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Background

The contemporary treatment of coronary artery disease (CAD) is based on our 

understanding of the myocardial ischemic process and the hypothesis of “ischemic cascade” [1]. 

This concept was developed more than 30 years [1]. The term “cascade” indicates that the 

requirements from the previous step should be met for every consecutive stage to occur 

(Supplementary Figure 1). Thus, it postulates that at the time of acute ischemia, there is a 

reduction of blood flow (supply-demand mismatch), then left ventricular diastolic, followed by 

systolic dysfunction, electrocardiogram (ECG) abnormalities, and lastly-angina. A drop in oxygen

supply reduces adenosine triphosphate production and results in lactic acidosis, which causes 

electrical dysfunction. This process is directly followed by cellular mechanical dysfunction [2]. It

can be conferred that on a cellular level, biomechanical and electrical changes coincide. 

However, human circulation has collateral flow and other metabolic reserves on the tissue level 

[3, 4]. Thus, the exact metabolic consequences of oxygen supply-demand mismatch in the given 

heart remain unknown [3]. The speed of electrical and mechanical changes in the myocardium 

depends on many factors: the amount of affected myocardium, collateralization, myofilament 

isoforms, energy stores, etc. [4–9]. These factors were studied separately.

Based on current knowledge, there are a constellation of ischemia-induced processes at a 

cellular level and a cascade at the tissue level, which sounds highly improbable [10]. It is 

hypothesized herein, that ischemic changes (electrical and mechanical) in myocardial function 

are not uniform and depend on the extent of flow reduction and the location of the ischemic zone.

For the reevaluation of the ischemic processes both on a cellular and tissue level, a simultaneous 

recording is needed of the mechanical and electrical activity at the same location in the heart.

According to available research, no experimental or clinical study has explored 

myocardial biochemical, mechanical, and electrical events simultaneously, at a single location, 

during ischemia until the present study. Preliminary observations during the percutaneous 

coronary intervention (PCI) in humans suggest that the movement of the PCI wire positioned in a

coronary artery during ischemia should follow the general left ventricle (LV) wall mechanics at 



that time [11]. In addition, animal-based experiments using a porcine model with simultaneous 

contrast-enhanced transesophageal (TOE) assessment of myocardial kinetics was performed. The 

results of these experiments showed excellent correlation between TOE and PCI wire assessment 

[12]. It has been demonstrated that the ECG signal acquired intracoronary should be at least as 

accurate as the conventional surface ECG, and it will provide precise simultaneous information 

from the same region of interest [11, 13]. The sequence of events is important, as the current 

understanding of diagnosis of myocardial ischemia is based on sequence of events during 

ischemic cascade. It is given a clear superiority in recommendations of imaging modalities over 

ECG stress testing [9]. The lower sensitivity and specificity of ECG stress test is explained based 

on ischemic cascade, while it is possible that the reason is the influence of different chest 

geometric factors [14]. This is mere speculation, but if the ischemic cascade existed, the 

prognostic implications of different ischemia provocative tests should be different, as mechanical 

contraction failure should signify a higher decrease in flow, i.e. higher grade stenoses, anatomic 

and/or functionally. According to available research, there is no publication supporting such a 

relationship.

Therefore, the objective of the current study is to explore the temporal relationship 

between electrical and mechanical events during early myocardial ischemia using a single PCI 

wire, which could be easily applied in clinical practice for patients undergoing invasive coronary 

angiography and PCI.

Methods

Study design

MICE is an investigator-initiated prospective, observational, single-center diagnostic 

performance study of 323 patients. Patients eligible for the study are those with chronic coronary 

syndrome that were referred for invasive coronary angiography and a significant stenosis. All 

patients will undergo conventional coronary angiography with a simultaneous recording of 

intracoronary ECG and left ventricular wall motion at rest, followed by exact measurements in a 

condition of induced acute ischemia. Detailed inclusion and exclusion criteria are described in 

Table 1.



The study protocol has been approved by the local Ethics Committee. All study subjects 

will be managed in accordance with the Declaration of Helsinki and provided with written 

informed consent prior to undergoing any study-specific procedures. This study is registered as 

www.clinicaltrials.gov number NCT04061525. The study leadership is composed of a principal 

investigator, a co-principal investigator and steering committee. Clinical events will be 

adjudicated by an independent clinical events committee.

Primary and secondary endpoints

Primary endpoint of the study is the feasibility of the method using a single PCI-wire for 

the evaluation of the sequence of occurrence of electrical and mechanical myocardial events 

during acute ischemia induction, assessed as percentage of successful simultaneous recordings of 

mechanical and electrical changes after ischemia induction by inflation of a coronary balloon into

the target lesion.

The secondary endpoints include: 1) Proportion of patients in which mechanical events 

occurred as a first manifestation of ischemia; 2) Proportion of patients in which electrical events 

occurred as a first manifestation of ischemia; 3) Periprocedural myonecrosis evaluated by the 

extent of post-PCI troponin and Creatin phosphokinase MB fraction elevation 4) All-cause death 

at 12-month follow-up; 5) Cardiovascular death at 12-month follow-up; 6) Non-fatal myocardial 

infarction at 12-month follow-up; 7) New onset angina or heart  failure symptoms at 12-month 

follow-up; 8) Target lesion revascularization at 12-month follow-up.

Patient selection

Patients eligible for the study will be those with chronic coronary syndrome that were 

referred for invasive coronary angiography and a significant, ≥ 50% diameter stenosis artery 

scheduled for intervention. Patients with acute coronary syndrome and hemodynamically 

unstable patients will be excluded from the protocol. Furthermore, patients with left bundle 

branch block, pacemaker stimulation, permanent atrial fibrillation, LV ejection fraction less than 

40%, previous myocardial infarction in the area of interest, or Q-wave on surface ECG at the 

same zone. Also, patients with left main coronary artery stenosis, total coronary occlusion, 

previous coronary artery bypass grafting (CABG), primary cardiomyopathy, will be excluded.

Study procedures



Examination at rest

1. Invasive coronary angiography will be performed following standard protocol, after 

intracoronary nitroglycerin injection (100–200 μg). Then the projection providing the best

visualization of the movements of the target coronary artery will be chosen.

2. After placement of a pressure measuring device (pressure wire or coronary pressure 

microcatheter) at least 10 mm below the distal edge of the coronary stenosis, 

nonhyperemic indexes will be recorded. A fractional flow reserve measurement will be 

performed using intracoronary papaverine injection (20 mg for left coronary artery and 15

mg for right coronary artery). After achievement of steady-state FFR is measured and then

a pull-back for assessment of pressure step-ups will be performed.

3. A non-polymeric coronary guidewire 0.014” PCI wire is introduced in the target artery 

with a radiopaque part at least 10 mm distal from the coronary ostium and in a coronary 

artery segment with maximal movement amplitude of a coronary artery segment of 

interest. The radiopaque distal part of PCI wire should be located in mid to distal segment 

of the target artery with the highest amplitude of vessel contraction. The proximal outer 

end of the PCI wire is connected to a unipolar ECG electrode. Then the movement of the 

radiopaque part of the coronary wire and the icECG will be recorded for a baseline record

of 5 cardiac cycles. Furthermore, the patient will be asked to report the severity of chest 

pain experiencing grading it from 1 being the lowest to 10 being the most severe pain 

during the remaining part of the procedure.

Ischemia induction

4. PCI balloon with a length of 6 to 10 mm and a diameter of 70–100% of the distal 

reference diameter of target vessel will be positioned on the PCI wire. The balloon will be

inflated up to maximal configuration and will be kept dilated for a duration of 60 seconds.

Every 10 seconds, a recording of the fluoroscopy (without contrast injection) for 3–5 

consecutive cycles are performed. The icECG recording is obtained during the time of 

balloon inflation and the patient is asked to report the severity of chest pain if/when it 

appears. After 60 seconds the balloon will be deflated and removed from the artery. 

During the next 60 seconds the recording continues — wire movements on fluoroscopy 

are made after each 10 seconds interval. The whole procedure is digitally recorded by a 



high-resolution camera capturing both icECG and the angiographic screen. The time of 

both monitors are synchronized for analysis of event timing.

Final evaluation

5. Final angiography and icECG will be recorded two minutes after the balloon dilatation. 

The patient is asked to report the severity of chest pain that is being experienced. Further 

treatment strategy (stent implantation, drug-eluting balloon inflation etc.) and medical 

therapy will be at the discretion of the treating physicians. Adherence to the ESC 

guideline recommendation is encouraged.

Intracoronary ECG analysis

Intracoronary ECG is acquired by attaching an alligator clip to 0.014-inch PCI wire 

(Runthrough, Terumo Japan; Sion Blue, Asahi, Japan, BMW Universal II, Abbott Vascular, USA)

positioned in the distal third of a major coronary artery. The clamp is connected to a precordial 

ECG V1 — lead. In case of coronary stenosis at a bifurcation site, a second wire is allowed with 

recording function from the side branch with the same parameters as from the wire in the main 

vessel. A second wire is attached to the ECG V2 — lead.

The recorded intracoronary and surface ECG leads, with simultaneously recorded aortic 

blood pressure curves will be printed and analyzed consecutively. The speed of the ECG 

recording is 50 mm/s and ECG amplitude was calibrated as 10 mm/mV. Measurement of the ST-

segment shift is based on the determination of the isoelectric line and the Junction-(J)-point. The 

isoelectric line represents the reference line for the measurement and is set at the TP-interval as 

recommended [13]. The J-point is defined as the transition of the QRS-complex to the ST-

segment, 80 ms after the end of QRS — complex. Using these two markers the calculation of the 

ST-segment shift is performed as the difference in mV between the isoelectric line and the ST-

amplitude at the J-point. The ST-segment elevation is equal to or more than 0.1 mV was accepted 

as a sign of ischemia.

Analysis of PCI-wire kinetics

Motion of the PCI wire will be recorded by fluoroscopy storing mode (at 7.5 frames per 

second) throughout the cardiac cycle, both at rest and during the ischemia induction. Various 

parameters described in detail in the supplementary material will be measured and compared 



between the rest and acute ischemia phases (Supplementary Figures 1, 2). To ensure simultaneous

recording of the events, the two monitors for angiography and hemodynamics were placed close 

to each other. A dedicated camera obtaining the full range of both monitors recorded the whole 

study. The recording was used for analysis and synchronization of the exact timing of each 

mechanical and electrical event. The timing of each mechanical event was matched with the 

records from the icECG. A detailed description is illustrated in (Supplementary Figure 2).

Statistical analysis

The MICE study is designed to assess: 1) the feasibility of the method for simultaneous 

evaluation of the consequence of electrical and mechanical myocardial changes during early 

myocardial ischemia using a single PCI wire. For the feasibility analysis, the rate of procedures 

with successful simultaneous recording of myocardial electrical and mechanical events during 

rest and ischemia induction will be calculated. The sample size was calculated based on previous 

data from COSIBRIA study [11], that 70% of patients have dynamic ST-segment elevation during

coronary bifurcation PCI. If the same percentage is assumed in the current study, then 322.68 

patients will be needed to detect differences in mechano-electrical coupling with 80% power and 

95% level of confidence. Thus 323 patients will be needed. All analyses will be performed using 

Statistical Package for Social Sciences, version 25.0 (SPSS, PC version, Chicago, IL, USA) and 

R statistical software version 3.5.2 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Patient enrollment started in July 2022, and until July 2023, 69 patients and 82 vessels 

were included. Mean age was 67 ± 5, 74% were males, and 25% were diabetics. The target 

vessels assessed was LAD/diagonal in 56 of the cases (69%), LCX/OM in 20 cases (24%), and 

RCA in six cases (7%). Simultaneous recording of the mechanical and electrical changes after 

temporary ischemia induction was feasible and successful in 100% of the cases. In 55% (n = 45) 

of the vessels, the electrical changes with ST-elevation on intracoronary ECG were registered as 

the first manifestation of ischemia. In 36% (n = 30) the first ischemia manifestation was the 

reduction in the left ventricular contraction. In 9% (n = 7) of the cases electrical and mechanical 

changes were registered simultaneously and neither of the two events could be recorded as the 



first to occur. The case example is illustrated in Figure 1. Completion of enrollment is expected in

September 2024.

DISCUSSION

The diagnosis and treatment of myocardial ischemia caused by coronary artery disease 

still represent a significant problem. One of the reasons is that the current understanding of the 

ischemic process still relies on theconcept of “ischemic cascade”. This perception is implemented

in clinical practice guidelines about patients with the CAD treatment strategy. According to the 

current recommendations, patients with ECG changes, especially those with accompanying chest 

pain, have the highest priority for invasive diagnostics and treatment [15–17]. However, previous 

data demonstrating the ischemic cascade theory reveals inconsistent results among investigators 

[18–20]. In some studies, a decreased flow was assumed to cause ischemia based on observations

of relatively unchanged systolic blood pressure-heart rate product as a surrogate for oxygen 

consumption [6, 18]. Other studies accept flow disturbances as a surrogate of ischemia, which is 

questionable, considering a sizeable biological variation between people [7].

It is generally accepted that myocardial contraction ceases within seconds/minutes of 

interrupted or decreased coronary blood flow [1, 6, 21–23]. With the decrease in coronary blood 

flow, first, the function of the subendocardium is impaired, and with further reduction, the whole 

cardiac wall contraction stops. It should be noted that observations about the sequence of events 

are not concordant. Some studies report a simultaneous decrease in the extent of muscle 

contraction of the whole myocardial wall, probably because of the tethering effect between 

neighbor myofibrils. According to available research, there is no description of how the 

contraction and local pattern of left ventricular wall contraction interacts with the regional pattern

of movement of coronary arteries. The research in that area was concentrated only on the 

assessment of global LV function and its relationship with atherosclerosis development [24–28].

The hypothesis herein, is that part of the inconsistency about the importance of ischemia 

as a clinical decision trigger is due to methods for its verification, which is a result of erroneous 

acceptance of the “ischemic cascade” dogma. For example, in the ISCHEMIA study, a couple of 

different tests were used to demonstrate ischemia — nuclear perfusion via SPECT or PET 

(showing metabolic changes during ischemia), echocardiography, cardiac magnetic resonance 



(perfusion and mechanical consequences) and exercise ECG test [29]. The problem is that each of

these tests demonstrates a different stage of the “ischemic cascade”, and as such, the result of 

each test is incomparable to each other.

According to available research, this is the first study to explore myocardial mechanical 

and electrical events simultaneously during ischemia in a man. The element of simultaneity in 

evaluating ischemic processes is critical to understanding which events have higher predictive 

value. Interventions demonstrating reduction of infarct size, based on epicardial ECG recording, 

later, failed to do so in clinical trials. Therefore, intracoronary ECG registration may provide 

much more accurate information in combination with a recording of mechanical events 

simultaneously. It is essential to examine which event occurs first and which factors are 

associated with discrepancies if/when they exist.

Intracoronary ECG was first developed to detect potential epicardial changes in an animal 

study [30]. It was demonstrated as a very sensitive tool for early ischemia detection [31–34]. It 

could also be used to assess the viability of myocardium during PCI and evaluate the adequacy of

coronary collateral circulation [13, 35–37]. The present study demonstrated that icECG ST-

segment elevation in side branches after coronary bifurcation stenting is equally sensitive and 

more specific for ongoing ischemia detection than FFR [38]. Furthermore, it was demonstrated 

that some changes in icECG after bifurcation stenting are associated with long-term mortality, 

and others have shown an increased rate of major adverse cardiovascular events [39–41]. 

Moreover, the experimental data has described a good sensitivity and specificity of epicardial 

electrodes for detecting ischemia, even in the subendocardial region [42].

All processes that develop during acute ischemia are deeply interconnected. Therefore, 

only the simultaneous registration of the mechanical and electrical changes could provide the 

exact diagnosis of acute ischemia. Thus, a method for concurrent registration of electrical and 

mechanical events using a single PCI wire was proposed. This method could be easily applied in 

everyday clinical practice allowing for a better understanding of the intricate process of 

myocardial ischemia. This, in its favor, may result in saving patients' lives and result in a 

reduction in medical costs. A further study is to prove the concept in a porcine model.

Limitations



The present study has several possible limitations. First, its observational nature. Second, 

the sample size is relatively small; nevertheless, the study is powered to assess the feasibility of 

the method using a single PCI wire for simultaneous evaluation of the events during early 

ischemia. It will provide a base for further studies, with bigger sample sizes to better understand  

the temporal relationship between ischemic mechanical and electrical changes in the 

myocardium. Furthermore, echocardiographic assessment during the protocol would provide 

additional information regarding left ventricular diastolic and systolic function.

CONCLUSIONS

This prospective, single-center study will determine the feasibility of a method for 

simultaneous registration for electrical and mechanical myocardial changes during acute ischemia

using a single PCI wire in humans. This could allow for a better understanding of the ischemic 

process and benefit future diagnosis and therapy of patients with CAD.
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Figure 1. Case example; illustration of the mechanical and electrical events upon ischemia 

stimulation with balloon inflation; iECG — intracoronary electrocardiogram; sECG — surface 

electrocardiogram



Table 1 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

1. Age ≥ 18 years

2. Willing and able to provide written 

informed consent

3. Patients with chronic coronary 

syndrome

4. Indication for invasive coronary 

angiography

5. Significant ≥ 50% diameter stenosis

1. Age < 18 or > 90-years old

2. Acute coronary syndromes

3. Hemodynamic instability

4. Left main coronary artery stenosis

5. Total coronary occlusion

6. Previous CABG

7. Left ventricular dysfunction EF < 40%

8. Previous myocardial infarction in the area of 

interest

9. Myocardial scar (Q-wave on superficial ECG) in 

the area of interest

10. Left or right bundle branch block

11. Atrial fibrillation/flutter

12. Pacemaker stimulation

13. Severe renal dysfunction, defined as an eGFR < 

30 mL/min/1.73m2

14. Cardiomyopathy (dilated, hypertrophic, 

amyloidosis, arrhythmogenic right ventricular 

dysplasia)

15. Left bundle branch block or baseline ST segment 

depression >1 mm

16. Unable to provide written IC

CABG — coronary artery bypass grafting; ECG — electrocardiogram; EF — ejection fraction; 

eGFR — estimated glomerular filtration rate; IC — informed consent


