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Editorial on the Research Topic
Advances in predicting future adverse coronary events: the role of cardiovascular imaging and coronary physiology indices



Atherosclerotic coronary artery disease (CAD) remains the leading cause of morbidity and mortality worldwide (1). CAD is the consequence of a multistep and multifactorial process, in which chronic inflammation is involved at every stage. The clinical manifestations of the disease are extremely variable, ranging from subclinical atherosclerosis to plaque progression and acute coronary events. During the last decade, both non-invasive and invasive imaging techniques, as well as assessment of coronary physiology and hemodynamics have provided significant prognostic information. This Research Topic focuses on the prognostic role of cardiovascular imaging and coronary physiology indices for the identification of high-risk patients and coronary lesions. The studies included in this Research Topic address (1) the prognostic implications of non-invasive anatomic and functional imaging techniques (2), new physiologic markers of ischemia (3), new machine-learning assisted analysis of coronary thrombosis (4), the prognostic role of vascular biomarkers in specific subsets of patients, and (5) the advanced diagnostic and prognostic role of invasive intracoronary imaging.

Over the past decade, coronary computed tomography angiography (CCTA) has emerged as a first-line non-invasive imaging modality for the evaluation of patients with suspected CAD, receiving multiple Class 1 recommendations by both the American and European guidelines (2, 3).

The state-of-the-art minireview article by Emfietzoglou et al. addresses the major fields of application of CCTA and future perspectives with new technology such as photon-counting technique with intrinsic spectral capabilities at high contrast and spatial resolution. Besides coronary stenosis assessment, CCTA may evaluate plaque burden and nonobstructive high-risk coronary plaques to predict the risk of future coronary events and to guide targeted treatment and initiation of appropriate preventive therapy. CCTA may also provide the hemodynamic assessment of the coronary lesion via the CT-derived fractional flow reserve (FFR) and myocardial perfusion for guiding treatment decisions. Finally, recent fields of research are the computation of coronary endothelial shear stress, a marker of the initiation and progression of atherosclerosis, and the pericoronary fat attenuation as a sensor of coronary inflammation.

Our series also included several relevant original research articles. The original research by Lee et al. evaluated the prognostic impact of anatomic and hemodynamic plaque characteristics as assessed by CCTA in predicting subsequent coronary events (DESTINY Study). They analyzed 158 patients who underwent CCTA for suspected CAD within 6–36 months before percutaneous coronary intervention (PCI) for acute myocardial infarction (MI) or unstable angina and 62 age- and sex-matched patients without PCI as the control group. They concluded that high-risk plaque characteristics (HRPCs: low attenuation plaque, positive remodeling, napkin-ring sign, spotty calcification, minimal luminal area <4 mm2, or plaque burden ≥70%) and hemodynamic parameters [per-vessel FFR (FFRCT), per-lesion ΔFFRCT, and percent ischemic myocardial mass] added incremental prognostic value to clinical factors. Moreover, HRPCs provided more incremental predictability than clinical risk factors alone among vessels with negative FFRCT but not among vessels with positive FFRCT.

Intravascular ultrasound (IVUS) is a useful tool for accurate assessment of coronary lesion complexity and for optimization of stent implantation during PCI. Several meta-analyses of large observational and randomized studies have shown that (IVUS) guidance may improve short and long-term clinical outcomes compared to angiography guidance alone (4–7). However, outside of trials, IVUS use remains highly heterogenous and often low. Tindale et al. analyzed the real-world use and outcomes in PCI-naive patients undergoing IVUS-guided intervention in a specialist heart hospital in the UK. They performed a retrospective analysis of prospectively collected data from 10,574 consecutive patients. Only 4.3% of patients underwent IVUS, with a median follow-up of 4.6 years. There was no difference in survival or major adverse cardiac events (MACE) on both matched and adjusted analysis, although this may well be explained by significant selection bias and the high-risk population. The underuse of IVUS in routine interventional practice is multifactorial, with lack of training, individual operator experience, greater procedural time, and cost barrier being the most reported factors limiting its use (8).

The case report of Krcmar et al. is a great example of how intracoronary imaging with optical coherence tomography (OCT) can guide highly complex procedures, by providing exquisite anatomical details and three-dimensional images. They described a rare and potentially fatal complication of chronic stent loss in the left main and its migration into the left circumflex artery ostium during PCI. This complication was not immediately noticed by the operator, but 5 months later was successfully resolved by OCT guidance with the crushing technique. OCT provided useful information on the exact position and endothelialisation within the undeployed stent.

Coronary flow capacity (CFC) is a relatively new potentially important physiologic marker of ischemia for guiding PCI (9). Hamaya et al. evaluated the determinants and prognostic implications of the changes of thermodilution method-derived CFC status following PCI. In a total of 450 patients with chronic coronary syndrome (CCS), CFC changes following PCI were largely determined by the pre-PCI CFC status and were associated with a lower risk of incident target vessel failure.

Myocardial strain analysis assessed by cardiac magnetic resonance (CMR) feature tracking has emerged as a simple post-processing technique to assess myocardial motion and deformation and has shown to provide additional incremental prognostic value compared to traditional functional parameters in various cardiovascular disease settings (10). Zhuang et al. demonstrated that left ventricular strain and strain rate detected by CMR feature tracking were independent predictors of survival in 78 asymptomatic patients with repaired tetralogy of Fallot who required pulmonary valve replacement.

The original study by Ma et al. analyzed the predictive value of plasma big endothelin-1 (big ET-1) for the occurrence of adverse cardiovascular events in a cohort of patients with in-stent restenosis (ISR) and diabetes mellitus after PCI with drug-eluting stents. Big ET-1 is a 39-amino acid propeptide that is cleaved into the biologically active ET-1. ET-1 is a potent vasoconstrictor, both in large vessels and in the microcirculation, with intramyocardial vessels being very sensitive to its actions. The predictive value of increased circulating ET-1 levels has been shown in most cardiovascular diseases, leading ET-1 to be considered as a likely mediator of excessive vasoconstriction, endothelial dysfunction, cardiac remodeling, and age-associated inflammation (11). At 3-year follow-up, Ma et al demonstrated that big ET-1 improved the predictive value for MACEs over traditional and angiographic risk factors in patients with ISR and diabetes (n = 795) but not in non-diabetic patients with ISR (n = 998). Therefore, elevated big ET-1 may identify a group of stented patients with diabetes and ISR who are at particular risk for worse outcomes.

ST-segment elevation acute coronary syndrome (STEACS) typically occurs due to occlusive coronary thrombus formation superimposed on a ruptured or eroded atherosclerotic plaque. Kotronias et al. performed an interesting prospective OxAMI (Oxford Acute Myocardial Infarction) study evaluating the pathobiology of coronary thrombosis in patients with STEACS. Thrombus composition has relevant prognostic information since it has been shown that macroscopically red (erythrocyte-rich) thrombi are associated with an adverse prognostic outcome compared to macroscopically white (platelet-rich) thrombi (12). Kotronias et al included 306 patients presenting with STEACS who underwent manual thrombectomy during primary PCI. They used a novel method utilizing spatially resolved reflectance spectroscopy combined with machine-learning approaches for the characterization and quantification of aspirated coronary thrombosis. In a sub-set of 36 patients, they assessed invasive [index of coronary microvascular resistance (IMR)] and non-invasive [microvascular obstruction (MVO) at CMR] indices of coronary microvascular injury. They demonstrated that this novel analytical approach enabled the quantification of thrombus composition, including automated quantification of thrombus area within the images. Finally, the derived reflectance spectral signatures of coronary thrombi were correlated with microvascular injury phenotyping, as measured by MVO and IMR.

In conclusion, the articles included in this Research Topic are small but important steps in our understanding of CAD, adding new knowledge about the prognostic role of different imaging techniques, coronary physiology indices, and cardiovascular biomarkers. In the coming years, it is expected that further work could provide a deeper insight into the pathophysiology of coronary atherosclerotic process with the ultimate aim to improve patient outcomes, reduce the burden of cardiovascular disease and aid in the development of new therapeutic strategies.
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Acute adverse outcomes of a stent loss during percutaneous coronary intervention (PCI) are well described, however, data on long-term consequences are scarce, especially with intravascular imaging. We report a case of a coronary stent loss in the left main and ostial left circumflex artery (LCx) bifurcation and its migration into the LCx ostium during PCI procedures. This rare complication, which was not immediately noticed, was verified and successfully resolved 5 months after using optical coherence tomography and right trans-radial access. Considering the infrequency of this complication, few cases have been reported, however, our case has several distinct specificities. We aim to encourage the crushing technique in cases of chronic stent loss when the retrieval is not an option and highlight the optical coherence tomography (OCT) value in imaging and evaluation of similar complex settings.

Keywords: optical coherence tomography, intravascular imaging, stent loss, left main, crush technique, percutaneous coronary intervention (complex PCI)


INTRODUCTION

Unnoticed loss of an unexpanded stent during percutaneous coronary intervention (PCI) is a rare and potentially fatal complication, with decreasing incidence in recent years (1–3). A number of mechanisms for stent loss have been suggested, mostly involving coronary anatomy and technical procedural specificities (3–5). Acute adverse outcomes are well described, however, data on long-term consequences of chronically lost stent is scarce, especially with intravascular imaging (1, 5, 6).

We report a case of an unnoticed coronary stent loss in the left main and ostial left circumflex artery (LCx) bifurcation during a primary PCI, which was successfully treated after 5 months with the usage of optical coherence tomography (OCT).



CASE DESCRIPTION

A 48-year-old male patient, a smoker without a history of chronic diseases, presented with an acute myocardial infarction without ST elevation (NSTEMI) to a local hospital. Urgent coronary angiography demonstrated sub-occlusion (99% stenosis) in the midportion of the dominant right coronary artery (RCA) (Figure 1A) and significant distal LCx (90% stenosis) lesion (Figure 1B).


[image: Figure 1]
FIGURE 1. (A) Urgent coronary angiography with significant mid-right coronary artery stenosis (99%)-the culprit lesion and final angiographic result in the little window. (B) Distal left circumflex artery (LCx) lesion left unsolved (90% stenosis). (C) Angiogram showing stent falling from the balloon and darting into the LCx ostium. It is seen as linear radio-opaque object in the LM/LCx.


Primary percutaneous coronary intervention (PCI) was undertaken using a Judkins-right 4 cm guiding catheter with side holes (Cordis, Milpitas, CA, USA). Employing a 0.014 in balanced middleweight (BMW) guidewire (Abbott Vascular, Santa Clara, CA, USA), drug eluting stent (DES) Xience Prime (3.5 × 15 mm, Abbott Vascular) was successfully implanted in a culprit RCA lesion (Figure 1A). Intervention was pursued on the distal LCx lesion with 6 French (Fr) Extra backup guiding (EBU) catheter 3.75 cm (Medtronic, Minneapolis, MN, USA) and BMW guidewire (Abbott Vascular). After predilatation with non-compliant (NC) balloons (Traveler 1.20 × 8 mm and 2.0 × 8 mm, Abbot Vascular), Xience Prime stent (3.0 × 12 mm, Abbot Vascular) could not cross the lesion and the intervention was aborted. Echocardiographic examination showed mildly hypertrophic myocardium with no regional wall abnormalities and left ventricular ejection fraction of 60%. After 3 days of uneventful hospitalization, the patient was released.

After 4 months, the patient reported effort angina (Canadian Cardiac Society—CCS class 2), and the stress-ECG test showed signs of ischaemia. Coronary angiography revealed newly formed, highly significant ostial (95%) LCx stenosis (LM 0.0.1 lesion according to Medina classification) (Figure 2A). Previously known distal LCx stenosis (90%) was also shown.


[image: Figure 2]
FIGURE 2. (A) Second coronary angiography revealed newly formed, highly significant ostial (95%) (Medina 0.0.1) LCx stenosis. Also, previously known distal LCx stenosis (90%) was shown. (B) The end of the second intervention (angiography without iodinated contrast): the lost stent in the left main coronary artery (arrow). The distal part of the lost stent (part in the LCx, 70% of its length) is crushed with the proximal LCx stent. (C) The end of the second intervention where proximal and distal LCx stenosis were solved (arrows indicating lesion sites where the stents were implanted).


Intervention was pursued through 6F EBU catheter 3.5 cm (Medtronic). The first obtuse marginal artery (OM1) and LCx were wired with BMW (Abbot Vascular) in OM1 and BMW Universal II (Abbot Vascular) in LCx. Distal LCx lesion was pre-dilatated with non-compliant (NC) balloons (Traveler 2.5 × 15 mm and 2.0 × 20 mm, Abbot Vascular), after which Resolute Onyx stent (2.75 × 26 mm, Medtronic) was placed. Ostial LCx lesion was predilated [up to 22 atmosphere (atm)] with an NC balloon (Traveler 2.5 × 15 mm, Abbot Vascular) and Resolute Onyx stent (3.0 × 12 mm, Medtronic) was implanted in proximal LCx (Figure 2C).

Carefully observing the final result, a linear radiopaque object was seen in the distal segment of the left main coronary artery (LMCA), which has not been verified before. At that point, the operator suspected that the ostial LCx stent had crushed an earlier lost stent which was protruding from the proximal LCx to the distal LMCA (Figure 2B). Afterwards, the first angiography film was viewed, and it was seen how the stent went loose from the wire and darted into the LCx ostium (Figure 1C). Further evaluation was indicated, but this time in our facility using an intravascular imaging modality with the idea to precisely visualize lost stent, its position, and endothelialisation.

The patient came back to our facility 1 month after the second coronary angiography due to lack of the OCT catheter (caused primarily by financial reasons), and without an urgent indication since there was no angiographic or clinical sign of coronary blood-flow obstruction. The right radial artery was used for introducing the OCT catheter (Dragonfly DUO Imaging Catheter, St. Jude Medical, Sylmar, CA, USA) into the coronary arteries. Coronary stents in the proximal LCx and in the mid-RCA were found completely patent. The lack of OCT imaging prior to the first LCx PCI is a limitation as it precluded optimal visualization of the complication.

OCT visualised undeployed stent protruding (approximately 50% of the stent) from the ostium of LCx to distal segment of LMCA, not causing a significant stenosis (Figure 3A). The lost stent was partially endothelialised (proximal 50% in the LMCA, distal part in the LCx was partially crushed 1 month earlier) (Figure 3B). There was no sign of thrombus formation around or inside the lost stent. Since the distal part of the lost stent was crushed with a stent deployed into a proximal LCx segment during the second coronary intervention, stent deployment from the LMCA to the left anterior descending coronary artery (LAD) with crushing of both the proximal 50% of lost stent and a small part of protruding proximal LCx stent was planned. Using a 7 Fr EBU catheter 3.5 cm Launcher (Medtronic), the stenosis was crossed with a 0.014 in guidewire (Hi-Torque BMW Universal II, Abbot Vascular) and positioned to the distal segment of LAD. “Ultra-thin strut” DES Orsiro (4.0 × 22 mm, Biotronik, Lake Oswego, OR, USA) was deployed into the LMCA ostium to proximal LAD with a mini crush of proximal LCx stent and protruding LCx undeployed stent struts. Then, a Runthrough Hypercoat guidewire (Terumo Europe NV, Lueven, Belgium) was crossed through stent struts in the proximal LCx. After struts dilatation (up to 22 atm) with a semi-compliant (SC) balloon (Maverick 2.5 × 15 mm, Boston Scientific, Marlborough, MA, USA), an additional kissing balloon post dilatation was necessary. It was performed with a semi-compliant (SC) balloon (14 atm) (Maverick 3.0 × 15 mm, Boston Scientific) in LAD and an NC balloon (12 atm) (Emerge 2.75 × 8 mm, Boston Scientific Corp., Natick, MA, USA) in LCx, resulting in the lost stent being crushed between the LAD wall and the new stent in LMCA/LAD.


[image: Figure 3]
FIGURE 3. (A) Optical coherence tomography (OCT) finding an undeployed part of the lost stent in the left main artery. There are no signs of thrombosis around the stent. Below is the longitudinal view of the left main OCT. *Wire artifacts. (B) Optical coherence tomography image. Partially endothelialised (arrow) part of the undeployed stent in the LM. (C) OCT showing good apposition of the new stent and a successfully crushed part of the undeployed stent. Arrow indicating a single non fully apposed strut.


The procedure was finalized with a proximal optimisation technique (POT) in LMCA with an NC balloon (Quantum 4.5 × 8 mm, Boston Scientific). Final angiography showed TIMI III flow (Figure 4) and OCT demonstrated well-apposed stent struts with a crushed lost stent in LMCA (Figure 3C; Supplementary Video with final OCT pullback from LAD to LM). The patient had an uneventful recovery and is still in follow-up. Dual antiplatelet therapy with ticagrelor (90 mg two times daily) and acetylsalicylic acid (100 mg one time daily) was continued for 12 months after the intervention. Currently, the patient is prescribed ticagrelor (60 mg two times daily) together with acetylsalicylic acid (100 mg once daily) for an additional 12 months. Afterwards, the plan is to recommend acetylsalicylic acid lifelong (100 mg once daily) and a vascular dose of rivaroxaban (2.5 mg two times daily).
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FIGURE 4. Three-dimensional (3D) images. (A) 3D render of an optical coherence tomography (OCT) showing an undeployed lost stent (blue arrows) in the left main artery. (B) Optical coherence tomography 3D view. After LM stent implantation, lost stent (blue arrows) is successfully crushed against the left main artery wall.




DISCUSSION

We presented a case of a coronary stent loss and its migration into the LCx ostium during an attempt of its distal segment revascularisation. A rare complication was not immediately noticed by the operator, but was OCT verified 5 months later and was successfully resolved using the right trans-radial access. Considering the infrequency of this complication, few cases have been reported in the literature, however, our case has several distinct specificities (1–7).

Firstly, the lost stent was located in the LMCA, a rare location described in only several cases so far (1, 5, 7). More importantly, this was a chronic stent loss, while earlier cases were describing acute management of stent loss in LMCA (1–4, 7, 8). In addition, most reports describe management of acutely noticed and treated stent losses, while in our case, long-term consequences are seen, which are not well known (2, 3, 5, 7).

Secondly, it is generally advised to avoid stent crush or deployment within the LMCA or at a bifurcation lesion for the sake of the restenosis risk (1, 9). However, retrieval of the lost stent was not an option in our case since the distal half was already crushed with the stent deployed into the proximal LCx segment 1 month before. Retrieval of the lost stent can be efficacious with various non-surgical methods, including the small-balloon technique, which is the most frequently used one, double-wire technique, and loop-snare technique (1, 2, 4, 9, 10). Hence, new stent deployment from LMCA to LAD, with crushing of both proximal 50% of the lost stent and a small part of stent protruding to proximal LCx, was planned. The operator considered that the option of stenting from LAD to the LM is a better option than the stenting from LCx. The reason is that in case of stenting from LCx to LM, part of proximal LCx would have four layers of stents (lost stent crushed earlier, ostial LCx stent implanted during second procedure, and a new stent from LCx to the LM). Also, the LCx artery is narrower than the LM and LAD, hence the result of post dilatation and POT would be less optimal.

Brilakis et al. suggested that in cases in which the lost stent cannot be retrieved, deploying or crushing the stent may be a good alternative with good clinical outcomes (4). In another study, lost stents were crushed against the vessel wall in two patients with no major cardiac complications (9).

Thirdly, according to a retrospective study, patients who encountered stent loss had a higher incidence of bleeding, requiring transfusion and causing a need for coronary artery bypass surgery, both not noted in our case (2).

Fourthly, in most cases, the stent was lost due to not crossing the stenosis and being damaged while trying, hence becoming dissociated from its delivery system (1, 4, 10, 11). In our case, one can only speculate that the stent was lost because of the high friction caused by vessel angulation and inadequate guiding of the catheter position. In addition, the operator was not aware of this happening during the initial procedure. Thus, operators should be reminded to check the complete condition of the stent system after unsuccessful deployment, especially if this was the case due to the (heavy) calcification of the lesion and/or anatomical specificities (tortuosity, angulation >90°, bi/trifurcation, etc.) (1–4, 10, 11). Interestingly, 5 months after its loss, the stent was only partially covered by intima with no signs of thrombus formation. This could be explained by dual antiplatelet therapy usage and a normal left ventricle ejection fraction (LVEF 60%) (5–9, 12). The reason the stent could not cross during the initial intervention but did cross at the time of the recurrent event is probably due to: better lesion preparation, more experienced operator, and the partial endothelialisation of the lost stent. We chose OCT over intravascular ultrasound (IVUS) because of its superior resolution imaging, giving a better characterization of neointimal tissue (6, 13, 14). Finally, besides the risk of stent crushing in the critical coronary segment, this complex coronary intervention was entirely performed using only right radial access, while most other similar cases were using femoral access (1–12).

In conclusion, we encourage the crushing technique in cases of chronic stent loss when the retrieval is not an option, along with highlighting the OCT value in imaging and evaluation of similar complex settings. This complex procedure can be done using a transradial approach without affecting the safety or efficacy. Operators should be reminded to check the complete condition of the stent system after an unsuccessful deployment, regardless of the reason.
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Objectives: While coronary computed tomography angiography (CCTA) enables the evaluation of anatomic and hemodynamic plaque characteristics of coronary artery disease (CAD), the clinical roles of these characteristics are not clear. We sought to evaluate the prognostic implications of CCTA-derived anatomic and hemodynamic plaque characteristics in the prediction of subsequent coronary events.

Methods: The study cohort consisted of 158 patients who underwent CCTA with suspected CAD within 6–36 months before percutaneous coronary intervention (PCI) for acute myocardial infarction (MI) or unstable angina and age-/sex-matched 62 patients without PCI as the control group. Preexisting high-risk plaque characteristics (HRPCs: low attenuation plaque, positive remodeling, napkin-ring sign, spotty calcification, minimal luminal area <4 mm2, or plaque burden ≥70%) and hemodynamic parameters (per-vessel fractional flow reserve [FFRCT], per-lesion ΔFFRCT, and percent ischemic myocardial mass) were analyzed from prior CCTA. The primary outcome was a subsequent coronary event, which was defined as a composite of vessel-specific MI or revascularization for unstable angina. The prognostic impact of clinical risk factors, HRPCs, and hemodynamic parameters were compared between vessels with (160 vessels) and without subsequent coronary events (329 vessels).

Results: Vessels with a subsequent coronary event had higher number of HRPCs (2.6 ± 1.4 vs. 2.3 ± 1.4, P = 0.012), lower FFRCT (0.76 ± 0.13 vs. 0.82 ± 0.11, P < 0.001), higher ΔFFRCT (0.14 ± 0.12 vs. 0.09 ± 0.08, P < 0.001), and higher percent ischemic myocardial mass (29.0 ± 18.5 vs. 26.0 ± 18.4, P = 0.022) than those without a subsequent coronary event. Compared with clinical risk factors, HRPCs and hemodynamic parameters showed higher discriminant abilities for subsequent coronary events with ΔFFRCT being the most powerful predictor. HRPCs showed additive discriminant ability to clinical risk factors (c-index 0.620 vs. 0.558, P = 0.027), and hemodynamic parameters further increased discriminant ability (c-index 0.698 vs. 0.620, P = 0.001) and reclassification abilities (NRI 0.460, IDI 0.061, P < 0.001 for all) for subsequent coronary events. Among vessels with negative FFRCT (>0.80), adding HRPCs into clinical risk factors significantly increased discriminant and reclassification abilities for subsequent coronary events (c-index 0.687 vs. 0.576, P = 0.005; NRI 0.412, P = 0.002; IDI 0.064, P = 0.001) but not for vessels with positive FFRCT (≤0.80).

Conclusion: In predicting subsequent coronary events, both HRPCs and hemodynamic parameters by CCTA allow better prediction of subsequent coronary events than clinical risk factors. HRPCs provide more incremental predictability than clinical risk factors alone among vessels with negative FFRCT but not among vessels with positive FFRCT.

Clinical Trial Registration: PreDiction and Validation of Clinical CoursE of Coronary Artery DiSease With CT-Derived Non-INvasive HemodYnamic Phenotyping and Plaque Characterization (DESTINY Study), NCT04794868.

Keywords: coronary artery disease, coronary CT angiography, myocardial ischemia, vulnerable plaques, prognosis


INTRODUCTION

Identification of patients with coronary atherosclerotic disease (CAD) at high risk of acute coronary syndrome (ACS) and who may benefit from intensified preventive measures has been of major interest (1). Since postmortem studies provided insights into plaque vulnerability and rupture as the major causes of ACS and sudden cardiac death, various imaging modalities have been used to identify characteristics of vulnerable plaques, which are prone to rupture (high-risk plaque characteristics [HRPCs]) (2–6).

Nevertheless, given the limited predictive value of HRPCs alone in the prediction of subsequent coronary events, (7) contemporary practice has been guided by the hemodynamic significance of CAD determined by invasive physiologic indexes, such as fractional flow reserve (FFR) (8), but not by HRPCs. Recent studies have suggested the importance of both hemodynamic significance and plaque vulnerability in CAD and their complementary roles in the progression of the disease and the development of ACS (9). Comprehensive assessment of CAD has become possible in clinical practice with recent advances in coronary computed tomography angiography (CCTA) and computational fluid dynamics (CFD), which allow simultaneous noninvasive assessment of anatomic plaque characteristics (4–6) and hemodynamic significance of CAD (10).

However, studies on the clinical role of the comprehensive evaluation of these features are limited, and it is still unclear whether integrating various aspects of the pathophysiology of CAD would increase the predictability of subsequent coronary events (9). Furthermore, it would be important to better understand the prognostic implications and the potential role of utilizing HRPCs in contemporary CAD management. In this regard, this study sought to evaluate (1) prognostic implications of combined analysis of CCTA-derived HRPCs and hemodynamic parameters in the prediction of subsequent coronary events and (2) differential prognostic implications of CCTA-derived HRPCs according to the hemodynamic significance of CAD.



MATERIALS AND METHODS


Study Design and Population

To evaluate the prognostic impact of anatomic and hemodynamic plaque characteristics on subsequent coronary events, this study enrolled two separate patient populations (the ACS cohort and the negative control cohort) (Figure 1). The ACS cohort included consecutive patients who underwent CCTA within 6–36 months before percutaneous coronary intervention (PCI) for acute myocardial infarction (MI) or unstable angina admitted to Samsung Medical Center between 2003 and 2019. The negative control cohort included age-/sex-matched patients who underwent CCTA within 6–36 months before invasive coronary angiography for suspected stable angina but did not undergo PCI because there was no significant lesion at the time of angiography. In both cohorts, CCTA was performed under the judgment of the respective physicians as a routine clinical evaluation for suspected CAD. In addition, the operators were blinded to the detailed core laboratory analyses of anatomic and hemodynamic plaque characteristics at the time of invasive angiography.


[image: Figure 1]
FIGURE 1. Study flow. This study enrolled two separate patient populations (ACS and negative control cohort). The ACS cohort included consecutive patients who underwent CCTA within 6–36 months before PCI for acute myocardial infarction or unstable angina. The negative control cohort included age-/sex-matched patients who underwent CCTA within 6–36 months before invasive coronary angiography for suspected stable angina but did not undergo PCI because there was no significant lesion at the time of angiography. A total of 489 vessels (160 vessels with subsequent coronary event and 329 vessels without subsequent coronary event) were finally included in the study. ACS, acute coronary syndrome; CCTA, coronary computed tomography angiography; CFD, computational fluid dynamics; CT, computed tomography; PCI, percutaneous coronary intervention.


In the ACS cohort, patients without clear culprit lesions in invasive angiography, intravascular ultrasound, or optical coherence tomography were excluded. Additional exclusion criteria were patients with ACS caused by in-stent restenosis, vessels with stents before CCTA, previous history of coronary artery bypass grafting, and type 2 myocardial infarction due to other general medical conditions. In both ACS and negative control cohorts, patients with unavailable CCTA images or suboptimal image quality for the analysis of plaque characteristics or CFD were excluded by the CCTA core laboratory (Elucid Bioimaging, Inc., Boston, MA, USA) or the CFD core laboratory (Shanghai Institute of Cardiovascular Diseases, Shanghai, China), respectively. The study protocol was approved by the institutional review board of Samsung Medical Center. This study was conducted in accordance with the Declaration of Helsinki and registered on clinicaltrials.gov (PreDiction and Validation of Clinical CoursE of Coronary Artery DiSease With CT-Derived Non-INvasive HemodYnamic Phenotyping and Plaque Characterization [DESTINY Study], NCT02374775).



Analysis of Anatomic Plaque Characteristics in CCTA

Coronary computed tomography angiography images were obtained in accordance with the Society of Cardiovascular Computed Tomography Guidelines on Performance of CCTA, with 64-channel scanner (GE Healthcare, Milwaukee, WI, USA) or 128-channel dual-source scanner platforms (Siemens Medical System, Forchheim, Germany) with electrocardiographic gating (11). A standardized protocol for heart rate control with beta-blockers and sublingual nitroglycerin was administered. All CCTA images were analyzed regarding anatomic plaque characteristics in a blinded fashion using histologically validated plaque quantification software (vascuCAP, clinical edition) at a core laboratory (Elucid Bioimaging, Inc., Boston, MA, USA) (12).

For anatomic severity, diameter stenosis, area stenosis, minimum lumen area (MLA), and lesion length were measured. Whole vessel and plaque tissue characterization were performed by defining the vessel wall into different components: calcified tissue, intra-plaque hemorrhage, lipid-rich necrotic core, matrix, or perivascular adipose tissue (13). Plaque burden was defined as the ratio of wall area divided by the overall vessel area (12, 13). Any lesions with diameter stenosis >30% were selected for plaque tissue characterization. In cases of multiple lesions in the same target vessel, the lesion with the greatest diameter stenosis was selected as the representative lesion. The presence of the following HRPCs was analyzed according to the definitions from previous studies: (1) low attenuation plaque (average density ≤ 30 Hounsfield units [HU].); (2) positive remodeling (lesion diameter/reference diameter ≥1.1); (3) napkin-ring sign (ring-like attenuation pattern with peripheral high attenuation tissue surrounding a central lower attenuation portion); and (4) spotty calcification (average density >130 HU and diameter <3 mm) (4, 5). In this analysis, HRPCs were defined by combining both qualitative and quantitative parameters based on previous studies with the presence of any of the following features: low attenuation plaque, positive remodeling, napkin-ring sign, spotty calcification, MLA <4 mm2, or plaque burden ≥70% (2–5).



Analysis of Hemodynamic Plaque Characteristics in CCTA

Hemodynamic parameters derived from CCTA were analyzed in a blinded fashion at a core laboratory (Zhongshan Hospital, Shanghai, China) using a commercialized offline software system (RuiXin-FFR, version 1.0, Raysight Medical, Shenzhen, China). First, three-dimensional anatomical computational models of the coronary tree were reconstructed from CCTA images. Second, patient-specific boundary conditions were obtained from the CCTA images. Third, hemodynamics parameters were solved by CFD-based FFRCT calculation. Detailed methods of three-dimensional model reconstruction and CFD-based FFRCT calculation are described in the Supplementary Appendix. Briefly, coronary models were constructed using segmentation algorithms that extracted the luminal surface of the epicardial coronary arteries and branches. Coronary flow and pressure were computed by solving the Navier–Stokes equations, assuming that blood is approximated as a Newtonian fluid. Boundary conditions for hyperemia were derived from myocardial mass, vessel sizes at each outlet, and the response of the microcirculation to adenosine. As with plaque tissue characterization, only lesions with a diameter stenosis of >30% were selected for the computation of hemodynamic parameters. For this study, three hemodynamic parameters were used, namely, per-vessel FFRCT, per-lesion delta FFRCT (ΔFFRCT), and per-vessel percent ischemic myocardial mass. First, FFRCT was defined as the ratio of mean downstream coronary pressure (Pd) and the aortic pressure (Pa) derived from the CFD analysis under a simulated hyperemic condition. Second, ΔFFRCT was defined by computing the difference in FFRCT values at the proximal and distal sites of each lesion. Third, the percent ischemic myocardial mass of each vessel segment was defined as the ratio between the myocardial mass subtended beyond the point at which the vessel's FFRCT is ≤0.80 and the entire vessel segment (14). Myocardial mass was computed using a stem-and-crown model (15, 16), which is based on allometric scaling between the length of the coronary arterial tree and myocardial mass (15, 16).



Data Collection and Clinical Outcomes

Clinical data were collected by reviewing electronic medical records. All angiograms were analyzed, and culprit lesions were determined in a blinded fashion at core laboratories (Samsung Medical Center, Seoul, Korea). The primary outcome was a subsequent coronary event, which was defined as a composite of vessel-specific MI or revascularization for unstable angina. The definition of clinical outcomes was in accordance with the Academic Research Consortium. Acute MI was defined according to the universal definition of MI (17).



Statistical Analysis

Data were analyzed on a per-patient basis for clinical characteristics and on a per-vessel basis for anatomic and hemodynamic plaque characteristics and vessel-specific clinical outcomes. For per-patient analyses, the Student's t-test and the chi-square test were used to compare continuous and categorical variables, respectively. For per-vessel analyses, a generalized estimating equation was used to adjust for intra-subject variability among vessels from the same patient. An analysis of variance test was used to compare differences in the number of clinical risk factors and hemodynamic parameters according to the classification by the number of HRPCs.

The discriminant function of clinical characteristics and anatomic and hemodynamic plaque characteristics for the primary outcome were evaluated using the c-index and 95% confidence interval (CI) in receiver operating curve analysis. Optimal cutoff values for HRPCs and hemodynamic parameters were determined based on receiver operating curve analysis and results of previous studies (5, 8, 9). Diagnostic performance was presented as sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy. Incremental predictability of HRPCs and hemodynamic parameters for the primary outcome was compared using a global chi-square estimated by the likelihood ratio test. The cumulative incidence of the primary outcome was presented as Kaplan–Meier estimates and compared using a log-rank test. To adjust for the interrogated vessels within the same patient, multivariable marginal Cox proportional hazards regression was used to calculate the adjusted hazard ratio (HR) and 95% CI. Adjusted covariables were age, sex, hypertension, diabetes mellitus, dyslipidemia, chronic kidney disease, and current smoker. The assumption of proportionality was assessed graphically using a log minus log plot, and all Cox proportional hazard models satisfied the proportional hazards assumption.

Three prediction models were constructed to assess the incremental prognostic value of HRPCs and hemodynamic parameters: (1) model 1: clinical risk factors; (2) model 2: model 1 + individual components of HRPCs; and (3) model 3: model 2 + hemodynamic parameters. Clinical risk factors included age, sex, hypertension, diabetes mellitus, dyslipidemia, chronic kidney disease, and current smoker. Hemodynamic parameters included FFRCT, ΔFFRCT, and percent ischemic myocardial mass. Discriminant ability was compared using the c-index, and reclassification performance was compared using the relative integrated discrimination improvement (IDI) and category-free net reclassification index (NRI). Subgroup analysis was performed to assess the differential prognostic implications of HRPCs according to hemodynamic significance. Vessels were divided into subgroups according to optimal cutoff values of FFRCT and ΔFFRCT, and the incremental prognostic value for the primary outcome of HRPCs was evaluated in each subgroup.

All analyses were two-sided, and P-values <0.05 were considered statistically significant. Statistical analyses were performed using R version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Characteristics of Patients

A total of 220 patients with 489 vessels were selected for the current analyses (Figure 1). Among them, 158 patients (71.8%) were from the ACS cohort and 62 (28.2%) were from the negative control cohort. In the ACS cohort, 17.1 and 82.9% of patients presented with acute MI and unstable angina, respectively. Among the ACS cohort, 160 vessels had subsequent coronary events and 192 vessels were non-culprit vessels. With 137 vessels from the negative control cohort, a total of 329 vessels were not related to subsequent coronary events. The mean interval between CCTA and invasive coronary angiography was 554.3 ± 268.2 days. In the comparison of the clinical characteristics of patients, there was no significant difference in demographics, cardiovascular comorbidities, or profiles of medical treatment after CCTA (Table 1).


Table 1. Baseline clinical characteristics.
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Anatomic and Hemodynamic Plaque Characteristics

Table 2 shows the comparison of anatomic and hemodynamic plaque characteristics between 160 vessels with subsequent coronary events and 329 vessels without subsequent coronary events. In addition, Supplementary Table 1 presents the anatomical and hemodynamic plaque characteristics of 137 vessels from the negative control cohort. Vessels with subsequent coronary events showed significantly lower MLA and higher plaque burden than vessels without events. Regarding anatomic plaque characteristics, vessels with subsequent coronary events showed a significantly higher proportion of low attenuation plaque, MLA <4 mm2, and plaque burden at lumen area ≥70% than vessels without events. As a result, vessels with subsequent coronary events had a higher number of HRPCs (2.6 ± 1.4 vs. 2.3 ± 1.4, P = 0.009) than vessels without events. There was no significant difference in other individual components of the whole vessel and plaque tissue characterization between the two groups.


Table 2. Anatomic and hemodynamic plaque characteristics.

[image: Table 2]

In terms of hemodynamic plaque characteristics, vessels with subsequent coronary events had lower FFRCT (0.76 ± 0.13 vs. 0.82 ± 0.11, P < 0.001), higher ΔFFRCT (0.14 ± 0.12 vs. 0.09 ± 0.08, P < 0.001), and higher percent ischemic myocardial mass (29.0 ± 18.5 vs. 26.0 ± 18.4, P = 0.022) than vessels without events. There was a significant association between the number of HRPCs and the number of clinical risk factors, FFRCT, ΔFFRCT, and percent ischemic myocardial mass. With an increased number of HRPCs, there was a significant increase in the number of clinical risk factors, ΔFFRCT, and percent ischemic myocardial mass and a significant decrease in FFRCT (overall P < 0.001 for all comparisons) (Supplementary Figure 1).



Prognostic Implications of Individual Anatomic and Hemodynamic Plaque Characteristics

Compared with clinical risk factors, individual components of HRPCs and hemodynamic parameters showed higher discriminant abilities for subsequent coronary events. Among anatomic and hemodynamic parameters, ΔFFRCT showed the highest c-index to predict subsequent coronary events (c-index 0.661, 95% CI: 0.609–0.712) (Figure 2).


[image: Figure 2]
FIGURE 2. Comparison of discrimination abilities of clinical risk factors, HRPCs, and hemodynamic parameters for subsequent coronary events. Discrimination abilities of clinical risk factors (green bar), HRPCs (blue bar), and hemodynamic parameters (red bar) for subsequent coronary events are presented as c-index and 95% CI. For various variables in each group, the c-index comparison was performed with the variable with the highest c-index in each group. CI, confidence interval; FFRCT, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics.


Optimal cutoff values of hemodynamic parameters and the number of HRPCs for predicting subsequent coronary events were FFRCT ≤ 0.80, ΔFFRCT ≥ 0.06, percent ischemic myocardial mass ≥ 40%, and the number of HRPCs ≥ 3 (Supplementary Table 2). When the risk of subsequent coronary events was compared according to optimal cutoff values of hemodynamic parameters and the number of HRPCs, vessels with FFRCT ≤ 0.80, ΔFFRCT ≥ 0.06, percent ischemic myocardial mass ≥40%, and the number of HRPCs ≥3 were independently associated with an increased risk of subsequent coronary events than vessels with FFRCT > 0.80, ΔFFRCT < 0.06, percent ischemic myocardial mass <40%, and the number of HRPCs <3, respectively (Figure 3 and Table 3).


[image: Figure 3]
FIGURE 3. Cumulative incidence of subsequent coronary events according to FFRCT, ΔFFRCT, % ischemic myocardial mass, and HRPCs. Cumulative incidence of subsequent coronary events according to optimal cutoff values of (A) FFRCT, (B) ΔFFRCT, (C) % ischemic myocardial mass, and (D) HRPCs. FFRCT, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics.



Table 3. Cumulative incidence of subsequent coronary events according to hemodynamic parameters and HRPCs.
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However, the positive predictive value and diagnostic accuracy of each hemodynamic parameter and the number of HRPCs were modest to predict subsequent coronary events as individual parameters (Supplementary Table 2). Nevertheless, the addition of percent ischemic myocardial mass, HRPCs, FFRCT, and ΔFFRCT into clinical risk factors showed a stepwise increase in predictability for subsequent coronary events (Figure 4). Among anatomic and hemodynamic parameters, ΔFFRCT showed the highest incremental predictability of the other variables (P < 0.001 for comparisons with the others).
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FIGURE 4. Incremental prognostic impact of HRPCs and hemodynamic parameters for subsequent coronary events. The addition of percent ischemic myocardial mass, HRPCs, ΔFFRCT, and ΔFFRCT into clinical risk factors showed increased predictability for subsequent coronary events. Clinical risk factors included age, sex, hypertension, diabetes mellitus, dyslipidemia, chronic kidney disease, and current smoker. HRPCs included low attenuation plaque, positive remodeling, napkin-ring sign, spotty calcification, minimum luminal area <4 mm2, or plaque burden ≥70%. FFRCT, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics.




Prediction Models for Subsequent Coronary Events

Table 4 and Supplementary Figure 2 show the comparison of discriminant and reclassification abilities of three models for the prediction of subsequent coronary events. Compared with model 1 with clinical risk factors, additional integration of HRPCs into model 1 (model 2) showed higher discriminant ability (c-index 0.620 vs. 0.558, P = 0.027) and higher reclassification ability (NRI 0.269, P = 0.004; IDI 0.037, P < 0.001). Model 3, which included additional integration of hemodynamic parameters in model 2, further improved model 2 in terms of discriminant ability (c-index 0.698 vs. 0.620, P = 0.001) and reclassification ability (NRI 0.460, P < 0.001; IDI 0.061, P < 0.001) (Table 4 and Supplementary Figure 2). Furthermore, a simplified model (c-index 0.680, 95% CI: 0.630–0.731) was constructed by selecting only the variables with the best discriminant abilities among HRPCs (low attenuating plaque) and hemodynamic variables (ΔFFRCT), respectively, and adding them to clinical risk factors showed similar discriminant ability to model 3 (c-index 0.680 vs. 0.698, P = 0.234).


Table 4. Comparison of prediction models for subsequent coronary events.
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Differential Prognostic Implication of HRPCs According to Hemodynamic Significance

To evaluate the differential prognostic implications of HRPCs according to hemodynamic significance, target vessels were stratified according to their hemodynamic significance determined by the optimal cutoff value of FFRCT ≤ 0.80 vs. >0.80 or ΔFFRCT ≥ 0.06 vs. <0.06. In vessels with FFRCT ≤ 0.80, there was no significant difference in the distribution of HRPCs among vessels with or without subsequent coronary events. Conversely, in vessels with FFRCT > 0.80, the vessels with subsequent coronary events showed a significantly higher proportion of low attenuating plaque and plaque burden ≥70% and showed a higher number of HRPCs (Supplementary Table 3). Stratified analysis by ΔFFRCT showed similar results, and the number of HRPCs was significantly higher in vessels with subsequent coronary events only among vessels with ΔFFRCT <0.06. Conversely, there was no significant difference in the number of HRPCs among vessels with ΔFFRCT ≥ 0.06 (Supplementary Table 4).

When the risk of subsequent coronary events was compared according to the number of HRPCs, a significantly higher risk of subsequent coronary events in vessels with HRPCs ≥ 3 than in vessels with HRPCs < 3 was observed only among vessels with negative FFRCT or ΔFFRCT (Figure 5). In addition, integration of HRPCs significantly improved discriminant and reclassification abilities for subsequent coronary events only in vessels with negative hemodynamic significance (FFRCT > 0.80; 0.687 vs. 0.576, P = 0.005; NRI 0.412, P = 0.002; IDI 0.064, P = 0.001; ΔFFRCT < 0.06; 0.733 vs. 0.623, P = 0.034; NRI 0.620, P < 0.001; IDI 0.075, P = 0.001) (Figure 6).
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FIGURE 5. Differential prognostic impact of HRPCs for subsequent coronary events according to hemodynamic parameters. Differential prognostic impact of number of HRPCs of ≥3 is evaluated in vessels with (A) FFRCT ≤0.80, (B) FFRCT >0.80 (C) ΔFFRCT ≥0.06, and (D) ΔFFRCT <0.06. Abbreviations: FFRCT, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics.
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FIGURE 6. Incremental prognostic value of HRPCs for subsequent coronary events according to hemodynamic parameters. To assess incremental discriminatory and reclassification abilities of HRPCs in addition to clinical risk factors for subsequent coronary events, two models were constructed as follows: model 1: clinical risk factors (age, sex, hypertension, diabetes mellitus, dyslipidemia, chronic kidney disease, and current smoker) and model 2: clinical risk factors + HRPCs (low attenuation plaque, positive remodeling, napkin-ring sign, spotty calcification, minimal luminal area <4 mm2, or plaque burden ≥70%). Incremental discriminatory and reclassification abilities of HRPCs were evaluated in vessels with (A) FFRCT ≤ 0.80, (B) FFRCT > 0.80, (C) ΔFFRCT ≥ 0.06, and (D) ΔFFRCT < 0.06. FFRCT, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics; IDI, relative integrated discrimination improvement; NRI, category-free net reclassification index.





DISCUSSION

This study evaluated (1) the prognostic implications of CCTA-derived anatomic and hemodynamic plaque characteristics to predict subsequent coronary events, and (2) the differential prognostic implications of anatomic plaque characteristics according to the hemodynamic significance of CAD. The main findings are as follows: First, HRPCs and hemodynamic parameters showed higher discriminant abilities for subsequent coronary events than clinical risk factors, with ΔFFRCT being the most powerful predictor. Second, HRPCs showed additive discriminant and reclassification abilities to clinical risk factors in the prediction of subsequent coronary events, which were further increased by adding hemodynamic parameters. Third, the prognostic impact of HRPCs was significant among vessels with negative hemodynamic significance (FFRCT >0.80 or ΔFFRCT <0.06) but not among those with positive hemodynamic significance (FFRCT ≤ 0.80 or ΔFFRCT ≥ 0.06).


Risk Stratification for Subsequent Coronary Events Using CCTA

Identification of patients at increased risk of ACS who may benefit from intensified preventive measures has been a major challenge, and previous studies have consistently shown that prediction based on clinical risk factors is insufficient for adequate individual risk assessment (1). In contemporary practice, patients with suspected ischemic heart disease are commonly evaluated by noninvasive stress testing, which determines the need for invasive coronary angiography (8). However, the revascularization is not indicated in two-third of the cases sent for invasive coronary angiography due to anatomically or hemodynamically nonobstructive stenosis in epicardial coronary arteries (18). Previous studies demonstrated that those nonobstructive CAD could be accompanied by major adverse cardiovascular events including ACS (19), and the treatment strategy based on noninvasive stress testing did not significantly reduce the risk of ACS or ACS-related mortality compared with medical treatment alone (20, 21).

Conversely, recent trials showed that CCTA-based evaluation of CAD provided better risk stratification of high-risk patients and improved prognosis compared with standard care (22). Furthermore, multiple studies showed that CCTA-derived anatomic plaque characteristics (MLA, plaque burden, positive remodeling, low-attenuation plaque, napkin-ring sign, and spotty calcification) could provide additional information on the risk of ACS (4, 5). In addition, other studies presented the prognostic implications of CCTA-derived hemodynamic parameters. The prognostic value of FFRCT has been confirmed for up to 5 years in several studies (10, 23, 24). Of note, in the ADVANCE registry, with the largest sample size (N = 5083), patients with negative FFRCT > 0.80 showed a significantly lower risk of cardiac death or MI than those with FFRCT ≤ 0.80 at 1 year (0.2% vs. 0.8%, P = 0.01) (10). The EMERALD study retrospectively evaluated 72 patients who had undergone CCTA before ACS events and compared CCTA-derived anatomic and hemodynamic plaque characteristics (FFRCT, ΔFFRCT, wall shear stress, and axial plaque stress) between the culprit and non-culprit vessels. In this study, plaques with adverse anatomic and hemodynamic characteristics had a significantly higher risk of ACS than those without (9). Despite the lack of a negative control group not presenting with ACS being a major limitation of the EMERALD study, the results supported the potential role of CCTA-based anatomic and hemodynamic plaque characteristics for better identification of high-risk patients. However, studies on the clinical role of the comprehensive evaluation of these features over clinical risk factors have been limited. Furthermore, there has been limited study, which evaluated the differential prognostic implications of CCTA-derived HRPCs according to the hemodynamic significance of CAD.



Increased Predictability by CCTA-Derived Anatomic and Hemodynamic Plaque Evaluation

As with previous studies (1), discriminant ability of clinical risk factors to predict subsequent coronary events was limited, and the c-index of clinical risk factors was lower than that of most CCTA-derived anatomic plaque characteristics. Among the CCTA-derived anatomic plaque characteristics, plaque burden ≥70%, MLA <4 mm2, and low attenuation plaque showed higher discrimination abilities for subsequent coronary events than any individual clinical risk factor or other parameters of HRPCs. As with previous results from the 3V-FFR-FRIENDS study (5), the number of HRPCs showed a higher discrimination ability than either individual parameters of HRPCs or clinical risk factors.

More importantly, CFD-derived hemodynamic parameters were more predictive for subsequent coronary events than clinical risk factors or HRPCs. The three CFD-derived hemodynamic parameters evaluated in this study, namely, FFRCT, ΔFFRCT, and percent ischemic myocardial mass, represent different aspects of hemodynamic significance in the target vessel territory. The FFRCT represents the severity of myocardial ischemia, whereas the percent ischemic myocardial mass represents the extent of myocardial ischemia. Furthermore, FFRCT reflects cumulative hemodynamic deprivation of the entire target vessel, representing vessel-level significance, whereas ΔFFRCT reflects the severity of local stenosis within the target vessel, representing lesion-level significance. Among these hemodynamic parameters, the discrimination abilities of FFRCT and ΔFFRCT were significantly higher than those of any clinical risk factors, individual HRPCs, or the number of HRPCs. These results support the contemporary practice guidelines that recommend treatment decisions based on the hemodynamic significance of the target lesion (8). Of note, ΔFFRCT showed the highest discriminant ability for subsequent coronary events, suggesting that lesion-level hemodynamic significance may be the most important determinant of subsequent coronary events among other anatomic and hemodynamic parameters, including vessel-level FFRCT.

In the prediction of subsequent coronary events, CCTA-derived HRPCs and CFD-derived hemodynamic parameters showed incremental predictability when added to clinical risk factors. The final model with clinical risk factors, HRPCs, and hemodynamic parameters showed significantly increased discrimination and reclassification abilities. Considering that CCTA enables simultaneous assessment of both HRPCs and hemodynamic parameters without additional scans or invasive procedures, radiation exposure, or use of hyperemic agents, it would be a practical diagnostic and prognostic stratification tool for patients with suspected CAD who may need intensive medical treatment to prevent plaque progression and rupture. Further study is warranted to incorporate this concept into daily practice.



Differential Prognostic Implications of HRPCs According to Hemodynamic Significance

Previous studies showed that there were associations among lesion severity, anatomic plaque characteristics, and hemodynamic lesion severity (2, 3, 5, 25). Similarly, we found that HRPCs were significantly associated with hemodynamic parameters, namely, FFRCT, ΔFFRCT, and percent ischemic myocardial mass. These associations can differ in each patient/lesion due to numerous patient- or lesion-specific parameters such as plaque content, presence of positive or negative remodeling, lesion location, or variation in coronary flow and microvascular function. Nevertheless, since current guidelines recommend treatment decisions based on hemodynamic significance but not the anatomic plaque characteristics, there has been an ongoing debate regarding the prognostic significance of HRPCs in lesions with negative hemodynamic significance. A recent 3V-FFR-FRIENDS study demonstrated that, among deferred vessels with FFR >0.80, those with ≥3 HRPCs showed a significantly higher risk of vessel-specific MI, revascularization, or cardiac death at 5 years compared with those with <3 HRPCs (5).

In this study, there was no additional role for HRPCs in predicting subsequent coronary events in vessels with positive hemodynamic significance (FFRCT ≤ 0.80 or ΔFFRCT < 0.06). Conversely, in vessels with negative hemodynamic significance, the presence of ≥3 HRPCs was independently associated with a higher risk of subsequent coronary events, and HRPCs showed an incremental discrimination ability when added to clinical risk factors. These results imply that additional evaluation of CCTA-based anatomic plaque characteristics in hemodynamically insignificant lesions might improve risk stratification in patients with CAD. Since ischemia-based imaging assessments with noninvasive stress tests cannot detect CAD without hemodynamic significance, CCTA-based anatomic plaque assessment would be helpful to select individuals at elevated risk for subsequent coronary events who could have been underdiagnosed by the stress tests. Furthermore, considering the differential prognostic implications of HRPCs according to hemodynamic significance, it should be further evaluated whether intensive medical therapy and/or preemptive PCI in hemodynamically insignificant lesions with HRPCs can induce stabilization of plaque characteristics (26) and eventually improve patient prognosis. Current ongoing trials (PREVENT [NCT02316886] and PROSPECT II [NCT02171065]) will help to clarify this issue.



Limitations

Some limitations should be acknowledged. First, this study has limitations related to the observational design of the study. Consequently, confounding bias may occur due to measured and unmeasured variables. Second, only patients who underwent invasive coronary angiography 6–36 months after CCTA were included in the study, which may have caused selection bias. Therefore, the current results may not be generalized to an overall population who underwent CCTA. Further external validation is needed in future studies. Third, vessels that were not suitable for anatomic and hemodynamic plaque characteristics analyses were excluded. This may also have caused selection bias. In particular, vessels with severe calcification were excluded from the analysis as they were considered suboptimal for plaque characterization. Fourth, the decision to perform CCTA and PCI was left to the operator's discretion. Fifth, neither group received adequate preventive medication according to the current consensus. However, this might reflect real-world practice and show the natural course of the patients. Sixth, it should be noted that the overall accuracy of models to predict future ACS occurrences was not very high. This might reflect the complex nature of the underlying mechanism of ACS.




CONCLUSION

In predicting subsequent coronary events, both HRPCs and hemodynamic parameters by CCTA allow for better prediction of subsequent coronary events than clinical risk factors alone. HRPCs provide incremental predictability than clinical risk factors among vessels with negative FFRCT but not among vessels with positive FFRCT (Figure 7).


[image: Figure 7]
FIGURE 7. Hemodynamic parameters and plaque characteristics for subsequent coronary events. This study evaluated the prognostic implications of CCTA-derived HRPCs and hemodynamic parameters in the prediction of subsequent coronary events. Compared with clinical risk factors, HRPCs and hemodynamic parameters showed higher discriminant abilities for subsequent coronary events. HRPCs showed an additive discriminant ability to clinical risk factors, and hemodynamic parameters further increased discriminant ability for subsequent coronary events. Among vessels with negative FFRCT (>0.80), adding HRPCs into clinical risk factors significantly increased discriminant and reclassification abilities for subsequent coronary events but not for vessels with positive FFRCT (≤0.80). These results imply that additional evaluation of CCTA-based anatomic plaque characteristics in hemodynamically insignificant lesions might improve risk stratification in patients with CAD. FFRCT, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics; MLA, minimum lumen area.




DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because data cannot be shared publicly due to the privacy of individuals that participated in the study. The data will be shared on reasonable request to the corresponding author. Requests to access the datasets should be directed to JL, drone80@hanmail.net.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Samsung Medical Center. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SL, DH, and JL: conception, design, analysis, interpretation of data, drafting and revising of the manuscript, and final approval of the manuscript submitted. ND, DS, KC, SK, HK, K-HJ, SH, KL, TP, JY, YS, S-HC, YC, H-CG, and JG: interpretation of data, revising of the manuscript, and final approval of the manuscript submitted. All authors contributed to the article and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.871450/full#supplementary-material



ABBREVIATIONS

ACS, acute coronary syndrome; CAD, coronary atherosclerotic disease; CCTA, coronary computed tomography angiography; CFD, computational fluid dynamics; FFRCT, fractional flow reserve by coronary computed tomography angiography; HR, hazard ratio; HRPCs, high-risk plaque characteristics; MI, myocardial infarction; PCI, percutaneous coronary intervention.



REFERENCES

 1. D'Agostino RB, Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, et al. General cardiovascular risk profile for use in primary care: the framingham heart study. Circulation. (2008) 117:743–53. doi: 10.1161/CIRCULATIONAHA.107.699579

 2. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS, et al. A prospective natural-history study of coronary atherosclerosis. N Engl J Med. (2011) 364:226–35. doi: 10.1056/NEJMoa1002358

 3. Cheng JM, Garcia-Garcia HM, de Boer SP, Kardys I, Heo JH, Akkerhuis KM, et al. In vivo detection of high-risk coronary plaques by radiofrequency intravascular ultrasound and cardiovascular outcome: results of the atheroremo-ivus study. Eur Heart J. (2014) 35:639–47. doi: 10.1093/eurheartj/eht484

 4. Motoyama S, Ito H, Sarai M, Kondo T, Kawai H, Nagahara Y, et al. Plaque Characterization by coronary computed tomography angiography and the likelihood of acute coronary events in mid-term follow-up. J Am Coll Cardiol. (2015) 66:337–46. doi: 10.1016/j.jacc.2015.05.069

 5. Lee JM, Choi KH, Koo BK, Park J, Kim J, Hwang D, et al. Prognostic implications of plaque characteristics and stenosis severity in patients with coronary artery disease. J Am Coll Cardiol. (2019) 73:2413–24. doi: 10.1016/j.jacc.2019.02.060

 6. Chang HJ, Lin FY, Lee SE, Andreini D, Bax J, Cademartiri F, et al. Coronary Atherosclerotic Precursors of Acute Coronary Syndromes. J Am Coll Cardiol. (2018) 71:2511–22. doi: 10.1016/j.jacc.2018.02.079

 7. Koskinas KC, Ughi GJ, Windecker S, Tearney GJ, Raber L. Intracoronary imaging of coronary atherosclerosis: validation for diagnosis, prognosis and treatment. Eur Heart J. (2016) 37:524–35a-c. doi: 10.1093/eurheartj/ehv642

 8. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, et al. 2019 Esc guidelines for the diagnosis and management of chronic coronary syndromes. Eur Heart J. (2020) 41:407–77. doi: 10.1093/eurheartj/ehz425

 9. Lee JM, Choi G, Koo BK, Hwang D, Park J, Zhang J, et al. Identification of high-risk plaques destined to cause acute coronary syndrome using coronary computed tomographic angiography and computational fluid dynamics. JACC Cardiovasc Imaging. (2019) 12:1032–43. doi: 10.1016/j.jcmg.2018.01.023

 10. Patel MR, Norgaard BL, Fairbairn TA, Nieman K, Akasaka T, Berman DS, et al. 1-year impact on medical practice and clinical outcomes of ffrct: the advance registry. JACC Cardiovasc Imaging. (2020) 13:97–105. doi: 10.1016/j.jcmg.2019.03.003

 11. Taylor AJ, Cerqueira M, Hodgson JM, Mark D, Min J, O'Gara P, et al. Accf/Scct/Acr/Aha/Ase/Asnc/Nasci/Scai/Scmr 2010 appropriate use criteria for cardiac computed tomography. a report of the American College of Cardiology Foundation Appropriate Use Criteria Task Force, the Society of Cardiovascular Computed Tomography, the American College of Radiology, the American Heart Association, the American Society of Echocardiography, the American Society of Nuclear Cardiology, the North American Society for Cardiovascular Imaging, the Society for Cardiovascular Angiography and Interventions, and the Society for Cardiovascular Magnetic Resonance. J Cardiovasc Comput Tomogr. (2010) 4:407 e1-33. doi: 10.1016/j.jcct.2010.11.001

 12. van Assen M, Varga-Szemes A, Schoepf UJ, Duguay TM, Hudson HT, Egorova S, et al. Automated plaque analysis for the prognostication of major adverse cardiac events. Eur J Radiol. (2019) 116:76–83. doi: 10.1016/j.ejrad.2019.04.013

 13. Buckler AJ, Karlöf E, Lengquist M, Gasser TC, Maegdefessel L, Perisic Matic L, et al. Virtual transcriptomics: noninvasive phenotyping of atherosclerosis by decoding plaque biology from computed tomography angiography imaging. Arterioscler Thromb Vasc Biol. (2021) 41:1738–50. doi: 10.1161/ATVBAHA.121.315969

 14. Ihdayhid AR, Norgaard BL, Achenbach S, Khav N, Gaur S, Leipsic J, et al. Ischemic myocardial burden subtended by computed tomography-derived fractional flow reserve (Approach(Ffrct)): an exploratory analysis on diagnostic performance. JACC Cardiovasc Imaging. (2020) 13:2264–7. doi: 10.1016/j.jcmg.2020.05.008

 15. West GB, Brown JH, Enquist BJ. A General model for the origin of allometric scaling laws in biology. Science. (1997) 276:122–6. doi: 10.1126/science.276.5309.122

 16. Kim HY, Doh JH, Lim HS, Nam CW, Shin ES, Koo BK, et al. Identification of coronary artery side branch supplying myocardial mass that may benefit from revascularization. JACC Cardiovasc Interv. (2017) 10:571–81. doi: 10.1016/j.jcin.2016.11.033

 17. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ, Morrow DA, et al. Fourth universal definition of myocardial infarction (2018). J Am Coll Cardiol. (2018) 72:2231–64. doi: 10.1016/j.jacc.2018.08.1038

 18. Patel MR, Peterson ED Dai D, Brennan JM, Redberg RF, Anderson HV, et al. Low diagnostic yield of elective coronary angiography. N Engl J Med. (2010) 362:886–95. doi: 10.1056/NEJMoa0907272

 19. Fishbein MC, Siegel RJ. How big are coronary atherosclerotic plaques that rupture? Circulation. (1996) 94:2662–6. doi: 10.1161/01.CIR.94.10.2662

 20. Sedlis SP, Hartigan PM, Teo KK, Maron DJ, Spertus JA, Mancini GB, et al. Effect of Pci on long-term survival in patients with stable ischemic heart disease. N Engl J Med. (2015) 373:1937–46. doi: 10.1056/NEJMoa1505532

 21. Maron DJ, Hochman JS, Reynolds HR, Bangalore S, O'Brien SM, Boden WE, et al. Initial invasive or conservative strategy for stable coronary disease. N Engl J Med. (2020) 382:1395–407. doi: 10.1056/NEJMoa1915922

 22. Investigators S-H, Newby DE, Adamson PD, Berry C, Boon NA, Dweck MR, et al. Coronary Ct angiography and 5-year risk of myocardial infarction. N Engl J Med. (2018) 379:924–33. doi: 10.1056/NEJMoa1805971

 23. Douglas PS, De Bruyne B, Pontone G, Patel MR, Norgaard BL, Byrne RA, et al. 1-Year outcomes of Ffrct-guided care in patients with suspected coronary disease: the platform study. J Am Coll Cardiol. (2016) 68:435–45. doi: 10.1016/j.jacc.2016.05.057

 24. Norgaard BL, Terkelsen CJ, Mathiassen ON, Grove EL, Botker HE, Parner E, et al. Coronary Ct angiographic and flow reserve-guided management of patients with stable ischemic heart disease. J Am Coll Cardiol. (2018) 72:2123–34. doi: 10.1016/j.jacc.2018.07.043

 25. Driessen RS, Stuijfzand WJ, Raijmakers PG, Danad I, Min JK, Leipsic JA, et al. Effect of plaque burden and morphology on myocardial blood flow and fractional flow reserve. J Am Coll Cardiol. (2018) 71:499–509. doi: 10.1016/j.jacc.2017.11.054

 26. Andelius L, Mortensen MB, Nørgaard BL, Abdulla J. Impact of statin therapy on coronary plaque burden and composition assessed by coronary computed tomographic angiography: a systematic review and meta-analysis. Eur Heart J Cardiovasc Imaging. (2018) 19:850–8. doi: 10.1093/ehjci/jey012

Conflict of Interest: JL received a Research Grant from St. Jude Medical (Abbott Vascular) and Philips Volcano.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lee, Hong, Dai, Shin, Choi, Kim, Kim, Jeon, Ha, Lee, Park, Yang, Song, Hahn, Choi, Choe, Gwon, Ge and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 26 May 2022
doi: 10.3389/fcvm.2022.854107





[image: image]

Predictive Value of Plasma Big Endothelin-1 in Adverse Events of Patients With Coronary Artery Restenosis and Diabetes Mellitus: Beyond Traditional and Angiographic Risk Factors

Yue Ma, Tao Tian, Tianjie Wang, Juan Wang, Hao Guan, Jiansong Yuan, Lei Song*, Weixian Yang* and Shubin Qiao*

Research Center for Coronary Heart Disease, Fuwai Hospital, National Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China

Edited by:
Michail Papafaklis, University Hospital of Ioannina, Greece

Reviewed by:
Felice Gragnano, University of Campania Luigi Vanvitelli, Italy
Vojislav Giga, University of Belgrade, Serbia

*Correspondence: Shubin Qiao, qsbfw@sina.com; Weixian Yang, wxyang2009@sina.com; Lei Song, drsong@vip.163.com

Specialty section: This article was submitted to Coronary Artery Disease, a section of the journal Frontiers in Cardiovascular Medicine

Received: 13 January 2022
Accepted: 28 April 2022
Published: 26 May 2022

Citation: Ma Y, Tian T, Wang T, Wang J, Guan H, Yuan J, Song L, Yang W and Qiao S (2022) Predictive Value of Plasma Big Endothelin-1 in Adverse Events of Patients With Coronary Artery Restenosis and Diabetes Mellitus: Beyond Traditional and Angiographic Risk Factors. Front. Cardiovasc. Med. 9:854107. doi: 10.3389/fcvm.2022.854107

Background: Patients with diabetes are a high-risk group for coronary in-stent restenosis (ISR), so it would be valuable to identify biomarkers to predict their prognosis. The plasma big endothelin-1 (big ET-1) level is closely related to cardiovascular adverse events; however, for patients with ISR and diabetes who undergo percutaneous coronary intervention (PCI), whether big ET-1 is independently correlated with prognosis is still uncertain.

Methods: Patients with drug-eluting stent (DES) restenosis who underwent successful re-PCI from January 2017 to December 2018 at the Chinese Academy of Medical Sciences Fuwai Hospital were enrolled and followed up for 3 years. The patients were divided into the tertiles of baseline big ET-1. The primary end points were major adverse cardiovascular events (MACEs): cardiac death, non-fatal myocardial infarction (MI), target lesion revascularization (TLR), and stroke. A Cox multivariate proportional hazard model and the C-statistic were used to evaluate the potential predictive value of big ET-1 beyond traditional and angiographic risk factors.

Results: A total of 1,574 patients with ISR were included in this study, of whom 795 were diabetic. In patients with ISR and diabetes, after an average follow-up of 2.96 ± 0.56 years, with the first tertile of big ET-1 as a reference, the hazard ratio [HR] (95% CI) of MACEs after adjustment for traditional and angiographic risk factors was 1.24 (0.51–3.05) for the second tertile and 2.60 (1.16–5.81) for the third. Big ET-1 improved the predictive value for MACEs over traditional risk factors (C-statistic: 0.64 vs. 0.60, p = 0.03). Big ET-1 was not significantly associated with the risk of MACEs in patients without diabetes.

Conclusion: Increased plasma big ET-1 was associated with a higher risk of adverse cardiovascular prognosis independent of traditional and angiographic risk factors, and therefore, it might be used as a predictive biomarker, in patients with ISR and diabetes.

Keywords: coronay artery disease, in-stent restenosis, big endothelin-1 (big ET-1), diabetes mellitus, cardiovascular prognosis


INTRODUCTION

Diabetes mellitus is an important risk factor for the development of cardiovascular diseases, such as coronary artery disease (CAD), cerebrovascular disease, and peripheral artery disease (1, 2). Cardiovascular disease is the main cause of death in diabetic patients (3). The total number of diabetic patients in the world is predicted to increase to 592 million by 2035 (4). Coronary artery in-stent restenosis (ISR), a complication that is unpreventable in patients with percutaneous coronary intervention (PCI), refers to lesions with a vascular diameter stenosis rate ≥50% in the stent and/or within 5 mm of both edges of the stent (5). Although drug-eluting stent (DES) implantation improves the long-term prognosis of patients, ISR is still a serious problem (6, 7). Patients with diabetes are a high-risk group for ISR (8, 9). Therefore, it will be valuable to identify biomarkers with predictive value for the prognosis of patients with ISR and diabetes.

Endothelin-1 (ET-1) is a 21-amino-acid polypeptide that is produced by vascular endothelial cells. It is the most effective vasoconstrictor in the cardiovascular system and has the characteristic of long-lasting action (10). ET-1 and its receptors mediate pathophysiological processes, such as inflammation, oxidative stress, endothelial dysfunction, and insulin resistance, leading to the occurrence and progression of diabetes and atherosclerotic diseases (11). Due to the instability of ET-1 in plasma, its clinical application as a biomarker is limited (12). Big ET-1, as the precursor of ET-1, has a longer half-life and can be used as a surrogate indicator to reflect the ET-1 level (12). Big ET-1 has a useful predictive value in patients with three-vessel CAD, stable CAD, young myocardial infarction (MI), acute myocardial infarction (AMI), and diabetes (13–16); however, little is known about its clinical predictive value in patients with ISR and diabetes, a more vulnerable population of patient with CAD. Therefore, this study is aimed to identify the potential association between big ET-1 and clinical prognosis and determine whether big ET-1 has an incremental effect on risk prediction beyond traditional and angiographic risk factors in patients with ISR and diabetes.



METHODS


Study Population

There were 35,649 patients with CAD who underwent successful PCI at the Chinese Academy of Medical Sciences Fuwai Hospital from January 2017 to December 2018, of whom 6.42% of patients (n = 2,289) who were diagnosed with DES restenosis were consecutively enrolled in this study. The diagnosis of ISR was based on the presence of lesions in the coronary stent and/or within 5 mm of an edge of the stent, with a vascular diameter stenosis rate ≥50%. According to the angiographic characteristics, it can be divided into four types: type I occurs when the stent or the stent edge is ≤ 10 mm, type II is a diffuse ISR confined to stents >10 mm, type III is a diffuse ISR >10 mm beyond the edge of the stent, and type IV is a completely occlusive ISR (5). Diabetes was diagnosed in patients who met any of the following criteria: fasting blood glucose ≥7.0 mmol/L without any caloric intake for at least 8 h; oral glucose tolerance test (OGTT) with a glucose load of 75 g anhydrous glucose for 2 h; blood glucose ≥11.1 mmol/L; glycosylated hemoglobin ≥6.5%; and random blood glucose ≥11.1 mmol/L in patients with typical symptoms of hyperglycemia (17). The patients were divided into diabetic and non-diabetic groups according to whether they had a diagnosis of diabetes. The exclusion criteria were as follows: a history of diabetes, lack of fasting blood glucose or glycosylated hemoglobin information, lack of plasma big ET-1 test results, and lack of complete follow-up information. The process of selection and exclusion is shown in Figure 1. This study complied with the Declaration of Helsinki and was approved by the ethics review committee. All patients signed an informed consent form.


[image: image]

FIGURE 1. Flow chart of the study population enrolment.




Data Collection

In addition to demographic data, patients’ traditional and angiographic risk factors were both collected.

Traditional risk factors include body mass index (BMI), hypertension, hyperlipidemia, diabetes, smoking history, thyroid disease, stroke or transient ischemic attack (TIA), history of peripheral artery disease, chronic kidney failure, and coronary artery bypass grafting (CABG).

Angiographic risk factors include ISR lesion position, ISR angiographic type, pre-Thrombolysis in Myocardial Infarction (TIMI) flow, reference vessel diameter, target lesion length, diameter stenosis rate, and the presence of special types of lesions, such as calcification, occlusion, ostial lesion, thrombus, angulated lesion, and concentric lesion and the number of target lesions. The coronary angiography results were interpreted by two experienced cardiovascular intervention doctors.

The big ET-1 detection method involved drawing 5 ml of fasting venous blood from a vacuum ethylenediaminetetraacetic acid (EDTA) anticoagulant tube, centrifuging at 3,000 r/min for 10 min within 1 h after blood collection, and analyzing the sample by enzyme-linked immunosorbent assay (ELISA) (BIOMEDICA, Austria). The reference value range of big ET-1 was <0.25 pmol/L, and the detection sensitivity was 0.02 pmol/L.



Follow-Up and End Point Event

The patients were followed up for 3 years by uniformly trained staff through a telephone follow-up or outpatient follow-up. The primary end point was major adverse cardiovascular events (MACEs), which included cardiogenic death, non-fatal MI, target lesion revascularization (TLR), and stroke. Cardiac death was defined as death directly caused by cardiovascular disease. Secondary end points included all-cause death, target vessel revascularization (TVR), stent thrombosis (ST), and hemorrhage. Hemorrhage was defined as intracranial hemorrhage, hemoglobin drop ≥50 g/L, or hematocrit drop ≥15% caused by hemorrhage.



Statistical Analysis

SPSS 23.0 and R language 3.5.1 statistical software were used to analyze the data. The Kolmogorov-Smirnov normality test was performed on continuous variables. Data with a normal distribution are represented by [image: image] and were compared between groups using the independent sample t-test; data with a non-normal distribution are represented by M (Q1, Q3) and were compared using the Wilcoxon rank-sum test. Categorical variables are expressed as percentages, and the χ2 test was used for comparisons between groups. Prior to association analyses, variables with skewed distributions were natural log-transformed. Univariate and multivariate Cox proportional hazard models were used to determine the predictors of the end point event, and the risk is expressed as the hazard ratio (HR) with its 95% confidence interval (CI). All variables with a value of p < 0.2 were included in a stepwise Cox regression (p < 0.2 as entry criterion and p > 0.1 as removal criterion) for identifying potential outcome-specific independent predictors, which were treated as covariates in the ensuing multivariate analyses between big ET-1 and outcomes. The interaction between diabetic status and big ET-1 was tested by adding a product term in the multivariate Cox models. Kaplan-Meier curves were drawn to analyze the survival rate, and the log-rank test was used to compare the difference in survival rate between big ET-1 tertiles. A multivariable-adjusted survival curve was also plotted. A restricted cubic spline was used to analyze the dose-effect relationship between big ET-1 and prognostic events. The C-statistic was calculated to demonstrate the predictive value of big ET-1 for prognostic events when compared with those of traditional and angiographic risk factors. All tests were two-tailed, and differences were considered statistically significant at p < 0.05.




RESULTS


Baseline Characteristics of the Study Population

The current study finally enrolled 1,793 participants, with a mean age of 60.79 ± 9.77 years and a male proportion of 80.76% (n = 1,448). Patients were stratified into two groups according to the diagnosis of diabetes. Patients with diabetes exhibited significantly higher big ET-1 levels than non-diabetic patients (0.23 vs. 0.26, p < 0.001). There was no difference between the diabetes group and the non-diabetic group in terms of sex, hyperlipidemia, smoking, thyroid disease, peripheral vascular disease, or other traditional risk factors (p > 0.05). The incidence of hypertension, previous stroke, and the levels of N-terminal (NT)-pro-B-type natriuretic peptide (BNP) were higher, and levels of uric acid and high-density lipoprotein cholesterol (HDL-c) were lower in diabetic patients (p < 0.05). Both diabetic patients and non-diabetic patients had the left anterior descending (LAD) as the main vessel of the ISR lesion. These groups showed no significant difference in the distribution of angiographic risk factors, such as reference vessel diameter, target lesion length, diameter stenosis rate, special lesion, angiographic type, and pre-TIMI flow (all p > 0.05). There was no difference in the medications that were used for the treatment of CAD between the groups (all p > 0.05; Table 1). There was no difference in the characteristics between the enrolled and excluded patients (Supplementary Table 1).


TABLE 1. Baseline, lesion, and intervention characteristics of patients with coronary artery restenosis.

[image: Table 1]


Clinical Outcomes

During the average follow-up time of 2.96 ± 0.56 years, 54 patients in the diabetes group (6.79%) experienced MACEs, and 141 patients in the total sample (7.86%) had a secondary end point event. There were 83 patients in the non-diabetic group (8.32%) with MACEs, and 88 patients (8.82%) had secondary end point events. There was no statistically significant difference in the incidence of composite end point events between the two groups (p > 0.05), although the incidence of stroke was higher while the incidence of cardiac death was lower in the diabetes group (p < 0.05; Table 2).


TABLE 2. Follow-up of patients with coronary artery restenosis.
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Kaplan-Meier Analysis

Among the diabetic patients, the incidence of MACEs in the big ET-1 tertile 3 was higher than that in the other two tertiles (log-rank p = 0.043), and the incidence of secondary end point events was slightly but not significantly higher than that in the other two groups (log-rank p = 0.083). Among the non-diabetic patients, the incidence of MACEs (log-rank p = 0.140) and the incidence of secondary end point events were not significantly different between the big ET-1 tertiles (log-rank p = 0.074; Figure 2).


[image: image]

FIGURE 2. Kaplan-Meier survival analysis. (A) Major adverse cardiovascular events (MACE) in diabetic patients; (B) secondary end points in diabetic patients; (C) MACE in non-diabetic patients; and (D) secondary end points in non-diabetic patients.




Stepwise Cox Regression of Traditional and Angiographic Predictors

Univariate Cox regression analysis for traditional and angiographic variables was performed separately for MACEs and secondary end points. Then, all variables with p < 0.2 were entered into the multivariable Cox regression analysis for MACEs and secondary end points following the stepwise method for identifying independent predictors. We found that big ET-1 had an independent predictive value in diabetic patients. In addition, angulated lesions, history of CABG, low-density lipoprotein cholesterol (LDL-c), reference vessel diameter, thyroid disease, early ISR, and non-ISR lesion intervention were also associated with the prognosis of ISR patients with diabetes mellitus. All detailed results from the univariate and multivariable analyses are shown in Supplementary Tables 2–5.



Interaction Between Big ET-1 and Diabetes

When adding big ET-1 (as a continuous variable), a diagnosis of diabetes, and the interaction term of big ET-1 × diagnosis of diabetes (big ET-1 × diabetes) into a Cox regression, after adjusting for traditional and angiographic risk factors, we found that the interaction term was statistically significant for predicting both MACEs and the secondary end points (p for interaction < 0.0001). The significant interaction between big ET-1 and the diagnosis of diabetes indicates that diabetes diagnosis could modify the relationship between big ET-1 and the adverse cardiovascular prognosis. When adding big ET-1 as a categorical variable into a Cox regression analysis, after adjusting for traditional and angiographic risk factors, the interaction term was again statistically significant for predicting both MACEs (p for interaction = 0.008) and the secondary end points (p for interaction = 0.012; Table 3).


TABLE 3. Interaction between big endothelin-1 and diabetes in the prognosis of MACEs and secondary end points.
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Relationship Between Big ET-1 and Cardiovascular Prognosis

In the diabetic patients, a one-unit increase in log-transformed big ET-1 was associated with a 105% increase in the risk of MACE (HR = 2.05, 95% CI: 1.36–3.09, p = 0.001) and a 98% increase in the risk of secondary end point events (HR = 1.98, 95% CI: 1.29–3.03, p = 0.002) after adjusting for age, sex, angulated lesion, history of CABG, LDL-c, reference vessel diameter, thyroid disease, early ISR, and non-ISR lesion intervention as potential traditional and angiographic factors input from the stepwise Cox regression analysis. When we grouped patients into the tertiles of big ET-1 level, compared with the first tertile, the second and third tertiles had HRs of 1.24 (0.51–3.05) and 2.60 (1.16–5.81) for MACE and 0.97 (0.40–2.37) and 2.00 (0.91–4.41) for secondary end point outcomes, respectively, after multivariable adjustment (see Table 4 and Figure 3). The HRs (with their 95% CIs) of all covariates in the model are shown in Supplementary Table 6. The results of the subgroup analysis are shown in Supplementary Figures 1, 2.


TABLE 4. Cox proportional hazards models for prognosis in diabetic patients.
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FIGURE 3. Cox multivariate survival analysis. (A) Major adverse cardiovascular events (MACE) in diabetic patients; (B) secondary end points in diabetic patients; (C) MACE in non-diabetic patients; (D) secondary end points in non-diabetic patients.


Big ET-1 was not significantly associated with the risk of MACEs or secondary end point events in patients without diabetes, whether in univariate or multivariate analysis (all p > 0.05; see Table 5 and Figure 3). All results of the multivariate Cox analysis are shown in Supplementary Table 7.


TABLE 5. Cox proportional hazards models for prognosis in non-diabetic patients.
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Dose-Response Relationship Between big ET-1 and Cardiovascular Prognosis

The restricted cubic spline analysis after adjustment for traditional and angiographic risk factors showed that the relationships between big ET-1 and MACE and secondary end point events were both linear in the diabetic group. The risk of MACEs and secondary end point events was increased with increasing big ET-1, and the trend was statistically significant (p = 0.005 and 0.011, respectively), while the test for a non-linear relationship was not statistically significant (p = 0.106 and 0.517, respectively; Figure 4).
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FIGURE 4. Restricted cubic spline curve for the risk in diabetic patients according to big ET-1; (A) major adverse cardiovascular events [MACE; adjusted for age, sex, left ventricular ejection fraction (LVEF), in-stent restenosis (ISR) duration, hypertension, drug-eluting stent (DES) intervention, total cholesterol (TC), and diameter stenosis rate]; (B) secondary end points [adjusted for age, sex, high-density lipoprotein cholesterol (HDL-c), TC, reference vessel diameter, target lesion length, and diameter stenosis rate].




Incremental Predictive Value of Big ET-1 for an Adverse Prognosis

Big ET-1 alone showed a similar predictive value for MACEs as a model incorporating traditional risk factors, with respective C-statistics of 0.60 (0.52–0.68) and 0.60 (0.53–0.68) (p for difference = 0.54). Adding big ET-1 to the model with traditional risk factors, a moderate but statistically significant increase in the C-statistic was observed (0.64 (0.56–0.72) vs. 0.60 (0.53–0.68), △C-statistic = 0.03, p for difference = 0.03). Similarly, big ET-1 showed additional predictive value for the secondary end point events when added to traditional risk factors [0.67 (0.59–0.75) vs. 0.63 (0.56–0.71), △C-statistic = 0.03, p for difference = 0.02]. However, adding big ET-1 to the model with traditional and angiographic risk factors yielded no significant increase in the C-statistic (Table 6).


TABLE 6. C-statistics of traditional risk factors and big ET-1 in patients with diabetes.
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DISCUSSION

This study analyzed the predictive value of big ET-1 for the occurrence of adverse cardiovascular events in a cohort of patients with ISR and diabetes mellitus after PCI. The main findings are as follows: (1) patients with ISR and diabetes have higher levels of big ET-1 than non-diabetic patients. (2) Patients with ISR and diabetes who have higher big ET-1 levels have a higher incidence of MACEs than patients with ISR and diabetes with lower levels of big ET-1. (3) Increased plasma big ET-1 level is correlated with a worse prognosis of patients with ISR and diabetes, it has good predictive value even after adjusting for traditional and angiographic risk factors. (4) The level of big ET-1 is linearly correlated with the occurrence of MACEs in patients with ISR and diabetes. (5) The addition of big ET-1 to the traditional cardiovascular risk prediction model significantly improves the ability to stratify prognostic risk for patients with ISR and diabetes.

Although diabetic patients often have other risk factors at the same time, diabetes itself is a powerful independent risk factor for cardiovascular events. Increased blood glucose levels, insulin resistance, hyperlipidemia, inflammation, and thrombosis accelerate the formation of atherosclerosis, leading diabetic patients to become a high-risk group for ISR (1–3, 8, 18).

The level of big ET-1 is closely related to cardiovascular events and is used as a risk predictor of cardiovascular disease (19). The role of big ET-1 in hypertension, diabetes, and myocardial hypertrophy is manifested in poor cardiovascular remodeling, which is caused by an increase in left ventricular mass (20–22). Big ET-1 also helps to predict the risk of congestive heart failure and death in the general population (23, 24). It has predictive value in patients with chronic heart failure (25), and its predictive value is not inferior to those of hemodynamic monitoring indicators (26). In patients with arrhythmia and cardiomyopathy, high big ET-1 level has a certain predictive value for death, malignant arrhythmia, heart transplantation, and other adverse events (27–30).

Big ET-1 has good predictive value for the prognosis of patients with CAD. Zhang et al. observed 6,150 patients with three-vessel CAD and found that a high big ET-1 level is an independent risk factor for long-term mortality, indicating that it has good predictive value in patients with severe CAD (14). Zhou et al. followed up 3,154 patients with stable CAD and 565 patients with AMI who were younger than 35 years old and found that the occurrence of vascular events was closely correlated with the big ET-1 level (13, 15). Yip et al. established a prospective cohort of 186 cases of ST-segment elevation myocardial infarction (STEMI). Big ET-1 was a strong predictor of the independent composite end point of severe deterioration of cardiac function and death within 30 days after emergency PCI (31). Gao et al. in 822 patients with STEMI combined with diabetes, found that the level of big ET-1 had a strong correlation with no reflow after emergency PCI and with the long-term prognosis, indicating that it has a strong predictive value in patients with CAD and diabetes (16). However, there has been no previous research on the relationship between big ET-1 and the prognosis of patients with ISR.

Our study is the first to discover the important predictive value of big ET-1 level for the cardiovascular prognosis, beyond traditional and angiographic risk factors, in patients with ISR and diabetes, though this is in line with the results of previous studies; i.e., high big ET-1 levels predict a poor outcome. The mechanism of action of big ET-1 in the prognosis of patients with ISR and diabetes is still inconclusive, but it may be related to the following factors: (1) overexpression of big ET-1 aggravates diabetes-induced vascular endothelial dysfunction by inducing oxidative stress (32), which clinically can manifest as hyperplasia of the neointima or neovascular atherosclerosis in the stent (33). (2) Big ET-1 can promote the synthesis of inflammatory microglia in diabetic patients (34) and downregulate inflammatory activity to accelerate the progression of atherosclerosis (35). (3) Big ET-1 mediates the increase in nitric oxide production and the uncoupling of calcium signaling to aggravate the contraction of small blood vessels in diabetic patients (36–38), thereby causing angina pectoris due to coronary microcirculation disorder. (4) Big ET-1 alone or together with other agonists can cause platelet activation, and activated platelets can also stimulate endothelial cells to release big ET-1 (39), which leads to the formation of ST. (5) A long-term increase in big ET-1 can cause cerebrovascular accidents in patients with pre-arteriosclerosis (40), and serious cerebrovascular accidents can cause death. These proposed mechanisms are based on reasoning from population characteristics, so the specific pathophysiological mechanisms need to be empirically clarified.

In terms of clinical application value, our findings come from real-world patients with ISR and diabetes. Our study found that traditional and angiographic risk factors, such as an angulated lesion, history of CABG, LDL-C, reference vessel diameter, thyroid disease, early ISR, and non-ISR lesion intervention, had predictive value for adverse cardiovascular events in patients with ISR and diabetes. Moreover, after adjusting for the traditional and angiographic risk factors, big ET-1 still showed independent predictive value, and the increase in big ET-1 was linearly correlated with the increase in the incidence of adverse cardiovascular events. After adding the biomarker big ET-1 to the traditional cardiovascular risk factor model, the C-statistic increased significantly, indicating that big ET-1 can significantly improve the predictive ability of adverse cardiovascular events in diabetic patients. Although the C-statistic was not significantly improved by adding angiographic risk factors, possibly because the sample size was not large enough and the positive rate of angiographic risk factors was low, this does not negate the predictive value of big ET-1, as traditional risk factors are more accessible to clinicians than angiographic risk factors, especially in patients who cannot undergo coronary angiography. The results of our study are of great value in the risk stratification of patients and the detection of high-risk patients (those with big ET-1 > 0.31 pmol/L), so they can guide the formulation of individualized medication choices and revascularization treatment plans for patients, which may improve their life expectancy.

Specific types of DES might yield a more favorable prognosis in terms of target-lesion failure in diabetic patients. The SUGER study showed that Cre8 EVO stents might be superior to Resolute Onyx stents in reducing target lesion failure (41). Drug-coated balloon (DCB) implantation for de novo lesions in diabetic patients has demonstrated a lower incidence of TVR than DES implantation (42, 43), which means DCBs are more advantageous in diabetic patients.

This study has some limitations: (1) this was a single-center, observational clinical study, so the external validity of the results is limited. Since the study primarily included Chinese patients, the results and conclusions only apply to Asians and need to be confirmed in other populations in prospective multicenter studies. (2) There was little information on the specific causes of death for the end point events, and the deaths whose causes could not be determined were not all cardiovascular deaths. Prognostic events were adjudicated by physicians but not the clinical events committee (CEC). As the CEC provides a more standardized and independent outcome assessment (44), prognostic events should be adjudicated by the CEC in future study designs. (3) Most studies on big ET-1 and cardiovascular prognosis, such as this study, have been in Chinese patients. Due to the differences in metabolic levels between different races, future studies should be done in multiple centers treating different races. (4) The prognostic analysis of this study was based on the detection of big ET-1 in a single plasma sample. It might be better to take multiple samples and use their average.



CONCLUSION

Increased plasma big ET-1 was associated with a higher risk of adverse cardiovascular prognosis independent of traditional and angiographic risk factors, and therefore it might be used as a prognostic/predictive biomarker in patients with ISR and diabetes.
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Robust Association Between Changes in Coronary Flow Capacity Following Percutaneous Coronary Intervention and Vessel-Oriented Outcomes and the Implication for Clinical Practice
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Background: Coronary flow capacity (CFC) is a potentially important physiologic marker of ischemia for guiding percutaneous coronary intervention (PCI) indication, while the changes through PCI have not been investigated.

Objectives: To assess the determinants and prognostic implication of delta CFC, defined as the change in the CFC status following PCI.

Materials and Methods: From a single-center registry, a total of 450 patients with chronic coronary syndrome (CCS) who underwent fractional flow reserve (FFR)-guided PCI with pre-/post-PCI invasive coronary physiological assessments were included. Associations between PCI-related changes in thermodilution method-derived CFC categories and incident target vessel failure (TVF) were assessed.

Results: The mean (SD) age was 67.1 (10.0) years and there were 75 (16.7%) women. Compared with patients showing no change in CFC categories after PCI, patients with category worsened, +1, +2, and +3 category improved had the hazard ratio (95% CI) for incident TVF of 2.27 (0.95, 5.43), 0.85 (0.33, 2.22), 0.45 (0.12, 1.63), and 0.14 (0.016, 1.30), respectively (p for linear trends = 0.0051). After adjustment for confounders, one additional change in CFC status was associated with 0.61 (0.45, 0.83) times the hazard of TVF. CFC changes were largely predicted by the pre-PCI CFC status.

Conclusion: Coronary flow capacity changes following PCI, which was largely determined by the pre-PCI CFC status, were associated with the lower risk of incident TVF in patients with CCS who underwent PCI. The CFC changes provide a mechanistic explanation on potential favorable effect of PCI on reducing vessel-oriented outcome in lesions with reduced CFC and low FFR.

Keywords: coronary flow capacity, coronary flow reserve, percutaneous coronary intervention, fractional flow reserve, coronary artery disease


INTRODUCTION

Globally, clinical practice is getting toward choosing a deferral of percutaneous coronary intervention (PCI) in patients with chronic coronary syndrome (CCS) given comparative effectiveness of PCI against medical therapy (1–4) with respect to patient outcomes. PCI is a costly procedure with potential adverse effects (5), and hence the patient selection for the intervention should be very strict especially intending to reduce future adverse events. On the contrary, deferring all elective PCIs in patients with CCS might be too simplistic, given evidence showing the effects of fractional flow reserve (FFR)-guided PCI on reducing spontaneous myocardial infarction or future revascularization (6, 7), and the prognostic benefit of PCI differential according to several factors (1, 2, 8). Recently, PCI is principally guided by FFR or instantaneous wave-free ratio (iFR), whereas integrating complementary characteristics for the purpose is emergingly warranted to tailor the intervention and maximize the clinical benefit.

Coronary flow capacity (CFC) is a relatively new, theoretically grounded physiological index that represents ischemia due to coronary flow limitation (9–12). Reduced CFC is a condition with low coronary flow reserve [CFR; hyperemic coronary flow (hCF) divided by resting CF] combined with slow hyperemic CF rather than fast resting CF. CFC holds interesting prognostic information where severely reduced CFC does not necessarily implicate elevated risk for future cardiovascular events if treated by PCI, whereas low CFR does regardless of PCI treatment (12, 13). Thus, reduced CFC may highlight a reversible feature of ischemic burden through revascularization, and we have previously reported the potential utility of CFC in guiding PCI to improve the overall prognostic benefit (12, 13). However, the change in CFC status following PCI, which is an important measure of assessing the impact of PCI with respect to the flow restoration and the consequent impact on clinical courses, has not been investigated.

In the present study, to fill the knowledge gap, we aimed to assess the prognostic implication of delta CFC, defined as the changes of CFC status following PCI. We also evaluated the predictability of delta CFC. We hypothesized that delta CFC would be associated with vessel-related outcomes and it would be predominantly determined by the pre-PCI CFC status.



MATERIALS AND METHODS


Population

From January 2011 to April 2019, patients with known CCS who underwent PCI with the measurements of both pre- and post-PCI comprehensive coronary physiological assessments at Tsuchiura Kyodo General Hospital were identified from the institutional database. We excluded patients with indications for revascularization of ≥2 vessels, angiographically significant left main disease, previous CABG, renal insufficiency with baseline creatinine > 2.0 mg/dl, decompensated heart failure, cardiogenic shock, acute myocardial infarction, atrial fibrillation, extremely tortuous, or calcified coronary arteries, vessels with visible collateral development or ostial stenosis, and unreliable physiological assessment including CFR < 0.5 or CFR > 7. We did not exclude on the basis of the extent of stenosis outside of the above criteria, while subtotal lesions in which invasive physiological assessment could not be conducted were not included. The institutional ethics committee approved the study protocol. All patients provided written informed consent for enrollment in the institutional database for potential future investigations. All patient data and procedural details were obtained from medical records. The study complies with the Declaration of Helsinki.



Percutaneous Coronary Intervention and Multivessel Disease

Percutaneous coronary intervention was indicated according to clinical practice guidelines at the time of the procedure with necessarily presence of ischemia evaluated by FFR, stress echocardiogram, cardiac magnetic resonance tomography, coronary computed tomography, single-photon emission computerized tomography, or the combinations, and agreement between ≥2 board-certified cardiologists. The diseased vessel was defined as main branches having ≥50% stenosis on visual assessment, and multi-vessel disease corresponded to coronary arteries with ≥2 angiographical diseased vessels.



Coronary Physiological Assessment

Coronary physiological assessment was performed using thermodilution methods by using PressureWire (Abbott Vascular, St Paul, MN, United States) before and after PCI. After intracoronary nitrate (100 or 200 μg) administration, resting and hyperemic thermodilution curves were obtained in triplicate using three injections (3–4 ml each) of room-temperature saline, and the inverse of the average basal (bTmn) and hyperemic mean transit times (hTmn) were calculated. Hyperemia was induced by intravenous infusion of adenosine 5′-triphosphate (140–160 mg/kg/min). In vessels with tandem lesions, we optimized the treatment strategy in a standard way and conducted physiological assessment as follows: place the wire at the most distal of a target vessel to assess FFR, treat lesions where greater FFR step-up was observed, assess post-PCI physiological indices, and add PCI to residual treatable lesions with apparent FFR step-up (and if so again assess post-PCI physiological indices).

Fractional flow reserve was calculated as the ratio of mean distal coronary pressure (Pd) to mean aortic pressure (Pa) during maximal hyperemia. Basal (bCF) and hyperemic coronary flow (hCF) were defined as the inverse of bTmn and hTmn, respectively (14). CFR was calculated as the ratio of hyperemic to basal coronary flow. IMR was defined as hyperemic Pd * hTmn or hyperemic Pa * hTmn * [(1.35 * ratio of mean distal-to-aortic coronary pressure)–0.32] as detailed in elsewhere (15).



Definition of Coronary Flow Capacity

Coronary flow capacity is a concept incorporating decreased CFR and reduced hyperemic coronary flow originally proposed in PET (9). Most previous studies characterized CFC status as severely reduced, moderately reduced, mildly reduced, and normal, linking them to definite, potential, unlikely, and no ischemia, respectively (10, 12, 16, 17). We defined the CFC status in line with previously published largest study using thermodilution technique (12); normal CFC as CFR ≥ 2.80 with hCF ≥ 3.70; mildly reduced CFC as CFR < 2.80 and ≥2.10, combined with hCF < 3.70 and ≥2.56; moderately reduced CFC as CFR < 2.10 and ≥1.70, and 1/Tmn < 2.56 and ≤2.00; and severely reduced CFC otherwise (CFR < 1.70 and hCF < 2.00). The same criteria were applied for the pre- and post-PCI physiological assessments. Figure 1 illustrates the changes of CFC status before/after PCI in two representative cases.
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FIGURE 1. Coronary flow capacity (CFC) changes in two representative cases. Two representative cases showing distinct CFC changes following percutaneous coronary intervention (PCI). In each cine image, blue arrows indicate the culprit lesions in the left anterior descending arteries. Each scatter plot shows CFC map, where each dot representing one vessel is mapped according to the hyperemic coronary flow (hCF, x-axis) and coronary flow reserve (CFR, y-axis). Green lines are the boundaries of CFC categories; the bounded most inner to outer areas are corresponded to severely reduced (S), moderately reduced (Mo), mildly reduced (Mi), and normal CFC (N), respectively. Red dots in the CFC maps represent the cases of each cine image. (A) PCI increased the hCF from 0.51 to 6.7 with a little effect on CFR, leading to the improvement in CFC categories from severely reduced to normal ones. Benefit of PCI would be expected in such cases with greater CFC improvement (i.e., lower risk of target-vessel failure). (B) PCI did not let changes in CFC categories; pre-PCI normal to post-PCI normal CFC. In such cases with no CFC improvement following PCI, the improvement in fractional flow reserve (FFR) might indicate the modification in the epicardial lesions but not the coronary flow restoration, potentially highlighting the limited benefit of PCI.




Delta Coronary Flow Capacity

We ranked CFC categories as (1) for severely reduced, (2) for moderately reduced, (3) for mildly reduced, and (4) for normal. Delta CFC was defined as a numeric difference between post-PCI CFC minus pre-PCI CFC rank, ranging from -3 to +3; for example, +3 reflects the changes from severely reduced to normal CFC following PCI.



Clinical Follow-Up

Patients were followed-up by outpatient clinic visits or by telephone contact to ascertain the occurrence of target vessel failure (TVF), defined as a composite of cardiac death, acute MI not clearly attributable to a non-target vessel (target-vessel MI; TVMI), and clinically driven revascularization of the target (PCI-treated) vessel (target-vessel revascularization; TVR). All patient-reported adverse events were verified by evaluating hospital records or contacting the treating cardiologist or general practitioner. All events were checked at least twice by different experienced cardiologists.



Statistical Analysis

Continuous variables are presented as mean (SD) or median (Q1, Q3) and categorical variables are presented as counts (percentages). Missing values in covariates were imputed by classification and regression tree methods. Baseline characteristics according to the pre-PCI CFC status or CFC changes following PCI were compared based on the standardized mean differences (SMD).

The predictability of CFC changes was assessed for each pre-PCI characteristics, respectively, with use of area under the curve (AUC), sensitivity and specificity at the best cutoffs, and receiver operating characteristic (ROC) curves. The prediction for the continuous delta CFC was evaluated with the use of R-squared values.

Hazard ratios (HRs) of incident TVF were estimated by the COX proportional hazard models, either for categorical CFC changes [worsened, no change (reference), +1 to +3 categories improved] or of continuous delta CFC (per one category change). The p-values for linear trends were calculated from the COX models for continuous delta CFC. Models were adjusted for age (continuous), sex (men/women), diabetes (yes/no), vessel location (left anterior descending/left circumflex/right coronary artery), multivessel disease (yes/no), and FFR (continuous). Associations between pre- or post-PCI CFC categories and incident TVF were also assessed similarly. Relevant Kaplan–Meier curves were also computed.

The discrimination ability of incident TVF was assessed by various nested logistic regression models; Model 1 included age, sex, diabetes, vessel location, and multivessel disease; Model 2 was Model 1 plus pre-PCI FFR; Model 3 was Model 2 plus pre-PCI CFR (continuous); and Model 4 was Model 3 plus delta CFC (in ranks, ranging from -3 to +3). The improvements in the discrimination were assessed by net reclassification improvement (NRI) and integrated discrimination improvement (IDI).

The p-value for linear trend was calculated to estimate the statistical significance of the association of CFC in ranks (ranging from 1 to 4) or delta CFC (ranging from -3 to +3) and incident TVF in the COX proportional hazard models. Two-sided p values for linear trends < 0.05 were considered statistically significant. All analyses were conducted using R 4.0.3 (The R Foundation).




RESULTS


Baseline Characteristics

A total of 450 patients with a clinical indication for revascularization and with 450 vessels with one coronary lesion indicated for and amenable to revascularization (1 vessel/subject) were included in the present analysis, and the mean (SD) age was 67.1 (10.0) years and there were 75 (16.7%) women. Median (Q1, Q3) FFR and CFR were 0.70 (0.63, 0.75) and 2.00 (1.33, 2.95), respectively. A total of 99, 63, 96, and 192 patients were classified as having severely reduced, moderately reduced, mildly reduced, and normal CFC status at baseline.

Table 1 summarizes the patient characteristics according to pre-PCI CFC status. The worse CFC status was associated with generally worse coronary physiologic profile. Medians (IQRs) FFR, CFR, and IMR were 0.62 (0.54, 0.69), 1.17 (1.03, 1.36), and 40.6 (35.0, 55.6) in patients with severely reduced CFC, and 0.73 (0.69, 0.78), 3.05 (2.28, 3.81), and 14.9 (11.0, 19.8) in those with normal CFC, respectively.


TABLE 1. Baseline characteristics by pre-revascularization CFC status.
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Coronary Flow Capacity Changes Following Percutaneous Coronary Intervention

Figure 2 illustrates the changes in CFC categories following PCI. In every pre-PCI CFC status, the majority were improved into normal CFC after PCI, leading to a total of 324 (80%) patients having post-PCI normal CFC status. Worse pre-PCI CFC status was associated with a higher probability of having worse post-PCI CFC status; for example, post-PCI moderately or severely reduced CFC was observed in 20 (24%), 11 (19%), 13 (14%), and 10 (6%) patients in pre-PCI severely reduced, moderately reduced, mildly reduced, and normal CFC status, respectively.
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FIGURE 2. Changes in CFC following PCI in the present cohort. The plot visualizes the number of patients with respect to pre-PCI CFC, post-PCI CFC, and the change. Numbers indicate the number of patients corresponding to the CFC changes, illustrated as the arrows. Thickness of the arrows and circles reflect the number of patients in each CFC change and each pre-/post-CFC categories, respectively. The majority of the patients improved their CFC status into normal after PCI, while the proportion was smaller in those with pre-PCI reduced CFC.


Characteristics of each delta CFC category are summarized in Table 2. Worsening, no change, +1, +2, and +3 rank changes in CFC categories following PCI were observed in N = 52, 192, 85, 69, and 52 patients, respectively. There were no clear trends in demographics across the groups, while lower FFR, CFR and hyperemic coronary flow, higher IMR, and worse CFC profiles were associated with greater CFC improvement. Those with worsened CFC after PCI were characterized with a relatively higher proportion of LAD lesions, while no other clear differences were found comparing with the patients with no changes in CFC.


TABLE 2. Characteristics by categories of CFC changes following PCI.
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Prediction of Coronary Flow Capacity Changes

The pre-PCI CFC status, although it has only 4 categories, was highly predictive of the improvement in CFC status following PCI, with AUC (95% CI) of 0.95 (0.93, 0.97) for ≥2 categories improvement (Figure 3A). The sensitivity was 100% because such improvement can only be possible in vessels with pre-PCI moderately or severely reduced CFC. Additional consideration of FFR had little influence on the discrimination (AUC [95% CI]: 0.96 [0.94, 0.98], Figure 3B). Other non-physiological characteristics were not comparatively predictive (Table 3A). Notedly, 48.6% of the variability of continuous delta CFC was explained solely by pre-PCI CFC, while only 12.4% by FFR (Table 3B). Results on the predictions for ≥1 and ≥3 CFC categories improvement were summarized in Tables 3C,D, which is consistently supporting the critical role of pre-PCI CFC in the predictions.
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FIGURE 3. Receiver operating characteristic (ROC) curves for improvement in CFC by ≥2 categories following PCI. The ROC curves showing the discrimination of CFC improvement by ≥2 categories by pre-PCI CFC alone (A) and CFC plus FFR (B). Area under the curves (AUCs) (95% CI) were 0.95 (0.93, 0.97) and 0.96 (0.94, 0.98) in panels (A,B), respectively. Note, at the best cutoffs, the specificity was 100% because such improvement could only be observed in patients with pre-PCI severely or moderately reduced CFC.



TABLE 3. Prediction of CFC improvement by various pre-PCI information.
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Association Between Delta Coronary Flow Capacity and Incident Target Vessel Failure

During a median follow-up of 4.3 (IQR: 2.5, 6.9) years, a total of 36 events were confirmed. Associations between CFC changes and detailed outcomes are summarized in Table 4. Patients with worsened, unchanged, +1, +2, and +3 improved CFC categories had the TVF risk of 17.3, 8.3, 7.1, 5.8, and 1.9%, respectively. Approximately 10% of the patients with worsened CFC had cardiac death or TVMI, whereas only one TVR event was observed in the 52 patients with +3 CFC categories improvement. Compared with no change in CFC categories after PCI, patients with category worsened, +1, +2, and +3 category improved had the hazard ratio (HR) (95% CI) for incident TVF of 2.27 (0.95, 5.43), 0.85 (0.33, 2.22), 0.45 (0.12, 1.63), and 0.14 (0.016, 1.30), respectively (p for linear trends = 0.0051; Table 5). After adjustment for confounders, one additional improvement in CFC status was associated with 0.61 (0.45, 0.83) times the hazard of TVF (p for linear trends = 0.0017). Figure 4 depicts the relevant Kaplan–Meier curves.


TABLE 4. Associations of CFC changes following PCI in ranks and detailed outcomes.
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TABLE 5. Association between CFC changes following PCI and incident target vessel failure.
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FIGURE 4. Survival from target-vessel failure (TVF) according to CFC changes. Kaplan–Meier curves showing survival from TVF according to the changes in CFC following PCI. CFC changes were categorized as worsened (-3 to -1 categories change), no change, +1, +2, or +3 categories improvement. Numbers indicate the number of patients at risk.


No survival differences were observed according to distinct pre-PCI CFC status with a multivariable-adjusted HR of 1.25 (0.88, 1.77) for one rank higher CFC category (Tables 6A,B and Figure 5A). There were significant associations between post-PCI CFC and incident TVF (Tables 6C,D and Figure 5B).


TABLE 6. Association between pre- and post-PCI CFC and incident target vessel failure.
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FIGURE 5. Kaplan–Meier curves showing survival from TVF according to the post-PCI CFC categories. Kaplan–Meier curves showing survival from TVF according to pre- (A) and post-CFC status (B). CFC status was categorized as severely reduced, moderately reduced, mildly reduced, and normal. Numbers indicate the number of patients at risk.


Table 7 shows the prediction of incident TVF by various nested models and the metrics for the improvement in the discrimination. Models comprised solely of demographics had AUC (95% CI) of 0.57 (0.47, 0.67) and the further consideration of pre-PCI FFR and pre-PCI CFR did not improve the discrimination. The model additionally including delta CFC had higher AUC (0.71 [95% CI: 0.62, 0.79]) and the discrimination was well improved compared with the model without delta CFC (NRI: 0.47 [95% CI: 0.14, 0.81] and IDI: 0.035 [95% CI: 0.011, 0.060]).


TABLE 7. Prediction incident target vessel failure based on pre-PCI information.
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DISCUSSION

In the present study, the changes in CFC status following PCI were robustly associated with incident TVF in patients with the CCS. The change was largely determined by the pre-PCI CFC status. Furthermore, no association between pre-PCI CFC and incident TVF was observed, suggesting prognostic benefits of PCI in patients with reduced CFC categories. This study provides a mechanistic explanation on potential favorable effects of PCI on reducing vessel-oriented outcomes in lesions with reduced CFC, supporting a use of CFC, in addition to FFR, in guiding PCI to maximize the benefit. A summary of the present study was illustrated in Figure 6.
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FIGURE 6. Study summary. Worse CFC status was associated with higher atherosclerotic risk and worse coronary physiological profile. However, the clinical courses were similar across the pre-PCI CFC if treated by elective PCI, while the changes in CFC following PCI were robustly associated with the risk of TVF. Furthermore, CFC changes are largely determined by the pre-PCI status. These observations implicate that lesions with reduced CFC could potentially attain greater CFC improvement by PCI, and consequently the lowered risk of vessel-oriented adverse events. CFC could thus serve as guidance for elective PCI indication, which needs to be evaluated in studies comparing PCI versus medical therapy in reduced CFC lesions.


Although FFR well captures the severity of epicardial atherosclerosis, the index does not directly incorporate the information on coronary flow and microvascular resistance. CFR has been attracted as a potential flow-related marker that could guide PCI, while a recent prospective study did not observe the role (18). This is partly because low CFR is a heterogeneous condition with varied resting and hyperemic coronary flow status (18). The physiological benefit of PCI primarily lies in modifying the hyperemic flow limitation (19–21). CFC is an integrated concept of CFR and hyperemic coronary flow, and thus low FFR combined with reduced CFC highlights hyperemic coronary flow limitation-based ischemia due to epicardial atherosclerosis, where PCI could maximally offer the physiological benefit. In accordance with the theoretical basis, we have previously showed a differential prognostic effect of PCI according to the CFC status in registry data (13). The present study further supports the role of CFC by highlighting the impact of changes in CFC status following PCI, a direct representation of the improvement in coronary flow and ischemic burden; notedly, TVF was observed in only 1 out of 52 patients whose CFC status changed from severely reduced to normal. The pre-PCI CFC status largely offers the prediction of the changes, supportive of the usage in guiding PCI.

From another aspect, current FFR-guidance might indicate too many stable vessels for revascularization in which the physiological benefit from PCI could not be expected. In particular, lesions with low FFR and normal CFC, comprising 43% of vessels in the present registry, hardly anticipates coronary flow restoration or reduction of ischemic burden, and thus these might better be treated medically with respect to prognostic advantage and possibly to symptomatic relief. Although there is a correlation between FFR and CFC, FFR only explains 12% of the variability of CFC changes, supportive of the merit of integrating CFC for guiding PCI indication in addition to FFR. Additionally, while this study demonstrated a clear prognostic contribution of the changes in the regional CFC following PCI, the impact of PCI on the global coronary flow property could be different as we previously described (19, 22, 23). Further consideration of global physiological indices might lead to better identification of patients with CCS who would likely benefit from the intervention.

The study has several limitations. The present analysis is based on a single-center registry and as such the generalizability is limited. The moderate sample size prevents rigorous adjustments of confounders. However, such adjustments could make the estimate further away from null, as higher CFC improvement can occur in patients with pre-PCI reduced CFC, which categories were generally associated with higher atherosclerotic risks and worse physiological profiles. Thermodilution methods could overestimate CFR compared with Doppler-technique (24). Finally, the present study does not directly indicate the usefulness of CFC in guiding PCI but offers an explanation on the potential mechanisms, i.e., improvement in CFC status. Another study is needed to demonstrate the prognostic impact of FFR plus CFC-guided compared with FFR only-guided PCI in a larger population.



CONCLUSION

Changes in CFC categories following PCI was associated with lower risk of incident TVF in patients with CCS who underwent PCI. The pre-PCI CFC status was a sole strong predictor for the CFC changes. This study provides a mechanistic explanation on a potential favorable effect of PCI on reducing vessel-oriented outcome in lesions with reduced CFC and low FFR.
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Cardiac computed tomography (CCT) is now considered a first-line diagnostic test for suspected coronary artery disease (CAD) providing a non-invasive, qualitative, and quantitative assessment of the coronary arteries and pericoronary regions. CCT assesses vascular calcification and coronary lumen narrowing, measures total plaque burden, identifies plaque composition and high-risk plaque features and can even assist with hemodynamic evaluation of coronary lesions. Recent research focuses on computing coronary endothelial shear stress, a potent modulator in the development and progression of atherosclerosis, as well as differentiating an inflammatory from a non-inflammatory pericoronary artery environment using the simple measurement of pericoronary fat attenuation index. In the present review, we discuss the role of the above in the diagnosis of coronary atherosclerosis and the prediction of adverse cardiovascular events. Additionally, we review the current limitations of cardiac computed tomography as an imaging modality and highlight how rapid technological advancements can boost its capacity in predicting cardiovascular risk and guiding clinical decision-making.
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Introduction

Cardiac computed tomography (CCT) has emerged in the last decade as an important non-invasive modality for the evaluation of coronary artery disease (CAD) with actively expanding indications. Initial research led to the establishment of a coronary artery calcium score (CACS) for improved risk stratification of asymptomatic patients with intermittent probability for adverse atherosclerotic events; a CACS of zero is associated with low rates of future adverse events (1). Similarly, CCT angiography (CCTA) was shown to be a reliable modality for ruling out CAD in low-risk patients who present to the emergency room with chest pain, leading additionally to decreased length of stay (2). Further studies examined the role of cardiac CCTA in the evaluation of suspected CAD in patients with stable angina. The non-invasive anatomic assessment was compared to standard of care non-invasive functional assessment as an additional or standalone modality (3, 4). The addition of CCTA resulted in a lower risk for long-term coronary death or myocardial infarction, as the increased sensitivity of CCTA for the detection of coronary atherosclerosis led to higher rates of guideline-directed preventive therapy initiation. The use of CCTA as a standalone modality resulted in similar outcomes compared to stress testing or invasive coronary angiography (5). These results highlighted that CCTA is an excellent non-invasive modality for the evaluation of suspected CAD in symptomatic patients; in fact, the latest European Society of Cardiology (ESC) guidelines give a class I recommendation for cardiac CCTA for the evaluation of stable CAD (6). Additionally, however, these results underline the importance of complementary functional assessment that so far had been obtained by stress testing and invasive indices. The latter represents an active area of research in CCTA that could improve its prognostic value for coronary events in patients where coronary atherosclerosis is diagnosed (7, 8). Parallel to the above, a significant number of studies focused on the potential role of CCTA for the identification of “vulnerable plaques”, i.e., coronary atherosclerosis sites that would be associated with a much higher chance of plaque rupture and thrombotic events (9). Although today, the focus has switched to the “vulnerable patient” (10), assessment of high-risk plaques remains important. Finally, CCTA has recently been pivotal in understanding the role of perivascular adipose tissue in atherosclerosis (11) and how associated pericoronary inflammation can be used as a novel prognostic index of adverse coronary outcomes (12) (Figure 1).


[image: Figure 1]
FIGURE 1
 Current and emerging roles of cardiac computed tomography in predicting adverse coronary events. Comprehensive assessment of coronary artery disease with cardiac computed tomography (CCT) includes coronary artery calcium score, anatomic assessment to identify stenosis, plaque volume, and high-risk plaque features, hemodynamic assessment using computational fluid dynamics to compute fractional flow reserve (FFR) and endothelial shear stress (ESS), as well as derivation of perivascular fat attenuation index. Perivascular fat attenuation index figure is owned by: Oxford Academic Cardiovascular CT Core Lab and Lab of Inflammation and Cardiometabolic Diseases at NHLBI, published under Attribution-NonCommercial 2.0 Generic (CC BY-NC 2.0). Link to license: https://creativecommons.org/licenses/by-nc/2.0/.


In the current review, we aim to delineate the contribution of CCT in predicting future adverse cardiovascular outcomes across different clinical scenarios. First, we discuss how CCT can quantitatively assess coronary calcium, the degree of luminal stenosis and total plaque burden, and how these are related to adverse events. We then discuss the role of CCTA based-plaque characterization and its clinical role. Furthermore, we summarize the current state of functional and hemodynamic assessment via CCTA including endothelial shear stress. We elaborate on the role of perivascular fat inflammation in relation to CCTA. Finally, we appraise the limitations of CCT and discuss how technological advances can enhance the capability of CCT in cardiovascular risk prediction in the near future.



Coronary artery calcium score

CCT allows quantification of plaque calcium burden by measuring the Agatston score (13). CACS is based on a low radiation dose, non-contrast CT (14) and represents a simple, quick, inexpensive, and reproducible test. CACS has shown to correlate well with long-term risk of cardiac events when used as a binary or categorical number (1, 15–18). For example, the 10-year risk for adverse atherosclerotic events of a 65-year-old male with hyperlipidemia and medically treated hypertension is over 10%. If the same individual has a CACS of zero, then the risk becomes 3.5%. Importantly, the predictive value of CACS is incremental to that of traditional risk factors and risk calculators that have included CACS have outperformed established risk scores, such as the Framingham score and the 2013 American College of Cardiology (ACC)/American Heart Association (AHA) risk estimator (19). Today, CACS is an established way to better assess the Atherosclerotic Cardiovascular Disease (ASCVD) risk of asymptomatic individuals that otherwise fall into intermediate risk and start appropriate risk factor modification therapy (class IIb recommendation in European Society of Cardiology guidelines and IIa in ACC/AHA). The serial use of CACS is less clear, particularly in patients who are on statin therapy (20).

Nevertheless, the clinical application of CACS must take into account the pre-test probability of CAD, even when CACS is zero, as plaque can be non-calcified, particularly in younger, high-risk patients. Along these lines, clinical decisions for symptomatic patients should not be based solely on CACS, and in fact, CACS is not recommended in that scenario, as shown in the CORE64 trial where >10% of symptomatic patients with CACS of zero had obstructive CAD (21).



Anatomic assessment


Stenosis and plaque volume

Established applications of anatomic assessment via CCTA include the evaluation of symptomatic patients with suspected CAD. The degree of luminal stenosis as well as the presence of obstructive disease on CCTA, defined as >70% stenosis, correlate very well with mortality risk (22, 23). CCTA exhibits moderate to high sensitivity and specificity in discriminating lesion severity (24), with diagnostic accuracy curbed mainly by technical artifacts and limitations. Nevertheless, anatomic assessment with CCTA in the ISCHEMIA trial effectively ruled out left main disease, while clinical and stress testing were weak predictors (25). On the other hand, the advantage of CCTA compared to invasive angiography is the more precise evaluation of the presence and extent of non-obstructive lesions. This is clinically important since it has been shown that recurrent adverse events, specifically cardiovascular death, cardiac arrest, myocardial infarction, or unstable angina, arise from equally from culprit and non-culprit lesions during an index hospitalization (26). In fact, non-culprit lesions frequently cause mild stenoses. In contrast, severe plaque burden has been associated with adverse outcomes regardless of the degree of luminal stenosis (27). Of note, total plaque burden in asymptomatic individuals with type-2 diabetes has demonstrated additional prognostic value for cardiac events compared to clinical risk assessment and CACS (28). Coronary plaque burden on CCTA has also been shown to correlate with levels of high-sensitivity cardiac troponin T (hs-cTnT) in patients that were ruled out for myocardial infarction or even in asymptomatic patients. Even mild CAD has been associated with quantifiable circulating levels of hs-cTnT (29). As evidenced by in vitro studies, these elevated levels of hs-cTnT are not necessarily corresponding to myocardial necrosis, but they suggest that there is sufficient ischemia to result in cell stress, activation of caspase-3, cleavage, and release of cTnT (30). Possible mechanisms of ischemia are physical exercise, emotional stress, dislodgement of thrombi in coronary microvasculature and plaque erosion (31). CCTA-derived parameters can also be directly used for non-invasive evaluation of atherosclerotic features. For instance, positive remodeling of a plaque as well as non-calcified plaque volume have both been associated with increased risk for acute coronary syndromes (ACS) in a meta-analysis of 18 CCTA studies (32). Additional prognostic information could be obtained by serial examinations, as plaque progression has been associated with increased risk for ACS. However, serial CCTAs result in cumulative radiation exposure and are currently not recommended as standard of care. Studies are attempting to identify predictors of coronary plaque progression based on features of a baseline CCTA (33).



High-risk plaques: Characteristics and prognostic value

The concept of high-risk or “vulnerable” plaques is that certain anatomic plaque characteristics can predict plaque rupture, erosion, and thus future thrombotic events. The concept originated from thin cap fibroatheromas, i.e., plaques with a necrotic or lipid core and a thin layer of overlying epithelial cells, which were associated with higher risk of adverse events (34). High-risk characteristics have been identified using CCTA include positive remodeling, low attenuation, spotty calcification, and the “napkin-ring” sign (35). Interestingly, these features respond well to statin use and may regress in serial scans (36). The greatest challenge in the application of these high-risk features is the complex natural history of coronary atherosclerosis itself; most plaque ruptures or erosions are now thought to be asymptomatic events that lead to plaque growth (37). In addition, it has been shown that coronary plaques have dynamic morphology and thin cap fibroatheromas may involve into thick cap fibroatheromas, i.e., lower risk plaques, at follow up (38). Equally importantly, symptomatic plaque rupture or erosion is determined by additional hemodynamic local factors such as endothelial shear stress, as well as systemic factors that determine the individual's thrombophilic state (38); thus prediction of clinically meaningful events is extremely complex and “vulnerable” plaques cannot be easily targeted for revascularization (10). Nevertheless, it is worth discussing the CCTA-derived characteristics of “vulnerable” plaques and their association with coronary events.

Positive remodeling is defined as the compensatory enlargement of the outer vessel wall at the site of an atherosclerotic lesion as the plaque burden increases (39). From a histopathological perspective, this enlargement results from macrophage infiltration and a large amount of necrotic core. CCTA can reliably measure and quantify positive remodeling using an index defined as the ratio of the vessel cross-sectional area at the site of maximal stenosis and the average of proximal and distal reference cross-sectional areas. A threshold of 1.1 is typically preferred in the assessment of CCTA images (40). Several studies have shown that a higher positive remodeling index can identify thin cap fibroatheroma (41, 42), as well as culprit lesions in ACS, but not in stable angina (43). In a prospective study including 74 participants with ACS or stable angina undergoing CCTA, positive remodeling was found in 96% of patients with ACS and ruptured fibrous caps, but only in 20% of those with ACS and intact fibrous caps and in 14% of individuals with stable angina (p <0.001) (44).

Low attenuation (<30 Hounsfield units) is typically used to easily describe plaques with a large lipid-rich necrotic core, as lipids typically have the lowest CCTA attenuation value. Ruptured plaques tend to have lower attenuation compared to stable lesions (44), while a lower plaque attenuation has been found in patients with ACS compared to those with stable angina (45). In a prospective study by Ozaki et al. including patients with ACS or stable angina, low attenuation plaques were more frequently observed in individuals with ACS and ruptured fibrous caps than in those with ACS and intact fibrous cap and those with stable angina (88, 40, and 18%, respectively; p = 0.001) (44). However, it is important to note that the CT attenuation value of a plaque may be influenced by various factors, including the concentration of the contrast agent, plaque burden, slice thickness, image noise, and tube voltage (46). Moreover, although fibrous tissue typically has higher attenuation values compared to lipids, there is a substantial overlap of densities often rendering their distinction from a CCTA impossible (47). Therefore, a reliable differentiation of lipid-rich and fibrous-rich plaques based on CCTA-attenuation remains challenging.

“Napkin-ring” sign. Refers to a specific plaque attenuation pattern with is a central area of low CCTA attenuation in contact with the arterial lumen surrounded by a ring-like higher attenuation plaque tissue (48). The central low attenuation corresponds to a large necrotic core, while the surrounding are of higher CCTA attenuation corresponds to fibrous plaque tissue, both of which are important predictors of plaque rupture (49). Napkin-ring sign is more frequent in thin cap fibroatheromas identified by optic coherence tomography (OCT) (41), and is strongly associated with future adverse cardiac events, independently from other high-risk plaque features (50). In a prospective study of 895 patients, the hazard ratio (HR) of ACS in patients with napkin-ring sign was 5.55 (p < 0.001) indicating a strong and statistically significant association (50). Although napkin ring signs seems to be a specific feature of rupture-prone plaques, its sensitivity remains relatively modest and thus, further in-depth analysis of plaque attenuation patterns is warranted.

Spotty calcifications are defined as <3 mm calcifications in plaques with a density of more than 130 Hounsfield units (51). Calcification marks local inflammation, which can exert mechanical effects on the plaque that make it susceptible to rupture (52). Spotty calcification has been associated with accelerated atherosclerosis progression in individuals with stable angina pectoris (53), while it has also been associated to culprit plaques in patients with ACS (54). In a study including 38 patients with ACS and 33 with stable angina pectoris, spotty calcification was significantly more frequent in ACS lesions (63 vs. 21%, p < 0.001), while large calcification was observed less frequently in ACS lesions than in stable angina (22 vs. 55%; p < 0.05) (43). An important limitation is that CCTA cannot visualize micro-calcifications that are smaller than 0.5 mm in diameter which are thought to be a common feature of unstable coronary lesions (55, 56).




Hemodynamic assessment


Fractional flow reserve

CCTA cannot reliably say whether a lesion is mild, moderate, or severe and thus, current research is focused on achieving a complementary functional assessment of coronary plaques that so far has been obtained by stress testing and invasive indices. If successful, it would tremendously improve the prognostic value of CCTA. Functional flow reserve (FFR) is defined as the ratio between the maximum achievable blood flow in the presence of coronary stenosis and the theoretical maximum flow if the stenosis was not present (57). FFR is measured invasively using pressure wires in the coronary arteries. Invasive FFR >0.75–0.8 indicates hemodynamically non-significant stenosis for which percutaneous coronary intervention can be deferred (58). Recent advantages have allowed a non-invasive calculation of FFR using CCTA and computational fluid dynamics. A negative CT-FFR, i.e., a value above a specific cut-off, carries the promise of safely deferring invasive angiography in patients with stable angina (59). However, CT-FFR has its limitations and introduces an error of its own, while an evidence-based cut-off value for non-invasive FFR is yet to be defined. In a small study of almost 190 patients with suspected CAD and intermediate coronary lesions, CT-FFR >0.8 was used to defer invasive angiography; patients had no adverse events occurring during a median follow-up of 12 months (60). In another study of around 250 patients that presented with acute chest pain and no known CAD, revascularization was deferred when CT-FFR was >0.8 with no difference in occurrence of major adverse cardiac events (61). Current evidence suggests that a dichotomous decision can be made for CT-FFR higher than 0.80 as well as for values equal or lower than 0.70, whereas for the range between 0.71 and 0.80 remains a “gray zone” and referral to invasive angiography should be considered individually (62).



Myocardial perfusion

Another technique that can add functional information in CCT is myocardial computed tomography perfusion (CTP) (63). Moreover, dynamic CTP offers absolute quantification of myocardial blood flow, as in positron-emission tomography (PET) (64). Multicenter studies have demonstrated that myocardial CTP can provide incremental diagnostic value over CCTA alone for the identification of hemodynamically significant coronary artery disease (63, 65), similar to that of magnetic resonance perfusion (65). Additionally, dynamic CTP has been shown to be superior to machine learning empowered CT-FFR for identifying obstructive lesions (66). Dynamic myocardial CTP also has incremental predictive value over CCTA or clinical risk factors for the prediction of future major adverse cardiac events, allowing for improved risk stratification (67, 68). In one study, myocardial blood flow derived from dynamic CTP was the strongest predictor for major adverse cardiovascular events outperforming high risk plaque features and CT-FFR (69).



Endothelial shear stress

Endothelial shear stress (ESS) is the frictional force produced when blood flows through an artery and has proven to trigger biological signaling in the endothelium (70). Physiologic ESS, typically found in straight vascular regions, upregulates anti-inflammatory genes and is atheroprotective. Low ESS, often found at branch points, bifurcations, and regions of high curvature, initiates cellular pathways that promote inflammation and are considered to be atherogenic (71). Specifically in native arteries, low ESS has been associated with the initiation and progression of atherosclerosis, development of high-risk plaque characteristics, need for revascularization, and major adverse cardiovascular events (26, 72). In stented arteries, low ESS has been correlated with neo-intima hyperplasia and neo-atherosclerosis, which can ultimately lead to further adverse cardiovascular events, including stent restenosis (73, 74). ESS is a promising hemodynamic index that can be evaluated using CCTA and computational fluid dynamics. As the lower imaging resolution of CCTA can have an impact on the accuracy of the estimated ESS, higher-resolution models reconstructed from a fusion of CCTA with intravascular imaging techniques, such as intravascular ultrasound (IVUS) and OCT, have been developed (75). Studies using CCTA-based models have shown that ESS assessment can provide incremental value in discriminating coronary segments more likely to exhibit atherosclerotic disease progression (76). In the Exploring the Mechanism of Plaque Rupture in Acute Coronary Syndrome Using Coronary CT Angiography and Computational Fluid Dynamics (EMERALD) study including 72 patients with ACS that had previously underwent CCTA, hemodynamic assessment, including ESS evaluation, provided additional value in identification of high-risk plaques that had ultimately caused ACS (72). However, further information on the clinical utility of CCTA-ESS remains to be seen.




Perivascular adipose tissue

Recent evidence suggests that perivascular adipose tissue (PVAT) is linked to atherosclerosis as a key regulator and sensor of coronary inflammation (77, 78). PVAT lies in proximity with the vascular wall and plays an important role in the pathogenic process of atherosclerosis by regulating the local microenvironment through the release of a variety of substances, such as bioactive adipokines, cytokines, and chemokines (77, 79). Pericoronary fat attenuation index (FAI) is a novel CCTA-derived biomarker based on the concept that spatial changes in composition induced by inflammation cause a shift in CT attenuation toward more negative HU values (80). FAI is increased in patients with CAD compared to healthy individuals and is particularly increased around culprit lesions of patients presenting with ACS (80). In the Cardiovascular Risk Prediction using Computed Tomography (CRISP-CT) study, two independent cohorts with a total of 3,912 participants undergoing CCT were used to derive and validate the prognostic value of perivascular fat attenuation mapping (12). Based on the results, higher FAI values around proximal right coronary artery and left anterior descending artery were also associated with a higher risk for all-cause death and cardiac death (12). Finally, although FAI has been shown to be modifiable, as it decreased significantly when measured 5 weeks after an index event (80), whether risk-reduction therapies, such as statins, can reverse FAI is yet to be investigated. Future incorporation of CCT derived indices describing perivascular adipose tissue inflammation may improve risk assessment in patients with CAD (Table 1).


TABLE 1 Cardiac computed tomography derived parameters: pros, cons, and clinical value.
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Current limitations

Despite its many strengths, CCT for the evaluation of CAD has a few limitations. First, a variety of factors can introduce noise, therefore limiting image quality. Examples include increased heart rate, arrhythmias, high-density materials (e.g., calcium, stents), high body mass index, and poor patient cooperation (e.g., movement, inappropriate breath control). It is typical for calcifications to appear falsely enlarged due to blooming or partial volume artifacts and thus, result in overestimation of the extent of CAD (81). Studies have shown that CCT may provide conflicting results with overestimation or underestimation of the lumen area when compared to IVUS (82, 83). For these reasons, invasive coronary angiography remains the gold standard for coronary lesions and in many cases, CCT can only be used as a gatekeeper to more invasive testing. Additionally, different scanners, protocols, and technical parameters can lead to a variation of results and false interpretations (84). Regarding the use of CCT, another important concern is exposure to radiation and the risk of cancer (85). Furthermore, the contrast required for CCTA carries the risk of contrast-induced nephropathy (86). Finally, as CCT and CCTA are primarily anatomic modalities that assess coronary stenosis, plaque burden and characteristics, the addition of a functional test to increase diagnostic accuracy is often clinically useful (87, 88). In other words, a multimodality or hybrid imaging approach to CAD can be pursued in the appropriate clinical setting.



Cardiac computed tomography and “omics”: Radiomics, proteomics, and lipidomics

The development of radiomics, as well as the integration of proteomics and lipidomics with CCT images, show promise for increased diagnostic and prognostic performance of CCT images, yielding potentially important clinical benefits. In fact, a radiomic-based machine learning model to identify advanced atheromatous lesions was found to be superior when compared to visual assessment (89). Similarly, in the CRISP-CT study, radiomic mapping of the perivascular fat was shown to offer incremental value for predicting adverse cardiac events compared to traditional risk profile assessment or presence of high-risk plaque features (90). Additionally, several studies have screened the proteome aiming to investigate whether specific proteins can relate to the presence or extent of coronary atherosclerosis. To illustrate, in a CCTA-based cohort, four proteins involved in vascular processes were found to be specifically associated with either low or high CAD burden (91). Similarly, other studies have assessed the association between lipid profiles with atherosclerotic plaque findings (92). In general, the new era of proteomics and lipidomics could provide a deeper insight to the atherosclerotic process beyond traditional risk factors as well as identify potential and novel treatment targets promising a more individualized patient care in the future.



Dual-energy and photon-counting computed tomography

In the past few years, new CCT techniques such as dual-energy CCT and photon-counting CCT have aimed at improving the spatial resolution and the contrast-to-noise ratio of CT scanners (93). Dual-energy CCT uses two CCT datasets acquired with different photon spectra and tube potentials. With regards to CAD, it can enhance luminal assessment, evaluation of atherosclerotic plaque composition and evaluation of myocardial perfusion (94). Future studies are still needed to ensure wide external validation and existence of incremental clinical value when compared to already established technology. Photon-counting CCT allow for direct detection of incident X-ray photons, in contrast to energy-integrating scanners (i.e., those currently used in clinical practice), which are based on light photon detectors that are converted to electric signals at scintillation layer (95). This allows for increased signal to noise ratio, which in turn allows for better image quality, decreased radiation doses and elimination of beam hardening artifacts. In addition, photon-counting CCT could enhance the ability of the CCT scanner to detect different combinations of contrast agents, such as atherosclerotic plaque-specific nanoparticles (96). Although photon-counting CCT holds a great promise for the future, its access is currently limited to a few centers, and many technical challenges still need to be overcome prior to wide implementation.



Conclusion and future perspectives

CCT has become more widely available and is currently viewed as a first-line diagnostic test CAD. In certain asymptomatic patients, it also provides improved risk stratification, guiding prevention of future adverse events. Further research on image processing could bridge the diagnostic accuracy gap between invasive and non-invasive coronary angiography in regards to grading of calcified plaques and hemodynamic evaluation of lesions. Evaluation of pericoronary fat inflammation could also be broadly adopted for the prediction of future adverse events. In addition, technologic developments aiming at reducing radiation (90) could result in the expansion of CCTA and help clarify the role of serial scanning. New techniques, such as dual-energy CCT and photon-counting CCT also hold promise at achieving higher spatial resolution and improving contrast-to-noise ratio. Finally, incorporating CCT and CCTA with machine learning and computational fluid dynamics could lead to more precise and individualized risk assessment.
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Purpose: Several adults with repaired tetralogy of Fallot (rToF) undergo pulmonary valve replacement (PVR) to reduce the right ventricular volume and retain right ventricular function. However, there is currently no consensus on the ideal time for PVR surgery in asymptomatic patients with rTOF with pulmonary regurgitation (PR). Clinical outcomes after PVR are also indeterminate. Recently, myocardial strain and strain rate derived from cardiac magnetic resonance (CMR) feature tracking were found to be more sensitive to right ventricular dysfunction than conventional parameters and therefore may add prognostic value in patients with rToF. We aimed to analyze whether pre-PVR left ventricular (LV) strain and strain rate detected by CMR feature tracking are associated with midterm outcomes after PVR in patients with rToF.

Methods: Seventy-eight asymptomatic patients with rToF who required PVR due to moderate or severe PR were prospectively enrolled between January 2014 and June 2020. CMR cine sequences were obtained, and feature tracking parameters were measured preoperatively. Adverse events were documented during the follow-up. Receiver operating characteristic analysis was performed to determine the cutoff value. Kaplan–Meier curves were drawn with log-rank statistics; moreover, univariate and multivariate Cox proportional hazards regression analyses and Harrel C-indices were analyzed.

Results: During 3.6 ± 1.8 years of follow-up, 25 adverse events were recorded. Kaplan–Meier survival curves and univariate Cox analysis verified that patients with significantly reduced radial strain (RS), circumferential strain (CS), longitudinal strain (LS), RS rate at systole and diastole (RSRs and RSRe), and circumferential and LS rates at diastole (CSRe and LSRe) had worse event-free survival. After multivariate correction, only LS and LSRe remained significantly associated with adverse outcomes (hazard ratio = 1.243 [1.083–1.428] and 0.067 [0.017–0.258], respectively, all p < 0.05). The cutoff values of LS and LSRe were −12.30 (%) and 1.07 (s–1), respectively.

Conclusion: The LV strain and strain rate prior to PVR are important prognostic factors for adverse events after PVR in rToF.

KEYWORDS
strain rate, strain, cardiac magnetic resonance imaging, pulmonary valve replacement, repaired tetralogy of Fallot


Introduction

Tetralogy of Fallot (ToF) is one of the most common types of congenital heart disease, affecting 356 per million live births (1). When surgical repair of ToF (rToF) is performed in early childhood, the natural history of the disease dramatically changes and survival in adulthood improves. However, pulmonary regurgitation (PR) usually occurs after rToF, leading to poor prognosis. There is 40–85% of patients who develop moderate to severe PR in 5–10 years after repair (2, 3). Pulmonary valve replacement (PVR) was introduced to reduce late complications, prior symptoms, and worsening function (4). Although an increasing number of studies have reported PVR as the treatment of choice for severe PR after rToF, the effects of PVR on ventricular remodeling remain controversial.

The guidelines issued by the AHA/ACC and ESC recommend the right and left ventricular end-diastolic volume index (RVEDVI and LVEDVI), tricuspid regurgitation (TR), arrhythmia, and other cardiac function and clinical parameters to determine the timing of PVR surgery (4, 5). The AHA/ACC recommends that adults with previous ToF and severe PR undergo PVR surgery when they have moderate to severe RV dysfunction or enlargement. ESC experts believed that normalization of RV size after reintervention is unlikely as soon as the end-systolic index exceeds 80 ml/m2 and the end-diastolic volume index exceeds 160 ml/m2; however, this cutoff for reintervention may not correlate with clinical benefit. A more sensitive parameter that can predict adverse outcomes at an earlier stage may help identify the optimal time for PVR surgery (6).

In comparison with the traditional measurements, including ejection function (EF) and ventricular volume, the myocardial strain detected by cardiac magnetic resonance (CMR) feature tracking, which reflects myocardial deformation, has added value to predict the outcome of various cardiovascular diseases (7, 8). Although without impaired EF, myocardial strain could still be a sensitive parameter for evaluating ventricular dysfunction and may add clinical value during follow-up (9).

Owing to ventricular coupling, LV strain is also implicated in RV volume overload (10). Thus, LV strain has the potential to provide valuable information prior to PVR. However, there is little data and no consensus on the use of CMR feature tracking to help determine the timing of surgical intervention for PR in patients with rToF (6).

To date, there have been studies comparing the changes in strain and strain rate before and after PVR (11–13) or the relationship between strain and ventricular function parameters (5, 14, 15); however, few of these studies analyzed the relationship between strain and post-PVR surgical outcomes. We aimed to comprehensively evaluate the predictive value of LV strain and strain rate using a custom feature-tracking algorithm applied to a conventional CMR cine in asymptomatic patients with rToF and PVR. We assumed that LV strain and strain rate could have a potential predictive value.



Materials and methods


Patient enrolment

This prospective study was conducted at our hospital. The study protocol was approved by the ethics committee of our hospital. All participants provided written informed consent prior to enrolment.



Data definition

Asymptomatic patients were defined as those who maintained a functional status in New York Heart Association class I or II without arrhythmia or heart failure symptoms/signs that cause syncope (16).

The severity of PR was divided into absent, trivial, mild, moderate, and severe by transthoracic echocardiography (16). Patients underwent follow-up through either a clinic or via telephone inquiring with patients or their contacts every 3 months after enrolment. Adverse events that occurred after PVR surgery were recorded. Adverse events included sudden cardiac death (unexpected death either within 1 h of the onset of cardiac symptoms without progressive cardiac deterioration, when asleep, or within 24 h of last being seen alive) (17), cardiac transplantation, application of implantable cardioverter defibrillator (ICD) (18), heart failure (19), and arrhythmia-induced syncope (“syncope caused by arrhythmias” was adjudicated based on clinical symptom and ECG monitor). The syncope cases were defined position-independent, with few prodromal symptoms, and may occur with cyanosis, dyspnea, arrhythmias, weak heart sounds, and associated ECG-detected arrhythmias) (20, 21), reoperation for PVR, sustained atrial or ventricular arrhythmias analyzed by 24-h Holter monitoring (last ≥ 30s but not causing syncope), and cardiac catheterization ablation (22).



Inclusion and exclusion criteria

Patients with rToF who were candidates for PVR were initially screened for this study from January 2014 to June 2020. According to the indications for PVR in asymptomatic patients with moderate or severe PR after rToF recommended by Boston Children’s Hospital in 2013 (22), asymptomatic patients with moderate to severe pulmonary valve regurgitation after rToF (regurgitation fraction by CMR ≥ 25%) meeting at least two of the following conditions were included: (1) RVEDVI > 150 ml/m2, (2) RV end-systolic volume index (RVESVI) > 80 ml/m2, (3) RVEF < 47%, (4) LVEF < 55%, (5) QRS duration > 160 ms, (6) sustained tachyarrhythmia related to right heart volume load, and (7) the presence of other hemodynamically significant lesions.

The following exclusion criteria were established: (1) obvious symptoms, (2) the presence of residual severe right ventricle outflow tract obstruction (RVOTO; ECG calculated gradient ≥ 60 mmHg), (3) RV pressure surpassing or equal to LV pressure, (4) ICD insertion or history of PVR, (5) contraindications for CMR or surgery, and (6) incomplete or poor-quality CMR (9).



Standard imaging protocol

CMR examinations were performed on a 3.0 T system within 6 months prior to PVR surgery using a 3.0 T scanner (Ingenia, Philips Healthcare, Best, Netherlands) with front and back surface coils and retrospective ECG triggering for capture of the entire cardiac cycle by the same senior operator. Cine images were obtained using a balanced steady-state free precession (SSFP) sequence, including 2-chamber, 4-chamber, and short-axis acquisitions with 25 image frames per cardiac cycle. The short-axis scans covered the entire LV (nine slices; the following standard acquisition parameters used for routine clinical imaging were applied: field of view, 321 × 321 mm2; matrix, 184 × 256; slice thickness, 6 mm; TR/TE/flip-angle: 3 ms/1.6 ms/45°; temporal resolution, 43 ms; and parallel acquisition technique factor, 2). The two-dimensional phase-contrast images perpendicular to the main pulmonary artery (PA) were used for quantification of the PR fraction (field of view, 350 × 321 mm2; matrix, 140 × 123; slice thickness, 6 mm; TR/TE/flip-angle: 4.9 ms/2.9 ms/10°; parallel acquisition technique factor, 1).



Surgery

All PVR surgeries were completed under cardiopulmonary bypass with mild hypothermia or a beating heart (without right-to-left shunt) by the same surgeon. A longitudinal incision was made in the pulmonary artery trunk or the position where the patch was previously placed. The replacement valve was inserted in the orthotropic position.



Data analysis

The LV and RV cardiac function analysis and strain analysis were measured using CVI 42 software (Circle Cardiovascular Imaging Inc., Calgary, Canada) with the help of artificial intelligence (with more than 3 years of work experience and more than 600 cases of cardiac MRI analysis) (23). The endocardial and epicardial borders of the LV were semi-automatically defined using the AI function of the CVI following manual adjustments. Measurements included RA and LA volumes, diastolic and systolic RV and LV volumes, mass, ventricular stroke volumes, and EFs. The ventricular volumes and mass were indexed by body surface area (BSA) into RA volume index (RAVI), LA volume index (LAVI), LVEDVI, LV end-systolic volume index (LVESVI), indexed RVEDVI, and RVESVI. Heart rate and QRS duration were obtained using electrocardiography. The PR fraction was calculated from the CMR flow velocity mapping. The severity of RVOTO was reflected by the pulmonary artery systolic gradient from the ECG. RV mass/volume ratio was calculated to reflect the degree of right ventricular hypertrophy (RVH). The RV pressure was measured using TR.

The global cardiac strain and strain rate representing the average of the entire heart were calculated from CMR cine images using the mature feature tracking software CVI 42 version 5.12. The method has been described in detail in a previous study (15). In brief, the LV 4-chamber, LV 3-chamber, and LV 2-chamber were selected for post-processing to calculate the peak longitudinal strain (LS), peak systolic strain rate, and peak early diastolic strain rate (LSRe). The entire LV short-axis SSFP cine images were analyzed for radial strain (RS), circumferential strain (CS), peak systolic strain rate (RSRs and CSRs), and early diastolic strain rate (RSRe and CSRe). The endocardial and epicardial borders of the LV were semi-automatically defined using the AI function of the CVI following manual adjustments. The peak radial, circumferential, and LSs of the LV were identified as the highest or lowest peak of the global strain curve. Similarly, the peak systolic and early diastolic strain rates of the LV were calculated as the highest or lowest peak of the global strain rate curve (Figure 1) (24).
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FIGURE 1
Representative short-axis and long-axis images (A), strain curves (B), and strain rate curves (C) in a participant who underwent pulmonary valve replacement (PVR). The epicardial and endocardial borders (excluding papillary muscles and trabeculae) at end-diastole are semi-manually defined in the LV 4-chamber, LV 2-chamber, and LV 3-chamber to calculate longitudinal strain and strain rate. The entire LV short-axis SSFP cine images are used to calculate radial and circumferential strain and strain rate.




Inter- and intra-reproducibility

Intra- and inter-observer reliabilities were assessed in 20 randomly selected patients using Bland–Altman plots. Intra-observer reliability was derived from repeated measurements by one radiologist (**) after at least 1 week of blinding to previous results. Inter-observer reliability was independently assessed by two radiologists with more than 3 years of work experience and more than 650 cases of cardiac MRI analysis (** and AA), where one radiologist measured once and then a second radiologist measured again (blinded to the first radiologist’s measurements).



Statistics

Statistical analyses were performed using SPSS Statistics (version 22.0; IBM Corp., Armonk, NY, United States) and MedCalc (version 18.2.1, Ostend, Belgium). Continuous data were descriptively reviewed and statistically analyzed using the Kolmogorov–Smirnov test to check for normality of the continuous variables. Continuous variables were described as means ± standard deviations or as median values with interquartile range, with respect to the normality of distribution. Comparisons between demographic and strain variables determined in the adverse event and non-adverse event groups were performed using either Student’s t-test or Wilcoxon rank-sum test on the basis of whether the data were normally distributed (24). The Bonferroni method was used to correct multiple comparisons. Categorical variables were summarized by frequencies and percentages and compared between patients with and without the outcomes using the chi-squared test or Fisher’s exact test.

To visualize the difference in event-free survival between different patient categories, Kaplan–Meier curves were drawn, followed by the log-rank test. The optimal preoperative strain and strain rate cutoffs were identified using receiver operating characteristic (ROC) curve analysis using the Youden index. The ROC curve was then drawn with the corresponding calculated area under the curve (AUC). The parameters satisfying the pH assumption were included in the univariate Cox regression analysis. Univariate Cox regression analysis was used to evaluate the predictive value of the strain and strain rate. Multivariate analysis Cox regression (forward LR) was performed for those parameters that were confirmed to be statistically significant in univariate analysis (P < 0.05) to identify the independent risk factors of prospective adverse events. Harrel C-indices were used to compare the relative predictive abilities of strain and strain rate. Statistical significance was set at P < 0.05.




Results


Characteristics of study participants

From January 2014 to June 2020, 78 asymptomatic patients with rToF with moderate or severe PR (21.5 years old, 44% male) were included for analysis with an average follow-up duration of 3.6 ± 1.8 years. The reasons for failure to be included are detailed in the study flowchart (Figure 2). The patients involved in our study did not have coronary artery anatomy abnormalities; only two patients had aortic arch abnormalities (patent ductus arteriosus). Demographic, surgical, ECG, and CMR parameters are summarized in Table 1. If appropriate, the parameters were indexed to BSA. On average, the age of the patients who underwent primary rToF was 3 (interquartile range [IQR]: 0–9) years. The most common approach was the transannular patch (n = 56). The mean QRS duration (150.78 ± 30.89 ms) was extended. On average, patients had slightly reduced LVEF (50.47 ± 10.94%) and RVEF (38.37 ± 12.53%). Meanwhile, the RVEDVI and RVESVI were significantly enlarged (168.8 ± 54.36 and 104.42 ± 43.06 ml/m2, respectively). The mean PR fraction was 49.98 ± 18.58%.
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FIGURE 2
This flow chart shows the number of patients at each stage of the study. PVR, pulmonary valve replacement; ICD, implantable cardioverter defibrillator; ToF, Tetralogy of Fallot; CMR, cardiac magnetic resonance.



TABLE 1    Baseline demographic, electrocardiographic and CMR parameters of the study subjects (n = 78).
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Outcomes and cardiac magnetic resonance parameters

A total of 25 (32%) patients had noted adverse events (cardiovascular death, 3; ICD for ventricular tachycardia combined with atrioventricular block, 1; heart failure, 9; syncope caused by arrhythmias, 6; sustained atrial or ventricular arrhythmias, 4; and cardiac catheterization ablation for atrial fibrillation, 2), and 53 (68%) patients did not have any adverse events. Significant differences were noted between the two groups in LV RS, CS, and LS (all p < 0.001; Table 2 and Figure 3). The values in patients with adverse events were lower. Similarly, patients with adverse events noted tended to have lower absolute preoperative LV RSRs (1.37 ± 0.31 vs. 1.88 ± 0.59 s–1, p < 0.001) and RSRe (−1.2 ± 0.57 vs. −2.28 ± 0.93 s–1, p < 0.001). Furthermore, patients with adverse events noted had lower absolute preoperative CSRe (0.90 ± 0.26 vs. 1.23 ± 0.33 s–1, p < 0.001) and LSRe (0.79 ± 0.31 vs. 1.34 ± 0.35 s–1, p < 0.001) than those without adverse events. Significant differences were also observed in heart rate, age at surgical repair, age at PVR, LVEF, LVESVI, RVESVI, RV mass, and RV mass index between the two groups (Table 2). However, the QRS duration and PR fraction between the two groups did not exhibit a significant difference.


TABLE 2    Comparison of baseline parameters and LV strain parameters (mean ± SD/median and interquartile range) between patients with or without adverse events.
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FIGURE 3
LV peak radial strain (RS), peak circumferential strain (CS), peak longitudinal strain (LS), peak radial strain rate at end-systole (RSRs), peak circumferential strain rate at end-systole (CSRs), peak longitudinal strain rate at end-systole (LSRs), peak radial strain rate at end-diastole (RSRe), peak circumferential strain rate at end-diastole (CSRe), and peak longitudinal strain rate at end-diastole (LSRe) in patients with adverse events (n = 25) and patients without adverse events (n = 53).




Predictors for adverse events

After ROC analysis, the corresponding cutoff values, sensitivity, specificity, and AUC of clinical parameters, different preoperative function parameters, strains, and strain rates for predicting adverse outcomes were obtained (Table 3). We found that the AUCs of the strain parameters were the best among the abovementioned parameters. The cutoff values of RS, CS, and LS were 22.2% (68.00% sensitivity, 92.45% specificity), −12.35% (88.00% sensitivity, 96.23% specificity), and −12.3% (96.00% sensitivity, 73.58% specificity), respectively. With regard to strain rates, the cutoff values of RSRs, RSRe, CSRe, and LSRe were 1.69 s–1 (92.00% sensitivity, 60.38% specificity), −1.65 s–1 (88.00% sensitivity, 75.47% specificity), 0.84 s–1 (56.00% sensitivity, 90.57% specificity), and 1.07 s–1 (92.00% sensitivity, 67.92% specificity), respectively. The AUCs of RS, CS, LS, RSRs, RSRe, CSRe, and LSRe were 0.863, 0.959, 0.916, 0.792, 0.889, 0.788, and 0.871, respectively (Figure 4 and Table 3).


TABLE 3    Receiver operating characteristic (ROC) curve analysis.
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FIGURE 4
Receiver operating characteristic (ROC) curve analysis of the prognostic performance of peak radial strain (RS), peak circumferential strain (CS), peak longitudinal strain (LS), peak systole radial strain rate (RSRs), peak early diastole radial strain rate (RSRe), peak circumferential strain rate at end-diastole (CSRe), and peak early diastole longitudinal strain rate (LSRe) in asymptomatic patients with repaired tetralogy of Fallot (rToF) who required pulmonary valve replacement (PVR) for moderate or severe pulmonary regurgitation.


The Kaplan–Meier survival curves (Figure 5) verified that patients with significantly reduced RS, CS, LS, RSRs, RSRe, CSRe, and LSRe had worse event-free survival than those who did not have a significant reduction. The 5-year event-free cumulative survival rates were 68.6, 91, and 94% for patients with a preoperative RS of > 22.2% (p < 0.001), preoperative CS of < −12.35% (p < 0.001), and preoperative LS of < −12.3% (p < 0.001), respectively. As for the strain rate, the 5-year event-free cumulative survival rates were 74, 82.4, and 65.2% for patients with a preoperative RSRs of > 1.69 s–1 (p < 0.001), preoperative RSRe of < −1.65 s–1 (p < 0.001), and preoperative CSRe of ≥ 0.84 s–1 (p = 0.004), respectively. The median survival time was 62% for patients with a preoperative LSRe of > 1.07 s–1 (p < 0.001).
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FIGURE 5
Kaplan–Meier survival curves for patient subgroups stratified by peak radial strain (RS), peak circumferential strain (CS), peak longitudinal strain (LS), peak systole radial strain rate (RSRs), peak early diastole radial strain rate (RSRe), peak circumferential strain rate at end-diastole (CSRe), and peak early diastole longitudinal strain rate (LSRe).


In univariate Cox analysis, both strain (RS, CS, and LS) and strain rate (RSRs, RSRe, CSRe, and LSRe) were significantly associated with adverse outcomes in patients with rToF after PVR (Table 4). The HRs of RS, CS, LS, RSRs, RSRe, CSRe, and LSRe were 0.845, 1.336, 1.342, 0.198, 2.450, 0.199, and 0.053, respectively. The C-indices of RS, CS, LS, RSRs, RSRe, CSRe, and LSRe were 0.811, 0.826, 0.801, 0.73, 0.624, 0.805, 0.75, 0.683, and 0.834, respectively. After multivariate correction, the predictive values of preoperative LS and LSRe remained statistically significant. Specifically, multivariate Cox regression analysis identified LS (HR = 1.243 [1.083–1.428]) and LSRe (HR = 0.067 [0.017–0.258]) as strong predictors of adverse events (Table 5).


TABLE 4    Univariate associations of clinical and cardiac magnetic resonance (CMR) characteristics with adverse events.
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TABLE 5    Multiple multivariable Cox to evaluate the associations of clinical and cardiac magnetic resonance (CMR) characteristics with adverse events.
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Regarding cardiac function parameters, in the univariate Cox analysis, RVESVI, LVEDVI, and LVESVI were associated with worse outcomes after PVR, whereas RVEDVI, RVEF, and LVEF were not. In addition to NYHA class III or IV prior to PVR, severe tricuspid regurgitation, ≥ 3 previous cardiac surgeries, sustained atrial arrhythmias prior to PVR, and the time interval between PVR and endpoint were related to adverse events after PVR (Table 4). However, after multiple multivariate corrections, only the predictive values of preoperative LS and LSRe remained significant (Table 5).



Intra- and inter-observer reliability

In a subgroup of 20 patients, reliability of strain was generally high with an intra-observer difference of approximately 0.01 ± 0.28%–0.12 ± 0.26%, and an inter-observer difference of approximately 0.01 ± 0.24%–0.15 ± 0.31%. Similarly, intra- and inter-observer differences were also small for strain rates (approximately 0.01 ± 0.35–0.13 ± 0.24 s–1 and 0.01 ± 0.29–0.10 ± 0.30 s–1, respectively; Bland–Altman plots are presented in Supplementary Figures 1, 2).




Discussion

In the present study, we found the following findings: (1) factors, including conventional volume parameters of both ventricles, ≥ 3 previous cardiac surgeries, severe TR, sustained atrial arrhythmias prior to PVR, and NYHA III/IV, were all associated with outcomes of PVR in patients with rToF; (2) preoperative LV RS, CS, LS, RSRs, CSRe, RSRe, and LSRe were significantly associated with adverse outcomes after PVR surgery in patients with rToF, suggesting that they serve as a novel index for risk stratification assessment in patients with rToF after PVR; and (3) multiple variable analysis demonstrated that patients with the highest incidence of adverse events were those with a severe reduction in LV LS and/or LSRe prior to PVR surgery.

Progressive PR is one of the most common complications occurring after rToF, despite the current treatment strategies used to treat ToF, demonstrating long-term survival (30-year survival rate between 68.5 and 90.5%) (25). In response to longstanding regurgitation, the RV progressively dilates to adapt to the increasing load (26), and the patients’ exercise tolerance progressively reduces. In such situations, PVR is an effective method to help restore pulmonary valve function and improve cardiac function while alleviating symptoms (27). Our study confirmed for the first time that a severe decrease in RS, CS, LS, RSRs, RSRe, and LSRe was associated with an increase in the incidence of adverse outcomes during a midterm follow-up. Among these, LS and LSRe before PVR were the strongest risk factors for postoperative outcomes. After adjusting for other clinical and cardiac function parameters, these strain parameters maintained their prognostic values. This was supported by several CMR feature tracking-derived myocardial function indices, in which LSRe was utilized in the assessment of LV diastolic function and proved to be the most stable parameter with high reproducibility at both intra- and inter-observer levels (28).

Several factors influence the prognosis of PVR, most of which are clinical indicators or surgery-related factors. Jang et al. (29) conducted a retrospective study of 131 PVRs to explore the midterm clinical results of PVR after rToF. In univariate analysis, they found that the type of valve implanted, large valve implantation, and young age for rToF (<15 years) were risk factors for repeated PVR. Dorobantu et al. found that PVR after 35 years of age was associated with worse outcomes (30). In our study, we ascertained that the age for surgical repair of the ToF and PVR was significantly higher in patients with no events than in those with events; however, this difference did not affect the outcomes after PVR. Moreover, Jang et al. (29) found that the type of implanted valve and valve size were risk factors, whereas our study did not. The use of only biological valves may be the culprit, whereas, in our study, the patients used mechanical valves as well as homogenous valves, in addition to biological valves. We did not record this data in terms of valve size.

Furthermore, in our study, the pre-PVR LV and RVEF were not associated with adverse events, whereas previous studies, including the INDICTOR study (31), found that RVEF has a predictive value for mortality (P = 0.03). The reason may be that the RVEF values of our study, in both the event and no event groups, were relatively low (<40%), and our study had a shorter average follow-up time (3.6 vs. 9.5 years). Similar to the INDICTOR study, we found that LVESVI and atrial arrhythmias prior to PVR are related to prognosis; however, we did not find the predicted value of the RV mass-to-volume ratio and RV systolic blood pressure, as mentioned in their study. In addition, we found that LVEDVI and RVESVI were correlated with prognosis, which is consistent with the findings of other studies. However, after incorporating the strain parameter into the multivariate analysis, the predictive value of these parameters ceased to exist.

Moreover, Roderick et al. found that prolonged QRS duration prior to PVR is the main determinant of the poor long-term follow-up outcome of patients with ToF (32); however, our study did not find such a result. Some studies found that VO2 peak (%), which assesses the degree of exercise tolerance, may be a useful predictor of adverse events after PVR (33, 34). Although we were not able to obtain the results of the cardiopulmonary exercise experiment, we also concluded that patients with NYHA III/IV have a poor prognosis based on the NYHA classification, which correlates with the study conducted by Anna et al. (35). Anna et al. also found that ≥ 3 previous cardiac surgeries were associated with worse outcomes, which is consistent with the findings of our study. Their study also found that older age at rToF and greater BSA at PVR were factors influencing poor prognosis; however, this phenomenon was not observed in our study.

One study demonstrated that in multivariate analysis, severe preoperative TR (HR = 2.49; 95% confidence interval [CI], 1.11–5.52), right ventricular end-systolic volume (HR = 1.02; 95% CI, 1.01–1.03), and age at PVR can predict adverse events (36). However, in our study, the value of severe preoperative TR and right ventricular end-systolic volume to predict adverse events was only found in the univariate analysis. In the multivariate analysis, these parameters were not useful. Age at PVR was not significantly different between univariate and multivariate analyses.

This study had some limitations that must be highlighted. For instance, our study was conducted in one medical center with a relatively small sample size; thus, in addition to GLS, the feasibility of other parameters, such as GCS, should be further explored. Large-sample multicenter studies with possible confounders are required to validate and improve the power of assessing events. Another limitation of the study is the cardiac endpoint utilized, which includes a wide range of heterogeneous events from hard to softer ones. Moreover, it was determined that the number of outcomes was modest, although this is the largest study of patients with rToF after PVR (31). The number of hard events was small because the sample size was small, and contrastingly, partly because the cardiac function of such patients significantly improved after PVR (13). In addition, due to limited research conditions, we did not report inter-study reproducibility. However, inter-study reproducibility of strain measured by CMR feature tracking has been reported in a previous study, showing a satisfactory coefficient of variation and intraclass correlation coefficient (37). Lastly, it was shown that significant differences were noted in all strain and strain rate values between different vendors. Because we only provided the strain and strain rate data of the Circle CVI software (38), the data of other vendors, such as TomTec Arena, QStrain Medis, and Segment Medviso, still need to be further supplemented by other studies.

In conclusion, PVR in patients with rToF has relatively low mortality and fewer adverse events. Preoperative LV RS, CS, LS, RSRs, RSRe, CSRe, and LSRe were significantly associated with adverse outcomes after PVR. In particular, LS and LSRe assessed with CMR are independent predictors of survival in patients with rToF after PVR and offer incremental information for risk stratification beyond clinical parameters, biomarkers, and standard CMR parameters.
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Bland–Altman analysis for intra-observer reproducibility of strain and strain rate (the blue line indicates the mean value; the dashed red line indicates 95% CI).
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Bland–Altman analysis for inter-observer reproducibility of strain and strain rate (the blue line indicates the mean value; the dashed red line indicates 95% CI).



References

1. Hoffman JI, Kaplan S. The incidence of congenital heart disease. J AmColl Cardiol. (2002) 39:1890–900. doi: 10.1016/S0735-1097(02)01886-7

2. Mercer-Rosa L, Yang W, Kutty S, Rychik J, Fogel M, Goldmuntz E. Quantifying pulmonary regurgitation and right ventricular function in surgically repaired tetralogy of Fallot: a comparative analysis of echocardiography and magnetic resonance imaging. Circ Cardiovasc Imaging. (2012) 5:637–43. doi: 10.1161/CIRCIMAGING.112.972588

3. Mouws EMJP, de Groot NMS, van de Woestijne PC, de Jong PL, Helbing WA, van Beynum IM, et al. Tetralogy of Fallot in the current era. Semin Thorac Cardiovasc Surg. (2019) 31:496–504. doi: 10.1053/j.semtcvs.2018.10.015

4. Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman JM, et al. 2018 AHA/ACC Guideline for the management of adults with congenital heart disease: a report of the American college of cardiology/American heart association task force on clinical practice guidelines. Circulation. (2018) 139:e698–800. doi: 10.1161/CIR.0000000000000602

5. Baumgartner H, De Backer J, Babu-Narayan SV, Budts W, Chessa M, Diller GP, et al. 2020 ESC Guidelines for the management of adult congenital heart disease. Eur Heart J. (2021) 42:563–645. doi: 10.15829/1560-4071-2021-4702

6. Sabate Rotes A, Bonnichsen CR, Reece CL, Connolly HM, Burkhart HM, Dearani JA, et al. Long-term follow-up in repaired tetralogy of fallot: can deformation imaging help identify optimal timing of pulmonary valve replacement? J Am Soc Echocardiogr. (2014) 27:1305–10. doi: 10.1016/j.echo.2014.09.012

7. Buss SJ, Breuninger K, Lehrke S, Voss A, Galuschky C, Lossnitzer D, et al. Assessment ofmyocardial deformation with cardiac magnetic resonance strain imaging improves risk stratification in patients with dilated cardiomyopathy. Eur Heart J Cardiovasc Imaging. (2015) 16:307–15. doi: 10.1093/ehjci/jeu181

8. De Siqueira MEM, Pozo E, Fernandes VR, Sengupta PP, Modesto K, Gupta SS, et al. Characterization and clinical significance of right ventricular mechanics in pulmonary hypertension evaluated with cardiovascular magnetic resonance feature tracking. J Cardiovasc Magn Reson. (2016) 18:1–12. doi: 10.1186/s12968-016-0258-x

9. Kraigher-Krainer E, Shah AM, Gupta DK, Santos A, Claggett B, Pieske B, et al. Impaired systolic function by strain imaging in heart failure with preserved ejection fraction. J Am Coll Cardiol. (2014) 63:447–56. doi: 10.1016/j.jacc.2013.09.052

10. Menting ME, van den Bosch AE, McGhie JS, Eindhoven JA, Cuypers JA, Witsenburg M, et al. Assessment of ventricular function in adults with repaired Tetralogy of Fallot using myocardial deformation imaging. Eur Heart J Cardiovasc Imaging. (2015) 16:1347–57. doi: 10.1093/ehjci/jev090

11. Jing L, Wehner GJ, Suever JD, Charnigo RJ, Alhadad S, Stearns E, et al. Left and right ventricular dyssynchrony and strains from cardiovascular magnetic resonance feature tracking do not predict deterioration of ventricular function in patients with repaired tetralogy of Fallot. J Cardiovasc Magn Reson. (2016) 18:49. doi: 10.1186/s12968-016-0268-8

12. Schmidt B, Dick A, Treutlein M, Schiller P, Bunck AC, Maintz D, et al. Intra- and inter-observer reproducibility of global and regional magnetic resonance feature tracking derived strain parameters of the left and right ventricle. Eur J Radiol. (2017) 89:97–105. doi: 10.1016/j.ejrad.2017.01.025

13. Heng EL, Gatzoulis MA, Uebing A, Sethia B, Uemura H, Smith GC, et al. Immediate and midterm cardiac remodeling after surgical pulmonary valve replacement in adults with repaired tetralogy of Fallot: a prospective cardiovascular magnetic resonance and clinical study. Circulation. (2017) 136:1703–13. doi: 10.1161/CIRCULATIONAHA.117.027402

14. Monti CB, Secchi F, Capra D, Guarnieri G, Lastella G, Barbaro U, et al. Right ventricular strain in repaired tetralogy of Fallot with regards to pulmonary valve replacement. Eur J Radiol. (2020) 131:109235. doi: 10.1016/j.ejrad.2020.109235

15. Kutty S, Deatsman SL, Russell D, Nugent ML, Simpson PM, Frommelt PC, et al. Pulmonary valve replacement improves but does not normalize right ventricular mechanics in repaired congenital heart disease: a comparative assessment using velocity vector imaging. J Am Soc Echocardiogr. (2008) 21:1216–21. doi: 10.1016/j.echo.2008.08.009

16. He F, Feng Z, Chen Q, Jiao Y, Hua Z, Zhang H, et al. Whether pulmonary valve replacement in asymptomatic patients with moderate or severe regurgitation after tetralogy of fallot repair is appropriate: a case-control study. J Am Heart Assoc. (2019) 8:e010689. doi: 10.1161/JAHA.118.010689

17. Halliday BP, Baksi AJ, Gulati A, Ali A, Newsome S, Izgi C, et al. Outcome in dilated cardiomyopathy related to the extent, location, and pattern of late gadolinium enhancement. JACC Cardiovasc Imaging. (2019) 12(8 Pt. 2):1645–55. doi: 10.1016/j.jcmg.2018.07.015

18. Li ZL, He S, Xia CC, Peng WL, Li L, Liu KL, et al. Global longitudinal diastolic strain rate as a novel marker for predicting adverse outcomes in hypertrophic cardiomyopathy by cardiac magnetic resonance tissue tracking. Clin Radiol. (2021) 76:e19–78. doi: 10.1016/j.crad.2020.08.019

19. Stacey RB, Vera T, Morgan TM, Jordan JH, Whitlock MC, Hall ME, et al. Asymptomatic myocardial ischemia forecasts adverse events in cardiovascular magnetic resonance dobutamine stress testing of high-risk middle-aged and elderly individuals. J Cardiovasc Magn Reson. (2018) 20:75. doi: 10.1186/s12968-018-0492-5

20. Writing Committee Members Shen WK, Sheldon RS, Benditt DG, Cohen MI, Forman DE, et al. 2017 ACC/AHA/HRS guideline for the evaluation and management of patients with syncope: a report of the American college of cardiology/American heart association task force on clinical practice guidelines and the heart rhythm society. Heart Rhythm. (2017) 14:e155–217. doi: 10.1016/j.hrthm.2017.03.004

21. Brignole M, Moya A, de Lange FJ, Deharo JC, Elliott PM, Fanciulli A, et al. 2018 ESC Guidelines for the diagnosis and management of syncope. Eur Heart J. (2018) 39:1883–948. doi: 10.5603/KP.2018.0161

22. Geva T. Indications for pulmonary valve replacement in repaired tetralogy of Fallot: the quest continues. Circulation. (2013) 128:1855–7. doi: 10.1161/CIRCULATIONAHA.113.005878

23. Zhuang B, Li S, Xu J, Zhou D, Yin G, Zhao S, et al. Age- and sex-specific reference values for atrial and ventricular structures in the validated normal chinese population: a comprehensive measurement by cardiac MRI. J Magn Reson Imaging. (2020) 52:1031–43. doi: 10.1002/jmri.27160

24. Zhuang B, Cui C, Sirajuddin A, He J, Wang X, Yue G, et al. Detection of myocardial fibrosis and left ventricular dysfunction with cardiac MRI in a hypertensive swine model. Radiol Cardiothorac Imaging. (2020) 2:e190214. doi: 10.1148/ryct.2020190214

25. van der Ven JPG, van den Bosch E, Bogers A, Helbing WA. Current outcomes and treatment of tetralogy of Fallot. F1000Res. (2019) 8:F1000 Faculty Rev-1530.

26. Scherptong RW, Mollema SA, Blom NA, Kroft LJ, de Roos A, Vliegen HW, et al. Right ventricular peak systolic longitudinal strain is a sensitive marker for right ventricular deterioration in adult patients with tetralogy ofFallot. Int J Cardiovasc Imaging. (2009) 25:669–76. doi: 10.1007/s10554-009-9477-7

27. Giardini A, Specchia S, Coutsoumbas G, Donti A, Formigari R, Fattori R, et al. Impact of pulmonary regurgitation and right ventricular dysfunction on oxygen uptake recovery kinetics in repaired tetralogy of Fallot. Eur J Heart Fail. (2006) 8:736–43. doi: 10.1016/j.ejheart.2006.01.012

28. Yim D, Mertens L, Morgan CT, Friedberg MK, Grosse-Wortmann L, Dragulescu A. Impact of surgical pulmonary valve replacement on ventricular mechanics in children with repaired tetralogy of Fallot. Int J Cardiovasc Imaging. (2017) 33:711–20. doi: 10.1007/s10554-016-1046-2

29. Jang W, Kim YJ, Choi K, Lim HG, Kim WH, Lee JR. Mid-term results of bioprosthetic pulmonary valve replacement in pulmonary regurgitation after tetralogy of Fallot repair. Eur J Cardio Thorac Surg. (2012) 42:e1–8. doi: 10.1093/ejcts/ezs219

30. Dorobantu DM, Sharabiani MTA, Taliotis D, Parry AJ, Tulloh RMR, Bentham JR, et al. Age over 35 years is associated with increased mortality after pulmonary valve replacement in repaired tetralogy of Fallot: results from the UK national congenital heart disease audit database. Eur J Cardiothorac Surg. (2020) 58:825–31. doi: 10.1093/ejcts/ezaa069

31. Geva T, Mulder B, Gauvreau K, Babu-Narayan SV, Wald RM, Hickey K, et al. Preoperative predictors of death and sustained ventricular tachycardia after pulmonary valve replacement in patients with repaired tetralogy of Fallot enrolled in the INDICATOR Cohort. Circulation. (2018) 138:2106–15. doi: 10.1161/CIRCULATIONAHA.118.034740

32. Scherptong RW, Hazekamp MG, Mulder BJ, Wijers O, Swenne CA, van der Wall EE, et al. Follow-up after pulmonary valve replacement in adults with tetralogy of Fallot: association between QRS duration and outcome. J Am Coll Cardiol. (2010) 56:1486–92. doi: 10.1016/j.jacc.2010.04.058

33. Hwang TW, Kim SO, Kim MS, Jang SI, Kim SH, Lee SY, et al. Short-Term change of exercise capacity in patients with pulmonary valve replacement after tetralogy of Fallot repair. Korean Circ J. (2017) 47:254–62. doi: 10.4070/kcj.2016.0226

34. Babu-Narayan SV, Diller GP, Gheta RR, Bastin AJ, Karonis T, Li W, et al. Clinical outcomes of surgical pulmonary valve replacement after repair of tetralogy of Fallot and potential prognostic value of preoperative cardiopulmonary exercise testing. Circulation. (2014) 129:18–27. doi: 10.1161/CIRCULATIONAHA.113.001485

35. Sabate Rotes A, Eidem BW, Connolly HM, Bonnichsen CR, Rosedahl JK, Schaff HV, et al. Long-term follow-up after pulmonary valve replacement in repaired tetralogy of Fallot. Am J Cardiol. (2014) 114:901–8. doi: 10.1016/j.amjcard.2014.06.023

36. Bokma JP, Winter MM, Oosterhof T, Vliegen HW, van Dijk AP, Hazekamp MG, et al. Severe tricuspid regurgitation is predictive for adverse events in tetralogy of Fallot. Heart. (2015) 101:794–9. doi: 10.1136/heartjnl-2014-306919

37. Morton G, Schuster A, Jogiya R, Kutty S, Beerbaum P, Nagel E. Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking. J Cardiovasc Magn Reson. (2012) 14:43. doi: 10.1186/1532-429X-14-43

38. Dobrovie M, Barreiro-Perez M, Curione D, Symons R, Claus P, Voigt JU, et al. Inter-vendor reproducibility and accuracy of segmental left ventricular strain measurements using CMR feature tracking. Eur Radiol. (2019) 29:6846–57. doi: 10.1007/s00330-019-06315-4













	 
	

	TYPE Original Research
PUBLISHED 20 September 2022
DOI 10.3389/fcvm.2022.930015





Machine learning assisted reflectance spectral characterisation of coronary thrombi correlates with microvascular injury in patients with ST-segment elevation acute coronary syndrome

Rafail A. Kotronias1,2†, Kirsty Fielding3†, Charlotte Greenhalgh3, Regent Lee4, Mohammad Alkhalil2,5, Federico Marin1, Maria Emfietzoglou2, Adrian P. Banning1, Claire Vallance3‡, Keith M. Channon1,2‡ and Giovanni Luigi De Maria1,2*‡

1Oxford Heart Centre, National Institute for Health and Care Research (NIHR) Biomedical Research Centre, Oxford University Hospitals, Oxford, United Kingdom

2Department of Cardiovascular Medicine, University of Oxford, Oxford, United Kingdom

3Department of Chemistry, University of Oxford, Oxford, United Kingdom

4Nuffield Department of Surgical Sciences, University of Oxford, Oxford, United Kingdom

5Cardiothoracic Centre, Freeman Hospital, Newcastle, Translational and Clinical Research Institute, Newcastle University, Newcastle upon Tyne, United Kingdom

[image: image]

OPEN ACCESS

EDITED BY
Italo Porto, Università degli Studi di Genova, Italy

REVIEWED BY
Francesco Pelliccia, Sapienza University of Rome, Italy
Jaroslaw Zalewski, Jagiellonian University Medical College, Poland

*CORRESPONDENCE
Giovanni Luigi De Maria, Giovanniluigi.Demaria@ouh.nhs.uk

†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work and share senior authorship

SPECIALTY SECTION
This article was submitted to Cardiovascular Imaging, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 27 April 2022
ACCEPTED 25 August 2022
PUBLISHED 20 September 2022

CITATION
Kotronias RA, Fielding K, Greenhalgh C, Lee R, Alkhalil M, Marin F, Emfietzoglou M, Banning AP, Vallance C, Channon KM and De Maria GL (2022) Machine learning assisted reflectance spectral characterisation of coronary thrombi correlates with microvascular injury in patients with ST-segment elevation acute coronary syndrome.
Front. Cardiovasc. Med. 9:930015.
doi: 10.3389/fcvm.2022.930015

COPYRIGHT
© 2022 Kotronias, Fielding, Greenhalgh, Lee, Alkhalil, Marin, Emfietzoglou, Banning, Vallance, Channon and De Maria. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Aims: We set out to further develop reflectance spectroscopy for the characterisation and quantification of coronary thrombi. Additionally, we explore the potential of our approach for use as a risk stratification tool by exploring the relation of reflectance spectra to indices of coronary microvascular injury.

Methods and results: We performed hyperspectral imaging of coronary thrombi aspirated from 306 patients presenting with ST-segment elevation acute coronary syndrome (STEACS). Spatially resolved reflected light spectra were analysed using unsupervised machine learning approaches. Invasive [index of coronary microvascular resistance (IMR)] and non-invasive [microvascular obstruction (MVO) at cardiac magnetic resonance imaging] indices of coronary microvascular injury were measured in a sub-cohort of 36 patients. The derived spectral signatures of coronary thrombi were correlated with both invasive and non-invasive indices of coronary microvascular injury. Successful machine-learning-based classification of the various thrombus image components, including differentiation between blood and thrombus, was achieved when classifying the pixel spectra into 11 groups. Fitting of the spectra to basis spectra recorded for separated blood components confirmed excellent correlation with visually inspected thrombi. In the 36 patients who underwent successful thrombectomy, spectral signatures were found to correlate well with the index of microcirculatory resistance and microvascular obstruction; R2: 0.80, p < 0.0001, n = 21 and R2: 0.64, p = 0.02, n = 17, respectively.

Conclusion: Machine learning assisted reflectance spectral analysis can provide a measure of thrombus composition and evaluate coronary microvascular injury in patients with STEACS. Future work will further validate its deployment as a point-of-care diagnostic and risk stratification tool for STEACS care.

KEYWORDS
coronary thrombus, STEACS, reflectance spectroscopy, machine learning, coronary microvascular injury, coronary microvascular dysfunction (CMD)


Introduction

ST-segment elevation acute coronary syndrome (STEACS) presentation is secondary to atherosclerotic plaque disruption (erosion or rupture) leading to a prothrombotic milieu with subsequent thrombotic occlusion of the culprit artery and consequent myocardial necrosis. The introduction of primary percutaneous coronary intervention (pPCI) services, has led to significant reductions in mortality following a STEACS (1). Despite prompt coronary blood flow restoration, subsequent cardiac failure is on the rise due to a variety of pathological mechanisms culminating into suboptimal downstream myocardium perfusion (1, 2). Coronary microvascular injury is a key mechanism of prognostic importance that is predominantly, yet not exclusively, related to atherothrombotic material embolisation following mechanical flow restoration (2–5).

Coronary thrombus aspiration with manual thrombectomy can be used in patients with high thrombus burden (6), with a patient level meta-analysis of randomised studies identifying a trend towards better clinical outcomes (7). Beyond its potential therapeutic role, thrombus retrieval may prove useful for stratified medicine approaches in STEACS care. Indeed, erythrocyte-rich, macroscopically red coronary thrombi were associated with worse reperfusion and a poorer clinical outcome compared to platelet-rich macroscopically white thrombi (8, 9). Despite its attractive simplicity, qualitative categorisation of thrombi to “white” and “red” is subjective and non-standardised and often not visually feasible as thrombi can present a mixed of “red” and “white” texture (10). Therefore, a quantitative analytical method that is systematic, reproducible and clinically feasible could serve as an important stratification tool for STEACS care during pPCI.

Our group has validated one such approach using reflectance spectroscopy (11). In brief, analysis of the spectrum of visible light reflected from a sample provides information about its molecular composition (12). We have shown that reflectance spectroscopy of the sample can rapidly (near real-time) and reliably identify visually red thrombi and can discriminate between patients with significant and insignificant microvascular injury (11). In this work, we expand our earlier work by spatially resolving the reflectance spectral analysis and using the well-known classification technique of k-means clustering (13) in order to automatically quantify the aspirated thrombus and characterise its composition on a pixel by pixel basis. We also explore the potential risk stratification role of reflectance spectroscopy by correlating the thrombus spectra with established invasive and non-invasive indices of coronary microvascular injury.



Materials and methods

Patients presenting with a STEMI between June 2012 and December 2020 at the Oxford Heart Centre were recruited in the prospective OxAMI (Oxford Acute Myocardial Infarction) cohort study (14). The current study includes prospectively enrolled participants who underwent manual thrombectomy during primary percutaneous coronary intervention (pPCI) followed by microvascular injury phenotyping (Figure 1). The detailed study flow diagram is shown in Supplementary Figure 1. The study protocol was approved by the local ethics committee (10/H0408/24) and conducted in accordance with the Declaration of Helsinki.


[image: image]

FIGURE 1
Experimental design.



Manual thrombectomy

Primary percutaneous coronary intervention was performed in standard fashion with the use of adjunctive manual thrombectomy at the operator’s discretion in participants with high thrombus burden. After flow was established in the culprit artery with a 0.014’ angioplasty wire, manual thrombectomy was performed using a conventional 6 French compatible thrombus aspiration catheter - Export (Medtronic), Vmax (Stron Medical), or Hunter (IHT Cordynamic). The chosen thrombectomy device was advanced proximal to the culprit lesion under fluoroscopic guidance and then manoeuvred gently forward and backward while vacuum-based-suction was applied with a 20 ml Luer-lock syringe connected to the proximal hub of the thrombectomy catheter. The aspirate was filtered using a 40 μm pore cell strainer (BD Falcon, Milan, Italy) and collected thrombotic debris was gently washed with normal saline to remove excess blood. The debris within the filter was frozen at −80°C. For this study, a thrombectomy was considered “successful” when the actual aspirated thrombus was representative of the expected thrombus based on the angiographic thrombus burden (see Section “Angiographic analysis”).



Angiographic analysis

Intracoronary thrombus burden was angiographically evaluated in five grades after flow restoration as previously described (15). Thrombosis In Myocardial Infarction (TIMI) flow and myocardial blush were assessed as previously reported (16, 17).



Microvascular injury evaluation

Microvascular injury evaluation in OxAMI is performed by two modalities; invasive coronary physiology at the end of the pPCI and cardiac magnetic resonance imaging within 48 h following pPCI (4).

Invasive assessment of the infarct-related artery was performed with commercially available pressure wire technology (Pressure Wire X, Abbott, CA, United States or Certus, St. Jude Medical, MN, United States) and a thermodilution technique as previously described (Supplementary material). The index of microcirculatory resistance (IMR), a well-described index of microvascular injury in STEMI (14), was computed as:
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where, Pd is the mean distal coronary pressure.

Based on established literature, IMR was dichotomized using the clinically significant threshold of 40 U (18).

Non-invasive evaluation by cardiac magnetic resonance imaging was performed as described previously (4) using a 3.0 Tesla scanner (either MAGNETOM TIM Trio or MAGNETOM Verio, Siemens Healthcare, Erlangen, Germany). Microvascular obstruction and infarct size were evaluated and quantified by late gadolinium enhancement (LGE) (Supplementary material). The quantification of infarct size (IS) as a percentage of left ventricular (LV) mass, was performed by setting the signal intensity threshold at 5 standard deviations (SDs) above the mean signal intensity of the remote reference myocardium (19). Microvascular obstruction was identified as the hypointense area within the LGE region and quantified by manual delineation. MVO is expressed as a percentage of LV mass and was dichotomised using the prognostically significant threshold of 1.55% (20). Image analyses were performed on the Cvi42 image analysis software (Circle Cardiovascular Imaging Inc., Calgary, Canada).



Quantification of thrombus composition by hyperspectral imaging (Experiment A)

The experimental setup for the hyperspectral imaging measurements is shown in Supplementary Figure 2. The cell strainer containing the frozen thrombus sample was illuminated by four 20 W halogen lamps and the reflected light was imaged with the IMEC Snapscan Hyperspectral imaging camera (IMEC, Belgium). Typically, acquisition can be performed in approximately 1 min. For each pixel in the image, the reflected light intensity was recorded at 150 wavelengths across the range 470–900 nm (see Supplementary material for further detail). Spectral images were also acquired for frozen samples of plasma and red blood cells, and for an empty filter and water ice. These were used as basis spectra in the fitting procedure described below.

Two distinct approaches were used to quantify the composition of the material imaged in each pixel based on the pixel’s reflectance spectrum. In the first method, we used an unsupervised machine learning method known as k-means clustering (21, 22) to classify the pixels into a user-defined number of groups. Full details of this approach are provided in the Supplementary material. The outcome of this analysis is a set of characteristic “k-fractions” for each hyperspectral image, which quantify the spectral composition of pixels identified as thrombus.

In the second approach, we made the assumption that the spectrum for a given pixel can be written as a linear combination of the basis spectra Splasma (λ), SRBCs (λ), Sfilter (λ), and Sice (λ) recorded for plasma and red blood cells from healthy volunteer and for the filter base and water ice, respectively. The pixel spectra were fitted to the following expression:
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where cplasma, cRBCs, cfilter, and cice are the fitting coefficients for each basis spectrum, proportional to the weighting of the relevant component in the measured spectrum, and c0 is a constant offset. Within this analysis the composition of each pixel is characterised by the set of five fitting coefficients.



Correlation between thrombus spectral images and microvascular injury (Experiment B)

The relationship between spectral data (in the form of k-fractions fk for each sample) and microvascular injury indices (IMR and MVO) was modelled by fitting the thrombus pixel data set to a range of linear and non-linear multiple linear regressions models. The four models used were:
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where yfit is the fitted value of MVO or IMR, fk are the k-fractions extracted from the spectral image of the patient’s thrombus sample, and ck are fitting coefficients.

Initially, the above analysis was performed using data from all patients for whom thrombectomy had been attempted (see Supplementary Figure 3). However, it soon became apparent that in many cases sub-optimal thrombectomy was achieved such that the collected thrombus was only a small fraction of the total in situ coronary thrombus. The presence of these unrepresentative samples within the data set tends to mask the correlations under study to a significant degree. To address this, we developed a thresholding method (described in detail in the Supplementary material) to identify samples from patients for whom thrombectomy had been “successful,” and repeated the analysis using only these patient samples (n = 36).



Statistical analysis

Following normality assumption evaluation, variables were expressed either as mean ± standard deviation or median (25th to 75th percentile) and categorical variables as numbers (percentage). Multiple linear regression analyses were performed to model the relationship between spectral data and microvascular injury indices. Goodness of fit was evaluated using the co-efficient of determination (R2). An R2 value above 0.2 was considered biologically notable. All p-values are two-sided whilst p < 0.05 was considered statistically significant. All analyses were conducted in MATLAB 2020a (23).




Results

In experiment A, a total of 306 patients underwent manual thrombectomy during pPCI yielding a cohort with clinical and procedural characteristics representative of contemporary STEMI patients (Table 1). In experiment B, a cohort of n = 36 patients had microvascular injury evaluation and thrombus aspirate samples representative of the angiographic thrombus burden (Figure 2). The clinical and procedural characteristics were comparable to the wider cohort (Table 1).


TABLE 1    Clinical, procedural, and coronary microvascular injury characteristics.

[image: Table 1]


[image: image]

FIGURE 2
Plot of the thrombus area within each spectral image (expressed as a fraction) against Thrombosis In Myocardial Infarction (TIMI) thrombus score. A threshold thrombus area fraction of 0.22 was used as the minimum value to define successful thrombectomy in patients with thrombus scores of 4 and 5.



Quantification of thrombus composition by hyperspectral imaging (Experiment A)

Figure 3 shows examples of the hyperspectral images obtained for two selected thrombus samples. Within the image data, we have information on a spectrum of 150 wavelengths within each pixel. Colour images of the samples are shown on left, with spectra for a few selected pixels within each image shown to the right of the images.
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FIGURE 3
Example hyperspectral images for two thrombus samples. Each image pixel contains a 150-wavelength reflectance spectrum which characterises the composition of the material being imaged. Example spectra for the marked pixels are shown on the right of the figure.


The k-means analysis described in Section “Quantification of thrombus composition by hyperspectral imaging (Experiment A)” and in the Supplementary material was successfully employed across the full data set of sample spectral images, with false colour images generated using the pixel groups assigned by the k-means clustering algorithm showing good correspondence with conventional photographs of each sample. Two examples are shown in Figure 4, for two patients identified as having low and high IMR and MVO values, respectively. The left panel of the figure shows photographs of the thrombus samples for the two patients (Figures 4A,E), false colour images showing the pixels assigned to each of the 11 k-groups (Figures 4B,F), the same images with all non-thrombus pixels set to zero (Figures 4C,G), and finally, the results of the second k-means analysis with K = 7 (i.e., seven k-groups) carried out only on the thrombus pixels (Figures 4D,H). Note that the choice of 11 and 7 groups for the spectra is explained in the Supplementary material. The central panel of Figure 4 shows screenshots from invasive coronary physiology measurements and the right-hand panel shows the cardiac MRI scans used to determine MVO for the two patients.


[image: image]

FIGURE 4
Example output of the k-means clustering analysis for two patients identified as having low and high index of coronary microvascular resistance (IMR) (centre panel) and small and large microvascular obstruction (MVO) (right panel), respectively. In the left panel, images (A,E) are photographs of the thrombus samples for each patient; images (B,F) show the results of the K = 11 k-means clustering analysis, with each colour corresponding to a different cluster; images (C,G) are the same as images (B,F) but with all non-thrombus pixels set to zero; and images (D,H) show the results of a second k-means clustering analysis with K = 7, performed only on thrombus pixels.


We note that when using K = 11 in the initial k-means analysis on the complete data set, the algorithm, the clustering algorithm was successful in differentiating between the various materials present within the sample, including distinguishing blood and thrombus in blood-contaminated samples. The clusters with k = 9 and k = 11 were assigned to thrombus and used to generate the images shown in Figures 4C,D. Notably, the spectrum corresponding to the k = 11 cluster closely resembles that of the known spectrum of red blood cells, which is dominated by the absorption spectrum of haemoglobin.

As noted in the Section “Materials and methods,” in an alternative analysis the reflectance spectra of plasma, RBCs, empty filter, and water ice were used as basis spectra to perform a linear fit to the spectrum of each image pixel (Eq. 1). Figure 5 shows an example output of the basis function fitting analysis, in which the best-fit coefficients for each spectral component (basis spectrum) are plotted separately as colour maps. Good fits were obtained to Eq. 1, as determined from χ2 values and visual inspection, suggesting that these components account for most of the features observed in the reflectance spectra.


[image: image]

FIGURE 5
Example output of the basis function fitting process. The image on the left is a photograph of the sample. The false colour images show the fitted contributions to the spectral image from the filter, water ice, plasma, and red blood cells.




Correlation between thrombi spectra and microvascular injury (Experiment B)

Microvascular injury evaluation by CMR and/or IMR was performed in 36 patients, revealing a varied spectrum of microvascular injury in this cohort that was comparable to the injury noted in the wider cohort. As explained in Section “Correlation between thrombus spectral images and microvascular injury (Experiment B),” four different linear regression analyses were performed (Eqs 2–5) in order to model the relationship between the microvascular injury indices and the spectral imaging parameters (k-fractions) extracted from the thrombus pixels using k-means clustering. The power model (Eq. 3) was not able to fit the data well, and will not be considered further. The results of the analysis using Eqs (2, 4, 5) are shown in Figure 6.
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FIGURE 6
Linear regression analysis of correlations between thrombus spectral parameters predicted microvascular injury and actual microvascular injury indices for the thresholded data set of Oxford Acute Myocardial Infarction (OxAMI) samples. The plots show fits of the thrombus pixel k-fractions determined from the spectral images in the thresholded data set to (A) Eq. 2; (B) Eq. 4; and (C) Eq. 5. Note that the fitting coefficients ck are different for each fit. Sample number n and R2 value are shown for each correlation. Equivalent plots for the full OxAMI data set can be found in Supplementary Figure 3.


The third model (Eq. 4), which assumes an exponential dependence of IMR and MVO on the k-fractions, performed best in predicting IMR (R2: 0.80, p < 0.0001, n = 21) and MVO (R2: 0.64, p = 0.02, n = 17).




Discussion

Coronary microvascular dysfunction in the STEACS setting is prognostically important (4, 5, 18), and its early and reliable identification during pPCI can guide stratification of adjunct therapies (24–26). Early work has shown that macroscopically red thrombi are associated with an adverse prognostic outcome (8, 9). Our proof-of-concept work established the feasibility of reflectance spectroscopy as a novel standardised tool for intraprocedural risk stratification. This study expands on our preliminary findings (11) by applying a robust, automated, near real-time analytical technique for coronary thrombus reflectance spectral characterisation and exploring its diagnostic role by correlating it with established coronary microvascular function indices.

In this work we have employed for the first time spatially resolved reflectance spectral analysis of coronary thrombus samples, in which reflectance spectra are recorded for every pixel in the image of each sample. This capability has enabled us to use advanced processing methods to: (i) phenotype the spectral signature of aspirated thrombi through machine learning approaches (unsupervised k-means clustering); and (ii) use the results of the clustering analysis to determine the regions of the images corresponding to aspirated thrombus area in an automated fashion. We have shown that separation of the pixel spectra into 11 groups allows the successful assignment of the various image components (thrombus, blood, water ice, filter, etc.).

Having developed a reliable method for determining the amount of aspirated thrombus, we observed that the adjunctive use of manual thrombectomy in patients with high angiographic thrombus burden only rarely led to aspiration of thrombus amounts larger than those aspirated from patients with low angiographic thrombus burden. This suggests that manual thrombectomy is infrequently effective at modifying thrombus burden, corroborating earlier work (27). Indeed, residual thrombus has been associated with worse microvascular dysfunction in STEACS (28), and sub-optimal thrombectomy has been put forth as one of the reasons that thrombus modification in STEACS was clinically inefficacious (7).

Finally, we have shown that the reflectance spectral signatures of the aspirated coronary thrombi show clear and reliable correlation with the degree of microvascular injury, as measured by MVO and IMR. The observed correlations are not perfect, highlighting that thrombus composition is one of the multiple factors influencing the extent of microvascular injury (29). Nonetheless, our work complements and improves on our earlier findings, which showed that spectrally identified red-cell content was able to modestly segregate patients with clinically significant and insignificant microvascular injury following a STEACS (11). Taking these two studies together, our work has shown that reflectance spectroscopy can offer a standardised, rapid, and reliable technique for identifying and stratifying patients with significant microvascular injury in cases where representative amounts of coronary thrombus are available for analysis.



Limitations

Firstly, we note that while the present work was carried out on frozen samples collected as part of the OxAMI study, the method is easily extendable to fresh samples. Further work is also underway which employs alternative spectroscopic and spectrometric methods with greater discriminating power. Together these methods have the potential to lead to a novel, high throughput, and non-destructive tool to study the pathobiology of coronary thrombus.

It is also worth mentioning that the 8 years over which patients were enrolled in the OxAMI study saw changes in pharmacotherapy that could have influenced aspirated thrombus composition. However, 97% of participants were pre-loaded with DAPT prior to their PPCI and 93% had intraprocedural bivalirudin administered. Adjunctive pharmacotherapy in the form of GpIIb/IIIa was used in 13% of all patients and a comparable 22% in patients from cohort B. Indeed, GpIIb/IIIa was predominantly (72%) used as a bailout strategy after thrombus aspiration. Nonetheless this is unlikely to confound our endpoint as insights from the T-TIME randomised trial show that intracoronary thrombolysis had no effect on microvascular injury indices (30).

Finally, from an external validity perspective, our approach can be applied to the small number of STEACS patients undergoing manual thrombectomy in contemporary practice (31). However, the early phase RETRIEVE-AMI (NCT05307965) and NATURE (NCT04969471) trials exploring novel tools for thrombus retrieval offer an excellent opportunity for our technology, as they address the drawbacks that underpin the dwindling use of aspiration thrombectomy and aim to define and refine its exact role in the expanding landscape of intraprocedural risk stratification tools for STEACS care. While we acknowledge that the correlations between spectral data and clinical parameters observed in the present study are somewhat limited by the small number of patients included in the thresholded data set, we are working to address this by employing alternative approaches involving analysis of plasma from coronary aspirate. These newer approaches do not require thrombectomy and can therefore be generalised to all patients undergoing pPCI.



Conclusion

We have shown that reflectance spectral imaging of coronary thrombus combined with machine learning approaches enables the determination of parameters correlating with thrombus composition, including automated quantification of thrombus area within the images. We have also shown for the first time that spectral signatures of coronary thrombi correlate with microvascular injury indices in patients with STEACS. Further validation of this point-of-care system in future studies will potentially enable the integration of reflectance spectroscopy into the diagnostic workflow of STEACS and facilitate the stratified deployment of adjunct treatment therapies.
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Background: Intravascular Ultrasound (IVUS) has been shown to improve clinical outcomes in patients undergoing percutaneous intervention (PCI) in numerous trials. However, it is still underutilized outside of trial settings, and most trials include a significant proportion of patients with prior PCI. The aim of this study is to look at real-world use and outcomes in PCI-naïve patients who undergo IVUS-guided intervention.

Methods and results: Prospectively collected data from 10,574 consecutive patients undergoing their index PCI was retrospectively analyzed. 455 (4.3%) patients underwent IVUS, with a median follow-up of 4.6 years. Patients undergoing IVUS had higher levels of comorbidities including diabetes (27.5% vs. 19.7%, p < 0.001), hypertension (58.0% vs. 47.9%, p < 0.001), hypercholesterolemia (51.6% vs. 39.2%, p < 0.001) and were generally older (65.9 ± 14.5 vs. 64.5 ± 13.4 years, p = 0.031) with higher mean baseline creatinine levels (95.4 ± 63.3 vs. 87.8 ± 46.1 μmol/L). The strongest predictor of IVUS use was the operating consultant graduating from medical school after the year 2000 [OR 14.5 (3.5–59.8), p < 0.001] and the presence of calcific lesions [OR 5.2 (3.4–8.0) p < 0.001]. There was no significant difference in MACE nor 1-year mortality between patients undergoing IVUS-guided or angiography-only PCI on unadjusted analysis [OR 1.04 (0.73—1.5), p = 0.81, OR 1.055 (0.65–1.71) p = 0.828] nor mortality throughout the study period (HR 0.93 (0.69—1.26), p = 0.638). This held true for stents longer than 28 mm. Propensity matched analysis of patients similarly showed no mortality difference between arms for all patients and those with longer stents (p = 0.564 and p = 0.919).

Conclusion: The strongest predictors of IVUS use in PCI-naïve patients are the operator’s year of graduation from medical school and proxy measures of calcific lesions. On both matched and adjusted analysis there was no evidence of improved mortality nor reduced MACE in this specific retrospective cohort, although this may well be explained by significant selection bias.
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IVUS (intravascular ultrasound), PCI—percutaneous coronary intervention, real-world, regression analysis, propensity matching


Introduction

The use of intravascular ultrasound (IVUS) has steadily increased since its development in the late 1980s (1), and this use was accelerated by the evolution of effective drug-eluting stents (DES) a decade later (2). Subsequently, there have been numerous large-scale randomized trials assessing the effectiveness of IVUS in the drug-eluting stent era.

In general, these show that IVUS-guided PCI reduces major adverse cardiac events (MACE) in a variety of different settings. These include complex coronary artery disease (3), all-comers with follow-up periods of up to 3 years (4) and patients requiring stents longer than 28 mm (5, 6). The largest synthesis looked at 31 studies, including both randomized and observational trials, and demonstrated that MACE was lower with IVUS use with the suggestion of mortality benefit when including observational data (7).

As a result of this evidence, IVUS has grown in popularity and is now a class IIa recommendation in the latest ESC guidelines (8). However, outside of trials, IVUS use remains heterogenous and often low. For example, IVUS is used in 12% of PCI cases in the UK (9), but 80% of such cases in Japan (10).

Furthermore, a significant proportion of patients in these trials have undergone previous revascularization, ranging from 11 to 48% (11). There is limited literature on the effect of IVUS in PCI-naïve patients.

Therefore, the aims of this study are threefold. Firstly, we begin with a descriptive analysis to examine which patient, procedural and operator characteristics are associated with IVUS use in PCI-naïve patients, to shed light on the relative underuse of IVUS.

Secondly, we analyze the clinical outcomes of all PCI-naïve patients who received second generation drug-eluting stents of any length with and without IVUS optimization.

Thirdly, in light of the evidence from a recent analysis concerning IVUS effectiveness in long stents, we perform subgroup analysis for patients with implanted stents of longer than 28 mm.



Materials and methods


Study population and design

This was an observational study to determine associations between patient and operator characteristics and IVUS use, in addition to associations between IVUS use and favorable clinical outcomes. The study population was 10,574 consecutive patients undergoing their first PCI with second-generation stent implantation at Harefield Hospital between January 1st 2011 and January 1st 2021. The study flow-chart is shown in Figure 1. Patients who underwent optical coherence tomography (OCT) were excluded.


[image: image]

FIGURE 1
Study flow-chart.




Clinical and outcome data

The majority of clinical data, including patient characteristics and comorbidities, were taken from the audit data collected for every PCI patient at our institution. Blood gas analysis, hematology tests and laboratory biochemistry tests were taken from our own hospital’s database. Health outcomes data including survival was obtained by linking patients’ NHS numbers to the NHS spine, in collaboration with the Office for National Statistics (ONS).

The primary outcome measures were 1-year mortality and 1-year MACE, which is a patient-oriented composite endpoint encompassing all-cause mortality, unplanned revascularization, stroke and myocardial infarction (MI). Secondary outcome measures were a composite of device endpoints that includes cardiovascular (CV) death, MI and target-lesion revascularization (TLR). These were chosen in line with the Academic Research Consortium’s (ARC) guidelines for outcome reporting in cardiovascular trials (12). When the cause of death was unknown, it was listed as a cardiovascular death for the purposes of analysis in line with the ARC guidance.



Ethics

All patient-identifiable information was removed before analysis. Our local audit office assigned institutional support for this project. As this was analysis of anonymized information taken from required audit data we were advised that no further ethical approval was required.



Statistical analysis

Univariate analysis was performed using Student’s t-test for comparing the means of normally distributed data and Mann-Whitney U if not normally distributed. Chi-squared and Fisher’s tests were used for categorical data. Fisher’s exact test was used if the expected value in any group was less than five. Regression analysis was performed using binary logistic regression for dichotomous outcome variables and cox proportional hazards and Kaplan-Meier curves for survival data, as appropriate. These tests were performed in SPSS (IBM SPSS Statistics, version 28 (IBM Corp., Armonk, N.Y., USA) and R (R Foundation for Statistical Computing, Vienna, Austria).

Propensity matching was performed using R. The method used was 1:1 nearest neighbor matching without replacement, where distance was defined by using a propensity score estimated by logistic regression. The covariates used for propensity matching were age, ACS, previous ACS, previous CABG, hypercholesterolemia, smoking status, diabetes, hypertension, cardiac arrest, out of hospital cardiac arrest (OOHCA), maximum stent length per vessel, devices used for calcific lesions, devices used for calcium modification, number of stents used, year of procedure, hemoglobin, white blood cell concentration, sodium, potassium, urea, creatinine, consultant age band and consultant operator.

Statistical significance was established at p < 0.05 (2-tailed) for all tests. All data is reported according to the STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) guidelines (13).




Results


The general landscape of intravascular ultrasound use

In total, 10,574 PCI-naïve patients underwent an initial percutaneous intervention at Harefield Hospital with second generation DES implantation. The full baseline characteristics can be seen in Table 1. Notably 75.3% of procedures were for acute coronary syndromes (ACS), and of these, 77% were treated for ST elevation myocardial infarction (STEMI).


TABLE 1    Baseline characteristics and univariate analysis of patients undergoing index PCI 2011–202.
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IVUS was used in 455 patients, or 4.3% of cases. Figure 2 shows IVUS procedures (for all patients) over time, showing a general trend upwards since 2011. Median follow-up for all included patients was 1,691 days (IQR 753–2796).
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FIGURE 2
Absolute number of IVUS procedures performed in PCI-naive patients by year.




Univariate analysis showing associations with intravascular ultrasound use

Univariate analysis of different patient and procedural characteristics are show in Table 1. IVUS use was more prevalent in chronic rather than ACS: 50.1% of patients in the IVUS group were treated for ACS compared to 76.4% in the non-IVUS group (p < 0.001). However, the IVUS group had significantly higher rates of diabetes (27.5% vs. 19.7%, p < 0.001), hypertension (58.0% vs. 47.9%), hypercholesterolemia (51.6% vs. 38.7%, p < 0.001) and were generally older (65.9 ± 14.5 vs. 64.5 ± 13.4 years, p = 0.031) with higher mean baseline creatinine levels (95.4 ± 63.3 vs. 87.8 ± 46.1 μmol/L).

In contrast, IVUS use was less prevalent in patients with markers of acute illness, with lower prevalence in patients with STEMIs and cardiac arrests. Related to this, patients undergoing IVUS-guided PCI had significantly lower mean lactate levels than those without IVUS guidance (1.8 ± 1.7 vs. 2.3 ± 2.4 mmols/L, p < 0.001).

Moreover, both longer length and higher complexity of coronary lesions were associated with choice of IVUS use, but there was no significant difference in the which vessel was treated nor vessel diameter between groups. The mean length of implanted stent per vessel was 30.0 ± 19.8 mm in the IVUS group vs. 24.6 (14.6) mm in the non-IVUS group (p < 0.001). Furthermore, patients undergoing IVUS had a higher mean numbers of stents (2.1 ± 1.4 vs. 1.4 ± 0.9, p < 0.001) and significantly higher rates of concomitant calcium modification device use. These include intracoronary laser, rotational atherectomy and shockwave lithotripsy: 19.8% of patients in the IVUS group had concomitant calcium modification vs. 2.6% in the non-IVUS group (p < 0.001). The variable “devices for calcium” was deemed positive if any calcium modification device or other devices that may be used in calcific lesions such as microcatheters.

Finally, there were large differences in the operator characteristics, with IVUS being favored heavily by more recently qualified consultants, discussed in the multivariate analysis section below.



Multivariate analysis of factors associated with intravascular ultrasound use

The largest single predictor of IVUS use was the year that the operating consultant graduated from medical school (Table 2). Consultants graduating after 2000 were almost 15 times more likely to use IVUS than those graduating before 1990, even adjusting for the year that the procedure was performed (OR 14.5 (3.5–59.8), p < 0.001). The next most powerful predictor was the presence of calcific lesions, which led to a five-fold increase in the odds of IVUS use [OR 5.2 (3.4–8.0) p < 0.001]. The presence of STEMI made IVUS use around a third as likely [OR 0.34 (0.23–0.49), p < 0.001].


TABLE 2    Multivariate analysis of IVUS use.
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Unadjusted and adjusted outcomes of intravascular ultrasound use

Unadjusted outcomes are listed in Table 3. Adjusted outcomes are shown visually in Figure 3.


TABLE 3    Unadjusted outcomes.
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FIGURE 3
Adjusted outcome measures.


Adjusting for significant comorbidities, there was no significant difference in MACE at 1 year using IVUS [OR 1.04 (0.73—1.5), p = 0.81], 1-year mortality [OR 1.055 (0.65–1.71) p = 0.828] nor mortality throughout the study period [HR 0.93 (0.69—1.26), p = 0.638]. Furthermore, there was no difference in the device endpoint of MI/Death/TLR at 1 year [OR 1.15 (0.85–1.56) p = 0.361].

In chronic coronary syndromes, IVUS use was associated with higher rates of 1-year mortality [OR 2.34 (1.44–3.78), p < 0.001] but not the composite endpoint [OR 1.336 (0.95—1.88), p = 0.098].

However, in ACS there was no difference in either primary endpoint [composite endpoint: OR 0.953 (0.668—1.36), p = 0.792, 1-year-mortality: OR 0.748 (0.41—1.38), p = 0.356].

Finally, there was again no significant difference in outcome with IVUS use for patients with stented segments longer than 28 mm in either 1-year mortality [OR 1.287 (0.79—2.10), p = 0.314] nor MACE [OR 1.262 (0.894—1.78), p = 0.186].



Propensity-matched analysis of patients receiving intravascular ultrasound and associated outcomes

Propensity matching was performed looking at all covariates that could be related to both treatment choices (IVUS or no IVUS) or treatment outcome. For completeness, we used all the covariates that were significantly different on univariate analysis.

After matching, there was excellent balance between the IVUS (treatment) and non-treatment groups. This is shown most clearly in Supplementary Figure 1, which shows the absolute mean difference between treatment groups and the Kolmogorov-Smirnov statistics.


Outcomes after propensity matching

There was no significant difference in Survival between propensity-matched groups via Kaplan-Meier analysis across the length of the study period (p = 0.564, Figure 4). This also held true for patients with stents longer than 28 mm (p = 0.919).
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FIGURE 4
Survival by IVUS use (propensity matched groups).


There were higher rates of MACE in IVUS arm of the propensity-matched cohort, driven primarily by increased rates of unplanned revascularisation (Table 4). This remained the case using double-robust multivariate analysis, where IVUS was associated with higher rates of MACE [OR 1.72 (1.2–2.4), p = 0.003].


TABLE 4    Outcomes for propensity-matched patients.
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Discussion

Despite the growing evidence from randomized trials that IVUS improves cardiovascular outcomes across an array of patient populations, use in the UK remains low. These trials contained a significant proportion of patients with a history of previous PCI. Our study aimed to look at contemporary real-world use in the era of second generation drug-eluting stents to assess the patient, lesion and operator characteristics associated with IVUS use in addition to adjusted analyses of IVUS effect. Our analysis showed two main findings:


1.Operator characteristics are more important than patient characteristics in choosing who receives IVUS

2.Likely due to the large selection bias, there was no improvement in outcomes with IVUS use in this study




Operator characteristics are more important than patient characteristics in choosing who receives intravascular ultrasound

Outside of a trial population, it is unsurprising that with time and resource constraints there is selective deployment of IVUS technology. Our patient population was confined to those who had never undergone PCI. There were two reasons for this. The first was that we wanted to scrutinize PCI as practiced at our institution that would not be affected by practice from other institutions. The second, and most important reason, was that we wanted to examine the effect of IVUS on the stent that was implanted with IVUS assistance, without the potential confounding of previous metalwork in the coronary tree.

The patient characteristics are significantly different between the groups. Patients who underwent IVUS-guided PCI were older, more likely to be ex-smokers and to be diagnosed with hypercholesterolemia, diabetes, hypertension and chronic kidney disease. This translated into the calcific nature of the coronary lesions—although we do not have direct markers of calcium in our data, patients who underwent IVUS were significantly more likely to need procedural devices including microcatheters, and calcium modification devices such as rotablation or shockwave lithotripsy. In multivariate analysis, the use of calcium devices was associated with an almost five-fold increase in the odds of IVUS use.

Similarly, patients requiring IVUS were less likely to be suffering an acute coronary syndrome and had fewer concomitant markers of acute cardiovascular compromise, for example having lower mean lactate levels. None of these results are surprising either at an empirical or evidence-based level. Almost all observational data shows a similar bias in operators toward this kind of patient population where stent malapposition is more likely, such as a recent study of over 100 000 patients in the United States (14). As a dedicated heart attack center in the UK, 77% of our ACS patients require primary PCI for STEMI. The observational evidence does not suggest an overwhelming benefit of IVUS use in this type of population (15–17). In fact over-expansion of a stent in a thrombotic lesion can lead to distal embolization and microvascular obstruction.

However, a more important finding was that the strongest predictor of IVUS use in our patient population was the year that the consultant left medical school. In multivariate analysis, the odds of undergoing IVUS were almost 15-fold higher if the consultant in charge graduated from medical school after 2000 compared to before 1990. As mentioned before, IVUS use is low in the UK and the USA compared to Asian countries with similar GDP per capita. There are a number of postulated reasons for this, ranging from cost and different reimbursement patterns to fears surrounding increased complication rates, through to a lack of training of interventional cardiologists. Over half of interventional trainees in the United States report limited confidence and training with IVUS (18).

The findings of our physician characteristics that were associated with IVUS use, such as generation and procedural numbers, tally with previous data on the subject that show that both a physician’s generation and patient numbers are associated with being an early adopter of technology (19). In order to maximize IVUS use in the correct patients, facilitating IVUS use for trainees and putting extra resources into training older and lower-volume operators may be a successful strategy.

The overall operator familiarity with IVUS can also affect the outcomes of patients when comparing image-guided with angiography-only PCI. Previous studies have noted the paradoxical relationship between IVUS use and patient outcomes on both an individual and population level. Operators in centers with high levels of intracoronary imaging become reliant on this technology and thus the outcomes of patients who undergo angiography-only PCI are worse because the operators are unfamiliar with the technique (20). The opposite is true in this case—our operators use IVUS in only 4.3% of cases, well below the 33% that would qualify a center as having low intracoronary imaging rates in the study above. Therefore, the operators are likely performing the angiography technique that is more comfortable and reliable, potentially leading to reduced differences between the study arms. However, it must be noted that, in clinical practice, the best operators are those who can accurately size a vessel using both angiography and intracoronary imaging modalities.



There was no improvement in outcomes with intravascular ultrasound use in this study, probably due to the large selection bias and the high-risk population

The evidence base for IVUS use is strong and based on both observational data and numerous RCTs in the contemporary DES era. These trials have studied IVUS use in a variety of different scenarios. The first tranche examined medium-term outcome measures in patients with complex coronary disease, with the exception of the all-comers ULTIMATE trial. A meta-analysis synthesizing these trials showed that at 14 months mean follow-up, IVUS-guided PCI was associated with lower rates of cardiovascular mortality, target lesion revascularization and myocardial infarction (3).

The ULTIMATE trial (4) looked at all-comers and found significantly fewer instances of stent thrombosis and target vessel revascularization in the IVUS arm at 3 years follow-up. Further support for the benefit of IVUS at longer time points came in the shape of IVUS-XPL, which followed up patients for 5 years and demonstrated lower rates of major adverse cardiac events (5). These included death, target vessel MI and target-vessel revascularization. Finally, team members of the IVUS-XPL trial published a pooled analysis of the IVUS-XPL and ULTIMATE trials looking at patients who had ≥ 28 mm of stent inserted. There were significantly lower levels of MACE at 3 years, as reported in IVUS-XPL, although no reduction in cardiac death across 2,577 such patients and this was driven principally by TLR (6). Finally, a large-scale meta-analysis examining 31 trials, both randomized and observational trials, demonstrated that MACE was lower with IVUS use, although mortality was significantly reduced only when observational studies were included (7).

It was on this background that we began looking at patients without prior PCI. Each trial had a significant proportion of patients who had undergone prior revascularization. The lowest proportion of such patients was in IVUS-XPL, at 11%, and the greatest was almost 48% (15). The ULTIMATE trial was near the middle of this range at 18.7%. In no analysis did we find any significant improvements in patient outcomes with IVUS use, and in fact there was some suggestion of higher rates of unplanned revascularization. The same held true for patients with stents longer than 28 mm—a cut-off chosen in line with the IVUS-XPL trial and subsequent pooled analysis with ULTIMATE.

The lack of benefit shown with IVUS use likely due to the large selection bias in patient choice, as well as the high-risk nature of our population. It seems implausible that patients with IVUS-guided PCI would be more likely to require revascularization. Secondly, our mortality rate is significantly higher than other all-comers trials such as ADAPT-DES (21) which probably reflects our status as a receiver of high-risk ACS patients for the region, as shown by a cardiac arrest rate of almost 8%. Furthermore, the end-goal of IVUS use appropriate stent expansion that may require multiple procedural elements and checks, which may well be harder to accomplish in the setting of ACS. This highlights how limited this study is at assessing outcomes due to its observational design, and the fact that IVUS use is driven by all of patient, lesion and operator characteristics.

In addition, although the propensity matching was technically very good, propensity matching is only as good as the fields that are inputted. Furthermore, the propensity-matched numbers were underpowered for outcome analysis. The data inputted is largely what is found in any interventional cardiology database, but which data is accessible is not necessarily the same as which data is optimal. There is no way to propensity match a physician’s intuition for a patient, or how robust the patient looks in clinic. We can try to compensate with metrics including age, weight and important comorbidities, as we have done here, but it is never complete. This is the principal reason why RCTs exist, to exclude biases that we do not know even exist.

Therefore, the firm points that we can make in this paper are that patients who are undergoing their first PCI with a higher burden of comorbidity, in an elective setting, with lesions that are more calcified, being proceeded upon by more recently graduated cardiologists, are more likely to have IVUS used. As far as we can tell from our data, these patients are unlikely to fare better or worse compared to patients treated without IVUS when we control for these factors. We know that in other population settings, such as long stents implanted in patients with previous percutaneous revascularization, patients have better clinical outcomes with IVUS-guided angioplasty.

The strongest conclusion of this paper is that it is imperative to train more cardiologists to be comfortable with IVUS use in the UK, in order to use IVUS appropriately and in the settings that have shown to be beneficial by randomized controlled trials. The data from observational studies such as this are too confounded to suggest that there is no benefit to using IVUS in PCI-naïve patients.
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Background: Prompt interventions prevent adverse events (AE) in hypertrophic cardiomyopathy (HCM). We evaluated the pattern and the predictive role of feature tracking (FT)-cardiac magnetic resonance (CMR) imaging parameters in an HCM population with a normal left ventricular ejection fraction (LVEF) and a low fibrosis burden.



Methods: The CMR and clinical data of 170 patients, consisting of 142 HCM (45 ± 15.7 years, 62.7% male) and 28 healthy (42.2 ± 11.26 years, 50% male) subjects, who were enrolled from 2015 to 2020, were evaluated. HCM patients had a normal LVEF with a late gadolinium enhancement (LGE) percentage below 15%. Between-group differences were described, and the potent predictors of AE were determined. A P-value below 0.05 was considered significant.



Results: LV global longitudinal, circumferential, and radial strains (GLS, GCS, and GRS, respectively) and the LV myocardial mass index (MMI) were different between the healthy and HCM cases (all Ps < 0.05). Strains were significantly impaired in the HCM patients with a normal MMI. A progressive decrease in LVGLS and a distinct fall in LVGCS were noted with a rise in MMI. AE were predicted by LVGLS, LVGCS, and the LGE percentage, and LVGCS was the single robust predictor (HR, 1.144; 95% CI, 1.080–1.212; P = 0.001). An LVGCS below 16.2% predicted AE with 77% specificity and 58% sensitivity.



Conclusions: LV strains were impaired in HCM patients with a normal EF and a low fibrosis burden, even in the presence of a normal MMI. CMR parameters, especially FT-CMR values, predicted AE in our HCM patients.
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Introduction

Hypertrophic cardiomyopathy (HCM) is an inherited disorder characterized by left ventricular (LV) hypertrophy and is unexplainable by other causes (1–3). HCM is the most common monogenic cardiovascular disorder, with an estimated prevalence of 1:250–500 in the adult population, predominantly affecting adolescents and young adults while rare in children (4–6). The LV ejection fraction (EF), as an index of systolic function, often remains within the normal range in HCM despite disease progression (7).

Myocardial fibers are arranged in 3 different orientations as a continuum of 2 helical geometries, helping amplify myocyte contraction and cardiac function as a single unit. This superstructure deteriorates in HCM, resulting in faulty mechanics despite an apparently preserved EF. HCM diagnosis and characterization are based on echocardiography and magnetic resonance imaging (MRI), although cardiac magnetic resonance imaging (CMR) provides better identification and risk stratification by detecting in vivo fibrosis (8).

Several studies have examined imaging features that could better elucidate myocardial abnormalities and patient outcomes (9–12). One of these methods is the myocardial strain analysis by CMR to assess subclinical function impairment. Strains are reported in 3 directions: longitudinal, circumferential, and radial. The longitudinal strain represents subendocardial fiber deformation, while circumferential and radial strains reveal mid-myocardial and subepicardial fiber changes, respectively (13). Multiple parameters can affect LV myocardial strains in patients with HCM, including LVEF, the myocardial mass, the myocardial fibrosis burden, and the left ventricular outflow tract (LVOT) obstruction (14).

In the present study, utilizing the feasible cardiac magnetic resonance feature-tracking (CMR-FT) method, we aimed to define the myocardial strain pattern in HCM patients. Moreover, we investigated the role of CMR parameters in the prognostication of HCM patients with a normal LVEF and a low fibrosis burden.



Methods

The institutional research committee approved this study and waived the need for informed consent due to the retrospective design of this study.


Study population

The current investigation retrospectively enrolled 241 patients with HCM who underwent CMR between 2015 and 2020 in our institution. Additionally, the CMR findings of 28 healthy volunteers were retrieved from the center's normal CMR examination archives. Healthy subjects had a normal physical examination, no personal or family history of cardiac disease, and no cardiovascular risk factors, composed of hypertension, diabetes mellitus, and dyslipidemia.



Diagnostic criteria

All patients with a definite diagnosis of HCM, according to the American heart association/American college of cardiology guidelines for diagnosing and treating patients with hypertrophic cardiomyopathy, were enrolled (15).

The exclusion criteria were an LVEF below 55%, a late gadolinium enhancement (LGE) percentage of more than 15%, hypertension, aortic valve disease, infiltrative heart diseases (e.g., Fabry disease, Danon disease, and cardiac amyloidosis), athlete's heart, ischemic heart disease, significant cardiac arrhythmias during CMR acquisition, and renal impairment (defined as an estimated glomerular filtration rate <30 ml/min precluding gadolinium injection). Also, other types of HCM, such as apical HCM, are excluded from the study. Furthermore, CMR studies that yielded equivocal findings due to suboptimal quality were excluded from the study (Figure 1).


[image: Figure 1]
FIGURE 1
Diagram of the study population. HCM, hypertrophic cardiomyopathy; LGE, late gadolinium enhancement.




Study population classification

The medical records of the patients were reviewed. Then, based on their transthoracic echocardiography (TTE)-measured LVOT gradient, the patients were classified into 2 groups: an LVOT gradient of less than 50 mm Hg and an LVOT gradient of 50 mm Hg or higher. TTE examinations with a maximum interval of 6 months from the CMR examination were selected for analysis. The former group was regarded as a no or mild LVOT obstruction group and the latter as a severe LVOT obstruction group (16, 17).

In another classification, the patients were divided based on their myocardial mass index (MMI) into normal and increased MMI categories. An MMI exceeding 81 g/m2 for females and 85 g/m2 for males was regarded as increased (18).



CMR

CMR images were acquired using a 1.5-T MRI equipment (Siemens Avanto, Erlangen, Germany) with an 8-element phased-array receiver surface coil. A semi-automatic post-processing program (CVi42; Circle Cardiovascular Imaging Inc, Calgary, Canada) was applied for the measurements.



CMR function

Electrocardiography-gated cine steady-state free precession in the 2-, 3-, and 4-chamber views, the right ventricular and LV outflow tracts planes, and a stack of short-axis slices covering LV during breath-hold at end-expiration (slice thickness = 8 mm, the field of view = 300 mm, flip angle = 65°, bandwidth = 925 Hz/Px, imaging matrix = 156 × 192, and repetition time/echo time = 2.7/1.2 ms) were acquired. Parallel imaging was utilized. The endocardial and epicardial borders were manually drawn in short-axis end-diastolic and end-systolic images and propagated throughout all ventricular slices. Functional parameters, composed of the EF, end-diastolic and end-systolic volumes, the LV mass index, the maximal septal thickness, the presence of the systolic anterior motion of the mitral valve, and the ratio of the asymmetric septal hypertrophy, were registered.



CMR-FT

LV end-diastolic and end-systolic frames of 2-, 3- and 4-chamber views and the short-axis plane were selected. Optimal brightness adjustment was done to ensure the best contrast to make accurate discrimination between the endocardium and the blood pool. The endocardial and epicardial contours were defined manually and propagated throughout the slices, and 3D LV strains, consisting of global longitudinal (GLS), global circumferential (GCS), and global radial (GRS) strains, were calculated utilizing the CMR-FT method (Figure 2). The absolute values of strains were utilized for analysis.


[image: Figure 2]
FIGURE 2
(A–D) Two-, three-, and four-chamber as well as short-axis cine functional sequences with defined endocardial and epicardial contours. (E) Strain curve, and (F) Bull's eye map are depicted for global circumferential and longitudinal strains.




LGE imaging

LGE images were obtained 15 min after the injection of the gadolinium contrast agent, gadotetrate meglumine (Dotarem), applying the phase-sensitive inversion recovery sequence. Breath-held segmented single-shot protocol (slice thickness = 8 mm, the field of view = 320 mm, flip angle = 40°, bandwidth = 1,445 Hz/Px, imaging matrix = 192 × 192, and repetition time/echo time = 2.9/1.1 ms) with selecting the inversion time to null the normal myocardium (typically 200–250 ms) was applied. Considering a 5-standard deviation from the mean myocardial signal intensity, the LGE percentage was measured. The results were assessed visually and modified if needed.



LVOT evaluation

Based on echocardiographic findings obtained from patients' medical records, the patients' LVOT gradients were collected. Gradient measurement was performed based on the modified Bernoulli equation.

On CMR, cine LVOT images in at least 5 consecutive slices were acquired. The presence of the systolic anterior motion of the mitral valve and LVOT turbulence were registered.



Follow-up data

For each patient, we considered at least one follow-up. If a patient had several follow-ups, we considered the last one. A composite of adverse events, consisting of sudden cardiac death, aborted sudden cardiac death (unsuccessful cardiopulmonary resuscitation), implantable cardioverter defibrillator insertion, and deteriorated systolic function (an EF decline to <40%), was considered and registered.



Data collection

CMR measures were registered by two experts with more than five years of expertise (a cardiologist and a radiologist) in cardiovascular imaging. Readers were blind to the study population's data. Interobserver variability was reported, and both examiners' consensus resolved any conflicts.

Echocardiographic, clinical, and follow-up data, including physician visits, lab data, and imaging examinations, were collected by reviewing patients' medical records and/or telephone calls whenever needed.



Statistical analysis

SPSS version 22 (IBM incorporation) was utilized for statistical analysis. Categorical and continuous variables were reported as frequencies (percentages) and mean ± standard deviation (SD), respectively. The Kolmogorov–Smirnov test was utilized to assess the normality of distribution. Between-group comparisons were performed using the t, Mann–Whitney U, analysis of variances (ANOVA), and χ2 tests, whichever was appropriate. The post hoc test of the least significant difference described the pattern of the intergroup changes. Univariate and multivariate Cox regression analyses were applied to evaluate the role of CMR parameters in revealing undesirable outcomes. For the definition of the cutoff point, specificity, and sensitivity of the predictor variables, the receiver operating characteristic (ROC) curve was utilized. Moreover, P-values below 0.1 for the univariate Cox regression analysis and 0.05 for the rest of the tests were considered statistically significant.




Results


Study population characteristics

CMR examinations of 170 patients, consisting of 142 subjects with HCM (mean ± SD age =45 y ± 15.7; 62.7% male) and 28 healthy subjects (mean ± SD age =42.2y ± 11.26; 50% male), were included. Interobserver variability was estimated to be 6.3% and the examiners’ consensus-resolved conflicts.

The mean ± SD of the body surface area was 1.87 m2 ± 0.14, and the mean ± SD of MMI was 59.57 g/m2 ± 8.56 for the healthy subjects. No significant differences were observed in LVEF and end-diastolic and end-systolic volumes between the healthy population and the patients with HCM, whereas significant differences were noted between the 2 groups in LV MMI, LVGLS, LVGCS, and LVGRS (all Ps < 0.05).



HCM patients characteristics in LVOT groups

Table 1 presents the demographic characteristics and the baseline CMR data of the patients with HCM in the two LVOT groups.


TABLE 1 Demographics, baseline CMR characteristics, and follow-up data of the study population.

[image: Table 1]

The difference in mean strain values was significant between the healthy controls and the HCM group. However, the mean strain values were not different between the 2 LVOT gradient groups (P > 0.05).



CMR-FT parameters in MMI groups

The 1-way ANOVA revealed a significant difference in all 3 strain parameters between the healthy controls and the HCM cases with normal and increased myocardial mass (all Ps < 0.05). Between-group changes were evaluated by applying the post hoc least significant difference test, and the results are depicted in Figure 3.


[image: Figure 3]
FIGURE 3
Results of post hoc least significant difference test. HCM, hypertrophic cardiomyopathy; GLS, global longitudinal strain; GCS, global circumferential strain; GRS, global radial strain.




The correlation between strain values and MMI

The Pearson correlation test revealed a moderate inverse linear correlation between MMI and LVGLS and LVGCS (r = −0.4 and r = −0.32, respectively; Ps = 0.001). Scatter plots are demonstrated in Figure 4.


[image: Figure 4]
FIGURE 4
Scatter plots demonstrate a weak inverse correlation of absolute LVGLS (A) and LVGCS (B) values with myocardial mass index. Strain values are revealed on vertical and myocardial mass index on horizontal axes. LVGLS, left ventricle global longitudinal strain; LVGCS, left ventricle global circumferential strain.




Follow-up data

The median (interquartile range) follow-up time was 25 months (23). Twenty-three patients developed adverse events. The results of the independent t-test analysis are depicted in Table 2. It was revealed that absolute values of LVGLS, LVGRS and LVGCS are considerably lesser in patients with adverse events than those without. Also, the myocardial mass index is significantly higher in patients with adverse events compared to others.


TABLE 2 Global strains and myocardial mass index comparison among the two groups with and without adverse events.

[image: Table 2]

The results of the Cox regression analyses are depicted in Table 3. Variables with P-values below 0.1, consisting of LVGLS, LVGCS, and the LGE percentage, were entered into the multivariate Cox regression. The results revealed that LVGCS was the single predictor of adverse events (HR, 1.144; 95% CI, 1.080–1.212; P = 0.001).


TABLE 3 Results of Cox regression analyses.
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The ROC analysis determined a cutoff point of 16.2% for LVGCS to predict adverse events with 77% sensitivity and 58% specificity (area under the curve = 0.716; P = 0.001) (Figure 5).


[image: Figure 5]
FIGURE 5
Receiver operating curve and precision-recall plots for left ventricle global circumferential strain.





Discussion

HCM is one of the prevalent causes of sudden cardiac death in young adults, hence the vital significance of its timely diagnosis and appropriate management strategy. In the present study, we investigated the CMR findings of 142 HCM patients with normal LV systolic function and a low myocardial fibrosis burden. Furthermore, we meticulously registered the follow-up data of the study population to determine whether CMR data could predict adverse events. Our principal findings are as follows:


	A.The HCM and control groups were not statistically meaningfully different concerning LVEF and end-diastolic and end-systolic volumes, whereas the difference between them in all 3 global strain values and MMI constituted statistical significance.

	B.In the HCM group, the severity of LVOT obstruction did not influence strain measurements.

	C.LVGLS and LVGRS were impaired in the HCM group even if there was no increase in the myocardial mass. Along with an increase in the myocardial mass, a further decline in the LVGLS and LVGCS was detected.

	D.Two of the strain values, LVGLS and LVGCS, and the LV myocardial LGE percentage predicted adverse events, with LVGCS being the single robust predictor.

	E.An LVGCS value of 16.2% or less predicted adverse events with 77% sensitivity and 58% specificity.



Our results supported the notion that despite an unimpaired systolic function, abnormal myocardial deformation is present even without significant myocardial fibrosis. A previous study proved that CMR-FT parameters were impaired even in the carriers of HCM without the overt disease (19). Therefore, we suppose that CMR-derived strain values, influenced by myocardial fibers disarray, may reveal subclinical function impairment and assist in prompt cardioprotective treatment.

Multiple factors may affect the measurement of strain values (20–22). According to previous investigations, we assumed that an increased LVOT gradient, indicative of LVOT obstruction, might influence strain parameters (22). Nonetheless, our analysis did not prove this assumption, which may partly be due to our selected HCM population with an unimpaired LVEF and a low fibrosis burden. We believe that further investigations are needed in this regard.

Our study is one of the first investigations to address the mechanical changes secondary to an abnormal MMI. Our selection of HCM patients without systolic dysfunction and with a low fibrosis burden enabled us to evaluate the net effect of the LV myocardial mass to a great extent. We found a decreased LVGLS and an increased LVGRS in our selected HCM patients with normal myocardial mass. On the other hand, when the myocardial mass increases, LVGCS decreases distinctly. We suppose that it could be due to increased myocyte disarrangement in enlarged myocardial mass, which especially results in LVGCS decline. These findings are in agreement with previous studies suggesting that myocardial disarray in patients with HCM is a limiting factor of myocardial compliance and contractile function (23). Nevertheless, the precise myocardial mechanics in different myocardial mass groups have yet to be elucidated.

Remarkably, our results revealed a moderate inverse linear correlation between the net values of LVGLS and LVGCS and MMI. Strain values indicate function, especially in our selected population, who exhibited no decline in EF values. In a previous study, Dohy et al. showed that while there is no linear correlation between LVEF and MMI, LVGLS, as a functional parameter, correlated with MMI (24). Therefore, we suppose that strain values could be sensitive and early indicators of function impairment in HCM patients.

Previous studies have investigated the role of CMR parameters in indicating the outcome of patients with HCM (25–27). Parameters such as the LGE percentage, regional CMR-FT measures, and 3D global strains were reported to be capable of revealing outcomes in HCM subjects. Similarly, we demonstrated that the LGE percentage, LVGLS, and LVGCS were predictors of adverse events in our selected HCM patients. We also found that LVGCS was an independent predictor of adverse events and managed to define a cutoff point of 16.2% with 77% sensitivity and 58% specificity for LVGCS to reveal adverse events. Our findings are in line with previous investigations concluding that an LGE percentage exceeding 15% and an LVGLS decline are valuable in the risk stratification of patients suffering from HCM (28, 29). The discriminative characteristic of our study is that we selected HCM patients with normal systolic function and a low fibrosis burden and demonstrated that even in these benign-appearing clinical phenotypes, we might take advantage of CMR-FT parameters to estimate the probability of future adverse events.Morever, we utilized the CMR-FT method to determine strain values. This method is now established to have excellent reproducibility and agreement with the known MRI tagging and fast strain-encoded CMR imaging techniques. In contrast to other methods, CMR-FT does not require additional sequences and is, thus, more feasible in clinical practice (30).

In the present study, we observed that patients with a positive family history were more likely to show an increased LVOT gradient. It is noteworthy that 60% of HCM patients with a positive family history have at least one of the eleven known sarcomere protein-encoding genes mutations. However, only 30% of HCM patients without positive family history have them (31). These genetic differences lead to significant phenotypic diversity in HCM, affecting various heart structures (32). Our finding confirms the genetic role in different HCM phenotypic subgroups.


Limitations

Despite its remarkable findings, the present investigation has some limitations. Firstly, the retrospective design of this study limited the data to available medical records and CMR images. Prospective studies with precise predefined clinical variables and CMR protocols may provide more reliable findings. For example, although the gold standard for LVOT gradient measurement is cardiac catheterization, we could not find the catheterization data in the medical records. Doppler echocardiography at rest and with provocative maneuvers were employed to estimate the highest LVOT gradient in our cases. However, previous studies' report of a good correlation between Doppler echocardiography estimations and cardiac catheterization results, convinced us to a great extent (33). Additionally, the use of novel CMR methods, including mapping techniques and 4D flow measurements, is warranted in the assessment of patients with HCM. Secondly, our study had a limited number of patients in each subgroup. Further large-scale multicentric investigations may provide more robust results in subgroup analysis. Finally, the number of the healthy population was a limitation in our investigation. We believe that more reliable results could be obtained by increasing age- and sex-matched healthy control subjects in future studies.




Conclusions

Cardiac MRI-derived strain measures are valuable in revealing subclinical functional alterations in HCM patients with unimpaired EF values and low fibrosis burdens. Furthermore, CMR-FT measures, distinctly LVGCS, are powerful predictors of the outcome in this patient population. It is noteworthy that the CMR-FT method can explain alterations in LV mechanics in different myocardial mass measures.
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Number stents used

Constant

0.046
0.036
< 0.00
< 0.00
< 0.00
0.026
< 0.00
< 0.00
0.005
0.012
< 0.00
0.004

OR

0.987
0.573
5.223
0.337

5.397
14.493
1.001
1.101
0.987
1.593

Lower 95% CI

0.974
0.341
3.383
0.234

1.227
3.509

1.03
0.977
1.374

Upper 95% CI

1
0.963
8.064
0.485

23.735
59.865
1.001
1.178
0.997
1.847





OPS/images/fcvm-09-974161/fcvm-09-974161-t003.jpg
Outcome

All patients

Composite death/Stroke/MI/Unplanned revasc 1 year
Death 1 year

Stroke 1 year

MI 1 year

Unplanned revasc 1 year

Composite CV death/MI/TLR 1 year

TLR

Stent thrombosis

Stents longer than 28 mm

Composite death/Stroke/MI/Unplanned revasc 1 year
Death 1 year

Stroke 1 year

MI 1 year

Unplanned revasc 1 year

Composite CV death/MI/TLR

TLR

Stent thrombosis

All patients
(n=10,574)

2,058 (19.5)
903 (8.5)
8(0.1)
300 (2.8)
1,000 (9.5)
1,241 (11.7)
262 (3.4)
84(0.8)

All patients
(n=3,592)

704 (19.6)
304 (8.5)
0(0)
101 (2.8)
348(9.7)
419 (11.7)
109 (3)
40 (1.1)

IVUS not used
(n=10,119)

1,963 (19.4)
855 (8.4)
8(0.1)
286 (2.8)
961 (9.5)
1,181 (11.7)
352 (3.5)
78 (0.8)

IVUS not used
(n=3,370)

650 (19.3)
279 (8.3)
0(0)
94 (2.8)
321(9.5)
390 (11.6)
104 (3.1)
38 (1.1)

IVUS used
(n =455)

95(20.9)
48(10.5)
0(0)
15 (3.3)
39 (8.6)
60 (13.2)
10 (2.2)
6(1.3)

IVUS Used
(n=1222)

54 (24.3)
25(113)
0(0)
7(32)
27 (122)
29 (13.1)
5(2.3)
2(0.9)

0.436
0.117
0.549
0.546
0.509
0.326
0.142
0.198

0.067
0.122

0.751
0.198
0.503
0.684
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Variables Cumulative Incidence”
FFRcr <080 51.7% (88)
>0.80 33.2% (72)

AFFRr >0.06 52.1% (122)
<0.06 24.5% (38)

% Ischemic myocardial mass =40 50.3% (52)
<40 37.8% (108)

HRPCs >3 48.3% (92)
<3 34.2% (68)

Unadjusted HR (95% CI)

1.96 (1.44-2.68)

2.61(1.81-3.76)

1.54 (1.10-2.14)

1.54 (1.13-2.11)

P-value

<0.001

<0.001

0011

0.007

Adjusted HR' (95% Cl)

2.05 (1.49-2.82)
275 (1.94-3.89)
1.59 (1.14-2.21)

159 (1.16-2.18)

P-value

<0.001

<0.001

0.006

0.004

Values are 9% (n) unless othenwise indicated. *Cumulative incidence of cliical outcomes presented as Kaplan-Meier estimates. *Adjusted variables in the multivariable marginal Cox

regression model were age, sex, hypertension, diabetes, dyslipidemia, chronic kidney cisease, and current smoker:

C, confidence interval: FFRcr, fractional flow reserve by coronary computed tomography angiography: HR, hazard ratio; HRPCs, high-risk plaque characteristics.





OPS/images/fcvm-09-871450/fcvm-09-871450-t004.jpg
Models* c-index Difference with previous model

c-index comparison P-value NRI P-value DI P-value
Model 1 0.568 (0.504-0.611)
Model 2 0.620 (0.566-0.674) 0.027 0.269 (0.084-0.455) 0.004 0.037 (0.019-0.055) <0.001
Model 3 0.698 (0.648-0.747) 0.001 0.460 (0.277-0.644) <0.001 0.061 (0.036-0.085) <0.001

“Models are constructed as follows: model 1: clinical risk factors; model 2: model 1 + individual component of HRPCs; and model 3: model 2 + hemodynamic parameters.
Components of clinical risk factors, hemodynamic parameters, and HRPCs are as follows: Clinical risk factors: age, sex, hypertension, diabetes, dyslipidemia, chronic kidney disease,
and current smoker; Hemodynamic parameters: % ischemic myocardial mass, FFRgr, and AFFRgr; HRPCs: low attenuation plaque, positive remodeling, napkin-ring sign, spotty
calcification, minimum lumen area <4 mm?, and plaque burden at lumen area >70%.

FFRgy, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics; DI, relative integrated discrimination improvement; NAl,
category-free net reclassification index.
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Variables

Demographics
Age, years

Men

CCTA—ICA Interval

Clinical presentation

ST-segment elevation myocardial infarction
Non-STsegment elevation myocardial infarction
Unstable angina

Stable angina

Cardiovascular risk factors

Hypertension

Diabetes melitus

Dyslipidemia

Chronic kidney disease

Current smoker

History of percutaneous coronary intervention
History of myocardial infarction

History of cerebrovascular accident

History of peripheral vascular disease

Medical treatment after CCTA before clinical event

Antiplatelet agent
ACEI or ARB

Beta blocker

Calcium channel blocker

Statin

Ezetimibe

Echocardiographic findings
Left ventricular ejection fraction, %

Data are presented as mean  standard deviation or number (%).

Total patient (N = 220)

655+ 10.2
179 (81.4)
554.3 + 2682

10(4.5)
170.7)
131 (59.5)
62(28.2)

160 (72.7)
131 (59.5)
98 (42.9)
15(6.8)
42 (19.9)
25 (11.4)
12(5.5)
34 (15.5)
14(6.4)

167 (75.9)
100 (45.5)
81(368)
84(38.2)
146 (66.4)
8(3.6)

622£95

ACS patient (N = 158)

652+ 10.6
181 (82.9)
535.7 £ 260.7

10(6.3)
17 (10.8)

131 (82.9)
0(0.0)

113 (71.5)
94 (59.5)
63(39.9)
11070
30(19.0)
24(15.2)
10(6.3)
24(15.2)
9(57)

123 (77.8)
70 (44.9)
59(37.9)
59(37.9)
104 (65.8)
7(4.4)

61.9+£99

Negative control patient (N = 62)

66293
48(77.4)
6019+ 2829

0(0.0)
0(0.0)
0(0.0)

62 (100.0)

47 (75.8)
37(59.7)
30 (48.4)
4(65)
12(19.4)
1(1.6)
2(32)
10 (16.1)
5(8.1)

44(71.0)
30 (48.9)
22(35.5)
25(40.3)
42 67.7)
1(1.6)

632+85

P-value

0.488
0.454
0.100
<0.001

0.635
>0.999
0.318
>0.999
>0.999
0.009
0.561
>0.999
0.734

0.369
0.692
0.919
0.799
0.910
0.546

0.428

ACEI, angiotensin-converting enzyme inhibitor; ACS, acute coronary syndrome; ARB, angiotensin receptor blocker; CCTA, coronary computed tomography angiography; ICA, invasive

coronary angiography.
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Variables Total Vessels (N = 489) Vessels with subsequent Vessels without subsequent  P-value

coronary event (N = 160) coronary event (N = 329)
Interrogated Vessels 0,002
Left anterior descending artery 189 (38.7) 79(49.4) 110 (33.4)

Left circumlex artery 143 (29.2) 35(21.9) 108 (32.8)

Right coronary artery 157 (382.1) 46 (28.8) 111@83.7)

Anatomical severity

Diameter stenosis, % 5444182 584182 526£17.9 0,001

Area stenosis, % 63.1 %193 66,6 19.0 614193 0.008
Minimum lumen area, mm? 18+ 14 16+£1.2 189+14 0.002
Lesion length, mm 225172 24.4%16.9 216=17.3 0.175
Whole vessel tissue characterization

Plaque burden, % 802+ 126 829+ 115 789+ 180 0,001

Calcified volume, % 43£55 44£53 43+56 0919
Maximum calcified area, % 248224 24.4209 260+ 23.1 0.781

Intra-plague hemorrhage volume, mm® 42£78 48%100 40=64 0374
Maximunm intra-plaque hemorrhage area, mm? 0.78+0.96 0.7 £091 0.71£0.99 0565
Lipid-ich necrotic core volume, mm® 14+89 19£50 1232 0.150
Maximunm lipid-rich necrotic core area, mm? 035068 041077 032+063 0202
Perivascular adipose tissue volume, % 3024126 318124 204+ 126 0,060
Vessel length, mm 752:+£35.4 752338 752362 0.984
Target plaque tissue characterization

Plaque burden, % 822+ 11.9 855+99 805125 <0001
Calcified volume, % 11.6+£8.1 106 +£82 12.1+81 0.119
Maximum calcified area, % 32.8+20.9 31,1204 336213 0278
Intra-plaque hemorrhage volume, mm® 23+46 31£62 20£35 0.087
Maximum intra-plaque hemorrhage area, mm? 0.60 4 0.87 0.76 % 1.03 062077 0.087
Lipidkrich necrotic core volume, mm® 12£86 17451 10£25 0.179
Maximunm lipid-rich necrotic core area, mm? 031063 036071 0.29+058 0.363
High-risk plaque characteristics

Low attenuation plaque 102 (20.9) 46(28.8) 56 (17.0) 0.004
Positive remodeling 211 (43.1) 75 (46.9) 186 (41.3) 0288
Napkin-ring sign 80(16.4) 27 (16.9) 53(16.1) 0.933
Spotty calcification 334 (68.3) 113 (70.6) 221(67.2) 0505
Minimum lumen area <4mm? 401 (82.0) 140 (87.5) 261 (79.9) 0.087
Plaque burden at lumen area 270% 29(5.9) 16(10.0) 13 (4.0) 0014
Number of HRPCs 24+14 26+14 23+14 0.009
Number of HRPCs =3 236 (48.3) 92(57.5) 144 (43.8) 0,006
Hemodynamic plaque characteristics

FFRor 080%0.12 076+0.13 082:0.11 <0001
AFFRor 0.11£0.10 014012 009008 <0001
Ischemia myocardial mass, % 269+ 185 200+ 185 260+ 18.4 0022

Data are presented as mean = standard deviation, median (Q1-Q3), or number (%).
FFRer, fractional flow reserve by coronary computed tomography angiography; HRPCs, high-risk plaque characteristics.
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Variables Patients with Patients without | P-value
adverse events adverse events
LVGLS -126495250 | -14473:282

LVGRS 419431281 | 49.145 £ 15.11
LVGCS —15451+352 | —17.892+2.79
Myocardial mass 89.087 +31.48 71025 =2291
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Variable Univariate Multivariate

95% C| | P-value | HR | 95% CI
LVGLS 1.051-1.290
LVGCS 1.082-1213
LVGRS 1.004 | 0.982-1027 | 07
LVOT gradient | 1.034 | 0.456-2.347 | 09
LV myocardial | 1.002 | 0.993-1012 | 06
mass index

P-value

1.080-1.212

1.096 | 0.995-1209 | 0.06

LV, left ventricle; GLS, global train; GCS, global cir strain
GRS, global radial strain; LVOT, left ventricle outflow tract; LGE, late gadoliniurr
enhancement; HR, hazard ratio; C, confidence interval

The: siatistically siorificant wallies are in bold
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Patient characteristics
Male sex

Age (years)

Weight (Kg)

Systolic BP

Previous ACS
Previous CABG

Hypercholesterolemia
Current smoker
Ex-Smoker

Diabetes

HIN

Procedure details

ACS

STEMI

NSTEMI

Cardiac arrest

OOHCA

Longest stented/treated segment
Max stent length per vessel
Max balloon diameter
Number stents used
Devices for calcium
Calcium modification only
Vessels treated

PCI LMS

PCI LAD

PCI LCx

PCI RCA

PCI grafts

Blood gas at time of procedure
pH

BE

HCO3

Lactate

Glucose BG

Laboratory blood values
Hb

wcCC

Sodium

Potassium

Urea

Creatinine

Bilirubin

ALT

Albumin

ALP

CRP

Trop I ng/L

Mg
Cholesterol

Operator characteristics

Consultant 1st operator

Operator’s year of qualification
Before 1990

1990-1999

Post 2000

Operator’s case numbers

All patients
(n =10,574)

7,825 (74.0)
64.5 (13.4)
83.2(127.3)
1332 (188)
,105 (10.5)
630 (6.0)
4,150 (39.2)
2,491 (23.6)
2,696 (25.5)
)
)

—

2,121 (20.1
5,115 (48.4

~N

961 (75.3)
,132 (58.0)
1829 (17.3)
808 (7.6)
483 (4.6)
24.8 (10.8)
25.8 (16.2)
47 (23.5)
1.5(0.9)
467 (4.4)
360 (3.4)

A

393 (3.7)
4,656 (44.0)
2,207 (20.9)
3,277 (31.0)

158 (1.5)

7.4 (0.1)
-1.2(4.2)
23.6 (3.1)
2.1 (19)
8.6 (3.5)

120.0 (43.6)
11.0 (5.0)
136.0 (3.6)
41(0.5)
6.6 (3.4)
86.5 (44.0)
12.0 (6.9)
51.0 (134.6)
38.6 (5.0)
79.6 (37.3)
19.6 (41.8)
14463.6 (27833.9)

0.8 (0.1)
49 (1.3)

6,985 (66.1)

2,502 (23.7)

5,838 (55.2)

2,234 (21.1)
1510.7 (1004.2)

IVUS not used
(n=10,119)

7,746 (74.0)
64.5 (13.4)
84.0 (146.6)
130.9 (155.9)
1,008 (10.0)
587 (5.8)
3,915 (38.7)
2,431 (24.0)
2,536 (25.1)
1,996 (19.7)
4,851 (47.9)

7,733 (76.4)
6,007 (59.4)
1,726 (17.0)
786 (7.8)
472 (4.7)
234 (27.5)
24.6 (14.9)

1.4 (0.9)
357(3.5}
269 (2.7)

374 (3.7)
4,463 (44.1)
2,102 (20.8)
2,135 (31.0)

153 (1.5)

7.40 (0.08)
-1.7 (4.4)
23.1(34)
2.3(2.4)
8.7 (3.7)

113 (49.6)
11.1 (4.7)
136.0 (3.5)
4.1(0.5)
6.6(3.2)
87.8 (46.1)
12.0 (6.6)
49.3 (128.7)
386 (5.1)
78.4 (35.0)
18.6 (40.8)
14233.8 (24746)

0.8 (0.1)
4.9(1.3)

6,636 (65.6)

2,473 (24.4)

5,588 (55.2)

2,058 (20.3)
1492.0 (998.1)

IVUS used
(n = 455)

351 (74.7)
65.9 (14.5)
80.7 (18.0)
129.2 (28.5)
97 (21.3)
43 (9.5)
235 (51.6)
60 (13.2)
160 (35.2)
125 (27.5)
264 (58.0)

228 (50.1)
125 (27.5)
103 (22.6)
22 (4.8)
11(2.4)
27.5 (14.8)
30.0 (19.8)

2.1(1.4)
110 (24.2)
91 (20)

9(4.2)
93 (42.4)
105 (23.1)
142 (31.2)
5(1.1)

—

7.41 (0.07)
-0.3 (4.6)
24.1 (3.4)
1.8(1.7)
8.6 (3.5)

119.7 (38.8)
10.0 (6.9)
136.1 (3.9)
4.2 (0.4)

7.3 (4.1)

95.4 (63.3)
12.8 (8.4)

54.9 (149.5)
385 (5.3)
78.6 (5.3)
26.1 (50.6)

15112.3 (35030.8)

0.8 (0.1)
(1.3)

349 (76.7)

29 (6.4)
250 (54.9)
176 (38.7)

1928.9 (1047)

0.544
0.031
0.67
0.884
< 0.00
0.001
< 0.00
< 0.00
< 0.00
< 0.00
< 0.00

< 0.00
< 0.00
< 0.00
0.021
0.025
< 0.00
< 0.00
0.501
< 0.00
< 0.00

< 0.00

0.597
0.478
0.237
0.918
0.690

0.071
< 0.001
< 0.001
< 0.001
0.549

0.004
< 0.001
0.531
0.002
< 0.001
< 0.001
0.025
0.416
0.775
0.048
0.004
0.652

0.316
0.002

< 0.001
< 0.001

< 0.001
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Experiment A Experiment B

Total number 306 36
Clinical
Age, years 62112 61 £11
Male gender, 1 (%) 251(82) 28 (78)
Hypertension, n (%) 130 (42) 14 (39)
Hypercholesterolemia, 1 (%) 118 (39) 17 (49)
Diabetes, n (%) 43 (14) 4(11)
Smoker, n (%) 211(70) 31(86)
Previous cardiology history, n (%) 54 (18) 3(8)
Family history of THD, n (%) 123 (40) 16 (44)
Procedural
schemic time, minutes 262 (122,273) 202 (101, 234)
Late presenter 6 h, n (%) 52(17) 3(8)
Culprit vessel
LAD, n (%) 138 (45) 15 (42)
LCX, 1 (%) 31(10) 1(3)
RCA, 1 (%) 136 (44) 20 (55)
Angiographic thombus score > 3, 238(82) 27 (85)
1 (%)
TIMI flow-pre-PCIL, 1 (%)
0 237(78) 28 (78)
28 (9) 7(19)
2 24 (8) 0(0)
3 15(5) 1(3)
TIMI flow-post-PCI, n (%)
0 0(0) 0(0)
3(1) 0(0)
2 44 (14) 2(6)
3 258 (85) 34 (94)
Myocardial blush grade, n (%)
0 12 (4) 3(9)
1 28 (10) 3(9)
2 164 (56) 17 (52)
3 86 (30) 10 (30)
GplIb/Ila inhibitor use, n (%) 39(13) 8(22)
Complete ST segment resolution, 219 (74) 28 (74)
n (%)
Coronary microvascular injury
IMR (U) 50 (22, 69) 49 (19, 61)
IMR > 40 U, n (%) 77 (40) 8(36)
MVO (%) 3(0,4) 2(0,4)
MVO > 1.55%, n (%) 63 (39) 8 (44)
Severe CMD (IMR > 40U and 22(22) 2(25)

MVO), n (%)

CMD, coronary microvascular dysfunction; GPIIbIIIa, glycoprotein IIbIlla; IHD,
ischaemic heart disease; IMR, index of microcirculatory resistance; IQR, interquartile
range; LAD, left anterior descending; LCx, left circumflex; MVO, microvascular
obstruction; PCI, percutaneous coronary intervention; RCA, right coronary artery; TIMI,
thrombolysis in myocardial infarction.
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Parameters Pros Cons
CACS - Low radiation - Unclear value of serial CCT assessments
- No contrast - Must consider pre-test probabi
- Quick
- Inexpensive
- Reproducible
Anatomic assessment
Stenosis and - Precise - CCTA has moderate to high sensitivity and
plaque volume evaluation of specificity in lesion severity
presence and
extent of
non-obstructive
lesions
High-risk plaque - Dynamic morphology of plaques not captured
features. - Need to consider additional thrombophilic factors
Positive
remodeling
Low attenuation - Influenced by contrast concentration, plaque
burden, slice thickness, image noise, tube voltage
- Challenging distinction of lipid vs. fibrous-rich
plaques
Napkin-ringsign - Good - Modest sensitivity
specificity
Spotty - Micro-calcifications cannot be visualized with
calcification CCTA
Hemodynamic assessment
FFR - Functional - Gray zone; No evidence-based cut-off value
assessment of
lesion
cre - Identification of
of myocardial
perfusion
defects
- Detection of
hemodynamically
significant
stenosis
ESS - Lower accuracy (except if CCTA s fused with

intracoronary imaging techniques)

PVAT - No data available regarding risk-reduction therapies

(e, statins)

CACS, Coronary artery calcium score; CCT, Cardiac computed tomography
syndromes; TCFA, thin cap fibroatheroma; FER, Fractional flow reserve; C1
tomography; ESS, Endothelial shear stress; PVAT, Perivascular adipose tissue; FAI Fat attenuation index.

CAD, Coronary artery disease; CCTA, Cardiac computed tomography angiograph
R, Computed tomography-

Clinical value

- Good correlation with long-term risk of cardiac events

- Incremental predictive value on top of traditional risk factors

- Degree of stenosis correlates well with mortality risk
- Severe plaque burden correlates with adverse cardiac outcomes

- Plaque progression on serial CCTAS correlates with risk of ACS

- Predict plaque rupture/ erosion
- Respond well to statin use

- Correlates with TCFA and culprit lesions in ACS

- Lowerattenuation in ruptured plaques and in ACS compared to

stable lesions and stable angina

- Correlates with TCFA and future cardiac events

- Correlates with accelerated CAD progression and culprit plaques

in ACS

- FER > 0.75-0.8 indicates hemodynamically significant stenosis

- Negative CT-FFR can safely defer invasive angiography

- Absolute quantification of myocardial blood flow similar to PET

- Incremental diagnostic value over CCTA alone and CT-FFR for
the identification of hemodynamically significant CAD

- Incremental predictive value over CCTA, CT-FER, or dlinical
risk factors for the prediction of future major adverse cardiac

events

- In native arteries: associated with initiation and progression
of atherosclerosis, development of high-risk plaques, need for
revascularization, and major adverse events

- In stented arteries: associated with neo-

ma hyperplasia and
neo-atherosclerosis
- Higher Al associated with:
o CAD
o ACS culprit lesions
o All-cause mortality

o Cardiac mortality

ACS, Acute coronary

5 CTP, Computed tomography perfusion; PET, Positron emission
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A. Association between CFC changes and incident TVF

CFC change Continuous (per one  Worsened No change +1 category +2 category +3 category P-trend
category) improved improved improved

TVF case/N 9/52 16/192 6/85 4/69 1/562

Unadjusted HR 0.67 (0.50, 0.88) 2.27 (0.95, 5.43) ref 0.85(0.33, 2.22) 0.45(0.12,1.63) 0.14 (0.016, 1.30) 0.0051

Multivariate-adjusted HR ~ 0.61 (0.45, 0.83) 0.0017

B. Coefficients in the multivariate regression models for CFC changes

HR 95% ClI
Delta CFC, per category 0.62 0.47, 0.83
Age, per year 1.00 0.97,1.04
Female 0.81 0.31; 2,18
LAD versus RCA 0.74 0.34, 1.59
LCx versus RCA 0.35 0.07, 1.61
Diabetes 0.85 0.43, 1.67
Multivessel disease 1.14 0.56, 2.32
FFR, per 0.01 unit 0.97 0.94, 1.01

HRs were estimated using COX proportional hazard models categorical CFC changes with no change as the reference (A) and CFC improvement in ranks (ranging -3 to
+3) (A,B).

Multivariate models were adjusted for age (continuous), sex (male/female), diabetes (yes/no), vessel location (LAD/LCx/RCA), multivessel disease (yes/no), and
FFR (continuous).

P-value for linear trend (P-trend) was calculated to estimate the statistical significance of the association between delta CFC (ranging -3 to +3) and incident TVF in the
COX proportional hazard models.

CFC, coronary flow capacity; FFR, fractional flow reserve; HR, hazard ratio; LAD, left anterior descending artery; LCx, left circumflex artery; PCI, percutaneous coronary
intervention; RCA, right coronary artery; TVF, target-vessel failure.
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A. Association between pre-PCI CFC and incident TVF

Pre-PCI CFC Continuous (per one Severely Moderately Mildly Normal P-trend
category) reduced reduced reduced
TVF case/N 5/99 6/63 8/96 17/192
Unadjusted HR 1.14(0.86, 1.52) 0.56 (0.20, 1.15(0.45, 0.98 (0.42, ref 0.33
1.51) 2.93) 2727)
Multivariate-adjusted HR 1.25(0.88, 1.77) 0.22
B. Coefficients in the multivariate regression models for pre-PCI CFC
HR 95% CI
Pre-PClI CFC, per category 1.25 0.88, 1.77
Age, per year 1.00 0.97, 1.04
Female 0.85 0.32, 2.28
LAD versus RCA 0.77 0.36, 1.67
LCx versus RCA 0.31 0.07, 1.47
Diabetes 0.96 0.49, 1.89
Multivessel disease 1.09 0.54, 2.21
FFR, per 0.01 unit 0.98 0.94, 1.08
C. Association between post-PCl CFC and incident TVF
Post-PCI CFC Continuous (per one Severely Moderately Mildly Normal  P-trend
category) reduced reduced reduced
TVF case/N 6/29 2/25 8/72 20/324
Unadjusted HR 0.66 (0.49, 0.88) 3.83(1.54,9.57) 1.38(0.32,5.89) 2.07 (0.91, 4.70) ref 0.0050
Multivariate-adjusted HR 0.65 (0.48, 0.88) 0.0055

D. Coefficients in the multivariate regression models for post-PCl CFC

Post-PCl CFC, per category

Age, per year
Female

LAD versus RCA
LCx versus RCA
Diabetes
Multivessel disease
FFR, per 0.01 unit

HR

0.65
0.99
0.79
0.84
0.40
0.80
1.08
1.00

95% CI

0.48, 0.88
0.96, 1.03
0.30, 2.09
0.39, 1.81
0.09, 1.90
0.40, 1.61
0.53,2.20
0.97, 1.04

HRs were estimated using COX proportional hazard models for categorical pre-PCI CFC with normal CFC as the reference (A), continuous pre-PCI CFC in ranks (ranging

1-4) (A,B), categorical post-PCI CFC with normal CFC as the reference (C), continuous post-PCl CFC in ranks (ranging 1-4) (C,D).

Muiltivariate models were adjusted for age (continuous), sex (male/female), diabetes (yes/no), vessel location (LAD/LCx/RCA), multivessel disease (yes/no), and FFR (contin-

uous).

P-value for linear trend was calculated to estimate the statistical significance of the association between CFC in ranks (ranging 1-4) and incident TVF in the COX propor-

tional hazard models.

CFC, coronary flow capacity; FFR, fractional flow reserve; HR, hazard ratio; LAD, left anterior descending artery; LCx, left circumflex artery; PCI, percutaneous coronary
intervention; RCA, right coronary artery; TVF, target-vessel failure.
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AUC (95% CI) Comparator of NRI/IDI analyses Continuous NRI (95% ClI) IDI (95% CI)

Model 1: Demographics 0.57 (0.47, 0.67) - - -
Model 2: Model 1 + pre-PCI FFR 0.57 (0.47, 0.67) Model 1 0.00 (-0.33, 0.33) 0.000 (0.000, 0.000)
Model 3: Model 2 + pre-PCI CFR 0.59 (0.50, 0.68) Model 2 -0.01 (-0.35, 0.33) 0.002 (-0.002, 0.006)
Model 4: Model 3 + delta CFC 0.71(0.62, 0.79) Model 3 0.47 (0.14, 0.81) 0.035 (0.011, 0.060)

Models were based on logistic regressions for incident target vessel failure.

Model 1 included age, sex, diabetes, vessel location, and multivessel disease; Model 2 was Model 1 plus pre-PCl FFR; Model 3 was Model 2 plus pre-PCl CFR
(continuous); and Model 4 was Model 3 plus delta CFC (in ranks, ranging -3 to +3).

AUC, area under the curve; CFC, coronary flow capacity; CFR, coronary flow reserve; IDI, integrated discrimination improvement; NRI, net reclassification improvement;
PCI, percutaneous coronary intervention.
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A. CFC improvement with >2 categories

Variable  AUC (95% CIl) Sensitivity Specificity

Age Continuous 0.55 (0.49, 0.61 0.31 0.82
Sex Discrete  0.52 (0.48, 0.56 0.19 0.84
Smoking 3 categories 0.52 (0.47, 0.57, 0.26 0.78
Hypertension Discrete  0.50 (0.45, 0.55 0.30 0.71
Diabetes Discrete  0.50 (0.45, 0.55 0.60 0.40
Hypercholestrolemia Discrete  0.56 (0.51, 0.61 0.46 0.66
eGFR Continuous 0.49 (0.43, 0.55 0.49 0.57
Left ventricular Discrete  0.50 (0.47, 0.54] 0.86 0.15
EF < 50%

ultivessel disease Discrete  0.51 (0.46, 0.56 0.32 0.70
FFR Continuous 0.77 (0.72, 0.82 0.72 0.73
CFR Continuous 0.87 (0.84, 0.90 0.96 0.69
MR Continuous 0.83 (0.80, 0.87, 0.89 0.68
Baseline coronary flow  Continuous 0.62 (0.57, 0.68) 0.78 0.45
Hyperemic coronary Continuous 0.90 (0.87, 0.93 0.98 0.74
low
Pre-PCI CFC 4 categories 0.95 (0.93, 0.97 1.00 0.88

B. Continuous delta CFC (changes in category ranks)

R-squared

Age 0.008
Sex 0.00
Smoking 0.001
Hypertension 0.00
Diabetes 0.006
Hypercholestrolemia 0.015
eGFR 0.001
LVEF < 50% 0.002
Multivessel disease 0.009
FFR D12

CFR 0.28
MR 041

Baseline coronary flow 0.041
Hyperemic coronary flow 0.30
Pre-PCI CFC 0.49

C. >3 CFC categories improvement (i.e., severely reduced to normal CFC)

AUC (95% CI) Sensitivity Specificity
Age 0.55(0.46, 0.64) 0.37 077
Sex 0.57 (0.50, 0.63) 0.29 0.85
Smoking 0.53(0.46,0.60) 0.27 0.79
Hypertension 0.51(0.45,0.58) 0.73 0.30
Diabetes 0.52 (0.45,0.59) 0.63 0.41
Hypercholestrolemia 0.52 (0.45,0.60) 0.42 0.63
eGFR 0.54 (0.45,0.63) 0.33 0.79
LVEF < 50% 0.53(0.48,0.57) 0.90 0.15
Multivessel disease 0.55(0.48,0.63) 0.40 0.71
FFR 0.83(0.77,0.90) 0.77 0.80
CFR 0.87 (0.84,0.91) 1.00 0.70
MR 0.83(0.79,0.88) 0.88 0.71
Baseline coronary flow 0.64 (0.57,0.71) 0.81 0.49
Hyperemic coronary flow0.90 (0.87, 0.93)  1.00 0.73
Pre-PCI CFC 0.94 (0.93,0.96) 1.00 0.88

D. >1 CFC category improvement

AUC (95% ClI) Sensitivity  Specificity

Age 0.56 (0.51, 0.62) 0.58 0.65
Sex 0.51 (0.47, 0.54) 0.17 0.84
Smoking 0.51(0.47, 0.55) 0.24 Oz
Hypertension 0.51 (0.47, 0.55) 0.71 0.30
Diabetes 0.54 (0.49, 0.58) 0.64 0.44
Hypercholestrolemia 0.56 (0.52, 0.61) 0.44 0.68
eGFR 0.52 (0.46, 0.57) 0.46 0.60
LVEF < 50% 0.52 (0.48, 0.55) 0.17 0.87
Multivessel disease 0.54 (0.50, 0.59) 0.35 0.73
FFR 0.69 (0.64, 0.74) 0.56 0.76
CFR 0.81(0.77, 0.85) 0.98 0.57
MR 0.79 (0.75, 0.83) 0.81 0.66
Baseline coronary flow 0.58 (0.52, 0.63) 0.75 0.43
Hyperemic coronary flow 0.83(0.80, 0.87) 1.00 0.53
Pre-PCI CFC 0.91(0.88, 0.94) 1.00 0.79

A,C,D: Sensitivity and specificity are at the best cutoffs.

B: R-squared was calculated for continuous changes in CFC categories, ranging —
31to +3.

CFC, coronary flow capacity; CFR, coronary flow reserve; EF, ejection fraction; FFR,
fractional flow reserve; IMR, index of microvascular resistance; PCl, percutaneous
coronary intervention.
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CFC change Worsened No change

N =52 N =192
Target-vessel failure 9(17.3) 16 (8.3)
Cardiac death 1(1.9) 1(0.5)
Target-vessel myocardial infarction 4(7.7) 5(2.6)
Target-vessel revascularization 4(7.7) 10 (6.2)

+1 category improved

N =85
6(7.1)
0(0.0
3(3.5)
3(3.5)

+2 category improved
N =69

ro=O
Lor®

6.
a.
©.
(4.

w o =+ b

+3 category improved
N =52

~ 00 —
=S BT
Leee

Values are n (%).

Target-vessel failure is a compostie of cardiac death, target-vessel myocardial infarction, and target-vessel revascularization.

CFC, coronary flow capacity; PCI, percutaneous coronary intervention.
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Variable

RS (%)

CS (%)

LS (%)

RSRs (™)

CSRs(s™')

LSRs (s~1)

RSRe (s™")

CSRe (s™")

LSRe (s™)

LVEDVI (ml/m?)

LVESVI (ml/m?)

RVEDVI (ml/m?)

RVESVI (ml/m?)

LV mass-ED (g)

LV mass/volume (g/ml)

RV mass-ED (g)

RV mass index (g/m?)

RV mass/volume (g/ml)

RV/LV end-diastolic volume ratio
Predicted RV pressure by TR (mmHg)
QRS duration (ms)

Mean pulmonary valve area (mm?)

Pulmonary regurgitation fraction (%)

RS, peak radial strain; CS, peak circumferential stra
ferential strain rate; CSRe, peak early diastolic circ

AUC

0.863 (0.766-0.93)
0959 (0.888-0.99)
0916 (0.831-0.96)
0792 (0.685-0.87)
0.873 (0.779-093)
0691 (0.576-0.79)
0.889 (0.798-0.94)
0.788 (0.681-0.87)
0871 (0.775-0.93)
0596 (0.455-0.737)
0635 (0.497-0.774)
0.548 (0.403-0.693)
0638 (0.498-0.778)
0.58 (0.397-0764)
0475 (0.287-0.662)
0.716 (0.558-0.873)
0.763 (0.619-0906)
0.743 (0.597-0.89)
0.506 (0.317-0.695)
0.495 (0.326-0.664)
0.562 (0.374-0.749)
0.609 (0.438-0.779)
0473 (0.284-0.661)

Youden
index ]

0.6045
0.8423
0.6958
0.5238
0.5902
0.3857
0.6347
0.4657
0.5992
02113
0.2913
0.1223
0.2226
0.1849
0.1592
0.3358
0.4015
0.2596
0.1623
0.1693
0.155
0.2249
0.1311

Associated
criterion

<2220
>-1235
>-1230
<169
>-0.78
>-079
>-165
<084
<107
>97.48
>51.07
>190.33
>108.42
>62.00
>044
>63.11
>3581
>0.18
<104
>48.36
>166
>825
>67.26

Sensil
(%)

68.00
88.00
96.00
92.00
76.00
48.00
88.00
56.00
92.00
40.00
48.00
36.00
60.00
60.00
48.00
60.00
76.00
92.00
20.00
73.68
37.50
64.00
273

Specificity
(%)

92.45
96.23
73.58
60.38
83.02
90.57
75.47
90.57
67.92
8113
8113
76.23
62.26
58.49
67.92
73.58
64.15
33.96
96.23
43.24
78.00
58.49
90.38

P-value

<0001
<0001
<0001
<0001
<0001
<0001
<0001
<0001
<0001
0.181
0.055
0519
0.053
0374
0778
0.017
0.004
0.007
0.948
0.957
0.494
0229
0.761

S, peak longitudinal strain; RSRs, peak systolic radial strain rate; RSRe, peak early diastolic radial strain rate; CSRs, peak systolic circum-
nferential strain rate; LSRs, peak systolic longitudinal strain rate; LSRe, peak early diastolic longitudinal strain rate; LVEDVI, indexed LV

end-diastolic volume; LVESVI, indexed LV end-systolic volume; RVEDVI, indexed RV end-diastolic volume; RVESVI, indexed RV end-systolic volume; LGE, late gadolinium enhancement.
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Predictors

RVEF (%)

RVEDVI (ml/m?)

RVESVI (ml/m?)

RAVI (ml/m?)

RV LGE

LVEF (%)

LVEDVI (ml/m?)

LVESVI (ml/m?)

LAVI (ml/m?)

LVLGE

BSA (m?)

Heart rate beats (min)

QRSduration (ms)

Pulmonary regurgitation fraction (%)
Ageat PVR (y)

Time interval between PVR and end point, y
Age at surgical repair (y)

Time interval between rTOF and end point, y
mechanical valve

Bioprosthesis

Homograft

NYHA Class Il or IV prior to PVR
Predicted RV pressure by TR (mmHg)
Servere tricuspid regurgitation
>3previous cardiac operations
Pulmonary gradent at systolic (mmHg)
Presence of ventricular septum defect
Presence of associated anomalies
Related familial genetic syndromes
Sustained atrial arrhythmias before PVR
Sustained ventricular arrhythmias before PVR
LV mass/volume, g/ml

RV mass (g)

RV mass index (g/m?)

RV mass/volume (g/ml)

RV/LY end-diastolic volume ratio

RS (%)

Cs (%)

LS (%)

RSRs (s~')

CSRs(s™1)

LSRs (s™")

RSRe (s™")

CSRe(s™1)

LSRe (s™")

Exp (B)

0981
1.005
1011
1010
1625
0979
1017
1.025
1.007
1971
1239
1022
1.006
1013
1023
0.827
1.028

=)
2919
1014
3829
1.009
2841
3645
1.010
0619
1293
0.045
2683
!
1268
1.003
1.003
0.831
1.040
0.845
1336
1342
0.198
18.406
14.898
2450
0.199
0053

Lower

0.953
1.000
1.003
0.958
0.870
0.953
1.003
1.009
0.998
0.778
0.228
0.99
0.994
0.991
0.989
077
0.994
0.998
-)
0.971
0.247
1711
0.972
1.059
1.494
0.978
0.230
0.676

1.099
!
0.091
0.994
0.990
0.052
0.577
0732
1199
1.065
0.026
2195
4.320
1.659
0.061
0.016

95.0% CI for Exp (B)

Upper

1011
1011
1019
1.035
3.846
1.005
1.031
1.042
1015
4997
6725
1.055
1018
1.035
1.058
0.888
1.063
1.002
=)
8774
4.159
8572
1.048
7623
8.894
1.043
1.662
2472
82316
6552
!
17.767
1013
1.017
13143
1873
0911
2091
1612
0871
154379
51373
3618
0.643
0.176

P-value

0.208
0.070
0.006
0.136
0.145
0.109
0.014
0.002
0.116
0.153
0.804
0.174
0.366
0.262
0.181
<0001
0.108
0.843
0.052
0.056
0.984
0.001
0.642
0.038
0.004
0527
0.341
0.437
0418
0.030
4
0.860
0.470
0.625
0.895
0.897
<0001
<0001
<0.001
0.002
0.007
<0001
<0001
0.007
<0001

Cl, confidence intervals; RS, peak radial strain; CS, peak circumferential strain; LS, peak longitudinal strain; RSRs, peak systolic radial strain rate; RSRe, peak early diastolic radial strain rate;
CSRs, peak systolic circumferential strain rate; CSRe, peak early diastolic circumferential strain rate; LSRs, peak systolic longitudinal strain rate; LSRe, peak early diastolic longitudinal strain rate;

LVEDVI, indexed LV end-diastolic volume; LVESVI, indexed LV end-systolic volume; RVEDVI, indexed RV end-diastolic volume; RVESVI, indexed RV end-systolic volume.
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95.0% CI

Exp(B) for Exp(B) P-value
Lower Upper

RS (%)
CS (%)
LS (%) 1.243 1.083 1.428 0.002
RSRs (s 1)
RSRe (s~ 1)
CSRe (s71)
LSRe (s~ 1) 0.067 0.017 0.258 <0.001
LSRe (s~ 1) 0.067 0.017 0.258 <0.001
LS (%) 1.243 1.083 1.428 0.002
LVEDVI (ml/m?)
LVESVI (ml/m?)
RVEDVI (ml/m?)
RVESVI (ml/m?)
LSRe (s~1) 0.067 0.017 0.258 <0.001
LS (%) 1.243 1.083 1.428 0.002
RV mass-ED (g)
RV mass index (g/ m?)
RV mass/volume (g/ml)
RV/LV end-diastolic volume ratio
LSRe (s71) 0.083 0.016 0.437 0.003
LS (%) 1.274 1.041 1.561 0.019
RVOT area (cm?)
Pulmonary regurgitation fraction
(%)
Predicted RV pressure by TR
(mmHg)
Severe tricuspid regurgitation
LSRe (s71) 0.066 0.017 0.262 <0.001
LS (%) 1.256 1.089 1.447 0.002
Age at surgical repair (years)
Age at PVR (years)
>3previous cardiac operations
Related familial genetic
syndromes
NYHA Class III or IV prior to
PVR
LSRe (s71) 0.093 0.023 0.371 0.001
LS (%) 1.29 1.098 1.515 0.002
QRS duration (ms)

Heart rate (beats/min)

Sustained atrial arrhythmias prior to PVR

Multivariate analysis Cox regression (forward LR) was carried out for those parameters who

were confirmed statistically significant in univariate analysis and important function and

clinical parameters. CI, confidence intervals; RS, peak radial strain; CS, peak circumferen-
tial strain; LS, peak longitudinal strain; RSRs, peak systolic radial strain rate; RSRe, peak early
diastolic radial strain rate; CSRe, peak early diastolic circumferential strain rate; LSRe, peak
early diastolic longitudinal strain rate; LVEDVI, indexed LV end-diastolic volume; LVESVI,
indexed LV end-systolic volume; RVEDVI, indexed RV end-diastolic volume; RVESVI,

indexed RV end-systolic volume.
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Variable

Male

Height (cm)

Weight (kg)

Body surface area (m?)

Age at surgical repair (years)

Age at PVR (years)

Age at CMR (years)

Cardiac symptoms prior to PVR
Transannular patch

NYHA Class [ or Il prior to PVR
NYHA Class I or IV prior to PVR
Prescribed cardiac medications prior to PVR
=3previous cardiac operations
Related familial genetic syndromes

Valve types

Electrocardiogram

Echocardiography

CMR parameters pre-PVR

Bioprosthesis
Homograft

mechanical valve

QRS duration (ms)
Heart rate (beats/min)
Sustained atrial arrhythmias prior to PVR

Sustained ventricular arrhythmias prior to PVR

Tricuspid systolic pressure gradient (mmHg)
Tricuspid diastolic pressure gradient (mmHg)
Tricuspid systolic velocity (m/s)
Tricuspid diastolic velocity (m/s)

<Mild tricuspid regurgitation

>Moderate tricuspid regurgitation
Pulmonary valve systolic pressure gradient (mmHg)
Pulmonary valve diastolic pressure gradient (mmHg)
Pulmonary valve systolic velocity (m/s)
Pulmonary valve diastolic velocity (m/s)

<Mild pulmonary valve regurgitation

>Moderate pulmonary valve regurgitation
Aortic valve systolic pressure gradient (mmHg)
Aortic valve diastolic pressure gradient (mmHg)
Aortic valve systolic velocity (m/s)
Aortic valve diastolic velocity (m/s)

<Mild aortic valve regurgitation

>Moderate aortic valve regurgitation

Pulmonary regurgitation fraction (%)
LV end-diastolic volume (ml)

LV end-systolic volume (ml)

LV ejection fraction (%)

LV mass-ED (g)

LVEDVI (ml/m?)

LVESVI (ml/m?)

4%
153205
55574 15.52
1574027
3(0-9)
215 (14-32)
21.5 (14-32)
63 (80.7%)
56 (71.7%)
65 (83.3%)
14 (17.9%)
9.(11.5%)
9(11.5%)
5(6.4%)

47 (60.2%)
12 (15.3%)
30 (38.5%)

150.78 + 30.89
76.68 + 14.55
12 (15.3%)

0

314(25.5,43.2)
2(14,32)
28(26,3.275)
07 (0.6,0.9)
39 (50%)
34 (43.6%)
15.2(7.8,255)
19.97£8.6
2094072
23(2,3.15)
0
78 (100%)
3.6(2.6,4.8)
1(0.875,1.2)
0954025
09(07,1.8)
14 (17.9%)
2(2.6%)

49.98 + 18.58
142.01 £ 54.00
75.51 £ 44.60
5047 + 10.94
67.60 £ 26.64
89.98 + 25.86
47.48 £22.71
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Additional procedures with PVR

PVR, Pulmonary valve replacement; CMR, cardiac magnetic resonance imagin
end-systolic volume; RVEDVI, indexed RV end-diastolic volume; RVESVI, indexed RV end:

RV end-diastolic volume (ml)

RV end-systolic volume (ml)

RV ejection fraction (%)

RVEDVI (ml/m?)

RVESVI (ml/m?)

RV mass-ED (g)

RV mass index (g/m?)

RV mass/RV end-diastolic volume ratio (g/ml)

RV/LV end-diastolic volume ratio (g/ml)

Tricuspid repair

Patent ductus arteriosus cut and suture
Ventricular septal defect closure

Atrial septal defect closure

Pulmonary angioplasty

Right ventricular outflow tract muscle resection
Aortic valve replacement

Prior aortopulmonary shunt

Subaortic septum resection

stolic volume.

263.56 £ 91.42
164.07 £ 72.53
3837 £12.53
168.80 & 54.36
104.42 £ 43.06
64.28 £ 30.22
4112+ 1974
0.40 £0.20
2.00£0.74

26(33.3%)
2(2.5%)
13 (16.7%)
3 (3.8%)
11 (14.1%)
7 (8.9%)
5 (6.4%)
1(1.3%)
2(2.7%)

LV, left ventricle; RV, right ventricular; LVEDVI, indexed LV end-diastolic volume; LVESVI, indexed LV
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Variable

Male
Age (years)

Height (cm)

Weight (kg)

Body surface area (m?)

Age at surgical repair (years)

Ageat PVR (years)

Age at CMR (years)

Predicted RV pressure by TR, mmHg
QRS duration (ms)

Heart rate (bpm)

Mean pulmonary valve area (mm?)
Pulmonary regurgitation fraction (%)
Predicted RV pressure by TR (mmHg)
LV LGE

LAVI (ml/m?)

LVEDV (ml)

LVESV (ml)

LV cjection fraction (%)

LV mass at end-diastole (g)

LVEDVI (ml/m?)

LVESVI (m/m?)

LV mass index (g/m?)

LV mass/volume (g/ml)

RV LGE

RAVI (ml/m?)

RVEDV (ml)

RVESV (ml)

RV cjection fraction (%)

RVEDVI (ml/m?)

RVESVI (ml/m?)

RV mass (g)

RV mass index (g/m?)

RV mass/RV end-diastolic volume ratio (g/ml)
RV/LY end-diastolic volume ratio (g/ml)
RS (%)

€S (%)

LS (%)

RSRs (s™1)

CSRs (s71)

LSRs (1)

RSRe (')

CSRe (s™1)

LSRe (s™1)

Event (n = 25)

46%
2281+ 1062
L62+0.15
55.08+ 15.34
1574028
9(3,16)
31(16,43)
30 (15,43)
57.274 1495
147.84 %311
745+122
9.01+3.65
5295+ 185
57.07 4+ 14.95
5 (24%)
47.6 (314, 68.0)
135.69 % 507
69.65+ 43.96
53.21% 10.66
65.49£27.2
8649+ 21.04
4387205
4481+ 1326
0.5%0.18
1(4%)
57.6 (35.4,78.0)
258.99 £ 82.16
158.62 % 6633
39.97+12.19
165.76 % 45.12
10021 % 3659
68.59+2678
43,54+ 1594
02701
195075
21,67 +5.06
—1046 £2.11
—83642.93
137031
—0.76 (=066, —1.00)
—0.66 4031
~12£057
090026
0.79+031

No event (n =53)

4%
20.12£ 1337
162013
56.56 % 16.13
1584025
2(0,7)
20(14,28)
20(14,27)
53744 9.66
156.56 % 30.27
8104 % 17.86
7.68 %359
48.64 % 18.65
53.74 % 9.66
2(3.77%)
297 (23.2,389)
154.65 % 59.05
87234438
4499951
718 +2549
96.97 + 32.87
547 £2549
4166 % 1276
05£0.15
1(1.89%)
397 (21.2,529)
272544 108.54
174.75 + 83.76
3524+ 12.84
174.77 % 69.69
112,68 4 534
5997 & 33.66
386942354
024014
204+ 0.6
3185489
~16.64 %291
—1404 %279
1882059
—0.98 (~0.84, —1.14)
—1.35 (=079, —1.62)
2284093
1234033
1.4 (0.94, 1.63)

P-value

0.385
0.069
0.730
0.648
0.615
0.002
0.025
0.035
0.290
0.438
0.034
0.043
0.645
0.560
0.012
<0.001
0.042
0.020
0.001
0.152
0.122
0.035
0.186
0.868
0.547
<0.001
0.609
0.453
0.058
0.500
0.034
0.045
0.024
0.053
0.728
<0.001
<0.001
<0.001
<0.001
0.007
<0.001
<0.001
<0.001
<0.001

PVR, Pulmonary valve replacement; CMR, cardiac magnetic resonance imaging; LV, left ventricle; RV; right ventricular; LVEDV, indexed LV end-diastolic volume; LVESVI, indexed LV

end-systolic volume; RVEDVI, indexed RV end-diastolic volume; RVESVI, indexed RV end-

ystolic volume; LGE, late gadolinium enhancement.
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r'TOF patient candidate for PVR
136

asymptomatic patients with moderate to severe
pulmonary valve regurgitation post rTOF
96

Patients successfully underwent pre-PVR CMR
84

Excluded
Obvious symptoms occurred
Severe right ventricle outflow tract obstruction
RV pressure surpass or equal to LV pressure
ICD inserted or history of PVR
Contraindications for CMR or surgery
Patients with incomplete or poor quality CMR

v

Patients with clinical follow-up forming the
study cohort
78

v

Patients lost to follow-up = 6
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Univariate Multivariate

HR (95% CI) P-value HR (95% CI) P-value
MACE
Big ET-1* 1.85 (1.26-2.72) 0.002 2.05 (1.36-3.09) 0.001
Big ET-1 tertile 1 Reference — Reference -
Big ET-1 tertle 2~ 1.35 (0.59-3.09) 0.477 1.24 (0.51-3.05) 0.634
Big ET-1 tertle 3~ 2.32 (1.09-4.92) 0.029 2.60 (1.16-5.81) 0.02
Secondary endpoints
Big ET-1* 1.77 (1.19-2.63) 0.005 1.98 (1.29-3.03) 0.002
Big ET-1 tertile 1 Reference - Reference -
Big ET-1 tertle 2~ 1.06 (0.46-2.43) 0.893 0.97 (0.40-2.37) 0.948
Big ET-1 tertle 3 1.93 (0.93-4.04) 0.079 2.00 (0.91-4.41) 0.084

*Big endothelin-1 (ET-1) was natural log-transformed. Major adverse cardiovas-
cular events (MACE) model adjusted for age, sex, angulated lesion, history of
coronary artery bypass grafting [CABG], low-density lipoprotein cholesterol [LDL-
c], reference vessel diameter, thyroid disease. Secondary end points model
adjusted for age, sex, angulated lesion, history of CABG, early ISR, and non-ISR

lesion intervention.
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Univariate

Multivariate

HR (95% CI) P-value HR (95% CI) P-value
MACE
Big ET-1* 0.84 (0.55-1.28) 0.415 0.82 (0.50-1.33) 0.418
Big ET-1 tertile 1 Reference - Reference =
Big ET-1 tertile 2 1.42 (0.87-2.32) 0.16 1.62 (0.90-2.90) 0.107
Big ET-1 tertile 3 0.85 (0.47-1.53) 0.581 0.85 (0.40-1.81) 0.668
Secondary endpoints
Big ET-1* 0.74 (0.49-1.13) 0.162 0.82 (0.50-1.33) 0.417
Big ET-1 tertile 1 Reference = Reference -
Big ET-1 tertile 2 1.31 (0.81-2.11) 0.266 1.45(0.83-2.53) 0.191
Big ET-1 tertile 3 0.67 (0.37-1.23) 0.195 0.76 (0.36-1.61) 0.474

*Big endothelin-1 (ET-1) was natural log-transformed. Major adverse cardiovascular
events (MACE) model adjusted for age, sex, left ventricular gjection fraction (LVEF),
in-stent restenosis (ISR) duration, hypertension, drug-eluting stent (DES) interven-
tion, total cholesterol (TC), and diameter stenosis rate. Secondary end points model
adjusted for age, sex, high-density lipoprotein cholesterol (HDL-c), TC, reference
vessel diameter, target lesion length, and diameter stenosis rate.
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Demographic data

Age, years

Sex, male, n (%)

BMI, kg/m?
Cardiovascular risk factors, n (%)
Hypertension
Hyperipidernia

Smoking

Other disease, n (%)
Pre-myocardial infarction
Thyroid disease

Stroke or TIA

Peripheral vascular disease
Chronic Kidney failure
History of CABG

Clinical presenting, n (%)
ACS

ccs

Examination

LVEF, %

LVDD, mm

o, ng/L

Creatinine, pmol/L

Uric acid, pmol/L

TG, mmol/L

TC, mmol/L

HDL-C, mmol/L.

LDL-C, mmol/L
NT-proBNP, pg/mL

Big ET-1, pmol/L

ig ET-1 in tertiles, n (%)
Tertile 1

Tertile 2

Tertile 3

ISR duration, years

ISR duration type*, n (%)
Early ISR

Later ISR

ISR lesion position, n (%)
M

LAD

Lox

RCA

Graft bypass

ISR lesion features

Reference vessel diameter, mm
Target lesion length, mm
Diameter stenosis rate, %
Special lesion, n (%)
Calcification

Occlusion

Ostial lesion

Thrombus.

Angulated lesion

Concentric lesion

Diffuse lesion

Angiographic type, n (%)

Type |

Type l

Type Il

Type IV

Pre TIMI flow, n (%)

Class 0

Class 1

Class 2

Class 3

ISR intervention strategy, n (%)
DCB

DES

Non-ISR lesion intervention, n (%)
Number of target lesion, n (%)
1

2

3

Medicine treatment, n (%)
Aspirin

P5Y12 receptor inhibitor

Statin

Total
(n=1,793)

60.79 £9.77
1,448 (80.76)
26.07 £ 3.14

1,218 (67.97)
1,678 (98.36)
1,139 (65.54)

629 (35.08)
64(3.57)
220 (12.27)
196 (10.93)
20(1.12)
75 (4.18)

833 (46.46)
960 (53.54)

60.62 +7.58
49.05 +5.42
0.02 (000, 0.07)
8252 (72.20, 93.71)
350.35 (201.20, 407.85)
1.48 (1.00, 2.05)
3.71(3.20, 4.41)
1.06 (1.00, 1.24)
214 (1.80, 2.71)
118.20 (51.80, 204.40)
0.24 (020, 0.35)

540 (30.12)
615 (34.30)
638 (35.58)

6.50 (5.40, 7.57)

67 (3.74)
1,726 (96.26)

44 (2.45)
733 (40.88)
247 (13.78)
571(31.85)
8(0.45)

3.04 £0.47
26.71 £19.38
88.78 £9.77

777 (51.08)
325 (21.05)
205 (13.39)
20(1.34)
466 (25.99)
271 (15.11)
1,078 (60.12)

85 (4.74)

670 (37.37)
708 (39.49)
330 (18.40)

326 (18.18)
62 (3.46)
134 (7.47)

1,271 (70.89)

782 (43.61)
1,011 (56.39)
469 (26.16)

1,324 (73.84)
396 (22.09)
73(4.07)

1,735 (96.77)
1,749 (97.55)
1,737 (96.89)

Diabetic patients
(n=795)

61.39+9.03
631 (79.37)
26.43+3.03

594 (74.81)
750 (98.17)
493 (63.78)

287 (36.10)
24/(3.02)
116 (14.59)
83(11.07)
13(1.64)
39 (4.91)

360 (46.42)
426 (53.58)

60.21:+£7.58
4912 £5.19
0.03(0.00, 0.07)
82.65 (72.00, 93.42)
335.20 (278.20, 392.00)
1.50 (1.20, 2.10)
3.68(3.20, 4.39)
1.08(0.80, 1.29)
2.12(1.60, 2.71)
125.10 (54.20, 338.60)
0.26 (0.20,0.37)

194 (24.40)
260 (33.84)
332 (41.76)

656 (5.60, 7.61)

36(4.59)
759 (95.47)

20(2.52)
320 (40.25)
104 (13.08)
273 (34.34)
5(0.63)

3.02 £ 0.46
26.55 + 18.84
89.02 +9.84

358 (52.34)

141 (20.35)
95 (13.85)
10(1.49)
212 (26.67)
108 (13.58)
461 (57.99)

40 (5.03)
300 (37.74)
313 (39.37)
142 (17.86)

140 (17.61)
26 (3.27)
57(7.17)

572 (71.95)

341 (42.89)
454 (57.11)
222 (27.92)

573 (72.08)
180 (22.64)
42(5.28)

764 (96.10)
774 (97.36)
771 (96.98)

Non-diabetic patients
(n=998)

60.32 + 10.31
817 (81.86)
25.79 + 3.20

624 (62.53)
928 (98.51)
646 (66.94)

342 (34.27)
40 (4.01)
104 (10.42)
108 (10.82)
7(0.70)
36(3.61)

464 (46.49)
534 (53.51)

60.95 +7.58
48.98 +5.61
0.02 (0.00, 0.07)
82.27 (73.00, 94.00)
359.00 (306.00, 416.35)
1.47 (1.00, 2.04)
3.71(3.20, 4.44)
1.08 (1.00, 1.25)
2.15 (1.80, 2.71)
106.80 (49.80, 260.50)
0.23(0.20,0.33)

346 (34.67)
346 (34.67)
306 (30.66)

6.46 (5.20, 7.57)

313.11)
967 (96.89)

24 (2.40)
418 (41.38)
143 (14.39)
298 (29.86)
3(0.30)

3.06 £0.47
26.84 + 19.82
88.59+9.71

419 (50.06)
184 (21.62)
110(13.02)
10(1.22)
254 (25.45)
163 (16.33)
617 (61.82)

45 (4.51)
370 (37.07)
395 (39.58)
188 (18.84)

186 (18.64)
36(3.61)
77(7.72)

699 (70.04)

441 (44.19)
557 (55.81)
247 (24.75)

751 (75.25)
216 (21.64)
313.11)

971 (97.29)
975 (97.70)
966 (96.79)

P-value

0.0213
0.1835
<0.0001

<0.0001
0.5757
0.1676

0.4193
0.2621
0.0075
0.8675
0.0614
0.1725
0.9738

0.0809
0.6448
0.1006
0.6320
<0.0001
0.1566
0.2470
0.0004
0.4423
0.0049
<0.0001

<0.0001
<0.0001
<0.0001
0.2086
0.1147

0.8801
0.6284
0.4466
0.0431
0.4785

0.1423
0.7688
0.3939

0.3763
0.5409
0.6351
0.6560
0.5598
0.1066
0.1497
0.9099

0.8481

0.5827
0.5827
0.1286
0.0509

0.1657
0.6469
0.8206

“Early ISR refers to a duration less than 1 year, and late ISR refers to a duration greater than 1 year; angulated lesion s defined as a lesion with an angle greater than or
equal to 45° between the proximal and distal segments; patients were grouped in tertiles according to big ET-1: first (big ET-1 < 0.20 pmol/L), second (0.20 pmol/L < big
ET-1 < 0.31 pmoi/L), and third (big ET-1 > 0.31 pmol/L).
LVEF, left ventricular ejection fraction; LVDD, left ventricular diastolic dlameter; Tnl, troponin I; TG, triglycerides; TC, total cholesterol; HDL-c, high-density lipoprotein
cholesterol: LDL-c, low-density lipoprotein cholesterol.
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Total Diabetic patients

(n=1,793) (n =795)
Time of follow-up (years X + s) 2.96 +0.56 2.96+0.56
MAGCE, n (%) 137 (7.64) 54(6.79)
Cardiac death, n (%) 26 (1.45) 6(0.75)
Non-fatal M, n (%) 12(0.67) 4(050)
TLR, n (%) 85(4.74) 33(4.15)
Stroke, n (%) 18 (1.00) 13 (1.64)
Secondary endpoints, n (%) 141 (7.86) 53(6.67)
All-cause death, n (%) 42(2.34) 15(1.89)
TVR, n (%) 82(4.57) 32 (4.03)
ST, n (%) 7(039) 1(0.13)
Hemorrhage, n (%) 21(1.17) 8(1.01)

“All presented with probable stent thrombosis.

Non-diabetic
patients (n = 998)

2.95+0.55
83(8.32)
20(2.00)
8(0.80)
52(5.21)
5(0.50)
88(8.82)
27 2.71)
50 (5.01)
6(0.60)
13(1.30)

P-value

0.7608
0.2275
0.0279
0.4413
0.2943
0.0167
0.0928
0.2549
0.3213
0.1411
0.5623
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Wald P-value* Wald P-value**

chi-square chi-square
value* value**

MACE

Big ET-1 3.58 0.058 4.56 0.108
Diabetes 8.46 0.004 1.95 0.163
Big ET-1 x Diabetes 13.07 <0.0001 9.61 0.008
Age 3.53 0.06 3.61 0.057
Sex 5.35 0.021 4.87 0.027
BNP 5.28 0.022 6.76 0.009
Diameter stenosis rate 1.83 0.177 1.63 0.201
Thyroid disease 4.53 0.033 4.36 0.037
Secondary endpoints

Big ET-1 2.93 0.087 4.86 0.088
Diabetes 6.23 0.013 1.4 0.236
Big ET-1 x Diabetes 12.55 <0.0001 8.82 0.012
Age 1.07 0.302 116 0.282
Sex 3.1 0.078 2.85 0.092
BNP 5.71 0.017 7.48 0.006
Diameter stenosis rate 6.12 0.013 5.78 0.016

*Big endothelin-1 (ET-1) as a continuous variable. **Big ET-1 as a categorical
variable, age, sex, and variables found as independent predictors in the overall
population were adjusted. Big ET-1 and B-type natriuretic peptide (BNP) were
natural log-transformed.
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CFC change Worsened No change +1 category improved +2 category improved +3 category improved SMD
N =52 N =192 N =85 N =69 N =52

Age, year 67.8(9.4) 65.9 (9.6) 67.9 (9.5 68.7 (10.3) 67.9(12.1) 0.11

Female 9(17.3) 30 (15.6) 13 (15.3) 8(11.6) 15 (28.8) 0.19

Smoking 0.16

Never 41 (78.8) 147 (76.6) 67 (78.8) 52 (75.4) 37 (71.2)

Past 11(21.2) 41 (21.4) 16 (18.8) 15 (21.7) 14 (26.9)

Current 0(0.0) 4(2.1) 2(2.4) 2 (2.9 1(1.9)

Hypertension 34 (65.4) 136 (70.8) 62 (72.9) 47 (68.1) 38 (73.1) 0.088

Diabetes 27 (51.9) 80 (41.7) 26 (30.6) 29 (42.0) 19 (36.5) 0.20

Hypercholestrolemia 37(71.2) 130 (67.7) 50 (58.8) 35 (50.7) 30 (67.7) 0.26

eGFR, mL/min/1.73 m? 64 (24) 65 (23) 63 (25) 63 (23) 63 (21) 0.045

Left ventricular EF < 50% 6(11.5) 26 (13.5) 17 (20.0) 12(17.4) 5(9.6) 0.15

Multivessel disease 12 (23.1) 53 (27.6) 34 (40.0) 18 (26.1) 21 (40.4) 0.21

Vessel location 0.22

Right coronary artery 7 (13.5) 35 (18.2) 18(21.2) 17 (24.6) 11 (21.2)

Left anterior descending artery 42 (80.8) 130 (67.7) 56 (65.9) 41 (59.4) 35 (67.3)

Left circumflex artery 3(5.8) 27 (14.1) 1(12.9 1(15.9) 6(11.5)

FFR, unit 0.72[0.68, 0.77]  0.72[0.69, 0.77] 0.72[0.65, 0.75] 0.66[0.59, 0.72] 0.56 [0.47, 0.63] 0.84

CFR, unit 2.52[1.84,3.17]  2.90[1.93, 3.76] 2:12 [1.83,2.88] 1.36[1.09, 1.81] 1.17 [0.96, 1.37] 1.21

IMR, unit 19.1 [14.4, 26.6] 15.8[11.2,24.7] 21.8 [188,81.5 34.6[25.1, 44.9] 38.3 [34.0, 51.6] 0.72

Baseline coronary flow, unit 1.27 [0.87, 2.11] 1.23[0.87, 2.01] 1.30[0.99, 1.69] 1.12[0.72, 1.49] 0.99[0.75, 1.22] 0.39

Hyperemic coronary flow, unit 2.90[2.31,4.09] 3.85[2.56, 5.26] 2.70[2.08, 3.12] 1.52[1.12, 2.04] 1.07 [0.88, 1.50] 1.32

Pre-PCI CFC (%) 3.19

Severely reduced 33 (63.5) 159 (82.8) 0(0.0) 0(0.0) 0(0.0)

Moderately reduced 13 (25.0) 12 (6.2) 71(83.5) 0(0.0) 0(0.0)

Mildly reduced 6(11.5) 5 (2.6) 10 (11.8) 42 (60.9) 0(0.0)

Normal 0(0.0) 16 (8.3 4(4.7) 27 (39.1) 52 (100.0)

Values are n (%) for categorical variables and mean (SD) or median (IQR) for continuous variables.
CFC, coronary flow capacity; CFR, coronary flow reserve; EF, ejection fraction; FFR, fractional flow reserve; IMR, index of microvascular resistance; PCI, percutaneous
coronary intervention;, SMD, standardized mean difference.
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Number at risk Number at risk
Severely reduced CFC 99 81 54 33 Severely reduced CFC 29 19 8 5
ately reduced CFC 63 47 29 18 Moderately reduced CFC 25 20 10 5
Mildly reduced CFC 96 79 47 21 Mildly reduced CFC 72 53 31 19
Normal CFC 192 151 108 64 Normal CFC 324 266 189 107
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Pre-PCI CFC Severely reduced CFC Moderately reduced CFC Mildly reduced CFC Normal CFC SMD
N =99 N =63 N =96 N =192

Age, year 69.3 (10.7) 68.9 (10.6) 68.4 (9.3) 64.9 (9.3) 0.24
Female 25 (25.3) 8(12.7) 14 (14.6) 28 (14.6) 0.16
Smoking 018

Never 72 (72.7) 52 (82.5) 77 (80.2) 143 (74.5)

Past 25 (25.3) 10 (16.9) 17 (17.7) 45 (23.4)

Current 2(2.0) 1(1.6) 2(2.1) 4(2.1)

Hypertension 67 (67.7) 48 (76.2) 74 (77.1) 128 (66.7) 0.16
Diabetes 44 (44.4) 29 (46.0) 34 (35.4) 74 (38.5) 0.13
Hypercholestrolemia 53 (53.5) 36 (57.1) 55 (57.3) 138 (71.9) 0.23
eGFR, mL/min/1.73 m?2 60 (24) 63 (24) 63 (22) 67 (22) 0.16
Left ventricular EF < 50% 16 (16.2) 7(11.1) 20 (20.8) 23 (12.0) Qs
Multivessel disease 38 (38.4) 18 (28.6) 33 (34.4) 49 (25.5) 0.16
Vessel location 0.26
Right coronary artery 23 (23.2) 17 (27.0) 19 (19.8) 29 (156.1)

Left anterior descending artery 67 (67.7) 34 (54.0) 65 (67.7) 138 (71.9)

Left circumflex artery 9(9.1) 12 (19.0) 12 (12.5) 25 (13.0)

FFR, unit 0.61 [0.53, 0.69] 0.68[0.60, 0.74] 0.72[0.66, 0.75] 0.73[0.69, 0.77] 0.78
CFR, unit 1.12[0.96, 1.33] 1.76 [1.28, 1.90] 2.18[1.64, 2.39] 3.12[2.42, 3.94] 1.67
IMR, unit 41.0[34.9, 56.1] 27.4[23.4,39.7) 20.9[17.8, 29.8] 15.0[11.0, 20.5] 0.96
Baseline coronary flow, unit 1.03 [0.74, 1.27] 1.14 [0.77, 1.70] 1.34[0.98, 1.83] 1.28 [0.87, 2.17] 0.43
Hyperemic coronary flow, unit 1.15[0.83, 1.49 2.04 [1.44, 2.27] 2.78[2.13,3.12] 4.08[3.03, 5.56] 1.81

Values are n (%) for categorical variables and mean (SD) or median (IQR) for continuous variables.

CFC, coronary flow capacity; CFR, coronary flow reserve; EF, ejection fraction; FFR, fractional flow reserve; IMR, index of microvascular resistance; PCl, percutaneous
coronary intervention;, SMD, standardized mean difference.
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MACE Secondary end points

C-statistic (95% CI) AC-statistic P-value C-statistic (95% CI) AC-statistic P-value
Model 1* 0.60 (0.53-0.68) Reference - 0.63 (0.56-0.71) Reference -
Model 2* 0.64 (0.56-0.72) 0.033 0.03 0.67 (0.569-0.75) 0.035 0.02
Model 3* 0.68 (0.60-0.75) Reference - 0.66 (0.57-0.74) Reference -
Model 4* 0.68 (0.60-0.76) 0.005 0.32 0.66 (0.57-0.74) 0.002 0.46

*Model 1: traditional risk factors [age, sex, BMI, smoking, hypertension, hyperlipidemia, stroke or transient ischemic attack (TIA), and left ventricular ejection fraction (LVEF)];
Model 2: traditional risk factors + big endothelin-1 (ET-1); Model 3: traditional and angiographic risk factors [major adverse cardiovascular events (MACE) model adjusted
for age, sex, LVEF, in-stent restenosis (ISR) duration, hypertension, DES intervention, total cholesterol (TC), and diameter stenosis rate]. Secondary end points [model
adjusted for age, sex, high-density lipoprotein cholesterol (HDL-c), TC, reference vessel diameter, target lesion length, and diameter stenosis rate]; Model 4: traditional
and angiographic risk factors + big ET-1.





