRR and
CFR was observed, suggesting a significant relationship (r = 0.93; p < 0.001;
Fig. 4.4.5.1 B). Additionally, there was a moderate negative correlation between
MRR and IMR, which was also statistically significant (r =—-0.64; p < 0.001;

Fig. 4.4.5.1 C).
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Fig. 4.4.5.1. Correlation of microvascular resistance reserve
with fractional flow reserve, coronary flow reserve,
and index of microcirculatory resistance

FFR — fractional flow reserve, CFR — coronary flow reserve, IMR — index of microcirculatory

resistance.
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4.4.6. Clinical outcome

A total of 44 patients, or 20.95%, experienced MACE at the 12-month
follow-up. When comparing patients with an MRR <3 to those with an
MRR > 3, the incidence of MACE was found to be statistically significant
(48.21% vs. 11.04%; p < 0.001). Event rates of individual components of
MACE are reported in Table 4.4.6.1 and illustrated in Fig. 4.4.6.1.

100%
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Fig. 4.4.6.1. Rates of clinical events in high and
low microvascular resistance reserve patients

AF — atrial fibrillation; LVEF — left ventricular ejection fraction, MI — myocardial infarction, POCE —
the composite of all-cause mortality, any myocardial infarction, any stroke and any revascularization,
MACE — POCE +heart failure hospitalization, MRR — microvascular resistance reserve.

Table 4.4.6.1. 12-month clinical outcomes of patients presenting with ST-ele-
vation myocardial infarction, categorized by microvascular dysfunction

Overall CMD No CMD
Clinical outcomes (n=210) (MRlz <3.0) (MRF >3.0) | p-value
(n=56) (n=154)
Ischemic stroke 7 (3.33%) 5(8.93%) 2 (1.30%) 0.016
Nonfatal MI 10 (4.76%) 5(8.93%) 5(3.25%) 0.179
Cardiovascular death 6 (2.86%) 4 (7.14%) 2 (1.30%) 0.045
Target vessel revascularization 10 (4.76%) 5(8.93%) 5(3.25%) 0.213
Hospitalization for heart failure 16 (7.62%) 12 (21.43%) 4 (2.60%) <0.001
POCE 30 (14.29%) 17 (30.36%) 13 (8.44%) <0.001
MACE 44 (20.95%) 27 (48.21%) 17 (11.04%) <0.001

POCE — the composite of all-cause mortality, any myocardial infarction, any stroke, and any
revascularization, MACE — POCE +heart failure hospitalization; MI — myocardial infarction. Values
are n (%). In bold and italics significant p-values (< 0.05).
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During the follow-up period, two cases of stent thrombosis developed;
these were classified as MI, and the patients underwent successful revascula-
rization of the culprit coronary artery. Based on the cubic spline curve, it was
observed that the probability of MACE increased steeply and significantly
when the MRR value was less than three (Fig. 4.4.6.2). Patients with an
MRR < 3 also had a higher incidence of ischemic stroke (8.9% vs. 1.3%; p =
0.022) and heart failure hospitalization (21.4% vs. 2.6%; p < 0.001). There
was no significant difference between the two MRR groups in terms of the
occurrence of cardiovascular mortality, non-fatal MI, or target vessel
revascularization (Table 4.4.6.1 and Fig. 4.4.6.1). The Kaplan-Meier survival
analysis indicated that the incidence of MACE was significantly higher in the
group with MRR < 3 compared to the group with MRR > 3 (log-rank p < 0.001).
Furthermore, there was a discernible divergence in survival curves imme-
diately after one month of discharge (Fig. 4.4.6.3).

Odds of MACE

MRR

Fig. 4.4.6.2. Restricted cubic spline curve of microvascular resistance
reserve and the odds of major adverse cardiovascular events

MRR — microvascular resistance reserve; MACE — major adverse cardiovascular events.
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Fig. 4.4.6.3. Kaplan-Meier event-free survival curve for occurrence of
major adverse cardiovascular events grouped by coronary microvascular
dysfunction according to microvascular resistance reserve

MRR — microvascular resistance reserve; MACE — major adverse cardiovascular events.

4.4.7. Multivariable Cox analysis

Univariable Cox regression analysis and Multivariable analysis with
adjustment for variables with p <0.05 in univariable Cox regression were
performed to identify the independent risk factors for MACE (Table 4.4.7.1).
The analysis revealed that a lower MRR was a significant predictor of MACE,
with the odds decreasing as MRR values were lower (HR 0.45, 95% CI10.31—
0.67; p <0.001). Other variables, such as sex, age, and baseline clinical cha-
racteristics, did not show a significant predictive value in the multivariable
model. Notably, FFR also emerged as a significant factor, with each unit
increase diminishing the likelihood of MACE (HR 0.56, 95% CI: 0.31-0.99;
p=0.047).

Table 4.4.7.1. Multivariable cox regression analysis for the prediction of
12-month major adverse cardiovascular events after ST-elevation
myocardial infarction

. Univariable Multivariable
Variable
Hazard Ratio | p-value | Hazard Ratio | p-value
Sex (Female) 2.38(1.31-4.34) 0.005 |1.22(0.60-2.46)| 0.582
Age (years) 1.01 (0.98-1.03) 0.533
Body mass index (kg/m?) 1.01 (0.95-1.07) 0.779
Body surface area (m?) 1.35(0.37-4.93) 0.650
Primary diagnosis 1.02 (0.56-1.85) 0.946
Arterial hypertension 1.24 (0.67-2.29) 0.492
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Table 4.4.7.1. Continued

. Univariable Multivariable
Variable
Hazard Ratio | p-value | Hazard Ratio | p-value
History of coronary artery disease 0.98 (0.51-1.91)| 0.961
History of PCI 1.14 (0.48-2.69)| 0.770
History of stroke 1.94 (0.93-4.03)| 0.077
History of diabetes mellitus 1.73 (0.93-3.22)| 0.085
History of dyslipidaemia 0.98 (0.54-1.78)| 0.954
Smoker (former/current) 1.28 (0.70-2.32)| 0.418
History of alcohol abuse 0.94 (0.34-2.62)| 0.901
KILLIP class 1.04 (0.72-1.51)| 0.823
Haemoglobin (g/L) 1.00 (0.99-1.02)| 0.765
White Blood Cell Count (x10°/L) 1.02 (0.93-1.13)| 0.623
Platelets (x10%/L)% 1.02 (0.97-1.01)| 0.539
Total cholesterol (mmol/L) 1.08 (0.89-1.31)| 0.441
Low-density lipoprotein (mmol/L) 1.15(0.92-1.43)| 0.212
High-density lipoprotein (mmol/L) 1.04 (0.78-1.40)| 0.777
Triglycerides (mmol/L) 1.01 (0.96-1.06)| 0.786
Creatinine Clearance (mL/min) 0.98 (0.95-1.01)| 0.287
Baseline Troponin I (ng/L) 1.01 (0.96-1.06)| 0.786
Peak Troponin I (ug/L)® 1.04 (0.95-1.13)| 0.401
3-month High-sensitivity CRP (mg/L) 1.12 (1.01-1.25)| 0.039 |0.99 (0.89-1.10)| 0.844
3-month BNP (ng/L) 1.01 (1.01-1.01)| <0.001 |1.01 (1.00-1.01)| 0.003
Post-PCI LVEF (%) 1.00 (0.96-1.04)| 0.970
Pain-to-door time (minutes)® 1.00 (1.00-1.01)| 0.240
Door-to-balloon (minutes) 1.00( 0.98-1.01)| 0.737
Pre-PCI TIMI flow 0.87 (0.66-1.14)| 0.310
Post-PCI TIMI flow 0.72 (0.44-1.20)| 0.206
Culprit vessel 0.99 (0.68-1.43)| 0.948
Number of diseased vessels 0.70 (0.38-1.31)| 0.266
Intracoronary glycoprotein IIb/IIla inhibitor |0.77 (0.36-1.65)| 0.501
Aspiration thrombectomy 0.45 (0.19-1.05)| 0.065
Stent diameter (millimetres) 1.76 (0.99-3.13)| 0.055
Stent length (millimetres) 1.06 (1.00-1.12)| 0.047 |1.06 (1.00-1.13)| 0.062
Maximal stent pressure (atm) 0.93 (0.82-1.05)| 0.248
Contrast dose (millilitres) 0.98 (0.96-1.00)| 0.098
Fractional flow reserve (FFR)* 0.55 (0.33-0.91)| 0.021 |0.56 (0.31-0.99)| 0.047
Microvascular resistance ratio (MRR) 0.39 (0.28-0.54)| <0.001 |10.45 (0.31-0.67)| < 0.001

$ —per 10 unit increment, * — per 0.1 unit increment, all other numerical variables are for 1 unit increment.
PCI — percutaneous coronary intervention, CRP — C-reactive protein, BNP —brain natriuretic peptide,
LVEF - left ventricular ejection fraction. In bold and italics significant p-values (< 0.05).
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4.4.8. Prognostic performance of microvascular resistance reserve

The prognostic performance of MRR was investigated using ROC curve
analysis, with areas under the ROC curve for predicting POCE at 12 months.
The ROC curve analysis highlighted the AUC for MRR at 0.743, CFR at
0.762, and IMR at 0.781, signifying good to strong predictive abilities. The
FFR had an AUC of 0.609, reflecting a more modest predictive performance
(Fig. 4.4.8.1). Notably, the optimal cut-off values determined for maximizing
the prognostic accuracy were 2.75 for MRR, 2.31 for CFR, 33.5 for IMR, and
0.90 for FFR (Fig. 4.4.8.1). When comparing these parameters, the prognostic
performance of MRR, CFR, and IMR were statistically superior to that of
FFR (Table 4.4.8.1). This suggests that while FFR provides some predictive
value, MRR, alongside CFR and IMR, offers stronger and more reliable
prognostic information for assessing the risk of POCE. Additionally, a similar
prognostic performance was observed among all coronary physiology indices
in assessing MACE, as depicted in the accompanying Fig. 4.4.8.2.

1.0 = MRR: AUC = 0.743
— , (95% Cl: 0.651-0.836),
/ optimal cut-off = 2.748
/ = CFR: AUC = 0.762
0.8- 2 (95% Cl: 0.67-0.854),
L optimal cut-off = 2.305
L == |MR: AUC = 0.781
s (95% Cl: 0.702-0.86),
[, 4 optimal cut-off = 33.5
>, 0.6- ; = FFR: AUC = 0.609
S r (95% Cl: 0.515-0.704),
= | optimal cut-off = 0.895
g )
» 04
|
\‘-r
0.2/
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1 — Specificity

Fig. 4.4.8.1. Receiver operating characteristic curve for the model
of patient-oriented composite endpoint at 12-month follow-up in
ST-elevation myocardial infarction patients

MRR — microvascular resistance reserve; CFR — coronary flow reserve; IMR — index of microcircula-
tory resistance, FFR — fractional flow reserve. AUC — area under the curve.

184



1.0 = MRR: AUC = 0.701 (0.592-0.81),
cut-off = 2.748
== CFR: AUC = 0.719 (0.606-0.832),
cut-off = 2.205
0.8 = IMR: AUC = 0.736 (0.634-0.837),
cut-off = 33.5
= FFR: AUC = 0.576 (0.469-0.683),
cut-off = 0.895
> 0.6
=
2
=
[72]
c
Q
» 0.4-
0.2
00 ”7 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1 — Specificity

Fig. 4.4.8.2. Receiver operating characteristic curve for the model
of major adverse cardiovascular events at 12-month follow-up in
ST-elevation myocardial infarction patients

MRR — microvascular resistance reserve; CFR — coronary flow reserve; IMR — index of microcircula-
tory resistance, FFR — fractional flow reserve. AUC — area under the curve.

Table 4.4.8.1. Comparison of area under the receiver operating
characteristic curves for predicting major adverse cardiovascular events

Predictor1 Predictor2 Delong test p-value
MRR CFR 0.391
MRR IMR 0.285
CFR IMR 0.572
MRR FFR 0.039
CFR FFR 0.01
IMR FFR <0.001

MRR — microvascular resistance reserve; CFR — coronary flow reserve; IMR — index of microcircu-
latory resistance, FFR — fractional flow reserve. In bold and italics significant p-values (< 0.05).
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4.5. Prevalence and prognostic impact of coronary microvascular
dysfunction endotypes on 12-month clinical outcomes in
ST-elevation myocardial infarction patients

4.5.1. Prevalence and types of coronary microvascular dysfunction
in ST-elevation myocardial infarction patients

Among the cohort of 210 patients with STEMI, CMD was identified in
27% (n = 56) of cases. Sub-classification of CMD revealed two distinct endo-
types: structural CMD, present in 24% (n = 51) of patients, and functional
CMD, observed in 3% (n=15) of patients (Fig. 4.5.1.1). This indicates a
higher likelihood of structural changes over functional alterations within the
coronary microvasculature in the STEMI population, highlighting a potential
area of focus for targeted therapeutic interventions.

Functional CMD

73% (n = 154) 3% (n = 5)

27% (n = 56)

Structural CMD
24% (n = 51)

Fig. 4.5.1.1. Distribution of coronary microvascular dysfunction
endotypes in ST-elevation myocardial infarction patients

CMD - coronary microvascular dysfunction.

4.5.2. Study population characteristics

Analysis of baseline characteristics revealed notable differences in
demographic and clinical profiles based on the presence and endotype of
CMD (Table 4.5.2.1). In the structural CMD subgroup, a significantly higher
proportion of female patients was observed, accounting for 68.63% of this
group, a stark contrast to the 32.47% in the no CMD group (p < 0.001).
Furthermore, Age distribution across the no CMD, functional CMD, and
structural CMD groups did not show statistical variance, with median ages
closely aligned. This was similarly reflected in the BMI and BSA measure-
ments, where values across the groups did not differ to a significant degree
(p = 0.148 and p = 0.650, respectively), indicating that these factors may not
be primary differentiators of CMD presence or type in this clinical context.
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A closer look at medical history elements revealed that the incidence of
diabetes mellitus was significantly lower in the functional CMD group, with
no cases reported, compared to 18.83% in the no CMD group and a consi-
derable 43.14% in the structural CMD group (p = 0.001). The absence of
diabetes mellitus in the functional CMD subgroup, despite its small size,
raises questions about potential differences in pathophysiological mechanisms
compared to structural CMD, where diabetes is more prevalent. However,
due to the relatively small number of patients with functional CMD, these
observations should be interpreted with caution, as they may not be represen-
tative of the broader STEMI population. Other clinical parameters, including
histories of hypertension, CAD, PCI, stroke, dyslipidemia, and alcohol use,
showed no significant differences between the endotypes, as detailed in
Table 4.5.2.1. Upon reviewing the data, it appears that smoking is more pre-
valently associated with the structural CMD endotype rather than the func-
tional CMD endotype. However, the comparable prevalence of smoking
between the overall CMD group and the no CMD group suggests that smoking,
while potentially contributory, is not the sole determinant in the development
of CMD. The lack of a significant difference in smoking prevalence between
the CMD and non-CMD groups could indicate that other factors, perhaps in
combination with smoking, play a more critical role in the manifestation of
CMD endotypes. This observation could point to a multifactorial etiology of
CMD, where smoking acts as one of the various elements that may influence
the emergence and progression of structural CMD, rather than being a
primary causative factor of CMD.
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4.5.3. Clinical outcome

Kaplan-Meier MACE-free survival analysis indicated a trend toward
lower event-free survival in patients with structural CMD compared to those
with functional CMD. While this trend neared statistical significance (log-
rank p = 0.054, Fig. 4.5.3.1), it did not definitively confirm a difference in
long-term outcomes between the two CMD endotypes, most probably due to
statistical underpower. It is crucial to note that the limited number of patients
within the functional CMD category necessitates a cautious interpretation of
these results.

100%
©
2
2 75%-
=
/]
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(1]
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059, Log-rank p = 0.054
° 0 30 60 90 120 150 180 210 240 270 300 330 360
Time (days)
Strata Number at risk
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= Structural CMD 51 47 44 41 36 32 30 29 27 27 26 25 24

Fig. 4.5.3.1. Kaplan-Meier event-free survival curve
for occurrence of major adverse cardiovascular events grouped
by coronary microvascular dysfunction endotypes

CMD - coronary microvascular dysfunction; MACE — major adverse cardiovascular events.

4.6. The impact of coronary microvascular dysfunction
on functional left ventricular remodelling,
diastolic dysfunction, and clinical outcomes

4.6.1. Study population characteristics

This cohort was stratified based on the presence of CMD, as defined by
an IMR value >25 U or a CFR value of <2.0 U. A total of 210 individuals
were included in the analysis, with 57 patients (27.14%) being diagnosed with
CMD and 153 patients (72.86%) not exhibiting CMD (Table 4.6.1.1). Of the
total participants, 85 were females, representing 40.48% of the entire study
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population. A statistically significant observation was made regarding the
prevalence of CMD among female participants; it was notably higher com-
pared to their counterparts who did not exhibit CMD (63.16% vs. 32.03%;
p <0.001). Patients who exhibited CMD tended to be younger, with a median
age of 63 years, the age difference between the two groups of patients parti-
cipating in the study was never close to being significant. Despite the fact that
the study cohort exhibited a tendency towards overweight, as evidenced by a
median body mass index of 27.39 kg/m?, no statistically significant distinc-
tion was observed between the two groups. Between the two groups, there
was no discernible difference in terms of body surface area, or the location of
STEMI events. However, it is noteworthy that individuals with confirmed
CMD exhibited a significantly higher prevalence of diabetes compared to
those without CMD (24 (42.11%) vs. 27 (17.65%); p < 0.001). Smokers were
almost evenly distributed across study groups. The baseline CHADS2-VASc
score was relatively comparable across study groups. The two groups did not
differ from one another in any of the risk factors, such as arterial hyperten-
sion, hyperlipidemia, Killip classification, or a history of alcohol poisoning,
ischemic or hemorrhagic stroke and coronary atherosclerotic disease. To sum
up, patients across the study groups were largely similar in terms of general
characteristics, with the notable exceptions being a higher prevalence of
females and diabetes in the CMD group.

Table 4.6.1.1. Characteristics of ST-elevation myocardial infarction patients
classified by coronary microvascular dysfunction

Characteristic Overall CMD No CMD p-value
(n=210) (n=57) (n=153)
Sex (Female) 85 (40.48%) 36 (63.16%) 49 (32.03%) <0.001
Age (years) 65.0 [58, 76] 63.00 [57.00, 75.00] |66.00 [58.00, 76.00]| 0.572

Body mass index (kg/m?)|27.39 [24.56, 30.69]| 26.37 [24.44,29.28] |27.58 [24.77,31.21]| 0.146
Body surface area (m?) 1.93 [1.81, 2.10] 1.90[1.83, 2.05] 1.95[1.81,2.11] | 0.292
Primary diagnosis

Anterior STEMI 116 (55.24%) 32 (56.14%) 84 (57.90%) 0.996
Inferior STEMI 94 (44.76%) 25 (43.86%) 69 (45.10%)
Arterial hypertension 123 (58.57%) 32 (56.14%) 91 (59.48%) 0.780
History of coronary 59 (28.10%) 19 (33.33%) 40 (26.14%) 0.391
artery disease
History of PCI 26 (12.38%) 9 (15.79%) 17 (11.11%) 0.497
History of stroke 27 (12.86%) 9 (15.79%) 18 (11.76%) 0.587
History of diabetes 51 (24.29%) 24 (42.11%) 27 (17.65%) <0.001
mellitus
History of dyslipidemia 119 (56.67%) 32 (56.14%) 87 (56.86%) 1
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Table 4.6.1.1. Continued

Characteristic O\ierall CE/[D NO_CMD p-value
(n=210) (n=57) (n=153)

Smoker (former/current) 109 (51.90%) 33 (57.89%) 76 (49.67%) 0.365
History of alcohol abuse 20 (9.52%) 4 (7.02%) 16 (10.46%) 0.623
KILLIP class

1 62 (29.52%) 15 (26.32%) 47 (30.72%) 0.796

I 111 (52.86%) 33 (57.89%) 78 (50.98%)

1 27 (12.86%) 6 (10.53%) 21 (13.73%)

v 10 (4.76%) 3 (5.26%) 7 (4.58%)

CMD - coronary microvascular dysfunction; STEMI — ST-elevation myocardial infarction; PCI -
percutaneous coronary intervention. Values are n (%) or median [IQR].
In bold and italics significant p-values (< 0.05).

4.6.2. Laboratory findings

There was no noticeable difference between the study groups based on
the findings of the complete blood count that was performed (Table 4.6.2.1).
The levels of hemoglobin, white blood cell count, and platelet count all
diverged from one another in the similar proportion across the two study
groups. In the comparison between the CMD and non-CMD groups, differen-
ces in the lipid profile, encompassing TC, HDL, LDL, and triglycerides, were
found to be statistically insignificant. Creatinine clearance, which is an
indicator of kidney function, did show a significant difference between the
two study groups (40.70 mL/min vs. 37.3 mL/min; p = 0.003). Neither group
showed statistically significant differences in troponin levels between samp-
les taken upon admission and after 24 hours. However, at 3 months follow-up,
the high-sensitivity CRP and the brain natriuretic peptide were significantly
higher in patients with CMD (5.21 mg/L vs. 3.98 mg/L; p = 0.008 and
70.00 ng/L vs. 37.00 ng/L; p < 0.001, respectively).
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Table 4.6.2.1. Laboratory parameters of patients with ST-elevation myocar-
dial infarction, categorized by coronary microvascular dysfunction

Parameters Overall CMD No CMD _value
(n =210) (n=57) (n=153) prvala
Laboratory test
Hemoglobin (g/L) 136.0 144.00 135.00[119.00, 0.105
[119.0, 148.0] [120.00, 153.00] 146.00]

White blood cell count | 9.86[8.22, 12.09] | 11.32 [8.45, 13.20] | 9.66 [8.07, 11.80] | 0.062
(x10°/L)

Platelets (x10°/L) 240.5 243.00 234.00 [203.00, 0.148
[204.0, 273.0] [206.00, 305.00] 265.00]

Total cholesterol 4.64 [3.75,5.79] 4.55[3.54, 5.67] 4.68 [3.84, 5.81] 0.413

(mmol/L)

Low-density lipoprotein | 2.93 [2.09, 3.93] 2.93[1.85, 3.94] 2.93[2.16, 3.92] 0.857
(mmol/L)

High-density lipoprotein| 1.12[0.92, 1.35] 1.120.88, 1.31] 1.120.95, 1.35] 0.519
(mmol/L)
Triglycerides (mmol/L) | 1.16 [0.82, 1.65] 1.14[0.85, 1.54] 1.17[0.82, 1.68] 0.399
Creatinine clearance 39.5[34.95,47.5] [37.30[32.90, 42.50]|40.70 [36.10, 48.60]| 0.003
(mL/min)
Baseline troponin I 2.19[0.81, 3.71] 2.2210.89, 4.14] 2.17[0.74, 3.56] 0.373
(ngL)
Peak troponin I (ug/L) 45.0 [27.0, 64.0] |50.00 [30.00, 69.00]|41.00 [26.00, 61.00]| 0.145
3-month high-sensitivity| 3.80 [1.85,10.52] | 5.21[3.28, 6.57] 3.981.98, 5.81] 0.008
CRP (mg/L)
3-month BNP (ng/L) 37.00 [27.00, 66.75]|70.00 [29.00, 88.00][37.00 [27.00, 51.00]| <0.001

CMD - coronary microvascular dysfunction, BNP —brain natriuretic peptide; CRP — C-reactive

protein. Values are n (%) or median [IQR].
In bold and italics significant p-values (< 0.05).

4.6.3. Echocardiographic findings

The post-PCI echocardiography showed that the CMD group had signi-
ficantly higher post-PCI LVEF (42.0% vs. 40.0%; p = 0.005) and the E/A
ratio (1.30 vs. 0.80; p < 0.001), while the left ventricular end-diastolic volume,
left atrial volume index as well as the diastolic function grade were similar
between the two groups at post-PCI echocardiography (Table 4.6.3.1).
However, at 12-months follow-up, the LVEF became significantly lower in
the CMD group (40.00% vs. 50.00%; p < 0.001) (Fig. 4.6.3.1).
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Table 4.6.3.1. Echocardiographic parameters of patients with ST-elevation
myocardial infarction, categorized by coronary microvascular dysfunction

Parameters | Overall (n = 210) | CMD (n=57) | No CMD (n =153) | p-value
Echocardiographic parameters (post-PCI)
LVEF (%) 40.0 [36.25, 45.75] 42.0[38.5, 45.0] 40.0 [35.75,46.25] | 0.005
LVEDV (mL) 85.20[68.80, 107.10] | 86.60 [68.10, 107.10] | 85.20 [68.80, 107.10] | 0.808
E/A ratio 0.9210.70, 1.36] 1.30[1.12, 1.49] 0.80[0.66, 1.27] <0.001
Average ¢’ 8.00 [6.00, 10.00] 8.00 [7.00, 10.00] 8.00 [6.00, 10.00] 0.139
E/e’ 8.62 [7.00, 10.67] 8.89[7.32, 10.18] 8.57[6.88, 10.71] 0.676
TRpV 2.59[2.33, 2.80] 2.441[2.27,2.70] 2.60[2.40, 2.81] 0.050
LA volume index 26.19 [22.71,31.48] | 26.41[23.02,32.96] | 26.08 [22.69, 30.82] | 0.290
LV diastolic dysfunction

Grade 1 196 (93.33%) 56 (98.25%) 140 (91.50%) 0.052

Grade 2 7 (3.33%) 0 (0.00%) 7 (4.58%)

Grade 3 6 (2.86%) 0 (0.00%) 6 (3.92%)

NA 1 (0.48%) 1 (1.75%) 0 (0.00%)
Echocardiographic parameters (at 12-month follow-up)
LVEF (%) 45.00 [40.00, 50.00] | 40.00[32.00, 42.00] | 50.00 [41.50, 55.00] | <0.001
LVEDV (mL) 89.05[70.88, 107.75] | 100.80 [80.40, 124] | 85.60 [70.60, 100.2] | 0.005
E/A ratio 1.2310.77, 1.41] 0.72 [0.66, 0.75] 1.32]1.18, 1.46] <0.001
Average ¢’ 8.00 [5.00, 10.00] 4.00 [4.00, 5.00] 9.00[8.00, 10.00] | <0.001
E/e’ 9.78 [7.74, 12.65] 15.00[14.31, 16.00] 8.56[7.10,10.57] | <0.001
TRpV 2.60 [2.40, 2.90] 3.10[2.90, 3.50] 2.40[2.30, 2.60] <0.001
LA volume index 27.19[23.02,35.83] | 40.61[25.75,45.24] | 26.26 [22.73,31.21] | <0.001
(mL/m?)
LV diastolic dysfunction

Grade 1 163 (80.30%) 14 (26.92%) 149 (98.68%) <0.001

Grade 2 40 (19.70%) 38 (73.08%) 2 (1.32%)

Grade 3 0 (0%) 0 (0%) 0 (0%)
Echocardiographic remodelling related parameters
LVEF change (%) 5.00[10.00, 0.00] |-10.00[0.00,-12.00]| 8.00[10.00,1.00] |<0.001
LVEDV change (%)| 3.43[-6.52,11.26] 9.87[1.62, 24.08] -0.56 [-7.03,7.83] | <0.001
FLVR

Group 1 148 (72.55%) 15 (28.30%) 133 (88.08%) <0.001

Group 2 24 (11.76%) 20 (37.74%) 4 (2.65%)

Group 3 17 (8.33%) 6 (11.32%) 11 (7.28%)

Group 4 15 (7.35%) 12 (22.64%) 3 (1.99%)

CMD - coronary microvascular dysfunction; PCI — percutaneous coronary intervention; LVEDV — left
ventricular end diastolic volume; LVEF — left ventricular ejection fraction; TRpV — tricuspid
regurgitation peak velocity; LA — left atrium; FLVR — functional left ventricular remodelling. Values
are n (%) or median [IQR]. In bold and italics significant p-values (< 0.05).
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Fig. 4.6.3.1. Boxplot of left ventricular ejection fraction at 12-month
follow-up categorized by coronary microvascular dysfunction

CMD - coronary microvascular dysfunction; LVEF- left ventricular ejection fraction.

Patients with CMD had significantly worsened LVEF while the patients
without CMD had improved LVEF (-10.00% vs. 8.00%; p <0.001)
(Fig. 4.6.3.2,4.6.3.3).

Before-after plot of Before-after plot of
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Fig. 4.6.3.2. Dynamic changes in left ventricular ejection fraction
during 12-month follow-up period categorized by coronary
microvascular dysfunction

CMD - coronary microvascular dysfunction; LVEF- left ventricular ejection fraction.
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Fig. 4.6.3.3. 12-month change in left ventricular ejection fraction
categorized by coronary microvascular dysfunction

CMD - coronary microvascular dysfunction; LVEF — left ventricular ejection fraction; PCI —
percutaneous coronary intervention.

The echocardiographic follow-up showed dynamic changes in diastolic
dysfunction grades within the 12-month time frame (Fig. 4.6.3.4).
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Fig. 4.6.3.4. Alluvial plot illustrating the dynamic changes in diastolic
dysfunction from during 12-month follow-up period

PCI - percutaneous coronary intervention.

195



Additionally, the imaging follow-up also revealed that CMD patients
had significantly higher LVEDV, LA volume index, E/e’, TRpV while the
E/A ratio and the average e’ were significantly lower. Patients without CMD
who had grade 2 and grade 3 diastolic dysfunction at post-PCI, almost all
recovered to grade 1 diastolic dysfunction, with few exhibiting grade 2 diasto-
lic dysfunction at 12 months (Fig. 4.6.3.5). Conversely, CMD patients had
grade 1 diastolic dysfunction post-PCI, but at 12 months, most of these pa-
tients progressed to grade 2 diastolic dysfunction (Fig. 4.6.3.6). The incidence
of grade 2 diastolic dysfunction was higher in CMD patients as compared with
those without CMD (38 (73.08%) vs. 2 (1.32%); p < 0.001) (Fig. 4.6.3.7).
There were no patients with grade III diastolic dysfunction at 12-month
follow-up.
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Fig. 4.6.3.5. Alluvial plot illustrating the dynamic changes
in diastolic dysfunction in patients with no coronary microvascular
dysfunction during 12-month follow-up period

PCI - percutaneous coronary intervention.
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Fig. 4.6.3.6. Alluvial plot illustrating the dynamic changes
in diastolic dysfunction in patients with coronary microvascular
dysfunction during 12-month follow-up period

PCI - percutaneous coronary intervention.
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CMD - coronary microvascular dysfunction.
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Upon further analysis, it was evident that the classification of patients
with CMD predominantly aligned with the criteria for Groups 2, 3, and 4
within the FLVR framework. Specifically, for Group 2 there were 20
(37.74%) vs. 4 (2.65%), for Group 3 there were 6 (11.32%) vs. 11 (7.28%),
and for Group 4 there were 12 (22.64%) vs. 3 (1.99%); all with p < 0.001
(Fig. 4.6.3.8).
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Fig. 4.6.3.8. Rates of left ventricular remodelling displayed

by coronary microvascular dysfunction

CMD - coronary microvascular dysfunction; LV — left ventricle.

4.6.4. Angiographic findings

The overall time it took patients to seek medical attention after the onset
of symptoms did not differ between the two groups (314 min vs. 314 min; p =
0.138) (Table 4.6.4.1). Similarly, the door-to-balloon time did not vary
between study groups (40.0 min vs. 40.0 min; p = 0.128). TIMI flow both
before and after revascularization was nearly evenly distributed across study
groups. In our cohort of STEMI patients, the left anterior descending artery
was identified as a culprit vessel similarly between both study groups: 33
(57.89%) in the CMD group versus 85 (55.56%) in the non-CMD group.
However, some disparities became apparent when examining other arteries.
Specifically, the left circumflex artery was more commonly identified as the
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culprit in the non-CMD group (7 (12.28%) vs. 42 (27.45%)), whereas the
right coronary artery was predominant in the CMD group (17 (29.82%) vs.
26 (16.99%)). These observed differences achieved statistical significance
with a p-value of 0.024. In the investigation, the number of diseased vessels
was similar between the two groups (p = 0.505).

4.6.5. Procedural characteristics

There were no significant differences in the study groups regarding
contrast dose (100 ml vs. 100 ml; p = 0.633), stent diameter (3 mm vs. 3 mm;
p = 0.949) and length (24 mm vs. 24 mm; p = 0.100), or maximal inflation
pressure (15 atm vs. 14 atm; p = 0.797) (Table 4.6.4.1).

4.6.6. Coronary physiology findings

Distinct differences were observed in CFR values between the groups.
Patients diagnosed with CMD exhibited a significantly lower CFR compared
to their non-CMD counterparts (1.94 vs. 2.88; p = 0.003). In contrast, FFR
values displayed no significant disparity between the CMD and non-CMD
patients (0.91 vs. 0.92; p = 0.452). Notably, as anticipated, the IMR in CMD
patients was markedly higher than in non-CMD patients (44 vs. 18.0;
p <0.001). Despite the fact that there was no statistically significant diffe-
rence in hyperemic distal coronary pressure between the two groups
(66.42 mmHg vs. 66.03 mmHg; p = 0.003), the mean transit time was, as
anticipated, longer in the CMD group compared to the non-CMD group
(0.72 sec vs. 0.25 sec; p <0.001) (Table 4.6.4.1).

Table 4.6.4.1. Coronary angiography and physiology parameters of ST-ele-
vation myocardial infarction patients, categorized by coronary microvascu-
lar dysfunction

Parameters | Overall (n =210) | CMD (n=57) | No CMD (n =153) | p-value

Angiographic
Pain-to-door time 314 314.00 314.00 0.138
(minutes) [107.75, 592.25] [141.00, 667.00] [104.00, 531.00]
Door-to-balloon 40 [29.25, 52.0] 40.00 [34.00, 55.00] [40.00[28.00,51.00]| 0.128
(minutes)
Pre-PCI TIMI flow

0 130 (61.90%) 43 (75.44%) 87 (56.86%) 0.091

1 8 (3.81%) 2 (3.51%) 6 (3.92%)

2 44 (20.95%) 8 (14.04%) 36 (23.53%)

3 28 (13.33%) 4 (7.02%) 24 (15.69%)
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Table 4.6.4.1. Continued

(sec)

Parameters | Overall (n = 210) | CMD (n=57) | No CMD (n =153) | p-value
Post-PCI TIMI flow
0 2 (0.95%) 1 (1.75%) 1 (0.65%) 0.218
1 1 (0.48%) 1 (1.75%) 0 (0.00%)
2 22 (10.48%) 8 (14.04%) 14 (9.15%)
3 185 (88.1%) 47 (82.46%) 138 (90.20%)
Culprit Vessel
Left anterior 118 (56.19%) 33 (57.89%) 85 (55.56%) 0.024
descending artery
Circumflex artery 49 (23.33%) 7 (12.28%) 42 (27.45%)
Right coronary 43 (20.48%) 17 (29.82%) 26 (16.99%)
artery
Number of diseased vessels
2-vessel disease 123 (58.57%) 36 (63.16%) 87 (56.86%) 0.505
3-vessel disease 87 (41.43%) 21 (36.84%) 66 (43.14%)
Intracoronary
interventions
Stent diameter 3.0[3.0,3.5] 3.00 [3.00, 3.50] 3.00 [3.00, 3.50] 0.949
(millimeters)
Stent length 24.0[19.0,26.0] |24.00[19.00, 26.00] | 24.00 [19.00, 26.00] 0.10
(millimeters)
Maximal stent 14.0[14.0, 16.0] | 15.00[12.00, 17.00] | 14.00 [14.00, 16.00] | 0.797
pressure (atm)
Contrast dose 100.0 100.00 100.00 0.633
(milliliters) [90.0, 110.0] [90.00, 110.00] [90.00, 110.00]
Coronary physiology at 3-month follow-up
Coronary flow reserve| 2.81 [2.54, 2.98] 1.94 [1.35, 2.24] 2.88[2.74,3.15] 0.003
Fractional flow 0.92 [0.87, 0.97] 0.91 [0.85, 0.97] 0.92 [0.87, 0.97] 0.452
reserve
Index of 20[15.0, 29.0] 44.00 [38.00, 53.00] | 18.00 [13.00, 21.00] |  0.001
Microcirculatory
resistance
Hyperemic distal 66.23 [60.04, 76.58] | 66.42 [59.64, 78.57] | 66.03 [60.14, 75.69]| 0.451
coronary pressure
(mmHg)
Mean transit time 0.30[0.20, 0.43] 0.72 [0.51, 0.87] 0.25[0.18, 0.32] <0.001

PCI —percutaneous coronary intervention; TIMI — thrombolysis in myocardial infarction; CMD —
coronary microvascular dysfunction. Values are n (%) or median [IQR]. In bold and italics significant

p-values (< 0.05).
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4.6.7. Clinical outcome

A significant variation in prevalence was observed across almost all
individual components of MACE, encompassing ischemic stroke, non-fatal MI,
target vessel revascularization, and heart failure hospitalization, when comparing
the CMD and non-CMD groups (Table 4.6.7.1). The CMD group demonstrated
a notably higher prevalence of ischemic stroke, with 5 (8.77%) instances versus
2 (1.31%) in the non-CMD group (p = 0.025). This may, in part, be associated
with the higher incidence of atrial fibrillation in this population (28.0% vs. 4.5%;
p<0.001). Similarly, the prevalence of non-fatal MI was 7 (12.28%) in the CMD
group compared to 3 (1.96%) in the non-CMD group (p = 0.006). Target vessel
revascularization also showed a higher incidence in the CMD group, 6 (10.53%),
as opposed to 4 (2.61%) in the non-CMD group (p = 0.042). Most pronounced
was the disparity in heart failure hospitalization, with the CMD group having 12
(21.05%) cases compared to 4 (2.61%) in the non-CMD group (p < 0.001),
respectively. While the incidence of cardiovascular mortality in the CMD group
was slightly higher, there was no statistically significant difference observed
when compared to the non-CMD (4 (7.02%) vs. 2 (1.31%); p = 0.081). During
the course of the follow-up, the overall rates of MACE were 20.95 %. We found
that the rate of MACE in CMD patients was significantly higher than the rate of
MACE in non-CMD patients over a period of 12 months (25 (50.88%) vs. 15
(9.80%); p < 0.001) (Fig. 4.6.7.1). The Kaplan-Meier curve revealed an
increased incidence of MACE in patients who were diagnosed with CMD (log-
rank p <0.001), most noticeably starting at first month post-PCI (Fig. 4.6.7.2).

Table 4.6.7.1. Twelve-month clinical outcomes of patients presenting with
ST-elevation myocardial infarction, categorized by coronary microvascular
dysfunction

Overall (n=210)] CMD (n=57) |No CMD (n =153)| p-value
Ischemic stroke 7 (3.33%) 5 (8.77%) 2 (1.31%) 0.025
Nonfatal MI 10 (4.76%) 7 (12.28%) 3 (1.96%) 0.006
Cardiovascular death 6 (2.86%) 4 (7.02%) 2 (1.31%) 0.081
Target vessel revascularization 10 (4.76%) 6 (10.53%) 4 (2.61%) 0.042
HF requiring hospitalization 16 (7.62%) 12 (21.05%) 4 (2.61%) <0.001
MACE 44 (20.95%) 29 (50.88%) 15 (9.80%) <0.001

MI — myocardial infarction; HF — heart failure; MACE — the composite of stroke, nonfatal myocardial
infarction, revascularization, heart failure hospitalization, and cardiovascular death. Values are n (%).
In bold and italics significant p-values (< 0.05).
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Fig. 4.6.7.1. Rates of major adverse cardiovascular events
and its individual components displayed by coronary
microvascular dysfunction
CMD - coronary microvascular dysfunction; TVR — target vessel revascularization; MI — myocardial

infarction; MACE — the composite of stroke, nonfatal myocardial infarction, revascularization, heart
failure hospitalization, and cardiovascular death.
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Fig. 4.6.7.2. Kaplan-Meier event-free survival curve
for occurrence of major adverse cardiovascular events
grouped by coronary microvascular dysfunction

CMD - coronary microvascular dysfunction; MACE — the composite of stroke, nonfatal myocardial
infarction, revascularization, heart failure hospitalization, and cardiovascular death.
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4.6.8. Multivariable logistic analysis

Multivariable logistic regression analysis with adjustment for age, gender,
BMI, medical history, laboratory data, baseline echocardiography parameters
and physiologic analysis was performed to identify the independent risk
factors for LV diastolic dysfunction and functional LV remodelling. For LV
diastolic dysfunction, the model showed that baseline E/e’, and IMR were the
independent predictor for LV diastolic dysfunction grade 2 (Table 4.6.8.1).
The model with IMR at 3-month follow-up and baseline E/e’ yielded a
receiver operator characteristic AUC of 0.933 (0.877—-0.980; p < 0.001), indi-
cating an excellent predictive ability in the binary logistic multivariable ana-
lysis (Fig. 4.6.8.1). For the functional LV remodelling, BNP level and IMR
at 3 months follow up were independent predictors for group 3 or group 4
remodelling (Table 4.6.8.2). The model with BNP and IMR, yielded a
receiver operator characteristic AUC of 0.773 (0.685-0.862; p <0.001),
indicating a good predictive ability in the binary logistic multivariable ana-
lysis (Fig. 4.6.8.2).

Table 4.6.8.1. Multivariable binary logistic analysis for prediction of diasto-
lic dysfunction after ST-segment elevation myocardial infarction event

Variable Odds ratio 95% confidence limits p-value
Age 0.959 0.906 1.014 0.143
Gender (Female) 1.822 0.408 8.144 0.432
Body mass index (kg/m?) 0.958 0.823 1.114 0.576
History of arterial hypertension 0.527 0.125 2.231 0.385
History of coronary artery disease 2422 0.327 17.956 0.387
History of PCI 1.965 0.168 22.966 0.590
History of stroke 1.476 0.224 9.703 0.686
History of diabetes mellitus 0.235 0.045 1.227 0.086
History of dyslipidemia 0.418 0.112 1.565 0.195
Smoking 1.778 0.443 7.132 0.417
History of alcohol abuse 1.510 0.118 19.287 0.751
Hemoglobin (g/dl) 1.027 0.994 1.062 0.110
White blood cell count (x10%/L) 1.164 0.933 1.452 0.178
Platelets (x10°/L) 1.004 0.993 1.016 0.463
Aspiration thrombectomy 0.301 0.043 2.130 0.229
CRP at 3 months 0.978 0.761 1.258 0.865
BNP at 3 months 0.993 0.982 1.004 0.198
Post PCI LVEF 0.994 0.896 1.103 0.917
Post PCI E/A 0.629 0.110 3.611 0.604
Post PCI E/e* 1.250 1.011 1.545 0.039
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Table 4.6.8.1. Continued

Variable Odds ratio 95% confidence limits p-value
Post PCI TRpV (m/s) 4.466 0.484 41.187 0.187
Post PCI LA volume index (mL/m?) 1.048 0.950 1.155 0.351
Coronary flow reserve at 3 months 0.585 0.217 1.572 0.287
Fractional flow reserve at 3 months 1.613 0.508 5.118 0.417
(0.1 increment)
Index of microcirculatory resistance 1.173 1.088 1.264 <0.001
at 3 months

PCI — percutaneous coronary intervention, CRP — C-reactive protein, BNP —brain natriuretic peptide,
LVEF — left ventricular ejection fraction, TRpV — tricuspid regurgitation peak velocity. In bold and

italics significant p-values (< 0.05).
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Fig. 4.6.8.1. Receiver operating characteristic curve for the model
of diastolic dysfunction at 12-month follow up in ST-elevation
myocardial infarction patients

AUC — area under the receiver operating characteristic curve; ROC — receiver operating characteristic

CI - confidence interval.
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Table 4.6.8.2. Multivariable binary logistic analysis for functional left ventri-
cular remodelling after ST-segment elevation myocardial infarction event

Variable Odds ratio 95% confidence limits p-value

Age 0.966 0.924 1.010 0.124
Gender (Female) 2.760 0.887 8.587 0.080
Body mass index (kg/m?) 1.041 0.948 1.143 0.400
History of hypertension 0.666 0.238 1.867 0.440
History of coronary artery disease 2.057 0.563 7.513 0.275
History of PCI 0.220 0.027 1.813 0.159
History of stroke 0.950 0.260 3.469 0.938
History of diabetes mellitus 1.871 0.625 5.601 0.263
History of dyslipidemia 0.812 0.289 2.281 0.692
Smoking 1.061 0.360 3.125 0.915
History of alcohol abuse 1.260 0.211 7.521 0.800
Hemoglobin(g/dl) 0.998 0.974 1.022 0.868
White blood cell count (x10%/L) 0.967 0.804 1.163 0.725
Platelets (x10°/L) 0.997 0.988 1.006 0.489
Aspiration thrombectomy 1.600 0.465 5.506 0.456
High-sensitivity CRP at 3 months 1.033 0.840 1.269 0.761
BNP at 3 months 1.011 1.003 1.019 0.007
Post PCI LVEF 0.960 0.892 1.033 0.275
Post PCI E/A 1.357 0.389 4.733 0.632
Post PCI E/e* 1.100 0.923 1.311 0.286
Post PCI TRpV (m/s) 1.097 0.248 4.843 0.903
Post PCI LA volume index (mL/m?) 1.038 0.961 1.121 0.343
Coronary flow reserve at 3 months 1.638 0.735 3.648 0.228
Fractional flow reserve at 3 months 2.590 0.949 7.072 0.063
(0.1 increment)

Index of Microcirculatory resistance at 1.057 1.015 1.101 0.007
3 months

PCI — percutaneous coronary intervention, CRP — C-reactive protein, BNP —brain natriuretic peptide,
LVEF — left ventricular ejection fraction, TRpV — tricuspid regurgitation peak velocity. In bold and
italics significant p-values (< 0.05).
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Fig. 4.6.8.2. Receiver operating characteristic curve for the model
of functional left ventricular remodelling at 12-month follow up in
ST-elevation myocardial infarction patients

AUC — area under the receiver operating characteristic curve; ROC — receiver operating characteristic;
CI — confidence interval.
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S. DISCUSSION

5.1. The impact of percutaneous coronary intervention
strategies during ST-elevation myocardial infarction on
the prevalence of coronary microvascular dysfunction

5.1.1. Overview of the primary findings

In our prospective, single-blinded cohort study, we observed a significant
reduction in CMD and adverse cardiac events through the application of
direct stenting, bypassing the pre-dilatation technique, compared to balloon
pre-dilatation stenting methods. Additionally, the use of aspiration thrombec-
tomy and glycoprotein IIb/Illa inhibitors appeared equally effective in
reducing CMD risk. With 210 participants, this study is among the largest to
explore the effects of varied PCI strategies during STEMI on CMD, using
comprehensive coronary invasive physiology assessments.

5.1.2. Timing of coronary physiology assessment post- ST-elevation
myocardial infarction

Diverging from previous studies that conducted coronary physiology
testing during the acute phase of STEMI, our research opted for a three-month
post-STEMI evaluation [349, 350]. This approach aimed to prevent misinter-
pretation of CMD, which could stem from the altered cardiac physiology
during the acute phase of STEMI [351]. Rios-Navarro et al., in their experi-
mental study, demonstrated a near-complete resolution of CMD 30 days post-
reperfusion [352]. This hypothesis found further empirical validation in the
research conducted by Demirkiran et al., wherein a marked optimization of
CMD indices was observed within the 30-day post-STEMI period. Specifi-
cally, data demonstrated a decrement in IMR metrics from a pre-established
38.8 U to a subsequent 25.6 U, concomitant with an augmentation in CFR
from an initial measurement of 2.16 U to a later 3.77 U [353]. Our focus was
to discern the sustained impact of PCI interventions on CMD.

5.1.3. Revisiting primary percutaneous coronary intervention
guidelines in the context of coronary microvascular dysfunction

Current guidelines favor primary PCI as the standard treatment for
STEMI patients [4]. Typically, this strategy is effective in restoring blood
supply to the myocardium [345]. Yet, it’s important to recognize the risk of
iatrogenic microvascular obstruction caused by distal embolization of
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thrombus or atherosclerotic debris during primary PCI, potentially leading to
detrimental clinical outcomes [354].

5.1.4. Direct stenting role in reducing coronary microvascular
dysfunction risk

In our comprehensive analysis, the binary logistic multivariable analysis
unveiled a significant finding: direct stenting was correlated with a notably
lower incidence of CMD, approximately five times less likely, when
contrasted with balloon pre-dilatation stenting techniques.

5.1.4.1. Mechanistic insights of direct stenting vs. balloon
pre-dilatation stenting

The underlying reasons for this disparity are multifaceted. To begin with,
balloon manipulations in the target artery during balloon pre-dilatation
stenting might inadvertently cause distal thrombus embolization, adversely
affecting the microcirculation. Moreover, the process of lesion dilatation can
lead to the expulsion of plaque components, known for their potent activation
of the coagulation cascade. Furthermore, the pre-dilatation step inherent in
balloon pre-dilatation stenting might result in arterial wall endothelial
dissection, precipitating rapid thrombus formation. Additionally, there is the
concern that pre-dilatation could inflict damage to the endothelial lining of
coronary arteries, potentially initiating inflammatory responses. This, in turn,
can impede the natural healing process of the endothelium and re-endothelia-
lization around the stented area, subsequently increasing the risk of stent
thrombosis and neointimal hyperplasia [355]. Given that patients experien-
cing STEMI typically present a heightened prevalence of thrombotic material,
the adverse effects of these manipulations on the microvascular network
might be significantly magnified [356, 357]. Beyond these clinical advant-
ages, direct stenting also presents practical benefits, including potential
reductions in radiation exposure, overall healthcare costs, and the procedural
duration [358]. Notably, Webb et al. observed that direct stenting in saphe-
nous venous graft lesions resulted in reduced incidents of distal embolization.
This was attributed to the entrapment of thrombotic and friable material
behind the stent struts [359].

5.1.4.2. Limitations and challenges in direct stenting

Despite its apparent advantages, direct stenting is not devoid of
challenges. Critical limitations include the potential underestimation of the
actual size of arteries due to the hypo-perfused state of freshly revascularized
vessels, which could lead to inadequate stent expansion. Furthermore, the

208



technique may face difficulties in cases involving tightly constricted coronary
lesions, potentially impeding the stent’s ability to cross these areas.
Additionally, the absence of clearly defined lesion margins can pose chal-
lenges in precise stent positioning [360].

5.1.4.3. Clinical outcomes and reperfusion efficacy

Direct stenting is associated with notable improvements in cardiac
reperfusion, as evidenced by enhanced ST-segment resolution, a significant
decrease in the incidence of no-reflow phenomena, and a reduction in MACE
[361-364]. However, these correlations warrant cautious interpretation in
light of the study’s constraints, which include its primary focus on single-
center data, a non-randomized design, and reliance on methodologies not
reflective of current clinical practices (e.g., bare metal stent implantation
and/or lacking sufficient power to draw a definitive conclusion).

5.1.4.4. Contrasting perspectives in coronary microvascular
dysfunction and stenting research

The debate on the differential impacts of stenting techniques on CMD is
ongoing. Jie et al.’s investigation into stenting effects on CMD could not
conclusively demonstrate the superiority of direct stenting over balloon pre-
dilatation stenting methods. The limitations of this study, such as its lack of
randomization, relatively small patient cohort (137 participants per arm), and
the premature use of CMR imaging for CMD assessment post-STEMI (within
one week), raise significant concerns regarding the reliability of its findings
[352, 365]. Similarly, Kim et al.’s study, aimed at evaluating the impact of
direct stenting on microcirculation, fell short of demonstrating significant
results. Criticisms of this study include its small scale (38 patients per group)
and the timing of coronary physiology measurements immediately after
primary PCI, which risks inaccuracies during the acute phase of STEMI.
Furthermore, the study’s focus was limited to IMR without considering CFR,
a crucial index in CMD diagnosis [349]. Other randomized trials exploring
direct stenting and its effect on myocardial perfusion, though methodolo-
gically sound, are now considered outdated, having been conducted between
the late 1990s and early 2000s. These studies also relied on primitive and less
accurate techniques for CMD assessment, such as the TIMI flow count [366—
370]. In contrast, a smaller randomized study by Cuisset et al. in Belgium
involving stable angina patients presented findings that support a lower
incidence of microvascular injury with direct stenting [371].
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5.1.5. Aspiration thrombectomy’s role in reducing coronary
microvascular dysfunction risk

Our current investigation underscores a critical observation: the
implementation of aspiration thrombectomy in primary PCI is correlated with
a fivefold decrease in the risk of CMD. The efficacy and utility of aspiration
thrombectomy during primary PCI are subjects of ongoing debate within the
cardiological community, with studies presenting varied outcomes [350,
372-374].

5.1.5.1. Critical analysis of aspiration thrombectomy studies

The Thrombectomy Trialists Collaboration, for instance, reported that
combining direct stenting with aspiration thrombectomy did not significantly
improve clinical outcomes or myocardial reperfusion metrics [372]. This
aligns with current clinical guidelines, which generally discourage the routine
application of aspiration thrombectomy [4]. However, a critical point to
consider in the Thrombectomy Trialists Collaboration’s study is the absence
of CMD assessment through invasive thermodilution, CMR, or other precise
methodologies. Instead, the study relied on myocardial blush as an indirect
marker for CMD, casting doubts on the precision of its CMD evaluation.
Hoole et al. embarked on a randomized clinical pilot trial, meticulously con-
ducting IMR measurements at various stages of primary PCI, complemented
by CMR analyses at 24-hour and three-month intervals. The trial indicated a
trend towards reduced microcirculatory damage in patients who underwent
aspiration thrombectomy, although this trend did not achieve statistical
significance. Consequently, the study cautiously suggested that aspiration
thrombectomy may not be categorically superior to balloon angioplasty in
minimizing microcirculatory damage. Notably, the study’s interpretive strength
is hampered by its limited scale — only 26 patients underwent follow-up CMR
analysis, rendering the study statistically underpowered. Moreover, the
exclusive reliance on IMR measurements during the acute phase of primary
PCI is a notable limitation, given the altered physiological state associated
with acute STEMI. The trial also highlighted that smaller-than-recommended
balloons were used to minimize the risk of distal embolization, leaving room
for speculation that balloon angioplasty with appropriately sized balloons
might be less effective compared to aspiration thrombectomy [350].
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5.1.5.2. Larger-scale trials and emerging evidence

The MUltidevice Thrombectomy in Acute ST-Segment Elevation Acute
Myocardial Infarction (MUSTELA) trial, involving 208 patients with
STEMI, represents the largest randomized study to date investigating the
impact of aspiration thrombectomy on CMD over a three-month period,
utilizing CMR. The findings from this trial were significant, demonstrating a
notably lower incidence of CMD in the aspiration thrombectomy group
(11.4% vs. 26.7%, p = 0.02) [375]. Similarly, the Thrombectomy with ExPort
catheter in Infarct-Related Artery during primary percutaneous coronary
intervention (EXPIRA) trial focused on assessing the influence of aspiration
thrombectomy on myocardial blush and ST-elevation resolution during the
acute phase of STEMI in a subset of patients. This trial too found a reduced
incidence of CMD in the aspiration thrombectomy group compared to the
routine PCI group (31.5% vs. 72.9%, p = 0.0005) [376]. Complementing
these findings, a smaller-scale Polish study, though limited by its sample size
of 45 patients, revealed a significant reduction in CMD, as assessed by CMR,
in patients receiving aspiration thrombectomy compared to those undergoing
PCI alone (11.7% vs. 22.2%, p = 0.009) [374]. While these studies offer
promising insights, the relatively small cohort in the Polish study somewhat
curtails the generalizability of its findings.

5.1.6. Intracoronary glycoprotein IIb/IIla inhibitors role in
reducing CMD risk

The findings from our study shed light on a pivotal aspect: the admini-
stration of intracoronary glycoprotein IIb/IIla inhibitors, specifically Eptifi-
batide, during primary PCI is associated with a marked decrease in the risk
of CMD, by approximately fivefold. It is widely acknowledged that platelet
aggregation plays a critical role in the obstruction of microvasculature [377].
Glycoprotein IIb/Illa inhibitors function by impeding the final step of the
platelet aggregation process, thereby potentially reducing platelet activation
and adhesion [377].

5.1.6.1. Mechanistic insights from animal models

In a controlled study using the Sprague-Dawley rat model, the applica-
tion of a glycoprotein IIb/IIla inhibitor during a STEMI event was observed
to maintain the structural and functional integrity of the microvascular endo-
thelium. This protective mechanism is partly mediated by myocardial
endothelial nitric oxide synthesis [378]. Eptifibatide, a glycoprotein IIb/I1la
inhibitor, when administered directly into the coronary circulation during
primary PCI, can enhance coronary flow. The rationale behind intracoronary
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administration lies in achieving a higher local concentration, leading to
augmented binding to platelet and endothelial receptors. This increased effi-
cacy is attributable to the dose-dependency of the inhibitor; higher concentra-
tions more effectively dissolve platelet aggregates [379].

5.1.6.2. Correlation with previous studies and clinical trials

Our results align with previous research demonstrating the efficacy of
intracoronary glycoprotein IIb/Illa inhibitors in reducing CMD [380-382]. In
arandomized trial conducted by Akpek et al., patients receiving intracoronary
glycoprotein IIb/II1a inhibitors exhibited improved TIMI flow post-primary
PCI compared to a placebo group [382]. Candemir et al. also reported that the
administration of this inhibitor significantly reduced infarction size (as
indicated by Troponin and CK-MB levels) and CMD (as assessed by TIMI
flow count) [381]. However, the methodologies employed in these studies,
particularly the use of TIMI flow count to ascertain CMD, have been a subject
of contention within the scientific community due to their perceived
obsolescence and lack of precision.

5.1.6.3. Comparative efficacy in intracoronary versus intravenous
administration

A recent study from China brought a new perspective by comparing
CMD prevalence, as determined by CMR, in patients administered intracoro-
nary glycoprotein IIb/Illa inhibitors versus those receiving it intravenously.
This study concluded that intracoronary administration is more effective in
reducing CMD [380]. This finding underscores the potential for targeted
intracoronary drug delivery in enhancing therapeutic outcomes in the setting
of STEMI and CMD.

5.2. Prediction of coronary microvascular dysfunction in ST-elevation
myocardial infarction patients via a machine learning approach

5.2.1. Overview of the primary findings

The objective of the present study is to create a predictive model using
clinical variables and blood-based biomarkers for CMD, a diagnosis that
typically requires advanced imaging techniques or invasive coronary physio-
logy testing. It enrolled 200 patients with STEMI and multivessel CAD. 149
patients were employed in the training set and 51 patients were employed in
the validation set. In total, 29 clinical variables were analysed for the outcome
of CMD by constructing predictive models for several machine learning
techniques. The random forest algorithm yielded the best predictive model,
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with a very high sensitivity, specificity, and positive predictive value when
tested on the validation set, while logistic regression yielded the least optimal
model. The most important variables were TMAO, platelet anti-aggregation
with ADR and BNP in the RF model. One of the inherent limitations of
machine learning analysis, including the RF technique, is the lack of interpre-
tability compared to logistic regression. The relVIM analysis allows partial
insight into the influence of variables on the outcome but does not permit the
calculation of metrics like the odds ratio. Further, it is difficult to differentiate
causative variables from bystander variables, although delineation is not
strictly needed in generating accurate prediction models. Nevertheless, we
explore the physiologic relevance of selected variables below.

5.2.2. Trimethylamine N-oxide role in cardiovascular diseases and
coronary microvascular dysfunction

The most important variables were TMAO, platelet anti-aggregation
with ADR and BNP in the RF model. One of the inherent limitations of
machine learning analysis, including the RF technique, is the lack of
interpretability compared to logistic regression. The relVIM analysis allows
partial insight into the influence of variables on the outcome, but does not
permit the calculation of metrics like the odds ratio. Further, it is difficult to
differentiate causative variables from bystander variables, although delinea-
tion is not strictly needed in generating accurate prediction models. Nevert-
heless, we explore the physiologic relevance of selected variables below.
TMAO is produced via the metabolism of dietary molecules, including
L-carnitine and choline, by the intestinal microbiota and liver [383]. It has
been implicated in vascular inflammation, foam cell formation, endothelial
dysfunction, oxidative stress, and is thought to promote atherosclerosis [275,
384-387]. Despite this, it is unclear whether TMAO plays a causative role in
CMD. A study by Jomard et al. found that in obese patients undergoing Roux-
en-Y gastric bypass, TMAO increased at 2 years despite sustained weight loss
and some improvement in their metabolic profiles [388]. Further, acute
TMAO administration to rats did not appear to affect vasodilation, endothelial
NO production, thrombus formation or infarct size after transient occlusion
of the middle cerebral artery. However, TMAO has been shown to be an
independent predictor of clinical events [327, 389]. One study followed 1079
patients with acute myocardial infarction and found that TMAO levels
sampled 3—4 days after admission independently correlated with the 2-year
risk death or myocardial infarction [327]. Another study found that in 4007
patients who underwent elective coronary angiography and did not have acute
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coronary syndrome, TMAO levels independently correlated with the 3-year
risk of death, non-fatal myocardial infarction and stroke [389].

5.2.3. Platelet function and coronary microvascular dysfunction

Platelet aggregation by epinephrine was the second most influential
variable in the model. Platelet dysfunction is a core mechanism in CMD and
is intimately linked to endothelial dysfunction and subsequently alterations
in NO, prostaglandin, and cytokine production [390]. Platelet aggregation by
adenosine di-phosphate (ADP) was the least influential variable, however this
is likely due to the administration of P2Y 12 inhibitors to the patients prior to
PCI as is the standard of care for STEMI, which prevents the action of ADP
on platelets. On the other hand, epinephrine potentiates platelet activation via
the a2 receptor and thus better represents the role of platelet dysfunction in
the RF model [391].

5.2.4. B-type natriuretic peptide and coronary microvascular
dysfunction

The elevated BNP reflects the lower left ventricular ejection fraction in
patients with CMD. While the initial left ventricular ejection fraction was
similar in patients with and without CMD immediately after PCI [approxi-
mately 40%), at 3 months patients with CMD had a lower ejection fraction
due chronic ongoing myocardial ischemia. CMD is an established risk factor
for heart failure and has been implicated in both heart failure with reduced
ejection fraction (HFrEF) and heart failure with preserved ejection fraction
(HFpEF) [392, 393]. While CMD appears to be prevalent in both types of
heart failure, patients with HFrEF may have a different subtype CMD than
patients with HFpEF [394]. Given that BNP levels differ between these two
types of heart failure, patients with HFpEF may benefit from a different
model for predicting CMD [395].

5.2.5. C-reactive protein and coronary microvascular dysfunction

CRP is a non-specific systemic indicator of inflammation and has been
shown to have some predictive value in cardiovascular risk [184, 185]. The
Reynolds Risk Score, a scoring system that was derived from the Women’s
Health Study, incorporates CRP as predictive variable [184]. Prior studies
have also shown that patients with CMD typically exhibit elevated levels of
CRP than those without CMD [187, 188]. Nevertheless, due to its non-
specific nature, high variability on an individual level and propensity to vary
throughout the day, CRP is a suboptimal marker for cardiovascular risk in
isolation [192].

214



5.2.6. Immune cells and coronary microvascular dysfunction

Neutrophils are thought to play a pro-inflammatory role through the
generation of various inflammatory agents, including myeloperoxidase,
oxygen free radicals, and elastase, promoting endothelial dysfunction [206,
207, 210, 211]. In contrast, lymphocytes have been implicated regulating the
inflammatory response, with a negative correlation between lymphocyte
levels and the inflammatory cytokines associated with endothelial dysfunc-
tion [212]. Hence, an elevated NLR is suggestive ongoing of coronary inflam-
mation and endothelial dysfunction. Prior research has demonstrated an
independent correlation between an elevated NLR and coronary thrombus in
the presence of acute myocardial infarction as well as myocardial perfusion
defects in the absence of acute myocardial infarction [209, 217].

5.2.7. Logistic regression versus machine learning

Regression techniques have been traditionally used in biomedical sta-
tistics due to their ability to demonstrate relationships between independent
variables and outcomes [396]. This is particularly useful when quantifying
the contribution of a specific risk factor in the development of disease or the
efficacy of a specific intervention in ameliorating it. However, regression
techniques are less suited for large datasets, which run the risk of violating
the assumptions underlying regression analysis, including the lack of multi-
collinearity between independent variables, lack of influential outliers and the
presence of a linear relationship between continuous independent variables
and outcomes of interest. Using regression analysis for large datasets can
result in overfitting, reducing the generalizability of the regression model.
Further, the large number of variables in larger datasets erodes the inter-
pretability of the regression model, which is a significant advantage of
regression. Effective regression analysis requires a careful selection of inde-
pendent variables to ensure that the analysis adheres to the constraints of
regression techniques to produce a stable model. Further

In contrast, machine learning techniques are better suited to analyze large
datasets and are becoming increasingly important in biomedical research
[397]. Machine learning largely dispenses interpretability in favor of finding
patterns in large datasets, particularly those with a larger number of independent
variables compared to subjects, without requiring underlying assumptions
about the dataset. It excels in generating predictive models and may be
particularly useful in modelling complex, non-linear, biological processes,
without making assumptions about the relationship between covariates and
outcome, but does so at the expense of generating an interpretable model.
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Prior studies have exhibited mixed results regarding the predictive ability
of machine learning techniques versus logistic regression. For example, a
recent analysis utilized 544 hospitalized pediatric patients to predict severe
COVID-19 infection [398]. Compared to multivariate logistic regression, the
machine learning model was better able to predict whether a patient would
develop severe COVID-19 (area under the curve 0.8590 vs. 0.7770). However,
another study of 4,912 patients who underwent pancreatoduodenectomy did
not find that machine learning was superior to logistic regression for predicting
post-operative complications [399]. A meta-analysis of 24 studies examined
the predictive ability of logistic regression versus machine learning techni-
ques in predicting acute kidney injury [400]. Overall, there was no significant
difference in the predictive ability of logistic regression models and the
machine learning models. However, GB models were superior to all other
machine learning models, except for the RF model, indicating that careful
selection of the machine learning techniques is crucial in modelling the
biological system.

5.3. Trimethylamine N-oxide as a predictive biomarker
for coronary microvascular dysfunction and prognosis in
ST-elevation myocardial infarction patients

5.3.1. Overview of the primary findings

In light of the findings from our comprehensive analysis, the role of
TMAO in the context of STEMI patients emerges with significant implica-
tions. Our study underscores the potential of TMAO not only as a biomarker
for detecting CMD but also as a prognostic tool for patient outcomes. The
association between elevated TMAO levels and adverse coronary physiology,
as well as MACE, highlights a critical avenue for early intervention and
tailored patient management. Particularly noteworthy is the marked correla-
tion between TMAO levels at 3-month follow-up and key indicators of
coronary microvascular health, such as CFR and IMR, suggesting a time-
dependent aspect in TMAQ’s predictive capacity. This temporal relationship
may offer a strategic window for clinicians to identify high-risk patients and
potentially modify disease progression. Moreover, the comparison of TMAO
with other established biomarkers reveals its superior predictive value,
positioning it as a pivotal factor in the landscape of STEMI patient care. As
we delve deeper into the discussion, it becomes imperative to contextualize
these findings within the broader framework of cardiovascular disease mana-
gement, exploring the mechanistic pathways of TMAO’s influence and its
integration into clinical practice.
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5.3.2. Trimethylamine N-oxide post-ST-elevation myocardial
infarction: from inaccurate to reliable

This comprehensive analysis provides a detailed analysis of the dynamic
fluctuations in TMAO levels in patients who have experienced STEMI.
Specifically, this study focuses on three critical time points: 24 hours,
3 months, and 12 months following the onset of STEMI. An intriguing aspect
of this study is its in-depth investigation into the temporal changes in TMAO
levels, thereby offering a novel perspective in the understanding of post-
STEMI metabolic alterations.

In the initial phase, within the first 24 hours post-STEMI, a notable
decrease in TMAO levels was observed. This finding aligns with those re-
ported in the Dutch study conducted by Almesned et al., which demonstrated
a similar decline in TMAO levels immediately following a STEMI, extending
up to 24 hours later [401]. Several factors may contribute to this reduction in
TMAO levels. These include physiological responses such as decreased
appetite and vomiting, as well as adherence to specific dietary protocols
typically enforced in a hospital setting during the acute phase of STEMI. Such
dietary restrictions often involve fasting, which, as suggested by the findings
in Washburn et al.’s pilot study, can significantly impact TMAO levels. This
study revealed that a 24-hour period of water-only fasting in healthy
individuals precipitated a significant decrease in TMAO levels, which subse-
quently returned to baseline upon resumption of a regular diet [402]. This
suggests that the initial drop in TMAO levels observed in our study could
predominantly be a result of reduced oral intake immediately following the
STEMI event.

Another intriguing hypothesis emerges from the work of Hazen SL,
which identifies the potential role of aspirin in modulating TMAO levels.
Zhu’s study found that aspirin could significantly lower plasma TMAO
levels, particularly in individuals consuming a choline-rich diet [311].
Considering that all patients in our study received a 300 mg loading dose of
aspirin post-STEMI, this pharmacological intervention could also be a
contributing factor to the lowered TMAO levels observed initially.

At the 3-month follow-up, TMAO levels appeared to stabilize, likely
reflecting more accurately the baseline levels. By this time, patients were
generally on a lower dose of aspirin (81 mg) and presumably had resumed
their typical dietary habits. Thus, the 3-month TMAO levels offer a more
representative view of the patients’ metabolic state post-STEMI, unaffected
by the immediate dietary and pharmacological interventions following the
acute event.
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This part not only sheds light on the temporal patterns of TMAO levels
post-STEMI but also highlights the significant influence of dietary and
pharmacological factors on these levels.

5.3.3. Trimethylamine N-oxide and coronary microvascular
dysfunction pathogenesis in ST-elevation myocardial infarction

Additionally, this study also offers a comprehensive analysis of TMAO
as a biomarker with significant predictive value for CMD in patients who
have experienced STEMI. Extensive literature in this field has identified two
primary pathophysiological contributors to CMD in the context of STEMI:
intraluminal microvascular obstruction and extravascular compression, each
with its distinct mechanisms and implications [27].

Focusing on intraluminal microvascular obstruction, key elements
include the formation of in situ thrombosis and the presence of endothelial
dysfunction. These factors play a pivotal role in the pathogenesis of CMD
following STEMI. On the other hand, extravascular compression, primarily
attributed to vascular inflammation, is another critical aspect contributing to
CMD. The interplay of these two factors creates a complex pathological
environment conducive to the development and progression of microvascular
obstruction leading to CMD [27].

In relation to TMAO’s role, experimental studies have provided
compelling evidence of its potential to exacerbate key pathologies associated
with CMD, such as thrombosis, endothelial dysfunction, and vascular
inflammation [403—405]. Moreover, extensive literature supports the notion
that TMAO amplifies platelet responsiveness, thereby heightening the risk of
in situ thrombosis. It also plays a significant role in exacerbating vascular
inflammation, a crucial factor in the pathogenesis of CMD [310, 405].

Adding to this body of evidence is the experimental study by Brunt et al.,
which investigates the role of TMAO in contributing to vascular oxidative
stress and endothelial dysfunction [406]. These are key elements in the
development of CMD, highlighting the multifaceted impact of TMAO in the
post-STEMI landscape. Furthermore, a smaller yet insightful pilot study
conducted by Kul et al. lends supporting evidence to this theory. This study
indicates that elevated levels of TMAO, along with inflammatory biomarkers,
are associated with an increased incidence of endothelial dysfunction. They
found that higher TMAO levels were inversely correlated with coronary flow
reserve, further underscoring the potential role of TMAO in the pathogenesis
of CMD [407]. This correlation is particularly significant as it provides a
direct link between elevated TMAO levels and impaired vascular function, a
cornerstone in the progression of CMD post-STEMI.
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In summary, the collected evidence from various studies paints a
comprehensive picture of TMAQ’s role in the development and exacerbation
of CMD, particularly in the context of STEMI. By exploring the multifaceted
mechanisms through which TMAO influences CMD.

5.3.4. Comparative analysis of Trimethylamine N-oxide levels in
diverse geographic cohorts

Furthermore, in this part, we meticulously analyzed the median TMAO
levels within our cohort, observing a median value of 2.97 uM. This figure is
particularly noteworthy when juxtaposed with data from similar studies
conducted in different geographic locations. For instance, when examining
cohorts from Switzerland and the Netherlands, the median TMAO levels
were recorded at 2.87 uM and 3.1 puM, respectively [401, 408]. These values
exhibit a remarkable consistency with our findings, suggesting potential
underlying patterns in TMAO levels across European populations.

In stark contrast, however, the Cleveland cohort in the United States
reported significantly higher median TMAO levels, registering at 4.28 uM
[408]. This discrepancy raises intriguing questions about the factors
contributing to such variations in TMAO levels across different populations.
One of the primary considerations in this regard is the impact of geographical
differences on genetic and dietary factors, which are known to influence
TMAO levels [409, 410].

The observation of relatively lower TMAO levels in European cohorts,
including our own, may indicate the influence of genetic predispositions that
are specific to these populations. Genetic factors can play a significant role
in the metabolism of compounds like TMAO, potentially leading to regional
variations in baseline TMAO levels [266]. Moreover, dietary habits, which
are deeply influenced by cultural and geographical factors, could also contri-
bute to these differences. European diets, for example, might have certain
characteristics that result in lower TMAO production compared to diets
prevalent in other regions like the United States [411].However, it is crucial
to approach these hypotheses with caution. Without comprehensive dietary
and genetic data from the various studies, drawing definitive conclusions
would be premature. The correlation observed between TMAO levels and
geographic location, while suggestive, requires a more in-depth analysis
encompassing a broader range of factors, including dietary patterns, lifestyle
choices, and genetic backgrounds of the different populations studied.

Additionally, it is important to consider other environmental and socio-
economic factors that might influence TMAO levels. These include access to
healthcare, levels of urbanization, and even climate, as they can indirectly
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impact dietary habits and overall health [412]. It is also possible that
differences in study methodologies, such as the timing of sample collection
and the methods used for TMAQO measurement, could contribute to the
observed variations in TMAO levels across different cohorts [413].

In conclusion, the comparison of TMAO levels across different cohorts
from Europe and the United States opens a fascinating window into the
potential interplay of genetic, dietary, and environmental factors in deter-
mining TMAO levels. While our observations hint at geographic influences
on TMADO levels, further research incorporating detailed dietary and genetic
data is essential to elucidate these complex relationships fully. This line of
investigation holds significant promise for understanding the role of TMAO
in cardiovascular health and disease, potentially leading to more tailored and
effective interventions based on geographic and population-specific factors.

5.3.5. C-reactive protein and B-type natriuretic peptide predictive
value for coronary microvascular dysfunction

The exploration of biomarkers for predicting CMD remains a critical area
of research, with CRP and BNP being of particular interest. However, the
effectiveness of these biomarkers, especially CRP, in reliably predicting
CMD is a subject of ongoing debate and investigation.

CRP’s role in CMD prediction has been scrutinized in various studies,
but its effectiveness remains limited. One notable study by Cosin-Sales et al.
explored the relationship between CRP levels and CMD severity. They
conducted a detailed analysis involving 137 patients suffering from ischemia
with no obstructive coronary arteries (INOCA). This study identified a
correlation between higher CRP levels and increased severity of CMD [188].
However, the methodologies employed in this study, such as reliance on
patient surveys and the observation of ST-segment changes during 24-hour
Holter monitoring, are now considered somewhat outdated. This methodo-
logical limitation poses challenges in fully interpreting and generalizing their
findings to current clinical practices.

Similarly, the study by Recio-Mayoral et al. took a different approach by
utilizing PET to investigate the correlation between hs-CRP levels and CMD.
Their findings indicated a positive correlation between hsCRP levels
exceeding 3 mg/L and greater impairment in CMD [187]. However, the
study’s relatively small sample size, consisting of only 21 patients, limits the
generalizability of these results.

In our analysis, we observed a moderate predictive ability of CRP for
CMD, with an AUC of 0.621, aligning somewhat with the cutoff identified
by Recio-Mayoral et al. Despite this, our study, along with the existing
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literature, suggests that CRP, by itself, is not robust enough to serve as a
standalone biomarker for CMD. This finding is significant as it underscores
the need for a more nuanced understanding of biomarkers and their role in
CMD prediction.

Shifting focus to BNP, this biomarker has been extensively studied in
relation to heart failure and CMD. BNP levels are known to increase in
response to elevated left ventricular wall tension, a common feature in heart
failure. Additionally, increased arterial stiffness leading to endothelial
dysfunction, a key component in CMD pathogenesis, is also associated with
elevated BNP levels [243, 414]. Previous research has established a clear link
between high BNP levels and microvascular dysfunction. This link was
demonstrated through various techniques, including flow-mediated dilation
and acetylcholine-induced forearm vasodilation, providing valuable insights
into the relationship between BNP and CMD [415-417].

One notable study by Hirakawa et al. employed CMR to analyze a cohort
of 55 heart failure patients. They identified a weak to moderate correlation
between BNP levels and CMD [418]. However, similar to previous studies,
this research was limited by its small sample size, which restricts the breadth
of its conclusions.

Furthermore, a study by Prescott et al. employed advanced analytical
techniques, such as machine learning and logistic regression, to investigate
effective biomarkers for CMD, specifically in females. This study found
BNP, among other biomarkers, to be independent predictors of CMD. The
AUC values in this study ranged from 0.58 to 0.66, which is in line with the
0.67 value observed in our research [419]. Despite these findings, BNP, much
like CRP, is not sufficiently reliable for clinical use as a standalone indicator
for CMD.

Both CRP and BNP have emerged as potential biomarkers for CMD.
However, their predictive capabilities remain somewhat constrained, prima-
rily due to the limitations inherent in previous studies. These limitations often
include small sample sizes and reliance on methodologies that may no longer
align with current best practices. Recognizing these challenges, our study
aimed to bridge this knowledge gap by employing more contemporary and
robust methodologies, coupled with a significantly larger sample size. This
approach not only enhances the reliability of our findings but also provides a
more accurate assessment of the predictive value of CRP and BNP in the
context of CMD.
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5.3.6. Trimethylamine N-oxide levels and major adverse
cardiovascular events risk

In a pivotal study conducted in 2013, Tang et al. made a groundbreaking
discovery, revealing that elevated plasma levels of TMAO are predictive of
MACE [324]. This initial observation has since been substantiated by a series
of comprehensive meta-analyses, further solidifying the association between
high TMAO levels and increased cardiac risk [420—422].

Building upon this foundation, Li et al. conducted an insightful study,
which added a new dimension to our understanding of TMAQO’s role in
cardiac health [423]. Their research demonstrated that patients presenting
with high plasma TMAO levels upon admission, followed by a decrease in
these levels, were at an augmented risk of MACE compared to those with
consistently low TMAO levels from the outset. This finding suggests a
dynamic relationship between TMAO levels and cardiac risk, where initial
high levels, even if reduced, are indicative of increased vulnerability to
cardiac events.

Further delving into the metabolic pathways, it was found that dietary
components such as choline, carnitine, and butyrobetaine play a significant
role in TMAO production. These substances are metabolized by specific gut
microbiota, predominantly the Firmicutes and Proteobacteria phyla, into
TMA. The TMA is then absorbed into the bloodstream and transformed into
TMAO by human flavin-containing monooxygenases, primarily FMO1 and
FMO3, located in the liver and kidney respectively [424].

The variance in the composition of gut microbiota, coupled with dietary
patterns, particularly those common in Western diets, may partly explain the
higher incidence of CVD and MACE observed in certain populations. This is
a crucial finding, as it links dietary and microbial factors with cardiac health
[425].

Sanhez-Gimenez et al. brought another important aspect into focus: the
role of renal function in regulating plasma TMAO concentrations. Their
findings highlighted that renal efficiency or dysfunction could significantly
influence the levels of TMAO in the bloodstream, thereby impacting the risk
of MACE [426].

Intriguingly, recent research has explored the potential of inhibiting the
enzymes responsible for TMAO production, particularly human FMO
enzymes. FMO1, predominantly expressed in the kidney, and FMO3, more
abundant in the liver, are crucial in the metabolic pathway leading to TMAO
production. The inhibition of these enzymes, therefore, emerges as a potential
therapeutic strategy [427].
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In this context, the role of polyphenols, natural enzyme inhibitors, has
garnered attention. A notable study investigated the effects of a grape pomace
polyphenol nutraceutical. The findings were promising, showing a reduction
in plasma TMAO levels and a decrease in biomarkers associated with oxi-
dative stress in human subjects [428]. This suggests that dietary interventions,
specifically targeting the TMAO metabolic pathway, could be a viable
approach to mitigating the risk of MACE associated with elevated TMAO
levels [315, 429].

In summary, the comprehensive analysis of TMAO and its association
with MACE has evolved significantly over the years. From the initial disco-
very of its predictive value to understanding the intricate metabolic pathways
and potential intervention strategies, the journey of TMAO research has been
both enlightening and transformative. It underscores the complex interplay
between diet, microbiota, metabolic processes, and cardiovascular health, and
opens avenues for novel therapeutic and dietary strategies to address the
MACE issue related to elevated TMAO levels.

5.4. Prognostic performance of microvascular resistance reserve
in ST-elevation myocardial infarction patients

5.4.1. Overview of the primary findings

In this comprehensive analysis, we meticulously delineate the prognostic
attributes of the MRR, a pioneering and innovative index designed to assess
the microvascular vasodilator reserve capacity. Uniquely, MRR operates
independently of epicardial CAD, and also accounts for the impact of potent
vasodilators on aortic pressure. To our knowledge, this investigation
represents the first of its kind to rigorously validate the utility of MRR in the
context of STEMI, yielding several key findings:

1. MRR has emerged as a robust and independent predictor for MACE,
clinical events, and notably, the recovery trajectory of LV systolic
function. This highlights MRR’s potential as a valuable tool in
assessing patient prognosis post-STEMI.

2. The application of MRR provides a novel avenue for identifying
patients with CMD. This is particularly significant as CMD is known
to be a harbinger of heightened risk for the progressive deterioration
of myocardial function, leading to adverse clinical outcomes. Thus,
MRR can play a critical role in early detection and intervention
strategies.

3. Our findings also revealed that MRR’s prognostic accuracy surpas-
ses that of FFR and is comparable to other established microvascular
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indices such as CFR and IMR in predicting clinical outcomes. This
comparative superiority and equivalence underline the versatility
and efficacy of MRR as a prognostic tool in the realm of cardiac
health.

In essence, this study not only establishes MRR as a groundbreaking
index in cardiac diagnostics but also paves the way for its potential integration
into standard clinical practice, especially for patients undergoing evaluation
for STEMI. The insights gained from this research could significantly
influence future strategies in the management and treatment of patients with
heart conditions, particularly those affected by microvascular complications.

5.4.2. The rationale of microvascular resistance reserve in
coronary microvascular dysfunction

The diagnostic process for CMD has historically been shrouded in
complexity, with the establishment of consistent diagnostic criteria proving
to be a formidable challenge. This complexity is primarily due to the inherent
difficulties in visualizing the microcirculation and the varying cut-off values
and incidences of CMD reported across different diagnostic techniques [152,
176, 430, 431]. The minuscule and intricate nature of the coronary microcir-
culation complicates direct observation, and the current CMD assessments,
which are predominantly based on distal coronary pressure and/or flow
measurements, struggle to accurately and confidently differentiate between
the epicardial and microvascular components of the coronary circulation
[432].

Moreover, the hemodynamic changes induced by pharmacologically-
triggered maximal vasodilatation, a critical step in studying the vasodilatory
capacity of the coronary circulation, present another layer of complexity. This
process can simultaneously affect other physiological parameters that are
essential for the accurate diagnosis of CMD [433]. Consequently, both the
CFR and the IMR, though widely used, are encumbered with inherent limi-
tations that challenge their efficacy.

In an effort to surmount these challenges, De Bruyne et al. made a
significant advancement by developing a novel metric known as the MRR
[175]. This innovative parameter, derived from the precise measurements of
absolute coronary blood flow and intracoronary pressures, offers a more
nuanced and comprehensive evaluation of the vasodilatory reserve of the
coronary microcirculation. Uniquely, MRR can be adapted across various
modalities, provided that accurate coronary flow and pressure measurements
are available [175, 176]. Its design takes into account the presence of
coexisting epicardial CAD and incorporates necessary adjustments. Addi-
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tionally, MRR considers the hemodynamic alterations induced by the
administration of potent vasodilators on systemic arterial pressures, thereby
offering a more holistic assessment.

The prognostic performance of MRR, prior to our study, had been
validated in patients with chronic coronary syndromes [434]. However, its
application and effectiveness in the context of STEMI patients had not been
investigated. Our study fills this significant gap in the research, exploring the
utility and implications of MRR in a STEMI patient cohort. This investigation
not only contributes to the evolving narrative of CMD diagnosis but also
potentially revolutionizes the approach towards understanding and managing
microvascular aspects in the context of acute coronary syndromes. By
expanding the application of MRR to STEMI patients, our study paves the
way for more accurate diagnostics and better-informed therapeutic strategies,
ultimately enhancing patient care in this critical area of cardiovascular
medicine.

5.4.3. Prognostic characteristics of microvascular resistance reserve

In this analysis, we have successfully illustrated that the MRR, when
considered as a continuous variable, exhibits a significant independent
association with MACE at a 12-month follow-up. Specifically, we observed
a HR of 0.45, with a 95% CI ranging from 0.31 to 0.67, and a highly statisti-
cally significant p-value of less than 0.001. This association was particularly
pronounced in cases of stroke, heart failure, and most notably in the poor
recovery of LVEF. Our findings are pivotal as they not only confirm the
prognostic relevance of MRR but also substantially widen its application
from patients with chronic coronary syndromes to those experiencing ACS.

What sets MRR apart, and is particularly noteworthy, is its independence
from the influence of epicardial stenoses and the hemodynamic alterations
induced by vasodilator administration. This unique attribute of MRR
empowers it to potentially become the primary parameter for assessing
microcirculatory dysfunction across a wide range of clinical contexts [435].
The ability to evaluate microcirculatory health without the confounding
effects of epicardial artery disease or the systemic impact of pharmacological
agents is a significant advancement in cardiovascular diagnostics.

Despite these promising findings, it is important to acknowledge that
while traditional indices have effectively established a relationship between
microvascular dysfunction and critical clinical outcomes such as residual
angina and cognitive dysfunction, these specific outcomes have not yet been
evaluated using MRR as a metric [436, 437]. This gap in the research
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highlights the need for further studies to assess the utility and effectiveness
of MRR in predicting a broader spectrum of clinical outcomes.

Furthermore, the exploration of MRR as a diagnostic tool in the context
of microvascular dysfunction opens new avenues for therapeutic interven-
tions and patient management strategies. With its ability to provide a more
detailed and nuanced understanding of microcirculatory health, MRR could
guide more personalized and targeted treatment plans, particularly in patients
with acute coronary syndromes. This could ultimately lead to improved
patient outcomes, including enhanced recovery rates, reduced incidence of
post-ACS complications, and overall better quality of life for these patients.

This particular analysis represents a significant leap forward in cardio-
vascular research, particularly in the context of microvascular health assess-
ment. By demonstrating the independent predictive value of MRR for MACE
and its potential applicability across various clinical scenarios, we are paving
the way for a more comprehensive and accurate approach to diagnosing and
managing cardiovascular diseases. However, the full potential of MRR can
only be realized through further research and validation studies, particularly
in areas that traditional indices have covered, but MRR has not yet been
applied. As we continue to explore and understand the capabilities of MRR,
it holds great promise in revolutionizing the approach to cardiovascular care,
especially in the context of acute coronary syndromes.

5.4.4. Comparison of MRR with other physiology indices

In our study involving a cohort of patients who had undergone complete
revascularization, we focused on those with high FFR values. The median
FFR in our population was 0.92, with an IQR of 0.87 to 0.97. This high FFR
is indicative of optimal epicardial coronary artery patency post-revasculari-
zation. Within this context, our research aimed to evaluate the prognostic
value of MRR in comparison to other established physiological indices like
FFR, IMR, and CFR.

Our findings revealed that MRR holds a prognostic value that not only
surpasses that of FFR but also is on par with the predictive capabilities of
IMR and CFR. This noteworthy result can be partially attributed to the high
correlation observed between CFR and MRR, which was found to be
significant (r = 0.93, p <0.001). This strong correlation suggests a close
relationship between the ability of the coronary microcirculation to dilate in
response to stress (as measured by MRR) and the overall flow capacity of the
coronary system (as indicated by CFR).

However, it is essential to consider the real-world implications of these
findings. In everyday clinical practice, FFR values are often not optimized,
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and the presence of epicardial stenoses can significantly influence CFR
measurements. In such scenarios, CFR may not accurately reflect
microvascular function due to the confounding effect of significant epicardial
artery disease. Consequently, an additional adjustment is often required to
calculate the correct IMR values, as suggested by previous studies [438, 439].
This adjustment is necessary to ensure that IMR accurately reflects micro-
vascular resistance, independent of any epicardial coronary stenosis.

Given these practical considerations, MRR stands out as a potentially
more suitable and practical tool for assessing microvascular function in
clinical settings. Its ease of use and straightforward interpretation make it an
attractive option for clinicians. The simplicity of obtaining MRR measure-
ments, combined with its strong prognostic value, positions it as a potentially
preferable choice in evaluating microcirculatory dysfunction, especially in
scenarios where FFR is not optimized or epicardial stenosis affects CFR.

This analysis contributes significantly to the growing body of evidence
supporting the use of MRR in clinical practice. By demonstrating its superior
prognostic value and ease of use, MRR emerges as a promising tool that could
potentially become the test of choice for evaluating coronary microcir-
culatory dysfunction. This could lead to more accurate diagnostics and better-
informed therapeutic strategies, ultimately enhancing patient care and
outcomes in the management of CAD.

5.5. Prevalence and prognostic impact of coronary microvascular
dysfunction endotypes on 12-month clinical outcomes in
ST-elevation myocardial infarction patients

5.5.1. Overview of the primary findings

This groundbreaking study represents the first of its kind to explore the
prognostic performance of MRR and various CMD endotypes in patients
three months post-revascularization for STEMI. The key findings of our
research are both illuminating and significant:

We discovered that CMD was prevalent in more than a quarter of the
patients in our study. Notably, the majority of these cases were attributed to
the structural CMD endotype. This subgroup of patients demonstrated a
discernible trend towards less favorable outcomes when compared to their
counterparts with functional CMD. This observation not only provides new
insights into the prevalence and implications of different CMD endotypes in
post-STEMI patients but also underscores the potential impact of CMD
characteristics on patient prognosis and recovery trajectories.
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5.5.2. Endotypes of coronary microvascular dysfunction in
ST-elevation myocardial infarction patients

In our detailed study, following complete revascularization, a significant
subset of our patient cohort, specifically 26.7%, were identified as having
CMD, as indicated by a MRR value of less than 3. This assessment was
meticulously conducted during the physiological evaluations at the 3-month
follow-up mark. Intriguingly, within this subset, a minor fraction (just under
one-tenth) exhibited a normal IMR, aligning with what is classified as
functional CMD. In stark contrast, a substantial majority, approximately
nine-tenths of these patients, presented with an abnormal IMR, indicative of
structural CMD.

When juxtaposed with previous studies, the incidence of CMD in our
research appears marginally lower. Prior investigations, where coronary
physiology was assessed immediately following primary PCI, reported higher
prevalence rates [170]. However, it’s imperative to consider the dynamic
nature of microvascular function. Studies incorporating repeated coronary
physiology assessments have consistently demonstrated a tendency for
microvascular function to recuperate over time in many patients [353, 440].
Therefore, the timing of our assessments at 3 months post-procedure is a
critical factor, suggesting that our findings do not necessarily contradict those
of earlier studies but rather offer a different temporal perspective.

The prevalence of CMD endotypes observed in our study presents a
striking contrast to findings in patients with non-obstructive CAD. For
instance, in the extensive ILAS study focusing on patients with CCS, the ratio
of functional to structural CMD was approximately 2:1, a significant
deviation from the 1:9 ratio observed in our STEMI cohort [176]. Moreover,
while the ILAS study reported similar outcomes for both CMD endotypes,
our findings suggest a trend towards fewer clinical events in patients with the
functional endotype. This discrepancy could be attributed to the relatively
small number of patients in our study presenting with functional CMD.

Further adding to the complexity, if we were to apply the MRR threshold
of less than 2.7 — established for the angina with nonobstructive coronary
arteries (ANOCA) population — every patient categorized with CMD in our
cohort would exhibit an abnormal IMR [441]. This underscores a funda-
mental difference in the underlying pathophysiology between chronic and
acute coronary syndromes, highlighting the distinctive nature of CMD in
different cardiac conditions.

Our study, therefore, opens new avenues for understanding the intricate
dynamics of CMD post-STEMI. The variations in CMD endotypes, coupled
with the temporal aspects of microvascular recovery, emphasize the nuanced
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nature of CMD in the context of acute coronary syndromes. To build upon
these initial observations and to gain deeper insights into the mechanisms at
play, further extensive studies and targeted mechanistic research are crucial.
Such investigations would not only enrich our comprehension of CMD in the
STEMI population but also potentially guide the development of more
effective diagnostic and therapeutic strategies tailored to the unique needs of
this patient group.

5.6. Coronary microvascular dysfunction impact on functional left
ventricular remodelling, diastolic dysfunction, and clinical outcomes

5.6.1. Overview of the primary findings

This analysis presents several key findings that significantly enhance our
understanding of CMD following STEMI. We observed that CMD, as
assessed three months post-STEMI, is intricately linked with a spectrum of
adverse cardiac outcomes. These include compromised recovery of LV
systolic function, the onset of LV diastolic dysfunction, unfavorable LV
remodelling, and a heightened incidence of MACE within a 12-month follow-
up period.

Further, our data revealed a compelling independent association between
the IMR at the 3-month follow-up and more severe forms of LV diastolic
dysfunction (specifically grade 2), as well as advanced stages of LV func-
tional remodelling (group 3 and group 4). This relationship underscores the
critical role of microvascular integrity in post-STEMI cardiac function and
remodelling processes.

To our knowledge, this study constitutes the most extensive cohort to
date that investigates the correlation between CMD and the long-term
functional status of the LV, both systolic and diastolic. Our findings are
significant: they indicate that in about one in four patients, coronary
microcirculatory function remains impaired three months following STEMI.
This impairment is not an isolated observation but is closely associated with
the progressive decline of myocardial function and the emergence of adverse
clinical outcomes.

This study, therefore, contributes crucial insights into the post-STEMI
trajectory, highlighting the persistent nature of CMD and its substantial
impact on cardiac function and patient prognosis. The associations we’ve
identified are pivotal in understanding the comprehensive effects of CMD
and underscore the importance of continued monitoring and management of
microvascular health in STEMI patients to mitigate long-term cardiac risks.
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5.6.2. Coronary microvascular dysfunction and left ventricular
systolic function and remodelling

Our analysis has identified a significant association between CMD and
suboptimal recovery of LV systolic function, as well as adverse functional
LV remodelling. This finding is particularly noteworthy as it adds to a
growing body of evidence underscoring the critical role that microvascular
integrity plays in the overall health and function of the heart post-STEMI.

Extensive research has previously established that the degree of
microvascular dysfunction is a key determinant in the subsequent alterations
of left ventricular geometry and function. Patients presenting with impaired
microvascular perfusion typically have larger myocardial infarcts, more
extensive regions of necrosis, persistent long-term left ventricular wall
motion abnormalities, and a noticeable decrease in ejection fraction, which
can continue even after successful revascularization of the epicardial vessels
[170]. These observations suggest a direct correlation between the health of
the microvasculature and the overall functional capacity of the left ventricle.

Kitabata et al. further emphasized this connection through their study,
which showed that patients with CMD experienced a marked increase in LV
end-diastolic volume over an 8-month period, from 117 + 21 to 147 £ 21 mL
(p = 0.006). In contrast, those with normal microvascular function exhibited
stable volumes (108 £ 21 mL to 112 + 30 mL; p = 0.620) during the same
timeframe [148]. This stark difference underscores the impact of CMD on
cardiac remodelling, particularly in the context of left ventricular dilation.

Fearon et al., in their study involving 29 STEMI patients, highlighted
that an IMR <32 post-primary PCI was associated with a significant
improvement in left ventricular wall motion score index (from 25.4 + 6.6 at
baseline to 19.5 + 3.6 at 3-month follow-up; p = 0.0002). Conversely, patients
with an IMR >32 did not exhibit such improvements in wall motion score
index or left ventricular systolic function [165]. This finding not only
demonstrates the prognostic value of IMR but also its potential as a predictive
marker for cardiac recovery post-STEMI.

Faustino et al. further expanded on these findings in a study of 49 STEMI
patients, where CMD was associated with reduced global longitudinal strain
and suboptimal recovery in various parameters including LVEF, wall motion
score index, and diastolic function, as assessed by the E/e’ ratio [442]. This
comprehensive analysis provides a multifaceted view of the detrimental
effects of CMD on cardiac function.

Moreover, MRI-based studies have validated the independent
association of CMD status, as indicated by IMR, with poor myocardial
viability and left ventricle functional recovery in AMI patients post-primary
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PCI [443]. These imaging-based observations lend further credence to the
notion that CMD significantly impairs cardiac recovery following a
myocardial infarction.

In a study focused exclusively on post-STEMI patients, Carrick et al.
observed that those with CMD had a noticeable increase in LV end-diastolic
volume compared to non-CMD patients at a 6-month follow-up (72 vs.
60 mL; p =0.004), along with a significant reduction in LVEF (58% vs. 64%;
p < 0.001) [103]. These measurements are crucial as they directly relate to
adverse LV remodelling, a condition that can lead to worsening heart failure
and other long-term cardiac complications.

The Assessing MICRO-vascular resistances via IMR to predict outcome
in STEMI patients with multivessel disease undergoing primary PCI
(AMICRO) trial, a recent multicenter prospective study conducted in Italy,
provided further insights. In this study, patients with anterior wall STEMI
and high IMR exhibited adverse LV remodelling without any improvement
in LVEF. However, the study did not report similar outcomes for non-anterior
STEMI patients, which could be attributed to an underpowered sample size
[444].

These extensive findings collectively highlight the significant role CMD
plays in the progression and prognosis of heart diseases post-STEMI. They
underscore the necessity for early detection and management of CMD to
mitigate its adverse effects on LV function and remodelling, ultimately
improving patient outcomes in the long term.

5.6.3. Coronary microvascular dysfunction and left ventricular
diastolic function

The relationship between CMD and LV diastolic function has been an
area of considerable interest and research. It is well-established that systemic
diseases such as hypertension, hyperlipidemia, diabetes, and chronic pulmo-
nary disease contribute to a chronic proinflammatory state, which in turn can
induce CMD [445]. The subsequent pathological cascade from CMD leads to
uncontrolled cardiomyocyte hypertrophy, cellular stiffening, and fibrosis,
ultimately resulting in diastolic dysfunction. This process is especially rele-
vant as these comorbidities are frequently observed in patients who suffer
from diastolic dysfunction or heart failure with preserved ejection fraction
(HFpEF).

A causal link between CMD and diastolic dysfunction is further suppor-
ted by various studies. For instance, a study focusing on exercise training in
aged rats found that such training could reverse both CMD and diastolic
dysfunction, highlighting the potential for interventional strategies to mitigate
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these conditions [446]. The Prevalence and Correlates of Coronary
Microvascular Dysfunction in Heart Failure with Preserved Ejection Fraction
trial (PROMIS-HFpEF) specifically examined patients with diastolic heart
failure, excluding those with un-revascularized macrovascular CAD. This
study reported a remarkably high prevalence of CMD (defined as a
CFR <2.5) in this patient population at 75% (95% CI: 69-81) [447].

Our current study builds upon these findings, reporting a significant
association between CMD post-STEMI and the progression of diastolic
dysfunction. We observed that patients with CMD initially presented with
grade 1 diastolic dysfunction post- PCI. However, by the 12-month mark, a
majority of these patients had progressed to grade 2 diastolic dysfunction. In
contrast, almost all patients without CMD recovered to grade 1 diastolic
dysfunction within the same timeframe. This association between CMD and
the development of diastolic dysfunction is novel and has not been explicitly
reported in prior studies.

Previous research, such as that by Faustino et al., has demonstrated the
association between post-PCI IMR and the E/e’ ratio [442]. Other studies
have also noted the relationship between CMD and parameters of LV
diastolic function but have not used the ASE guideline grading [335, 448].
Hong et al. reported a correlation between CMD and diastolic dysfunction in
a cohort of 330 patients without LV systolic dysfunction (ejection fraction
> 50%) and significant epicardial coronary stenosis (fractional flow reserve
> (.80). Their findings also indicated that both cardiac diastolic dysfunction
and CMD were associated with a higher risk of cardiovascular death or
admission for heart failure [449].

Our study adds to this body of evidence by observing that diastolic
dysfunction can develop over a relatively short period, suggesting rapid
adverse and beneficial cardiomyocyte remodelling in patients with and
without CMD, respectively. Furthermore, our findings show that while
patients with CMD had higher rates of diabetes at baseline, the absence of
grade 2 and grade 3 diastolic dysfunction post-PCI in these patients implies a
predominant role of CMD in the development of diastolic dysfunction. This
hypothesis is further substantiated by our multivariable binary logistic
analysis (Table 4.6.8.1), which supports the critical role of CMD in the
propagation of diastolic dysfunction.

In summary, our study not only reinforces the existing knowledge about
the link between CMD and diastolic dysfunction but also provides novel
insights into the progression of diastolic dysfunction post-STEMI. This
underscores the importance of early detection and management of CMD to
prevent or mitigate diastolic dysfunction and its associated complications. It
also highlights the potential for targeted therapeutic interventions to address
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CMD, thereby improving cardiac function and patient outcomes in the post-
STEMI setting.

5.6.4. Association between coronary microvascular dysfunction and
adverse left ventricualr systolic and diastolic dysfunction

The association between CMD and adverse LV systolic and diastolic
dysfunction is a critical area of investigation in the realm of cardiovascular
medicine. A notable limitation in previous studies on this subject has been
the timing of microvascular function assessment, typically conducted either
immediately post-PCI or before hospital discharge. However, the short-term
resolution of CMD is not an uncommon phenomenon in patients who have
suffered a STEMI, as evidenced by various MRI studies [450, 451]. This
early resolution may mask the longer-term implications of CMD on cardiac
function and remodelling.

Our study addresses this gap by evaluating CMD three months post-
STEMI, thereby ensuring the exclusion of transient CMD cases from our
analysis. This time frame is critical as it provides a more accurate reflection
of persistent CMD and its impact on cardiac recovery and remodelling. Our
findings indicate that the IMR measured at this later stage maintains a
significant association with LV functional recovery, highlighting the
enduring presence and pathophysiological impact of CMD in some patients.

Furthermore, our study stands apart from previous research by exa-
mining the association between CMD and LV function through the lens of
comprehensive classifications of LV diastolic function and functional LV
remodelling. We utilized the ASE’s latest guidelines for the evaluation of
diastolic function and Surenjav Chimed et al.’s classification of LV
remodelling, methodologies that had not been employed in prior studies
focusing on this topic [335, 347]. This approach allows for a more nuanced
understanding of the relationship between CMD and various aspects of LV
function and remodelling.

The progression of CMD post-STEMI largely depends on its underlying
etiology, such as whether it involves persistent capillary destruction or
transient phenomena like microembolization, vessel spasm, or edema [452].
A significant cause of CMD can be attributed to distal embolization of athe-
rosclerotic debris or thrombotic material [453]. While such occurrences may
be temporary, resolving quickly to prevent myocardial necrosis and adverse
outcomes, they often persist, leading to sustained damage to the micro-
vasculature [454].

These persistent changes, including reperfusion injury, intramyocardial
hemorrhage, interstitial and myocardial cell edema or fibrosis, blistering of

233



the endothelial layer, and blockage of capillaries due to local inflammation,
can have profound effects on myocardial health [455]. Animal studies have
shown that irreversible injury from these processes can occur within 90
minutes of temporary coronary occlusion [18]. These alterations in the
capillary bed lead to malperfusion of myocytes, resulting in cellular death and
myocardial remodelling.

Earlier studies observed improvements in microvascular function soon
after primary PCI. However, follow-up studies revealed that many patients
continued to exhibit CMD, and this persistent CMD was also associated with
LVEF recovery [440, 444]. Therefore, our findings suggest that persistent
CMD post-STEMI is a likely contributor to myocardial necrosis and adverse
LV remodelling.

In summary, our study adds significant depth to the understanding of
CMD'’s role in post-STEMI cardiac health. By analyzing persistent CMD and
its association with LV systolic and diastolic dysfunction using advanced
classification systems and a more appropriate assessment timeframe, we
provide valuable insights into the long-term impacts of CMD. This know-
ledge is essential for developing targeted interventions to mitigate the adverse
effects of CMD on cardiac function and patient outcomes.

5.6.5. Association between coronary microvascular dysfunction
and clinical outcomes

The association between CMD and clinical outcomes, particularly
MACE, is a critical aspect of our study focusing on patients post- STEMI. In
our patient cohort, we observed that CMD, as assessed three months after
STEMI, was linked with a higher incidence of MACE. This observation is in
line with the findings of Farissi et al., who also identified a correlation
between microvascular function post-primary PCI and MACE [456].
However, it’s noteworthy that the event rate in our study was markedly higher
than that reported by Farissi et al.

One of the key distinctions between our study and that of Farissi et al.
lies in the patient demographics. Our study focused on STEMI patients with
multi-vessel CAD, a group typically characterized by more comorbidities and
a lower LVEF compared to the cohort studied by Farissi et al. This difference
in patient characteristics could partly explain the higher MACE rate observed
in our study. Indeed, our findings show a 20% MACE rate at one year, a
figure that aligns closely with the results of the Complete Revascularization
with Multivessel PCI for Myocardial Infarction (COMPLETE) trial [457].
This similarity underscores the consistency of our findings with other major
studies in the field.
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Another factor potentially contributing to the high event rate and the
observed poor LVEF at follow-up could be attributed to the late presentation
of our patients. The pain-to-medical contact time in our cohort averaged 314
minutes, a significant delay, despite the commendable door-to-balloon time
of 40 minutes [458]. This delay likely resulted in substantial myocardial loss
before the patients received treatment, which can have profound implications
on the overall recovery and prognosis.

The extended pain-to-medical contact time might be reflective of several
factors, including patient awareness, access to medical care, and variations in
the presentation of STEMI symptoms. These aspects emphasize the
importance of public health initiatives focusing on early recognition and
prompt medical attention for STEMI symptoms.

Furthermore, the impact of CMD on clinical outcomes post-STEMI, as
highlighted in our study, underscores the necessity of considering microvas-
cular health in the overall management of STEMI patients. The association
between CMD and increased MACE rates, coupled with the fact that CMD
persists in some patients despite timely revascularization, underscores the
need for a more comprehensive approach to STEMI treatment. This approach
should not only focus on prompt revascularization but also on the assessment
and management of microvascular function.

In conclusion, our study contributes significantly to the understanding of
the relationship between CMD and clinical outcomes in STEMI patients,
particularly those with multi-vessel CAD. The insights gained from this study
underscore the complexity of treating STEMI and the importance of timely
intervention, comprehensive patient assessment, and the consideration of
microvascular health in the prognosis and long-term management of these
patients.

5.7. Strengths and limitations

The limitations of this PhD thesis, spanning across multiple studies on
the impact of PCI strategies on CMD during STEMI, the application of
machine learning to predict CMD, the exploration of TMAO as a biomarker,
the validation of MRR for assessing CMD endotypes, and the investigation
into CMD’s role in future FLVR and diastolic dysfunction, reveal several
common and study-specific challenges that collectively influence the
interpretation and generalizability of the findings. These limitations are
outlined below to provide context for the thesis’s contributions and areas for
future research.

1. Observational nature and study design. The observational, non-

randomized design of the studies, particularly those examining PCI
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strategies and TMAO levels, limits the ability to infer causality from
the associations observed. Despite the comprehensive data collected,
these design choices may introduce biases that could affect the
results.

Sample size and single-center settings. Although some studies
within this thesis are among the largest of their kind, particularly in
invasive CMD testing in STEMI patients, the relatively small
sample sizes and single-center nature of the research limit the
generalizability of the findings. This constraint is particularly
relevant when considering the diversity of STEMI presentations and
treatments across different populations and healthcare settings.
Assessment timing. The timing of CMD assessment at 3 months
post-STEMI, while designed to avoid the acute phase’s transient
effects, introduces a limitation in understanding the immediate
impact of PCI strategies and the evolution of CMD. This choice also
precludes a direct assessment of CMD’s presence prior to STEMI or
its immediate aftermath, potentially overlooking factors influencing
CMD’s development and persistence.

Generalizability to broader populations. The inclusion criteria for
several studies, particularly those focusing on patients with multi-
vessel CAD requiring staged PCI, may not fully represent the wider
STEMI patient population. This limitation is important when consi-
dering the applicability of findings to patients with single-vessel
CAD or those with different clinical profiles.

Methodological considerations. The methodologies employed,
including the use of bolus thermodilution for coronary flow
measurements and the administration of intracoronary glycoprotein
[Ib/I1Ia inhibitors, may influence the accuracy of CMD assessment
and the interpretation of PCI strategies’ effectiveness. Furthermore,
the lack of intravascular imaging during primary PCI and reliance
on specific flow and resistance measurements could affect the
robustness of MRR validation and the identification of CMD
endotypes.

Dietary and microbiota factors. The absence of detailed dietary data
and analysis of gut microbiota composition, particularly in the study
on TMAO, limits the understanding of these factors’ roles in CMD
and cardiovascular outcomes post-STEMI. These elements are
crucial for interpreting TMAO levels and their impact on CMD
pathophysiology and patient outcomes.

Long-term outcomes and emerging biomarkers. The 12-month
follow-up period, while providing valuable insights, may not capture
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the full spectrum of CMD’s long-term effects on cardiovascular
health and outcomes. Additionally, the focus on specific biomarkers,
like TMAO, without exploring a broader range of emerging markers,
may not fully elucidate CMD’s multifaceted nature.

These limitations underscore the need for future research to address the
identified gaps, including multi-center studies with larger, more diverse
populations, randomized controlled trials to establish causality, longer
follow-up periods to assess chronic outcomes, and comprehensive analyses
incorporating dietary, microbiota, and a wider array of biomarkers. Such
studies will be essential for validating and expanding upon the findings of
this PhD thesis, thereby contributing to improved care and outcomes for
STEMI patients.

237



CONCLUSION

In conclusion, this doctoral thesis represents a multifaceted exploration
into the realms of CMD and its intricate associations with clinical outcomes
in the context of STEMI. Spanning six distinct yet interrelated studies, this
body of work provides a comprehensive understanding of CMD, its patho-
physiology, prognostic implications, and potential therapeutic interventions.

1.

The first segment of the thesis critically examines various
interventional strategies in the management of STEMI. It
conclusively demonstrates that direct stenting, aspiration
thrombectomy, and the intracoronary administration of glycoprotein
[Ib/I1Ia inhibitors each significantly reduce the prevalence of CMD
by a factor of five. Furthermore, direct stenting markedly decreases
the incidence of MACE at one year compared to traditional balloon
pre-dilatation followed by stenting, reducing the incidence of
MACE by approximately 50%, from 26.79% to 14.29%. This study
provides crucial insights into optimizing interventional strategies to
enhance clinical outcomes in STEMI patients.

The TAMIR machine algorithm, utilizing a random forest model,
demonstrates promising results in predicting CMD. Key biomarkers
such as TMAO, thrombocyte aggregation response to epinephrine,
and BNP show high relative variable importance (100%, 50.59%,
41.15%). The model achieved an accuracy of 0.92 (0.81-0.98) on
the validation set, with a sensitivity of 0.91, specificity of 1.00, and
precision of 1.00. These metrics highlight the algorithm's robust
performance and potential clinical utility.

The third part of this PhD thesis focuses on TMAO, identified
through machine learning as the most critical biomarker for
diagnosing CMD in STEMI patients. The study establishes a new
threshold value of 3.91 uM for TMAO at three months. High TMAO
levels significantly predict CMD with an AUC of 0.8 and are
associated with a fourfold increase in MACE (41.4% vs. 10.7%).
Additionally, patients with TMAO levels >3.91 uM at three months
show a decline in LVEF that is 1.6 times greater compared to those
with lower TMAO levels. This finding underscores TMAQ's utility
as a powerful single predictor of CMD, LV remodeling and adverse
cardiovascular outcomes.
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4. The fourth research component presents MRR as a superior
prognostic indicator for STEMI patients compared to FFR and
comparable to CFR and IMR. Based on the ROC curves, MRR
achieved an AUC of 0.701, outperforming FFR, which had an AUC
of 0.576. The prognostic performance of MRR is similar to CFR
(AUC =0.719) and IMR (AUC = 0.736), highlighting its reliability
in predicting MACE at 12-month follow-up.

5. The fifth study confirms that CMD is present in over a quarter of
patients, predominantly exhibiting a structural endotype. This subset
of patients tends to experience poorer clinical outcomes than those
with functional CMD, underscoring the need for differentiated
therapeutic approaches based on CMD endotypes.

6. The final part concludes that the presence of CMD at three months
post-STEMI is a significant predictor of adverse outcomes. Diastolic
dysfunction was significantly worse in CMD patients, with 73.08%
progressing to grade 2 diastolic dysfunction versus only 1.32% in
non-CMD patients, reflecting a more than 55-fold increase. CMD
was also associated with a substantial increase in adverse LV
remodeling, with 37.74% of CMD patients exhibiting severe
remodeling compared to 2.65% in non-CMD patients, representing
a nearly 14-fold increase. Furthermore, patients with CMD had a
significantly higher incidence of MACE at one year, with rates of
50.88% compared to 9.80% in patients without CMD, indicating
more than a fivefold increase. This part advocates for further
expansive research, suggesting the potential benefits of early CMD
identification and intervention to mitigate these adverse outcomes.

Collectively, these studies paint a comprehensive picture of CMD in the
context of STEMI, providing novel insights into its diagnosis, prognosis, and
potential therapeutic targets. The findings underscore the necessity of con-
tinued research in this field, particularly regarding the implementation of
these insights into clinical practice to improve patient outcomes in STEMI
and beyond.
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PRACTICAL RECOMMENDATIONS

This PhD thesis presents comprehensive findings on the impact of PCI
strategies on CMD during STEMI, the effectiveness of predictive biomarkers
and machine learning for CMD detection, the importance of TMAO as a key
biomarker, and the groundbreaking validation and application of MRR in
STEMI patients, then utilizing it to identify the predominant CMD endotype.
Additionally, it elucidates CMD’s role in the progression of FLVR and
diastolic dysfunction and the potential of it being a prognosticator for these
outcomes. Based on these insights, the following recommendations are
designed for cardiologists, interventionalists, and healthcare professionals.

1. Adoption of direct stenting techniques.

Given the evidence supporting the benefits of direct stenting in reducing
the incidence of CMD and improving clinical outcomes, it is recommended
to prioritize direct stenting over balloon pre-dilatation in STEMI cases
whenever clinically feasible. This approach minimizes vascular trauma and
distal embolization, thus preserving microvascular integrity.

2. Reassessment of pre-dilatation necessity.

Clinicians should critically reassess the routine application of balloon
pre-dilatation in primary PCI procedures. Considering the potential adverse
impacts on coronary microvasculature, selective use based on lesion charac-
teristics and patient-specific factors is advisable.

3. Implementation of aspiration thrombectomy.

Aspiration thrombectomy should be considered in STEMI cases with a
high thrombus burden, recognizing its potential to reduce CMD risk on the
long run. This recommendation is made with an acknowledgment of current
guidelines and the necessity for ongoing research to refine patient selection
criteria.

4. Use of intracoronary glycoprotein IIb/IIIa inhibitors.

The targeted use of intracoronary glycoprotein IIb/Illa inhibitors during
PCI is recommended to mitigate CMD. This strategy should be tailored based
on a thorough evaluation of patient-specific risk profiles and procedural
characteristics.
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5. Monitoring and management of TMAOQO levels.

It is recommended to monitor TMAO levels at the 3-month follow-up as
a predictive biomarker for CMD and adverse outcomes post-STEMI, utilizing
the established cutoff value of 3.91 uM. Strategies such as dietary modifica-
tions and targeted pharmacological treatments should be considered for
managing elevated TMAO levels to improve patient outcomes.

6. Utilization of machine learning TAMIR prediction model for
CMD.

Incorporating the newly validated TMAIR machine learning prediction
model into routine clinical practice is recommended for the early identifi-
cation of CMD. Leveraging this advanced predictive tool allows for the
tailoring of therapeutic strategies to individual patient profiles, thereby
optimizing treatment outcomes.

7. Routine assessment of MRR

The use of MRR should be routine in clinical assessments post-STEMI
for a more accurate prognostic evaluation. This practice can inform
therapeutic decisions beyond epicardial coronary interventions, focusing on
microvascular health.

8. Tailoring therapies for structural CMD post-STEMI

For patients with CMD post-STEM], it is recommended to address CMD
with therapies specifically tailored for the structural endotype. This approach
is informed by the study’s finding that structural CMD is the predominant
endotype in STEMI patients, highlighting the need for targeted treatment
strategies to optimize patient care and outcomes.

9. Early assessment and preventive strategies for heart failure
post-STEMI
Given the PhD thesis findings that CMD can predict future FLVR and
diastolic dysfunction, which are common complications after STEMI, it’s
recommended to perform early CMD assessments. Identifying patients at risk
allows for the initiation of preventive therapies for heart failure, potentially
mitigating these adverse outcomes.
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SANTRAUKA

1. [IVADAS

Sirdies ir kraujagysliy ligos (SKL) yra pagrindiné mir§tamumo prieZastis
pasaulyje [1]. Vien 2021 m. nuo Sirdies ir kraujagysliy sistemos ligy miré
20,5 mln. Zmoniy, o tai sudaro mazdaug trec¢dalj visy mir¢iy pasaulyje. Euro-
pos Zemyne kas antras zmogus mirita nuo SKL [2]. Nors i§eminés §irdies
ligos gydymas pager¢jo, taciau miokardo infarktas, kai S—T segmentas paki-
les (MIKSTP; angl. ST-Elevation Myocardial Infarction, santrump. STEMI),
tebéra pagrindiné $iy mir¢iy priezastis [3]. Ankstyvoji reperfuzija, atlickant
peroding transluminaling vainikiniy arterijy angioplastika (PTVAA; angl.
Percutaneous Coronary Intervention, santrump. PCI), yra Siuolaikinio MIKSTP
gydymo standartas [4]. Nustatytas klinikinis PTVAA veiksmingumas —
95 proc. atkuriamas epikardo kraujagysliy praecinamumas. Taciau iki 50 proc.
pacienty gali nepavykti atkurti vainikiniy kraujagysliy mikrocirkuliacijos ir
visiSkos miokardo perfuzijos [5]. Nepakankama miokardo perfuzija gali su-
kelti iSeminés Sirdies ligos granding: diastoling disfunkcija, sistoling disfunk-
cijg ir nepalankig kairiojo skilvelio remodeliacija nepalanky kairiojo skilvelio
remodeliavimasi. Atlikus detalius tyrimus, paaiskéjo, kad iki 15,5 proc.
MIKSTP serganciy pacienty po sékmingos epikardiniy arterijy reperfuzijos ir
toliau jaucia angininius simptomus, kurie gali biti susije su vainikiniy mikro-
kraujagysliy disfunkcija (VMD; angl. Coronary Microvascular Dysfunction,
santrump. CMD), kuri susijusi su iSliekanciais angininiais simptomais,
sunkiu kairiojo skilvelio funkcijos atsikiirimu ir nepalankiomis klinikinémis
baigtimis [6].

VMD apima Sirdies mikrocirkuliacijos anatominiy ir funkciniy pakitimy
spektra, del kuriy sutrinka miokardo apriipinimas krauju, nulemiantis mio-
kardo iSemija [7]. Pacientams, sergantiems MIkSTP, VMD gali sukelti kele-
tas patofiziologiniy mechanizmy, jskaitant mikrovaskuling okliuzija, intra-
miokardinj kraujavimg ir uzdegima [8].

Iprastinés angiografijos metu vainikinés mikrokraujagyslés néra mato-
mos, todel VMD diagnozuoti reikia invaziniy fiziologiniy tyrimy arba pazan-
giy vaizdinimo metody, kurie gali buti brangus, kelti komplikacijy rizika, o
tai nulemia nevisiskai efektyvia diagnostika [9, 10].

VMD diagnostikai pla¢iausiai taikomos, geriausiai atkuriamos ir papras-
Ciausios diagnostikos strategijos yra vainikiniy arterijy tekmés rezervo (angl.
Coronary Flow Reserve; CFR) ir mikrocirkuliacijos pasipriesinimo indekso
(angl. Index of Microvascular Resistance; IMR). jvertinimas naudojant slégio
ir temperattiros daviklj [11].
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2. DARBO TIKSLAS

Sios daktaro disertacijos tikslas yra istirti pacienty, kurie sirgo miokardo
infarktu, kai S—T segmentas pakilgs, VMD patogeneze, diagnostikg ir klini-
kines baigtis.

3. DAKTARO DISERTACIJOS UZDAVINIAI

1. Jvertinti Sirdies didziyjy komplikacijy (SDK; angl. Major Adverse Cardiac
Events, santrump. MACE) ir VMD atsiradimo sgsajas su intervencinio
gydymo technikomis sergant MIKSTP.

2. Nustatyti biologinius Zymenis, prognozuojan¢ius VMD pacientams,
sergantiems MIKSTP, naudojant masininio mokymosi dirbtinio intelekto
algoritma.

3. Istirti biologinj zymenj, kuris pagal masininio mokymosi dirbtinio inte-
lekto algoritma bty laikomas tinkamiausiu VMD prognozuoti, siekiant
nustatyti ribing jo vertg, palyginti su kitais numanomais biologiniais
Zymenimis ir iSanalizuoti jo rysj su buklés baigtimis persirgus MIKSTP.

4. Ivertinti ir patvirtinti naujo VA fiziologinio parametro — pacienty mikro-
cirkuliacijos pasiprieSinimo rezervg (MPR, angl. Microvascular Resi-
stance Reserve, santrump. MRR) — prognozing verte ir atlikti palygina-
maja analiz¢ vertinant kitus nustatytus VA fiziologinius parametrus.

5. I8tirti skirtingy VMD endotipy paplitimg ir kliniking jy reikSme, siekiant
pritaikyti individualizuotojo gydymo metodus MIKSTP sergantiems
pacientams.

6. [I8tirti ilgalaiki VMD poveikj kairiojo skilvelio funkcijai persirgus
MIKSTP, sutelkti démes;j | funkcinj kairiojo skilvelio remodeliavimasi
(FKSR, angl. Functional Left Ventricular Remodelling, santrump. FLVR)
ir diastolinés funkcijos sutrikima.

4. MOKSLINIS DISERTACIJOS NAUJUMAS

Disertaciniame darbe pateikiamas novatoriskas zvilgsnis | esamas para-
digmas. Sis biomedicininis tyrimas gerina bendrasias Zinias apie $irdies ir
kraujagysliy ligas, patobulina VMD diagnostika. Sie rezultatai galéty daryti
itaka naujy klinikiniy gairiy suktirimui. Vienas i§ pagrindiniy darbo akcenty
yra perodinés transluminalinés vainikiniy arterijy angioplastikos (PTVAA;
angl. Percutaneous Coronary Intervention) technikos, skirtos pacientams,
sergantiems MIkKSTP, gydyti, detalus jvertinimas. Sistemingai vertindamas
efektyviausias PTVAA technikas, Sis tyrimas sukuria lyginamyjy interven-
ciniy tyrimy galimybe — tai gali turéti jtakos buisimai efektyvesnei Sirdies ir
kraujagysliy ligy prieziiiros praktikai.
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Kitas reikSmingas naujumas — dirbtinio intelekto algoritmo integravimas
1 masininj mokymasi diagnozuojant VMD — svarbus Sirdies ir kraujagysliy
ligy diagnostikos Zingsnis. Sis proverzis pagristas dirbtinio intelekto galia ir
pazangia duomeny analize, skirta nuskaityti biologiniy Zymeny informacija,
naudojama VMD nustatyti. Metodas yra inovatyvus, sujungiantis masininj
mokymasi su Sirdies ir kraujagysliy diagnostikos procesais — iki $iol neiStirtu
biidu. Disertacija iSsiskiria iSsamiais biologiniy Zymeny tyrimais, kurie
anksCiau minétais masininio mokymosi dirbtinio intelekto algoritmy meto-
dais buvo nustatyti kaip itin svarbiis VMD pasireiSkimui. Tiriami su VMD
susij¢ medziagy apykaitos rodikliai, galintys i§ esmés pakeisti supratimg apie
VMD mechanizmus bei diagnostikos metodus, reikSmingai prisidedancius
prie Sirdies ir kraujagysliy ligy gydymo.

Siame tyrime pateikiamas MPR rodiklis, kuris kaip prognozinis Zymuo
gali biti ypa¢ svarbus pacientams, sergantiems MIKSTP. Sis tyrimas pa-
tvirtina MPR naudinguma ne tik 1étinio vainikiniy arterijy sindromo (LVAS;
angl. chronic coronary syndrome) atveju, taip pat jis yra patikimas prognozes
rodiklis pacientams, sergantiems MIKSTP. Sie duomenys tik pabrézia diserta-
cijos vaidmenj pleciant mikrocirkuliacijos tyrimo galimybes bei jos poveiki
Sirdies ir kraujagysliy ligoms.

Taip pat buvo tirti VMD endotipai pacientams, sergantiems MIKSTP.
Tai, mano duomenimis, yra vienas pirmyjy karty, bandant suklasifikuoti ir
suprasti VMD pasireiSkimo jvairove Sioje pacienty grupéje.

VMD yra svarbus veiksnys, darantis jtaka Sirdies atsigavimui persirgus
MIKSTP, nes zinoma, jog vieniems pacientams KS atsigauna daug ilgiau nei
kitiems. Nustatytos VMD sasajos su FKSR ir diastolinés funkcijos sutrikimu
persirgus MIKSTP — reik§mingas indélis j ateities Sirdies ir kraujagysliy ligy
prognozinius tyrimus.

Biitent dél Siy naujoviy, jungianciy inovatyvias metodikas, kriting anali-
z¢ bei atradimus, Si disertacija gali pagerinti VMD diagnostika, gydyma,
sumazinti MI komplikacijas bei blogas baigtis.

5. TYRIMO METODIKA

Tai perspektyvusis, stebimasis tyrimas, atliktas Lietuvos sveikatos moksly
universiteto ligoninés Kauno klinikose 2021 m. sausio—2023 m. rugpjicio
mén.

5.1. Jtraukimo ir nejtraukimo kriterijai

I tyrimg jtraukti 40 mety ir vyresni suaugusieji, kuriems diagnozuotas
MIKSTP. Jtraukimo ir nejtraukimo kriterijai pavaizduoti 1 pav. | tyrima buvo
jtraukti tik tie tiriamieji, kuriems, pra¢jus trims ménesiams nuo pirminés
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procediiros, buvo numatyta kity VA hemodinamiskai reikSmingy susiauré-
jimy PTVAA.

Visi MIkSTP sergantys pacientai,
stacionarizuoti j LSMU KK (n = 624)

| tyrimg nejtraukti pacientai,
sirge 1 VAliga (n = 224)

Atitiko jtraukimo kriterijus (n = 400): Turéjo nejtraukimo j tyrima kriterijy
- MIKSTP ir 2 ar daugiau VA (n=172):
hemodinami$kai reikSmingi * Anksciau atlikta VAJSO
susiauréjimai, galima atlikti * Persirgtas UIS
etapines PTVAA proceduras + Dideli Sirdies voZtuvy

nesandarumai ir (arba) stenozés
+ Taikyta fibrinolizé
+ Kontraindikuotinas adenozino

skyrimas
+ Anksciau diagnozuotas PV
Atitiko jtraukimo j tyrima kriterijus * Demencija
ir neturéjo nejtraukimo kriterijy + NepasiraSyta informuoto sutikimo
(n =228) forma, atsisake tyrimy

2021 m. sausis — 2022 m. rugpjutis

Tyrimo metu atkrite tiriamieji
(n=18):
+ Dalinis stebéjimas
SavanoriSkas pasitraukimas i$
tyrimo

Galutiné j tyrima jtraukty pacienty
grupé (n =210)

1 pav. Pacienty priéemimo ir registracijos schema

LSMU KK - Lietuvos sveikatos moksly universiteto Kardiologijos klinika, MIkSTP — miokardo
infarktas, kai S-T segmentas pakilgs; PTVAA — perodiné transluminaliné vainikiniy arterijy angio-
plastika; PV — priesirdziy virpéjimas; UIS — Giminés iSemijos sindromas; VA — vainikiné arterija;
VAIJSO - vainikiniy arterijy jung¢iy suformavimo operacija.

5.2. Pacienty priémimo ir uZregistravimo schema

I Lietuvos sveikatos moksly universiteto ligoning Kauno klinikas (toliau —
Kauno klinikos) 2021 m. sausio—2022 m. rugpjti¢io mén. buvo stacionarizuoti
624 pacientai, sirge MIKSTP, kuriems buvo atlikta pirminé PTVAA. 1§ jy
400-ams pacienty buvo nustatyta ne tik priezastinés VA pazeidimas, bet ir kity
1 ar 2 VA hemodinamiskai reikSmingi susiauréjimai, kuriems buvo reikalinga
pakartotiné PTVAA. Pritaikius nejtraukimo kriterijus, 172 pacientai buvo
pasalinti 1§ tyrimo, tod¢l pirminés analizés metu liko 228 pacientai. Véliau dél
Jvairiy priezascCiy i$ tyrimo buvo pasalinta dar 18 pacienty. Galiausiai tyrime
liko 210 pacienty grupé, kaip ir pavaizduota 1 pav.
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5.3. Nuoseklus tiriamyjy stebéjimas

MI metu visiems pacientams buvo atlikta PTVAA — tiesioginis stenta-
vimas arba balionin¢ dilatacija, po kurios atliktas stentavimas — gydytojai
rinkosi atitinkamg metoda atsizvelgdami j individualius klinikinius paciento
poreikius. Echokardiografija ir kraujo tyrimai buvo atlikti per pirmasias 24
valandas po PTVAA. Trijy ménesiy steb¢jimo metu buvo atliekami papil-
domi VMD tyrimai. Tiriamyjy registracija baigta 2022 m. rugpjic¢io meén.,
bet stebéjimas pratgstas iki 2023 m. rugpjicio mén. Po 12 ménesiy kartota
echokardiografija, stebétos didziosios Sirdies ir smegeny komplikacijos.
Tiriamyjy stebéjimo schema pavaizduota 2 pav.

5.4. Intervencinés procediiros

Intervenciniai kardiologai, remdamiesi klinikiniu vertinimu ir konkre-
taus atvejo ypatybémis, galéjo pasirinkti taikyti atitinkama gydymo metoda:
balioning dilatacija, po kurios atlieckamas stentavimas, arba tiesioginj stenta-
vima, kai stentuojama i§ karto, neatliekant plétimo balionu.

Aspiracinio kateterio naudojimas (Thrombuster II, Kaneka Inc., Osaka,
Japonija) ir intrakoronarinis glikoproteino IIb / I1la inhibitoriaus eptifibatido
(Integrilin, Millennium Pharmaceuticals) skyrimas buvo parenkamas gydan-
¢io gydytojo nuozitra. Eptifibatidas dazniausiai buvo naudojamas, kai po
revaskuliarizacijos nebuvo pasiektas trombolizés, sergant miokardo infarktu
(TIMI), srauto balas 3, o jo skyrimas buvo atidziai apsvarstytas pacientams,
turintiems galimy kontraindikacijy.
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Tyrime dalyvavo pacientai (n = 210)

v

Pirminé PTVAA procedira

|
v v

Balionine
Tiesioginis predilatacija
stentavimas pneé
stentavimg
Kraujo
tyrimai

v

Pradinis jvertinimas per 24 val. ]

v

Jvertinimas po 3 mén. |,  Echokardio

2021 m. sausis — 2023 m. rugpjitis

| grafija
s Kraujo
fiziologijos e
ivertinimas tyrimal
DidZiosios
—> Sirdies
komplikacijos
12 mén. stebéjimo laikotarpis T
L Echoka.l.rdio
grafija

2 pav. Nuoseklus tyrimo dalyviy stebésenos protokolas

PTVAA — perodiné transluminalin¢ vainikiniy arterijy angioplastika; VA — vainikin¢ arterija.

5.5. Echokardiografijos vertinimo protokolas

Echokardiografija atliko patyres kardiologas, kuris netur¢jo galimybés
paziiiréti konkreciy tyrimo duomeny — taip uztikrintas nesaliskas vertinimas.
Pirminé echokardiografija buvo atlikta per pirmasias iiminio MIkKSTP 24
valandas ir po 1 mety.
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Echokardiografijos metu buvo vertinami Sie rodikliai:

1. Kairiojo skilvelio iSstimio frakcija (KSIF): KSIF buvo tiksliai
pamatuota taikant Simpsono disky sumavimo metoda, laikantis
Europos Sirdies ir kraujagysliy vaizdiniy tyrimy asociacijos (angl.
European Association of Cardiovascular Imaging) ir Amerikos
echokardiografijos draugijos (angl. American Society of Echocar-
diography) standarty (3 pav.), naudojant pritaikyta formule:

KS IF = [(KS GDT — KS GST)) / KS GDT] x 100 proc.

KS IF — kairiojo skilvelio iSstimio frakcija; KS GDT — kairiojo
skilvelio galinis diastolinis tiiris; KS GST — kairiojo skilvelio galinis
sistolinis turis.

AdCs
LV Length 8.09 cm
LVArea 29.5cm*
LV Vol 89 ml
ESV (A4C) 89 mli
EF (A4C) 47 %

EDV (A4C)

«

A2Cd p A2Cs
LV Length 9.56 cm ’ LV Length 8.05cm
LV Area 453cm’ 2 LV Area 28.7cm’
LV Vol 179 mi = A v LV Vol 86 mil
EDV (A2C) 179 mi ’ ESV(AZC) 86 ml
EDV(BP) 178 ml EF (A2C) 52%
ESV(BP) 88 mi
EF (BP) 51%
L=

3 pav. Kairiojo skilvelio isstumio frakcijos jvertinimo vizualizavimas
taikant Simpsono disky sumavimo metodg

Kairiojo skilvelio i$stiimio frakcijos vertinimas taikant Simpsono disky sumavimo metoda. VirSutinés
nuotraukos rodo 4 kamery vaizda, apatinése — 2 kamery vaizdas, diastolé rodoma kair¢je, o sistolé —
desinéje.
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2. Kairiojo priesirdzio (KP) tiirio jvertinimas: kairiojo priesirdZzio tiiriui
jvertinti skilvelio sistolés pabaigoje buvo taikomas modifikuotas
Simpsono disky sumavimo metodas, naudojant vir§iininius 4 ka-
mery ir 2 kamery vaizdus, siekiant nustatyti maksimaly KP dydj
(4 pav.). Apskai¢iavimams naudota formulé:

Tiris = 8 x (Plotis 1 X Plotis 2)/(3m x Ilgis)

LAV MOD 53 mi
LAV ALM 56 ml
LAVI MOD 33.54 ml/m?
LAVIALM 35.44 mlim?

Apical
4Ch

4 pav. Kairiojo priesirdzio tirio jvertinimo metodika naudojant
modifikuotg Simpsono disky sumavimo metodg

Kairiojo priesirdzio tiirio apskai¢iavimas taikant modifikuota Simpsono disky sumavimo metoda.
Kairéje pus¢je pavaizduotas 4 kamery vaizdas, o desinéje matomas 2 kamery vaizdas.

3. Diastolinés funkcijos analiz¢: laikantis 2016 m. Amerikos echokar-
diografijos draugijos gairiy, diastolin¢ funkcija buvo analizuojama
naudojant jvairius parametrus, jskaitant E ir A bangas (5 pav.) ir
audiniy jvertinimg dopleriu, kuriuo nustatomas ziedo ankstyvasis
diastolinis greitis (e’) (6 pav.), taip pat pastoviosios bangos doplerio
vaizda, kuriuo nustatomas triburio voztuvo regurgitacijos maksima-
lus greitis (TRpV) (7 pav.).
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Time 173ms
Slope 428 cm/s’
Vel 127 cmis
PG 6 mmHg
» Vel 750 cmis
PG 2 mmHg

5 pav. Dviburio voztuvo Ziedo ankstyvojo (E) ir vélyvojo (A) bangy
greiciy nustatymo metodikos demonstravimas naudojant impulsinio
doplerio metodg

6 pav. Dviburio Ziedo ankstyvojo diastolinio greicio (e’) vidurkio nustatymo
metodikos demonstravimas naudojant impulsinj audiniy doplerio metodqg
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TR Vmax 2.64 m/s
TR max PG 27.93 mm Hg

7 pav. Triburio voztuvo regurgitacijos maksimalaus greicio nustatymo
metodikos demonstravimas naudojant pastoviosios bangos doplerio metodg

5.6. Vainikiniu arterijy fiziologijos vertinimo protokolas

VA fiziologijos vertinimas buvo atliktas po 3 ménesiy persirgus MIkSTP,
kad buty galima nustatyti mikrocirkuliacijos bukle po fiminés obstrukcijos
iSnykimo. Siekiant iSlaikyti tyrimo vientisumg, duomenis surinko patyres
intervencinis kardiologas, kuris neturéjo specifinés informacijos apie pacien-
tus ir jiems pradinio PTVAA metu naudotus revaskuliarizacijos metodus. Sis
aklas tyrimas buvo biitinas siekiant uztikrinti fiziologiniy vertinimy objekty-
vumg ir patikimuma. CoroFlow sistema i§ Coroventis Research AB, Upsala,
Svedija, turinti spaudimo daviklj X i§ Abbott Vascular, Santa Clara, CA, buvo
naudojama matuoti vainikiniy arterijy tekmeés rezerva (angl. Coronary Flow
Reserve; CFR), frakcini tékmés rezerva (angl. Fractional Flow Reserve;
FFR) ir mikrocirkuliacijos pasiprieSinimo indeksa (angl. Index of Microvas-
cular Resistance; IMR). Sistema integruota su spaudimo ir temperatiiros
jutiklio davikliu leido jvertinti mikrovaskuling disfunkcija. Vainikiniy arteri-
ju fiziologijos matavimas atliktas pagal griezta protokola, kuris iSsamiai
pavaizduotas 8 pav.
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MIKSTP sirge ir j etapinés PTVAA jtraukti pacientai, hospitalizuoti praéjus 3 meén.

v

Prijungiama EKG ir aortinio spaudimo daviklis

v

Vietiné nejautra:
1 proc. prokaino ar 2 proc. lidokaino 2-5 ml poodiné injekcija

v

Punkcine adata punktuojama arterija (arteria radialis dex./sin., a. femoralis dex./sin.)

v

JkiSama vieluteé (0,014 colio storio), ant jos — pravediklis, suleidziama 5000 VV heparino

v

Pro pravediklj su vielute jstumiamas kateteris
(EBU, JR4 / MP / AL1 / AL2)iki VA zioCiy

v

| vainiking arterijg suleidziama 300 pg gliceroltrinitrato

v

Aortos slégio transliatorius kalibruotas iki nulio esant aplinkos slégiui

v

Spaudimo ir temperattros daviklis (Pressure Wire X; Abbott Vascular)
praplaunamas ir sukalibruojamas

v

Vielos spaudimo ir temperaturos daviklis kalibruojamas aortoje

v

Spaudimo ir temperattros daviklis jstumiamas j MI pazeistg arterijg
iki distaliojo jos tre¢dalio

| VA greitai suleidziami 3 ml kambario temperaturos fiziologinio tirpalo.
UZraSomos nehipereminés termodiliucinés kreives

| VA suleidziama smuginé adenozino dozé: 100 pg deSiniajai VA, 200 ug kairiajai VA

Stabilios hiperemijos patvirtinimas

v

Hipereminés termodiliucinés kreivés nustatytos injekuojant kambario temperattros
fiziologinj tirpalg 3 kartus po 3 ml

VA fiziologijos TAIP
parametry D
dokumentacija

Ar matavimai yra NE Kartotiniai
patikimi ir validos? matavimai

8 pav. Detalus vainikiniy arterijy fiziologijos vertinimo protokolas

PTVAA — perkutaniné vainikiniy arterijy intervencija; MIkSTP— miokardo infarktas, kai S-T segmen-
tas pakiles; kateteriai EBU, JR, MP, AL.
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5.7. Vainikiniy arterijy fiziologiniy rodikliy
apskaiciavimo protokolas

1. CFR — jvertinamas visy VA, jskaitant tiek epikardo kraujagysles, tiek
mikrokraujagysles, geba reaguoti j padidéjusi miokardo deguonies porei-
ki. Jis apskai¢iuojamas palyginus vidutinj kraujo t€ékmés laikg (Tmn)
ramybés metu su laiku, reikalingu hiperemijos metu:

CFR = (1/Tmn (hiperemija))/(l/Tmn (ramybeés metu)) =

= Tmn (ramybés metu) /Tmn (hiperemija)

2. IMR — matuoja pasiprieSinimg VA mikrocirkuliacijos tinkle, rodantj
mikrokraujagysliy geba palengvinti kraujo pratekéjima, esant padidéju-
siam tékmeés poreikiui. Jis apskai¢iuojamas naudojant distalinj VA
spaudimg (Pg) ir vidutinj tékmés laikg (Tmn) hiperemijos metu:

IMR = Pd/(]-/Tvidurkis (hiperemija)) = l:)d X TVidurkis (hiperemija)

3. FFR —jvertina fiziologing vainikiniy arterijy stenozés reikSme, palyginus
slegi distaliai nuo stenozés su slégiu aortoje esant maksimaliai
hiperemijai:

FFR = P;/P,

4. MPR - jvertina mikrovaskulinj pasiprieSinima, neatsizvelgiant j epikar-
do pasiprieSinima, suteikiama papildoma informacija apie mikrovasku-
ling funkcija:

MPR = (CFR/FFR) X (Pa (ramybés metu)/Pa (hiperemija))

ISskiriant mikrocirkuliacijos pasiprieSinimg, MPR suteikia specifinj
mikrocirkuliacijos biiklés jvertinima, ypa¢ naudingg tais atvejais, kai epikar-
do arterijy buklé gali turéti jtakos mikrokraujagysliy funkcijos vertinimui.

5.8. Kraujo méginiy surinkimas ir tyrimai

Veninius kraujo méginius surinko patyrusi slaugytoja pagal paciento
kraujagysliy anatomijg. Po paémimo méginiai buvo nedelsiant apdorojami
arba laikomi atitinkamomis sglygomis ir vezami | laboratorijg tyrimui.

Kraujo tyrimus atliko Lietuvos sveikatos moksly universiteto ligoninés
Kauno kliniky ir Lietuvos sveikatos moksly universiteto Kardiologijos insti-
tuto Molekulinés kardiologijos laboratorijos. Atlikti Sie tyrimai: bendrasis
kraujo tyrimas, trombocity agregacijos rodikliai, troponino I kiekis, eritrocity
nusédimo greitis (ENG), kreatinino kiekis, didelio jautrumo C reaktyviojo
baltymo (dj-CRB) kiekis, kraujo lipoproteiny koncentracija , B tipo natriure-
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zinio peptido (BNP) kiekis, trimetilamino N-oksido (TMAOQ) koncentracija
kraujo plazmoje.

5.9. Vertintos tyrimo baigtys

3 mén. stebéjimo laikotarpiu buvo vertinta:

1. VMD.

2. VMD endotipai.

12 mén stebéjimo laikotarpiu buvo vertinta:

1. FKSR.

2. Diastolinés funkcijos sutrikimas.

3. Sirdies didziosios komplikacijos (mirtis, insultas, revaskulizacija, pa-
kartotinis MI, hospitalizacija dé¢l Sirdies nepakankamumo).

5.10. Etikos komiteto leidimas

Prie§ vykdant tyrima, gautas (2021 m. sausio mén.) Kauno regioninio
biomedicininiy tyrimy etikos komiteto leidimas, kurio numeris BE-2-5.
Atliekant tyrima buvo laikomasi Helsinkio deklaracijos etikos gairiy.

5.11. Duomeny analizé: statistiniai metodai ir
programinés jrangos naudojimas

Siame doktorantiiros tyrime surinktiems duomenims analizuoti taikyti
jvairQs statistiniai metodai, uztikrinantys iSvady patikimumga ir pagristuma.
Rezultatai buvo pateikti naudojant atitinkamas statistines priemones, o paly-
ginimai tarp grupiy atlikti naudojant testus, pritaikytus konkrec¢iam duomeny
tipui ir $iy duomeny skirstiniui. Daugiaveiksnés dvinarés logistinés regresijos
ir Kokso (angl. Cox) regresijos modeliais nustatyti rizikos veiksniai, susij¢ su
VMD, kairiojo skilvelio disfunkcija ir nepageidaujamomis baigtimis, kore-
guojant atitinkamus rodiklius.

Kaplano ir Mejerio (angl. Kaplan-Meier) kreivés analizé leido jvertinti
iSgyvenamumo rodiklius, o dozes ir atsako rySys bei tam tikry biologiniy Zy-
meny diagnostinis veiksmingumas buvo tiriami atitinkamai taikant apribo-
tosios kubinés kreivés (angl. Restricted Cubic Spline) ir ROC (angl. Receiver
Operating Characteristic) kreiviy analize, naudojant plota po $ia kreive (angl.
Area under Curve; AUC). | tyrimg taip pat buvo jtraukti maSininio dirbtinio
intelekto mokymosi algoritmai, skirti numatyti VMD atsiradima, naudojant
suderinamus metodus ir vertinant modelius taikant kryZminj patikrinimg. Tai-
kant Random Forest algoritma, gauti tiksliausi rezultatai. Algoritmo veikimas
buvo patvirtintas jtraukiant naujg tiriamyjy — patvirtinimo imtj. Statistiné
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analiz¢ buvo atlikta naudojant IBM SPSS Statistics 27 ir R programing jrangg.
Skirtumai laikyti statistiSkai reikSmingais, jei p < 0,05.

6. REZULTATAI
6.1. PTVAA strategijy jtaka VMD atsirasti jvykus MIKSTP

6.1.1. Tiriamoji populiacija, laboratoriniai ir echokardiografiniai
radiniai

IStirta 210 pacienty, kuriems MIKSTP metu buvo atlikta PTVAA. Ligo-
niai suskirstyti pagal stentavimo strategija: tiesioginis stentavimas taikytas
46,66 proc. ir balionin¢ dilatacija, po kurios buvo atlickamas stentavimas, —
53,33 proc. Demografiniy veiksniy analizé¢ atskleidé tolygy skirstinj tarp
abiejy grupiy, be reikSmingy skirtumy pagal lytj, amziy, kiino masés indeksa,
kiino pavirSiaus plota, MIkSTP jvykiy vietas, cukrinio diabeto paplitima,
rikyma (nertiko; metes riikyti; riko), arba pradinius CHA2DS,-VASc balus.
Bendrojo kraujo tyrimai nebuvo reikSmingi, vertinant tiesioginio stentavimo
ir balionings dilatacijos po kurios atlickamas stentavimas, grupes. Tiesioginio
stentavimo grupéje buvo matomi statistiSkai reikSmingai padidéje bendrojo
cholesterolio ir MTL kiekiai, palyginti su stentavimu po balioninés dilatacijos
(bendrasis cholesterolis: 5,06 mmol/l ir 4,43 mmol/l; p = 0,035; MTL:
3,51 mmol/l ir 3,17 mmol/l, p = 0,047). Kreatinino klirensas ir troponino I
kiekis guldymo stacionare metu ir praé¢jus 24 valandoms, taip pat ir trom-
bocity agregacijos tyrimo rodikliai paveikus adenozino difosfatu reikSmingo
skirtumo tarp grupiy neparodé. Echokardiografiniai radiniai tarp grupiy
nerode¢ statistiSkai reik§mingy KSIF poky¢iy po pirminio PTVAA. Taciau po
vieny mety stebéjimo tiesioginio stentavimo grupés tiriamiesiems nustatytas
statistiSkai reikSmingai greitesnis KSIF pageréjimas, palyginti su grupe,
kurios tiriamiesiems pries stentavimg atlikta balioniné dilatacija (48,00 proc
ir 45,00 proc., p = 0,003). Sie radiniai rodo, kad nors i§ karto po PTVAA
laboratoriniai ir echokardiografiniai parametrai buvo panasis abiejose stenta-
vimo grupése, taciau KSIF buvo didesné tiesioginio stentavimo grupgje.

6.1.2. Angiografijos ir angioplastikos metu gauti duomenys

Atlikus procedirines intervencijas, pvz.: heparino, glikoproteino IIb / Illa
inhibitoriy vartojimas ir aspiraciné trombektomija, kartu su stento ypatumais
ir kontrasto dozémis, nenustatyta reikSmingy skirtumy. Vadinasi, PTVAA
technikos atliktos taikant vienodus kriterijus. Sis techniky panasumas leidzia
tinkamai jvertinti baigtis, susijusias su mikrovaskuline disfunkcija.
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6.1.3. Vainikiniy arterijy fiziologiniai radiniai

Pacientams, kuriems atliktas tiesioginis stentavimas, buvo pastebétas
statistiSkai reikSmingai Siek tiek didesnis CFR, palyginti su tais, kuriems
stentai jstatyti atlikus balionine dilatacija (2,87 ir 2,70; p = 0,003) (9 pav.).
Pacienty, kuriems buvo atliktas tiesioginis stentavimas, FFR vertés buvo
panasios kaip ir pacienty, kuriems buvo atlikta balioniné dilatacija ir veliau —
stentavimas (0,92, palyginti su 0,92; p = 0,452). Pacienty, kuriems buvo
atlikta revaskuliarizacija taikant tiesioginj stentavimg, bet ne balionine
dilatacija, IMR buvo daug mazesnis (19,5 ir 22,0; p = 0,001) (10 pav.).
Atlikus vainikiniy arterijy fiziologinius tyrimus, 57 pacientams (27,14 proc.)
buvo diagnozuota VMD. Taciau pacientai, kuriems buvo atliktas tiesioginis
stentavimas, statistiSkai reikSmingai re€iau sirgo VMD, palyginti su tais,
kuriems gydymo pradzioje taikyta balionin¢ dilatacija bei stentavimas
(12,24 proc. ir 40,18 proc.; p < 0,001) (11 pav.).

6

p = 0,003
I 1
5
i1
8
4
- R S
L
(&)
c 3
@
E -
(3]
2
8
1 —
Mediana 2,87 [2,65-3,14] Mediana 2,70 [2,16-2,95]
0
Tiesioginis stentavimas Balioniné dilatacija

ir stentavimas

9 pav. Vainikiniy arterijy tékmés rezervo skirstinys tirtas
perkutaninés koronarinés intervencijos metu

CFR - vainikiniy arterijy tékmés rezervas.
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90
80
70
60
50
40
30
20
10

p < 0,001

© oo ©

3 mén. IMR

Mediana 19,50 [14,00-22,00] Mediana 22,00 [15,00—42,00]

Tiesioginis stentavimas Balioniné dilatacija
ir stentavimas

10 pav. Mikrocirkuliacijos pasipriesinimo indekso skirstinys,
tirtas vainikiniy arterijy intervencijos metu

IMR — mikrocirkuliacijos pasiprieSinimo indeksas.

p < 0,001
100 ! '
90
80
70
60
50
40
30
20
10

Néra VMD
H Yra VMD

86 (87,76 proc.) 67 (59,82 proc.)

Pacientai (proc.)

12 (12,24 proc.) 45 (40,18 proc.)

Tiesioginis stentavimas Balioniné dilatacija
(n=98) ir stentavimas (n = 112)

11 pav. Vainikiniy arterijy mikrovaskulinés disfunkcijos tyrimas vainikiniy
arterijy intervencijos metu

VMD - vainikiniy kraujagysliy mikrocirkuliacijos disfunkcija.

6.1.4. Klinikinés baigtys atsiZvelgiant j stentavimo technikas

Grupéje, kurios pacientams buvo atlikta balioniné dilatacija, pries atlie-
kant stentavima, dazniau pasireiské priesirdziy virpéjimas, palyginti su tiesio-
ginio stentavimo grupe (p = 0,061). Be to, pirmojoje grupéje insulto daznu-
mas buvo daug didesnis, palyginti su tiesioginio stentavimo grupe. Bendrasis
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SDK daznumas 12 ménesiy laikotarpiu buvo daug didesnis balioninés
dilatacijos ir stentavimo grupg¢je, palyginti su tiesioginio stentavimo grupe
(26,76 proc. plg. 14,29 proc.; p = 0,040), vadinasi, stentavimo strategija tur¢jo
jtakos ilgalaikiams rezultatams (12 pav.).

p = 0,040

100
90
80
70
60
50
40
30
20
10

0

Be SDK
B SDK yra

84 (85,71 proc.) 82 (73,24 proc.)

Pacientai (proc.)

14 (14,29 proc.) 30 (26,79 proc.)

Tiesioginis stentavimas Balioniné dilatacija
(n=98) ir stentavimas (n = 112)

12 pav. Nepageidaujamy Sirdies ir kraujagysliy didZiyjy jvykiy
reiSkiniy daznumas vainikiniy arterijy intervencijos metu

SDK — sirdies didZiosios komplikacijos.

6.1.5. Daugiaveiksné logistiné regresija

Tiesioginis stentavimas, bet ne balioniné dilatacija ir po jos atlickamas
stentavimas, aspiraciné trombektomija ir intrakoronarinio glikoproteino IIb /
IITa skyrimas buvo siejami su reik§mingai sumazéjusia VMD pasireiskimo
galimybe (13 pav.).

Aspiraciné
trombektomija

Intrakoronarinio
glikoproteino IlIb / llla
skyrimas

Tiesioginis stentavimas
vs. balioniné dilatacija
ir stentavimas

0,0 0,2 0,4 0,6 0,8 1,0

Galimybiy santykis (95% PI)
13 pav. Forest plot verté, rodanti PTVAA strategijy jtakq
vainikiniy arterijy mikrovaskulinei disfunkcijai

PI — pasikliautinasis intervalas.
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6.2. VMD prognozavimas pacientams, sergantiems MIKSTP,
naudojant masininio mokymosi dirbtinio intelekto galimybes

I tyrima jtraukti 200 pacienty, 30 klinikiniy ir biologiniy rodikliy. IS
viso — 12 klinikiniy kintamyjy, 17 kiekybiniy biologiniy zymeny ir VMD
diagnozeés (nesergant VMD ir sergant VMD). Per 2021 m. sausio 12 d.—
2022 m. liepos 31 d. laikotarpi duomenys buvo surinkti i§ 149 pacienty. IS
Sios grupés 44 asmenims (29,5 proc.) buvo nustatyta VMD. Sie 44 atvejai
sudar¢ mokymo duomeny rinkinio, naudojamo kuriant VMD rizikos bala
taikant sudétingus masininio mokymosi algoritmus, pagrindg. Véliau 2022 m.
rugpjucio 1 d.—2023 m. sausio 31 d. buvo sudaryta papildoma 49 pacienty
kohorta. Pastarojoje grupéje VMD buvo diagnozuota 7 pacientams (13,7 proc.).
Si imtis buvo tiriamoji imtis, kuri leido vertinti masininio mokymosi biidu
gauto VMD rizikos balo tikslumg ir glaustumg. Metodas vizualizuotas 14 pav.,
kuriame pateikiama aiski ir glausta tyrimo analitinés sistemos apZvalga.

Tyrime taikyti apskai¢iavimo metodai, pvz.: Random Forest (RF), Gra-
dient Boosting Machine (GBM), Support Vector Machine (SVM), eXtreme
Gradient Boosting (XGBoost), Super Learner, and Discrete Super Learner.
Siekiant jvertinti iy paZangiy metodiky panaudojima, buvo atlikta palygi-
namoji analiz¢, pagrista 10-klos¢iy kryZzminio patvirtinimo (CV) rizikos
vertinimo sistema. RF algoritmas buvo pranaSiausias i§ modeliy (0,120 +
0,010, kaip parodyta 15 pav.).
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VISA TYRIMO IMTIS

200 MIKSTP ligoniy (51 VMD, 149 neturi VMD)
VMD daznumas: 25,5 proc.

Pirma ligoniy imtis Antra ligoniy imtis
nuo 01/12/2021 iki 07/31/2022 nuo 08/01/2022 iki 01/31/2023

APMOKYMY IMTIS

Imties padidinimas (VMD):
186 MIKSTP ligoniai

149 MIKSTP ligoniai SMOTE (81 VMD, 105 neturi VMD)
(44 VMD, 105 neturi VMD) = VMD daznumas: 43,5 proc.
procedura

VMD daznumas: 29,5 proc.

VMD prognozavimui (Y)
biozymenims (X),

Klinikinés _______ masininio mokymosi
VMD | Random forest (RF) —
St geriausias

__________________________

 RDW + WBC + Neutr + Lymph + NLR + |
1 Pit + TC.mmol.l + LDL.mmol.l + ]
 HDL.mmol.| + TG.mmol.| + Peak.Tnl + |
ths.CRP.mg.| + ESR.mm.hr + : Tikslumas

InwiuiaA lwelopneusu sAuswonp iineN

: Thrombocyte.antiagregation.with. ADP + (OOB) gautas
| Thrombocyte.antiagregation.with.ADR + i$ RF
1 TMAO + BNP.ng.|

__________________________

iSeitys (Y) ' algoritmy taikymas. ;

v
PATIKRINIMO IMTIS

+ 51 MIKSTP ligoniai

P
3
=)
Q
3
K
£
siwuawonp srelneu ns sewiuiied 44

(7 VMD, 44 neturi VMD)
VMD daznumas: 13,7 proc.

v

PALYGINIMAS

Tikslumo rodiklis
palygintas su tikslumo
rodikliu apmokymy
imtyje

14 pav. Duomeny schema ir tyrime taikyta empiriné analizé

MIkKSTP — timinis miokardo infarktas, kai S—T segmentas pakilgs; VMD —vainikiniy mikrokraujagysliy
disfunkcija; SMOTE — SMOTE technika; OOB — Out-Of-Bag; RF — Random Forest; RDW — eritrocity
pasiskirstymo plotis; WBC — leukocitai; Neutr — neutrofilai; Lymph — limfocitai; NLR — neutrofily ir
limfocity santykis; PLT — trombocitai; TC — bendrasis cholesterolis; LDL — mazo tankio lipoproteiny
cholesterolis; HDL — didelio tankio lipoproteiny cholesterolis; TG — trigliceridy cholesterolis;
Peak Tnl — didziausia troponino I koncentracija; hs-CRP — didelio jautrumo C reaktyvusis baltymas;
ESR - eritrocity nusédimo greitis; ADP — adenozinodifosfatas; ADR — epinefrinas; BNP — B tipo
natriurezinis peptidas; TMAO — trimetilamino-N-oksidas.
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0,120 0,010
RF{ ——e—
. 0,123 + 0,012
Discrete SL+ °
0,124 +0,012
— Super Learner o
3 0,124 £0,014
o SVM- .
] 0,127 0,014
= GBM- °
0,129 + 0,016
XGBoostH ®
. . 0,156 + 0,018
Logistic regression- °
0,247 + 0,005
SL.mean/ e

0,10 0,15 0,20 0,25
10-klos€iy kryzminio patvirtinimo rizika

15 pav. Kryzminio 10-klosciy kryZminio patvirtinimo rizika
kiekvienam taikytam metodui (+ standartiné paklaida)

Metodai: RF — Random Forest; GBM — Gradient Boosting Machine; SVM — Support Vector Machine;
XGBoost — eXtreme Gradient Boosting; SL — Super Learner; CV — KryZminis patvirtinimas.

6.2.1. Santykinés kintamyjuy svarbos matavimo rodikliai (relVIM)
ir trimaciai dalinés priklausomybés bréZiniai (3D-PDP)

relVIM ir 3D-PDP analiz¢é taikyta VMD prognozuoti MIKSTP ligoniams
taikant RF.

Kreive (16 pav.) pabrézia biologiniy Zymeny svarbg. TMAO turi didziausig
prognozing verte (relVIM = 100 proc.). MaZesne jtaka turi trombocity agre-
gacijos rodikliai paveikus epinefrinu bei B tipo natriurezinio peptido (BNP)
koncentracija. 3D-PDP analiz¢ (17 pav.) rodo, kad $iy pagrindiniy biologiniy
zymeny aktyvumo padidéjimas kraujyje susijes su didesne VMD tikimybe.
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Thrombocyte .antiagregation.with. ADP
Plt

Lymph

NLR

WBC
HDL.mmol.I
Peak.Tnl
TG.mmol.l
hs.CRP.mg.l
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LDL.mmol.l
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o

16 pav. Santykiné kintamoji verté (relVIM), nustatyta RF metodu

rel VIM nustato, kurie kintamieji turéjo didele jtaka diagnozei (néra VMD/yra VMD). RDW — eritrocity
pasiskirstymo plotis; WBC — leukocitai; Neutr — neutrofilai; Lymph — limfocitai; NLR — neutrofily ir
limfocity santykis; PLT — trombocitai; TC — bendrasis cholesterolis; LDL — maZzo tankio lipoproteiny
cholesterolis; HDL — didelio tankio lipoproteiny cholesterolis; TG — trigliceridy cholesterolis;
Peak Tnl — didziausia troponino I koncentracija; hs-CRP — didelio jautrumo C reaktyvusis baltymas;
ESR — eritrocity nusédimo greitis; ADP — adenozinodifosfatas; ADR — epinefrinas; BNP — B tipo
natriurezinis peptidas; Thrombocyte.antiagregation.with. ADR — trombocity agregacija paveikus
epinefrinu; TMAO — trimetilamino-N-oksidas.
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VMD tikimybé

I"Su'dNg

0,2

17 pav. 3D-PDP, gaunamas atliekant RF apskaiciavimus
ir pagristas trimis svarbiausiais kintamaisiais, pasirinktais
pagal santykinés kintamosios svarbos matg
Spalvy spektras kinta nuo mélynos iki geltonos spalvos, o tai rodo didéjancig tikimybe patekti i grupe
pacientas, turintis VMD*. X, y ir z a$iy rodyklés rodo kryptis, kuriomis didéja trijy kintamuyjy vertés.

BNP — B tipo natriurezinis peptidas; ADR — epinefrinas; TMAO — trimetilamino-N-oksidas; VMD —
vainikiniy mikrokraujagysliy disfunkcija.

6.2.2. Random Forest (RF) modelio naSumas ir patvirtinimas

RF modelio nasumas jvertintas pagal Out-of-Bag (angl. santrump. OOB)
klaidy daznuma sudarytoje mokymo imtyje (aprasymas 1 lenteléje). Modeliui
budingi puikiis parametry jverciai, jskaitant tiksluma, jautruma, specifis-
kuma, neigiamg prognozing vert¢ (NPV), teigiamg prognozing vert¢ (PPV) ir
preciziSkumg — tai rodo stiprias jo VMD prognozavimo galimybes.
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1 lentelé. RF modelio kokybés kriterijai sudarytoje mokymy imtyje

Matas Mokymy imtis Patikrinimo imtis
Tikslumas (95 proc. PI) 0,84 (0,78-0,89) 0,92 (0,81-0,98)
Jautrumas 0,86 091
Specifiskumas 0,81 1,00
Teigiama prognozin¢ verté 0,86 1,00
Neigiama prognoziné verté 0,81 0,64
Preciziskumas 0,86 1,00

RF — Random Forest; PI — pasikliautinasis intervalas.

6.3. TMAO - Zymuo, prognozuojantis VMD ligoniams,
sergantiems miokardo infarktu, kai S—T segmentas pakiles

Atsizvelgdami | TMAO svarbg prognozuojant VMD (16 pav.), detaliai
iStyréme ribines jo vertes VMD ir klinikines baigtis gydant ligonius, sergan-
¢ius MIkKSTP.

6.3.1. Optimalios ribinés vertés nustatymas

Pirmieji rezultatai parodé nedidele TMAO prognozing verte iSkart po
intervencijos. Pra¢jus 3 ménesiams po intervencijos, kai optimali TMAO
ribiné verté buvo 3,91 uM, TMAO nustatytas didelis jautrumas ir specifis-
kumas prognozuojant VMD (18 pav.).

1,0 = TMAO po pirminés PKI:
AUC = 0,552 (0,462-0,643),
cut-off verté = 0,745
== TMAO po 3 men.:
0581 AUC = 0.801 (0,731-0,871),
I cut-off verté = 3,91
» 0,6
©
£
=
=
S
©
= 04
0,2
0,042 ; : : :
0.0 0,2 0,4 0,6 0,8 1,0

1 - specifiSkumas
18 pav. ROC kreiviy analizeé, rodanti TMAO jtakq diagnozuojant VMD
TMAO - trimetilamino-N-oksidas; AUC — plotas po kreive.
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6.3.2. Prognoziné biologiniy Zymeny verté

Vertinant biologinius Zymenis, skirtus prognozuoti VMD praéjus 3 mé-
nesiams po MI, kai S-T segmentas pakiles, TMAO koncentracijos buvo
tiksliausia prognoziné verté (AUC = 0,801). TMAO rezultatai, palyginti su
kitais biologiniais Zymenimis, buvo reikSmingai geresni (19 pav.).

1.0 7 == TMAO po pirminés PKI:

AUC = 0,552 (0,462-0,643),
cut-off verté = 0,745

== TMAO po 3 mén.:
AUC = 0,801 (0,731-0,871),
cut-off verté = 3,91
CRP po pirminés PKI:
AUC = 0,621 (0,536-0,706),
cut-off verté = 2,345

== CRP po 3 mén.:
AUC = 0,619 (0,533-0,706),
cut-off verté = 5,725
BNP po 3 mén.:
AUC = 0,672 (0,582-0,762),
cut-off verté = 68

== LDL:
AUC = 0,508 (0,415-0,301),
cut-off verté = 1,912

== Neutrofily/limfocity santykis:
AUC = 0,512 (0,425-0,598),
cut-off verté = 4,39

Jautrumas

0,0 0,2 0,4 0,6 0,8 1,0
1 — specifiSkumas

19 pav. Trimetilamino-N-oksido ir kity biologiniy Zymeny
ROC kreivés VMD prognozuoti
TMAO — trimetilamino-N-oksidas; CRP — C reaktyvusis baltymas; BNP — B tipo natriurezinis peptidas;
LDL — mazo tankio lipoproteiny cholesterolis; AUC — plotas po kreive.

6.3.3. Echokardiografiniai parametrai

Sis $irdies funkcijos ir remodeliavimosi skirtumas, kurj pabrézé KSIF
baigtys vertinant didelio ir mazo TMAO aktyvumo grupes, iliustruojamas
20 pav. (A ir B). Rezultatai patvirtina TMAO jtakg nuspéjant kairiojo skil-
velio atsigavimui po MI, kai S—-T segmentas pakiles.
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p <0,001 p < 0,001

1 1
20
£ 60 55,00 ‘
E 50 48,00 55,00 g 10 10,00 ‘
- 40,00 < 8,00 5,00
@ 40 o
> 40,00 2 0 150
© 35,00 w -5,00
5 30 ‘ : b
4
w -10
n 20 -10,00
4
10 . -20
0 1 0 1
A 3 mén. TMAO = 3,91 uM B 3 mén. TMAO = 3,91 uM

20 pav. Kairiojo skilvelio isstiimio frakcija ir kairiojo skilvelio
isstimio frakcijos pokytis pagal trimetilamino-N-oksido aktyvumg
praéjus 12 ménesiy

KSIF — kairiojo skilvelio i§stumio frakcija; TMAO — trimetilamino-N-oksidas.

6.3.4. Trimetilamino-N-oksido aktyvumas ir klinikinés baigtys
12 ménesiy stebéjimo laikotarpiu

Atlikus pirming PKI MIKSTP pacientams ir pra¢jus 3 ménesiams nuo
procediiros atlikimo, nustatytas rySkus rySys tarp padid¢jusio TMAO kiekio
(>3,91 uM) ir VMD daznumo (21 pav.). Si tendencija stebéta ir pragjus
12 ménesiy laikotarpiui: didesnis TMAO aktyvumas buvo susijes su padidé-
jusiu nepageidaujamy klinikiniy baigéiy daznumu, jskaitant miokardo infark-
tus, nesukélusius mirties, taip pat ir didesniu mirStamumu bei daznesniu gul-
dymo stacionare daznumu d¢l Sirdies nepakankamumo. Kaplano ir Meierio
kreivé rodo skirtumus tarp SDK ir POCE daznumo tirty ligoniy imtyje (22 pav.).
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100

p<0,001 p=0,043 p<0,001 p<0,001 p=1,000 p=0,017 p=0,016 p<0,001 p < 0,001
80
43
. (61,4 proc.)
8 60 (51 4proc)
(1 4 )
E 404 proc
(271 proc)
20- 14 (171proc) 15
10,0 pro| @1 proc 64pro 5 (43 proc.) 3 (100proc) 1 (71 proc)(7gpro (10,7 pre
o (1,4 proc - (3,6 proc.) (92 1 proc. )-(0 7 proc. -
\} ‘ N 2©
N\ N\s PR W
N\ oﬂ\\ ‘(\\)‘(\O \Og \)\\2&‘1 0 ’\ ?
Ao 9 @
\dﬂ«\ae A \(\%\ ST\
[
o0 ‘ M<391 MW=391 ‘

21 pav. Klinikiniy jvykiy daznumas ir nepageidaujamy Sirdies ir
kraujagysliy didziyjy jvykiy rizika, atsizvelgiant j TMAO aktyvumg
VMD —vainikiniy mikrokraujagysliy disfunkcija; LVEF, KSIF — kairiojo skilvelio i§stimio frakcija;

POCE — mir§tamumas nuo betkokiy Sirdinés kilmés priezas¢iy; SDK — $irdies didZiosios komplika-
cijos; SDK = POCE + guldymas stacionare dél §irdies nepakankamumo

100+
W

[7)
< —
£
S~
gg 75
S8
>v
>
o
>t_n

50 Log-rangas p < 0,0001

0 30 60 90 120 150 180 210 240 270 300 330 360
Dienos
STRATA Tiriamuyjy skaicius rizikos grupéje

- TMAO <3,91 140 139 138 136 134 134 133 131 129 128 127 126 125
- TMAO =391 70 65 63 60 54 50 47 46 45 43 42 41 41

22 pav. Kaplano ir Mejerio kreivé, kuri rodo SDK jvykiy daznumag,
priklausomg nuo trimetilamino N-oksido (TMAQO), praéjus 3 ménesiams
TMAO - trimetilamino N-oksidas, STRATA — tiriama populiacijos dalis.
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6.4. MPR patvirtinimas ligoniams, sergantiems
miokardo infarktu, kai S—T segmentas pakiles

6.4.1. Tiriamyjy imtis

Tos pacios kohortos pacientai buvo suskirstyti pagal VMD (buvo arba
nebuvo), remiantis MPR ribine verte, kuri lygi 3, ir kitais tyrimais. IS viso
VMD nustatyta 26,67 proc. tiriamyjy (MPR < 3), o 73,33 proc. VMD nenu-
statyta (MPR > 3). VMD daZzniau nustatyta moterims nei vyrams, atitinkamai
VMD ir ne VMD grupése: 62,50 proc. ir 32,47 proc.; p < 0,001). Visy grupiy
amziaus mediana buvo panasi. VMD ir ne VMD serganciy pacienty KMI,
BSA, MIKSTP vieta, arteriné hipertenzija, vainikiniy arterijy ligos anamnez¢,
ankstesn¢ PKI, insultas anamnezéje, dislipidemija, rukymas ar alkoholio
vartojimas reik§mingai nesiskyre tarp grupiy. VMD grupés ligoniai dazniau
sirgo cukriniu diabetu (39,29 proc. ir 18,83 proc.; p = 0,004).

6.4.2. Echokardiografiniai radiniai

Atlikus PTVAA, pacienty, kuriy MPR < 3, KSIF rodikliai buvo geresni
nei ty, kuriy MPR > 3. Pra¢jus 1 metams, Sie pacientai patyré reikSminga
KSIF sumaz¢jima, palyginti su MPR >3 grupe. Tai pavaizduota 23 ir 24 pav.

p < 0,001

D
o

55,00
50,00

)]
o

45,00
40,00

N
o

40,00

w
o

32,00

stebéjimo pabaigoje

Kairiojo skilvelio iSstumio
frakcija 12 ménesiy
N
o

Néra VMD Yra VMD

23 pav. Kairiojo skilvelio isstiimio frakcija praéjus 12 ménesiy
nuo PKI, atsizvelgiant j vainikiniy arterijy mikrovaskuling
disfunkcijq, vertinta remiantis MPR

VMD - vainikinés mikrocirkuliacijos disfunkcija.
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24 pav. Kairiojo skilvelio isstiimio frakcijos pokyciai
remiantis VMD pagal MPR

VMD - vainikinés mikrocirkuliacijos disfunkcija.

6.4.3. Klinikinés baigtys remiantis MPR

Sio tyrimo metu 20,95 proc. pacienty, sergan¢iy MIKSTP, patyré SDK
12-kos ménesiy steb¢jimo laikotarpiu. Atsizvelgiant | MPR, reikSmingai

skyrés

i $iy ligoniy SDK daznumas: MPR < 3 ir MPR > 3 (48,21 proc. plg.

11,04 proc.; p < 0,001), kaip parodyta 25 pav. Pacientai, turintys mazesnius

, buvo dazniau hospitalizuojami dé¢l iSeminio insulto ir Sirdies nepa-
kankamumo.
100
p<0,001 p=0,016 p<0,001 p<0,001 p=0,213 p=0,179 p = 0,045 p <0,001 p < 0,001
80
34
= _ (60,7 proc.)
8 60 (48, 2 proc )
a 40 15
40 (26,8 proc.) (30, 4 proc )
(21 4 proc) 4 5 17
20’528 2(89proc) (71pru 4 (71proc) 5 @9proc) o (71proc)(84pro (11,0 pro
ol ,2 proc (1,3 proc- (2,6 pro (2 6 proc. - 32 proc- (1 3 proc,
c\?f’ N 6 0\\’0 xo° X e
2SN v go“\ O 0\0‘33\\«\ \)\\({)‘\1@ K\ & W <©
W\
"”\5\3&“\@ wae\@“ o & o> \0@@
.éé\\&,’ \‘ (\eQ \(\ & \“
& 4\‘6\6 ‘ EMPR=>30 MMPR<30 ‘

25 pav. Klinikiniy reiskiniy daznumas, atsizvelgiant j MPR

AF — priesirdziy virpéjimas; LVEF — kairiojo skilvelio iSstimio frakcija; POCE — visy raiSiy mirsta-

mumas,

sukeltas miokardo infarkto, insulto, revaskuliarizacijos; SDK - POCE + stacionarizavimas dél

Sirdies nepakankamumo; MPR — mikrocirkuliacijos pasiprieSinimo rezervo.
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Daugiaveiksné Kokso (angl. Cox) analiz¢ parodé¢, jog mazesnis MPR di-
dina SDK jvykiy daznumg — tai pabrézia rizika, susijusig su mikrokrau-
jagysliy pasipriesinimu. Cubic spline curve (26 pav.) ir Kaplano ir Meierio
iSgyvenamumo analizés (27 pav.) rezultatai. Cubic spline curve rezultatai
pateikti 26 pav., o Kaplano ir Meierio iSgyvenamumo analizés rezultatai
pateikti 27 pav.

SDK G.S.

2 3 4 5
MPR

26 pav. Apribota kubiné kreivé, rodanti MPR ir galimybe jvykti SDK

MPR — mikrocirkuliacijos pasiprieinimo rezervas; SDK — irdies didZiosios komplikacijos, G.S. —
galimybiy santykis.

100 =
)
©
£
=P
gg 75
S
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>
=)
7]
- Log-rangas p < 0,0001
50 T T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Dienos
STRATA Tiriamyjy skaicius rizikos grupéje

== MPR = 3,0 154 152 152 150 147 147 145 143 142 139 138 137 137
== MPR < 3,0 56 52 49 46 41 37 3 34 32 32 31 30 29

27 pav. Kaplano ir Mejerio kreivé, rodanti SDK jvykiy daznumg,
atsizvelgiant | MPR

MPR — mikrocirkuliacijos pasipriesinimo rezervas; SDK — $irdies didZiosios komplikacijos, STRATA —
tiriama populiacijos dalis.
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6.4.4. Prognoziniy rezultaty palyginimas

ROC kreivés analizé parodé, kad MPR, CFR ir IMR turi didele POCE
prognozing verte ligoniams 12 ménesiy laikotarpiu. Siy rodikliy AUC, atitin-
kamai 0,743, 0,762 ir 0,781, buvo geresnis nei FFR AUC, kuris buvo 0,609
(28 pav.). Kiekvienam parametrui buvo nustatytos optimalios ribos, nurodan-
&ios jy prognozinj prana§uma prie§ FFR numatant POCE. Si analizé dar karta
patvirtina, kad MPR, CFR ir IMR yra patikimi rodikliai ligoniams po
MIKSTP, kaip ir parodyta 28 ir 29 pav.

1,0 = MPR: AUC = 0,743
y (95 proc. PI: 0,651-0,836),
7 optimali cut-off verté = 2,748
’ == CFR: AUC = 0,762
(95 proc. PI: 0,67-0,854),
i optimali cut-off = 2,305
/ == IMR: AUC = 0,781
(95 proc. PI: 0,702-0,86),
optimali cut-off = 33,5
== FFR: AUC = 0,609
(95 proc. PI: 0,515-0,704),
optimali cut-off = 0,895

Jautrumas

0,0 T T T
0,0 0,2 0,4 0,6 0,8 1,0

1 - specifiSkumas

28 pav. ROC kreive rodanti, baigtis (POCE) praéjus 12-kai ménesiy
MIKSTP ligoniy imtyje

MPR — mikrocirkuliacijos pasiprieSinimo rezervas; CFR — vainikiniy arterijy tékmés rezervas; IMR —
mikrocirkuliacijos pasiprieSinimo indeksas, FFR — frakcinis tékmés rezervas; AUC — plotas po kreive.
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7 == MPR: AUC = 0,701 (0,592-0,81),
cut-off verté = 2,748

== CFR: AUC = 0,719 (0,606-0,832),
cut-off verté = 2,205

== IMR: AUC = 0,736 (0,634—0,837),
cut-off verté = 33,5

== FFR: AUC = 0,576 (0,469-0,683),
cut-off verté = 0,895

Jautrumas

0,0 0,2 0,4 0,6 0,8 1,0

1 - specifiSkumas
29 pav. ROC kreivé, rodanti SDK praéjus 12-kai ménesiy, ligoniy,
serganciy MIKSTP imtyje

MPR — mikrocirkuliacijos pasiprieSinimo rezervas; CFR — vainikiniy arterijy tékmés rezervas; IMR —
mikrocirkuliacijos pasiprieSinimo indeksas, FFR — frakcinis téekmés rezervas; AUC — plotas po kreive.

6.5. VMD endotipy paplitimas tarp pacienty, serganciy MIKSTP

VMD buvo nustatyta 27 proc. visy pacienty. Daugiausia nustatyta kaip
struktiiriné VMD (24 proc.), funkciné VMD nustatyta 3 proc. pacienty — tai
rodo didesnj struktiiriniy mikrovaskuliniy poky¢iy po MIKSTP daznumag
(30 pav.) bei pabrézia struktiirinio VMD svarbg buisimoms MIkSTP pacienty
gydymo strategijoms.
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Funkciné VMD
3 proc.(n = 5)

Yra VMD
27 proc. (n = 56)

Struktariné VMD
24 proc. (n =51)

Néra VMD
73 proc. (n = 154)

30 pav. VMD endotipy skirstinys tarp ligoniy, sirgusiy miokardo infarktu,
kai ST segmentas pakiles, imtyje
VMD - vainikinés mikrocirkuliacijos disfunkcija.

6.6. VMD jtaka funkciniam kairiojo skilvelio remodeliavimuisi,
diastolinei disfunkcijai ir klinikinéms baigtims

6.6.1. Tyrimuy imtis ir laboratoriniai rezultatai stratifikuojant VMD

Pacientai buvo suskirstyti pagal VMD pasireiskimg (IMR > 25 U arba
CFR < 2,0 U). I8 viso 27,14 proc. pacienty buvo diagnozuota VMD. VMD
dazniau nustatyta moterims, palyginti su vyrais (63,16 proc. plg. 32,03 proc.;
p <0,001). Ligoniai, sergantys VMD, daZniau sirgo cukriniu diabetu (42,11
proc. plg. 17,65 proc.; p < 0,001). Bendrojo kraujo tyrimo rezultatai tarp
skirtingy ligoniy grupiy reikSmingai nesiskyre, taciau kreatinino klirensas
skyrési reikSmingai (p = 0,003). Tai rodo inksty funkcijos jtaka VMD
atsirasti. Didelio jautrumo CRB ir B tipo natriurezinio peptido lygis praéjus
3 ménesiams nuo PKI buvo daug didesnis VMD grupés tiriamyjy, o tai rodo
ry$i su uzdegiminiais procesais.

6.6.2. Echokardiografiniai radiniai

Echokardiografinis tyrimas po PTVAA parodé, kad VMD grupgje tyri-
mo pradzioje buvo didesnis KSIF ir E/A santykis, palyginti su neserganciais
VMD, o tiiriai ir diastolinés funkcijos laipsniai tarp grupiy buvo panasis.
Praéjus 12 ménesiy VMD grupgje statistiskai reikSmingai sumazéjo KSIF ir
pakito diastolin¢ funkcija, padidéjo kairiojo skilvelio galutinis diastolinis
turis (KSGT), KP turio indeksas ir E/e, kartu sumazéjo E/A santykis ir vidu-
tinis e’. Daugumos pacienty, neserganc¢iy VMD, diastoliné funkcija pageréjo
iki pirmojo laipsnio, o serganciy VMD progresavo iki antrojo laipsnio, tai pa-
bréze pablogejusia VMD serganciy pacienty diastoling funkcijg (31-34 pav.).
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Remiantis gautais rezultatais, galima teigti, kad pacienty, serganciy VMD,
daugiausiai buvo atitinkanciy 2, 3 ir 4 grupiy kriterijus pagal funkcing
kairiojo skilvelio remodeliavimosi sistemg (35 pav.).

p < 0,001
| |
c 60 55,00
. 50,00
g 50
‘c! 42,00
E] 40 41,50 40,00
s
£ 30 | 32,00
L
§I‘> 20 *
10 .
Néra VMD Yra VMD

31 pav. KSIF praéjus 12-kai ménesiy atsizvelgiant j VMD
VMD - vainikinés mikrocirkuliacijos disfunkcija; KSIF — kairiojo skilvelio i§stimio frakcija.

150 Diastolinés
disfunkcijos
lygis
[
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S 100 "3
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& 50
0

Atlikus PTVAA Praéjus 12 mén.

32 pav. Diagrama vaizduoja dinaminius diastolinés disfunkcijos pokycius
ligoniams, nesirgusiems VMD 12 ménesiy laikotarpiu

PTVAA — perodiné transluminaliné vainikiniy arterijy angioplastika.
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Atlikus PTVAA Praéjus 12 mén.

33 pav. Diagrama vaizduoja dinaminius diastolinés disfunkcijos pokycius
ligoniams, sirgusiems VMD 12 ménesiy laikotarpiu

PTVAA — perodiné transluminaliné vainikiniy arterijy angioplastika.

p < 0,001
100 Diastolinés
disfunkcijos
lygis
80 [
m2
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o
2
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20
149 (98,7)
0

Néra VMD Yra VMD

34 pav. Diastolinés disfunkcijos daznumas, atsizvelgiant j VMD
VMD - vainikinés mikrocirkuliacijos disfunkcija.
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p < 0,001
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35 pav. Kairiojo skilvelio remodeliavimasis, atsizvelgiant j VMD
VMD - vainikinés mikrocirkuliacijos disfunkcija.

6.6.3. Klinikinés baigtys

VMD grupéje dazniau nustatytas iSeminis insultas, pasikartojantis
miokardo infarktas (MI), kraujagysliy revaskuliarizacija dél trombozés ir
guldymas j ligoning d¢l Sirdies nepakankamumo, palyginti su VMD neser-
ganéiy Zmoniy grupe. Tai rodo aiskig ir didesne SDK rizika VMD sergan-
tiems pacientams. MirStamumas nuo Sirdies ir kraujagysliy ligy VMD grupé-
je Siek tiek padidéjo, taciau jis nebuvo statistiskai reikSmingas. Pacientams,
sergantiems VMD, 12 ménesiy laikotarpiu po PTVAA reikSmingai dazniau
stebétas SDK, palyginti su VMD neserganéiais pacientais (50,88 proc. plg.
9,80 proc.; p < 0,001), kaip parodyta 36 ir 37 pav. Kaplano ir Meierio kreivé
parodé, kad SDK atvejy VMD grupéje padaugéjo jau pradedant pirmuoju
stebéjimo po PTVAA ménesiu.
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VMD - vainikinés mikrocirkuliacijos disfunkcija, STRATA — tiriama populiacijos dalis.

Daugiaveiksnés logistinés regresijos modelis atskleidé pradinj E/e’ ir
IMR kaip nepriklausomus antrojo laipsnio KS diastolinés disfunkcijos
prognozinius kintamuosius, kuriy AUC yra 0,933, o tai galima laikyti geru
prognoziniu kintamuoju. FKSRBNP ir 3 ménesiy IMR buvo nustatyti kaip
svarbils prognoziniai sunkesnés remodeliacijos kintamieji (AUC 0,773), tai
rodo reik§mingg IMR ir BNP vaidmenj prognozuojant Sirdies funkcing biikle
po MIKSTP.
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7. ISVADOS

Disertacijoje pateikiama iSsami MIkSTP pacienty VMD analiz¢, atsklei-
dzianti svarbias SeSiy tarpusavyje susijusiy tyrimy izvalgas.

1.

Tiesioginis stentavimas, aspiraciné trombektomija ir individualizuo-
tasis intrakoronarinis gydymas, taikant glikoproteino IIb / Illa inhi-
bitorius, reikSmingai — 5 kartus — sumazina VMD pasireiskima, ir
perpus — didziyjy Sirdies komplikacijy daznuma vieny mety laiko-
tarpiu, palyginti su balionine dilatacija ir po jos atlickamu sten-
tavimu.

Sukiirus ir atlikus pirminj masininio mokymosi algoritmo patvirtini-
ma, iSryskéjo pagrindiniy biologiniy Zymeny, padedanciy progno-
zuoti VMD, santykinés kintamosios vertés: TMAO, trombocity at-
sako paveikus epinefrinu ir BNP (atitinkamai, 100 proc., 50,59 proc.,
41,15 proc.). Algoritmui biidingi puikiis parametry jverciai, jskaitant
tiksluma, jautruma, specifiskuma (atitinkamai, 1, 0,91, 1).

Atlikus tikslin TMAO tyrima, nustatyta kritin¢ $io biologinio Zymens
koncentracijos verté¢ — 3,91 uM, kuri pabrézia prognozing reikSme
VMD atveju ir jo jtaka klinikiniams rezultatams bei kairiojo skilve-
lio funkcijos atsigavimui.

Mikrocirkuliacijos pasiprieSinimo rezervas (MPR) (AUC = 0,701)
yra geresnis VMD indikatorius, kuris pagrjstai konkuruoja su tradi-
ciniais indikatoriais, pvz., frakcinés tékmés rezervu (FFR) (AUC =
0,576).

Daugiau nei ketvirtadaliui MIkSTP serganciy pacienty VMD
dazniausiai pasireiSkia struktiirinio pobiidzio forma, susijusia su
blogesne klinikine baigtimi ir individualizuotojo gydymo poreikiu.

Praé¢jus trims ménesiams po MIKSTP, VMD reikSmingai susij¢s su
nepalankiu kairiojo skilvelio remodeliavimusi (pasireiskia 14 karty

dazniau), diastoline disfunkcija (pasireiskia 55 kartus dazniau) ir
padidéjusiu SDK vieny mety laikotarpiu (pasireiskia 5 kartus dazniau).

278



8. PRAKTINES REKOMENDACIJOS

Patobulintos PTVAA strategijos ligoniams, sergantiems MIkSTP:
pirmenybe teikti tiesioginiam stentavimui, aspiracinei trombekto-
mijai, taikyti intrakoronarinio glikoproteino IIb / Illa inhibitorius
PTVAA metu, norint sumazinti VMD rizikg ir pagerinti pacienty
gydymo baigtis.

Pazangi diagnostika ir individualizuotasis gydymas: stebéti TMAO
VMD prognozavimui bei pritaikyti TAMIR maSininio mokymosi
modelj tiksliam VMD nustatymui.

Standartizuoti MPR tyrimo atlikimg ligoniams, sirgusiems MIkSTP:
patikimas VMD diagnostikos jrankis, turintis geresnj prognozinj
nasSumg, palyginti su kitais standartiniais metodais, taikomais
klinikingje praktikoje.

Pritaikytas struktiirinio VMD endotipo gydymas: daugiausia STEMI
pacienty turi struktiirinés endotipo formos VMD, tai lemia blogesnes
klinikines baigtis.

Ankstyva intervencija Sirdies nepakankamumo profilaktikai: atlikti
ankstyvag VMD vertinimg, norint jtarti Sirdies nepakankamuma —
ypatinga démes; skirti FKSR ir diastolinei disfunkcijai po MIKSTP.
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