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Editorial on the Research Topic
 Computational modeling for assessing coronary artery pathophysiology




It has been more than 50 years since it has been shown that the local haemodynamic forces regulate atherosclerotic disease progression (1). Ex vivo and experimental studies have provided unique insights about their role on the formation of vulnerable plaques and their potential implications on plaque destabilization and rupture, while clinical studies have underscored their prognostic implications demonstrating that endothelial shear stress (ESS) and plaque structural stress (PSS) provide incremental information allowing more accurate prediction of cardiovascular events than standalone intracoronary imaging (2). Over the recent years an effort has been made to develop advanced methodologies for accurate vessel reconstruction and fast estimation of the ESS and PSS distribution at scale, and several experimental studies have been conducted to identify the mechanotransduction pathways that regulate plaque evolution. Moreover, computational modeling techniques have been introduced to assess lesion severity and vessel physiology from coronary imaging data and are expected to have broad applications in the management of patients with coronary artery disease. The special issue of Frontiers Cardiovascular Medicine on “Computational Modeling for Assessing Coronary Artery Pathophysiology” aimed to provide additional insights about the role of ESS and PSS on atherosclerotic evolution and the potential clinical value of computational modeling techniques. In total 11 articles were submitted, the findings of which are summarized below.

Siogkas et al. introduced a novel system to quantify fractional flow reserve (FFR) from angiographic data. The SmartFFR software relies on the use of a mathematical formula to derive the FFR from invasive coronary angiography (ICA) or computed tomography coronary angiography (CTCA). The system was validated against invasive FFR in 167 patients who underwent either CTCA and ICA or only ICA. A high correlation was noted between the estimations of SmartFFR and invasive FFR (RCTCA = 0.86, p < 0.001, RICA = 0.84, p < 0.001). The smartFFR was able to accurately detect obstructive coronary artery disease with an overall accuracy of 89.1% (91.2% for ICA and 86.4% for CTCA) and required only 7 min to derive the FFR.

A similar solution was introduced by Li et al. that proposed a new method for computing FFR from ICA (AccuFFRangio). The vessel's 3D geometry was reconstructed from two ICA projections and the flow velocity was computed using TIMI frame count. The pressure drop across the lesion was computed using a formula that takes into account vessel geometry, flow rate, the viscous pressure drop, and the expansion pressure drop across the lesions. Validation of this system was performed against the estimations of the FFR in 300 patients with stable angina. The correlation between AccuFFRangio estimations and FFR was 0.83 (p < 0.001) while the accuracy of the system for detecting flow limiting lesions was 93.7%.

The potential applications of these systems were demonstrated in the study of Chen et al. that used computationally derived FFR—using the quantitative flow ratio (QFR) software—to assess the implications of the low-density lipoprotein cholesterol (LDL-C) levels on plaque evolution. The authors included 432 patients undergoing percutaneous coronary intervention (PCI) who had repeated ICA at 1 year follow-up. Patients with a strict LDL-C control had a lower area stenosis (36.57 ± 16.12 vs. 41.68 ± 17.39%, p = 0.003), a smaller change in QFR (ΔQFR: 0.00 ± 0.07 vs. −0.02 ± 0.09, p = 0.007) and a lower incidence of flow limiting restenosis and major adverse cardiovascular and cerebrovascular events compared to patients with higher LDL-C at 1 year follow-up (2.1 vs. 8.4%, p = 0.018, 5.4 vs. 12.6%, p = 0.021, respectively).

Another application of the computational derived-FFR solutions was presented in a study of Yang et al. that included 72 patients (216 lesions) who had CCTA 1–24 months before suffering an acute coronary syndrome. Plaques characteristics in CTCA associated with increased vulnerability were used to classify lesion as high-risk or low-risk; the CTCA data were also used to measure the mean ESS, axial PSS, the pressure gradient, and the ΔFFRCT across each lesion using the HeartFlow software (HeartFlow, Inc., Redwood City, California). All haemodynamic variables appeared independent predictors of plaques that caused events and provide incremental prognostic information to plaque morphology and FFRCT. The predictive model including FFRCT ≤ 0.80, high-risk plaque morphology and ΔFFRCT had a similar or superior discrimination ability to that including FFRCT ≤ 0.80, high-risk plaque phenotype, ESS, axial PSS, and the pressure gradient across each lesion. ESS, axial PSS, and the pressure gradient across lesions did not improve the performance of the model that included plaque phenotype, FFRCT and ΔFFRCT in predicting events.

The study of Dai et al. used the FlashAngio software (Rainmed Ltd., Suzhou, China) to extract the microcirculatory resistance (angio-IMR) from angiographic data and compared these estimations with the hyperemic microcirculatory resistance (HMR) computed as the ratio hyperaemic myocardial blood flow—derived from single photon emission tomography (SPECT)—and the distal coronary pressure during hyperemia derived from a flow wire. A moderate correlation (r = 0.74, p < 0.001) was found between these two indices; the accuracy of angio-IMR ≥ 25.1 to detect ischemia in patients with normal angiogram and ischemia on SPECT was 79.8. High angio-IMR was associated with an increased risk of cardiac death or readmission due to heart failure in patients who had PCI (hazard ratio: 11.15, 95% confidence interval: 1.76–70.42, p = 0.010). This analysis highlights the efficacy of angio-derived indices to measure microvascular dysfunction and their prognostic value.

Conversely, in the study of Wienemann et al. flow wire measurements were used to compare non-hyperaemic resting pressure ratios (NHPRs) indices, including the “resting full-cycle ratio” (RFR) with the FFR estimations in 712 lesions. A significant correlation was observed between RFR and FFR (r = 0.766, p < 0.01), while its diagnostic accuracy of RFR for detecting flow limiting stenosis was found to be 78%. All NHPRs had similar correlations with the FFR; as it has been reported in previous studies there was a ~20% discordance between NHPRs indices and the FFR for the presence of flow limiting stenosis. This analysis provides additional insights about the performance of NHPRs and underscores their potential value in clinical practice.

Huang et al. examined for the first time the PSS distribution in intermediate lesions (n = 50) using optical coherence tomography (OCT) data. The authors found that diseased segments had higher PSS gradients, during the cardiac cycle than normal segments. In the studied lesions the PSS gradient was increased in the proximal shoulder and had its minimum value in the distal shoulder. In line with previous reports the authors reported a weak correlation between PSS gradient and plaque burden (r = 0.37, p < 0.001) or fibrous cap thickness (r = −0.25, p = 0.004). This analysis underscores the potential of OCT to measure the mechanical properties of the vessel wall and highlight the need for further validation of this concept using histology as reference standard.

In another study, Jin et al. compared the morphological and physiological characteristics of ruptured neoatherosclerotic plaques (PR-NA) and of plaques that ruptured in native vessels (PR-NV). PR-NV lesions had a larger minimum lumen area but similar length and area stenosis with the PR-NA group. The mean fibrous cap thickness and lipid index were smaller in the PR-NV group, but the incidence of calcific index and microchannels was higher compared to the PR-NA. Computational fluid dynamic analysis revealed higher ESS and lower PSS values in the PR-NA comparing the PR-NV. The authors argued that in PR-NA the high ESS is likely to affect the structural integrity of the fibrous cap leading to its instability and rupture by lower PSS compared to the native plaques.

The study of Thondapu et al. focused on the effect of blood behavior on the flow patterns and examined whether the common assumption of a Newtonian blood behavior gives similar results for the ESS distribution with a non-Newtonian model. Sixteen coronary arteries were reconstructed from OCT and angiographic data and pulsatile blood flow simulation was performed using a Newtonian and the Quemada non-Newtonian model. ESS values were higher in the non-Newtonian than the Newtonian model. Moreover, in contrast to the Newtonian model where blood viscosity had a fixed value in the non-Newtonian model there was significant temporal and spatial variation in the viscosity values. These findings underscore the limitations of a Newtonian blood behavior assumption in the assessment of the local haemodynamic milieu in the coronary arteries.

Dilba et al. focused on another arterial bed, the carotid arteries, and explored the implications of ESS and multidirectional ESS on the development of ulcers in these vessels detected by magnetic resonance imaging and CT at 2-year follow-up. The authors found that ulcers were seen more often in regions with high ESS and low relative residence time underscoring the potential importance of multidirectional shear indices in plaque destabilization.

Finally, Wu et al. provided a comprehensive review on the potential of coronary angiography in assessing the mechanical properties of the vessel wall. The presented the methodology that has been proposed to assess superficial wall strain from 4D-angiographic images and the findings of in silico and in vivo validation studies that examined its efficacy in measuring vessel deformation. Moreover, the authors discussed the potential clinical implications of this methodology in detecting lesions that are prone to progress and cause events in native vessels, in predicting stent fracture following PCI, and in measuring the wall strain in bypass grafts that appears to affect their long-term patency. Future studies are expected to provide further insights about its value in clinical practice.

From the above it is apparent that there is a clear revolution in the field of computational modeling. Several methodologies have emerged over the recent years that appear capable to better predict cardiovascular risk and guide therapy. The advances in cardiac imaging, image processing, and computer sciences made feasible the real-time application of some of them enabling their use in clinical practice. Further research is needed to explore the full potential of the clinically applicable systems and simplify computationally expensive methods so as these to have future applications in the clinical practice and research.
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A novel method for four-dimensional superficial wall strain and stress (4D-SWS) is derived from the arterial motion as pictured by invasive coronary angiography. Compared with the conventional finite element analysis of cardiovascular biomechanics using the estimated pulsatile pressure, the 4D-SWS approach can calculate the dynamic mechanical state of the superficial wall in vivo, which could be directly linked with plaque rupture or stent fracture. The validation of this approach using in silico models showed that the distribution and maximum values of superficial wall stress were similar to those calculated by conventional finite element analysis. The in vivo deformation was validated on 16 coronary arteries, from the comparison of centerlines predicted by the 4D-SWS approach against the actual centerlines reconstructed from angiograms at a randomly selected time-point, which demonstrated a good agreement of the centerline morphology between both approaches (scaling: 0.995 ± 0.018 and dissimilarity: 0.007 ± 0.014). The in silico vessel models with softer plaque and larger plaque burden presented more variation in mean lumen diameter and resulted in higher superficial wall stress. In more than half of the patients (n = 16), the maximum superficial wall stress was found at the proximal lesion shoulder. Additionally, in three patients who later suffered from acute coronary syndrome, the culprit plaque rupture sites co-localized with the site of highest superficial wall stress on their baseline angiography. These representative cases suggest that angiography-based superficial wall dynamics have the potential to identify coronary segments at high-risk of plaque rupture and fracture sites of implanted stents. Ongoing studies are focusing on identifying weak spots in coronary bypass grafts, and on exploring the biomechanical mechanisms of coronary arterial remodeling and aneurysm formation. Future developments involve integration of fast computational techniques to allow online availability of superficial wall strain and stress in the catheterization laboratory.

Keywords: invasive coronary angiography, coronary artery dynamics, superficial wall strain, quantitative assessment method, computational coronary pathophysiology


INTRODUCTION

Coronary arteries are continuously subjected to biomechanical forces, including myocardial contraction and relaxation, intraluminal pulsatile blood pressure, flow drag forces, and constrained by surrounding tissues. These biomechanical forces generate dynamic strain and stress on the coronary arterial wall (Figure 1A). The dynamic wall stress induced by cyclic deformation, which is around 103~105 times greater than fluid-induced endothelial shear stress (ESS) (2), can trigger the rupture of atherosclerotic fibrous cap and disruption of inflamed vulnerable plaque (3). With increased severity and extent of coronary artery disease, the vascular dynamic deformation performance could be deteriorated due to the loss of elasticity (4). Furthermore, the dynamic stress and deformation of atherosclerotic coronary arterial walls (Figure 1B) are particularly relevant to vascular remodeling acute clinical events, such as myocardial infarction or unstable angina (3), as well as the biomechanical compatibility of implanted stents and scaffolds (5).


[image: Figure 1]
FIGURE 1. Biomechanical forces and dynamic coronary arterial motion. (A) Time-varying blood flow induces endothelial shear stress (ESS) along the vessel lumen. Radial (normal) strain/stress caused by intraluminal blood pressure is perpendicular to the endoluminal wall (top surface of a small material volume, blue color), and two shear strain/stress couples also exist in circumferential and longitudinal directions on this surface. The volume has two other orthotropic surfaces with strain/stress (small arrows), such that a total of nine components are operative. Red and yellow arrows refer to normal and shear strain/stress, respectively. As an equivalent quantity without direction, von Mises stress and strain, calculated from the nine components, is used to describe the complex multi-dimensional mechanical state for easy understanding and application in clinical fields (1). (B) Coronary angiography and 3D geometries at three specific cardiac phases: end-diastole, end-systole, and mid-diastole. It shows the large cyclic motion and deformation of a right coronary artery in 3D space.


The deformation of coronary arteries in vivo can be quantitatively measured by mechanical strain. The mechanical strain of arterial wall is defined as the stretching or compressing, and angular deformation relative to its predefined reference state. This wall strain caused by vessel deformation can be assessed from modern standard X-ray coronary angiography. Taking into account the maximum speed of 34.5–250.0 mm/s of the arterial motion in early systole (6, 7), coronary angiography with high frame rate (15–30 frames/s) and high spatial resolution (150–250 μm) can indeed capture the deformation of the vascular wall (8, 9). Only two angiographic image runs with different projections are needed to perform computation of four-dimensional superficial wall strain (4D-SWS) of coronary arteries (10, 11), since the dynamic deformation results from the various biomechanical forces, including cardiac contraction and blood pressure. The periodic variation in coronary arterial diameter ~10–15% caused by pressure pulsation (12), which can be captured by angiography. Note that SWS is derived as a combination of radial diameter variation as well as deformation in the longitudinal and circumferential directions. Assuming specific material properties for the normal and stenotic arterial segments, dynamic superficial wall stress can be further calculated.

An attractive feature of this approach is an inverse computation method that the cyclic motion of coronary arteries in vivo is used to calculate the dynamic strain and stress of arterial walls for intraprocedural on-line computation and analysis. The arterial motion and deformation represent the resultant of various complex biomechanical and physiological alterations, including pulsatile blood pressure, vessel stretching, bending and twisting, and acting on both normal and diseased vessel segments, each with different wall composition and mechanical properties. Another promising feature of this approach is that it focuses on the biomechanical state of the superficial layer of vessel wall (i.e., the interface between lumen and subendothelial layer), which could be directly linked with plaque rupture or stent fracture.

To further understand the biomechanical triggering mechanisms of acute coronary events and eventually improve the prediction of future events, it may be of paramount importance to take SWS into account. Indeed, the angiography-based SWS reflects the dynamic deformation of coronary arteries during the cardiac cycle and “hot spots” may identify coronary segments at higher risk of plaque rupture or dissection. This review highlights the concept and validation of this new method and its potential value in identifying vulnerable coronary plaque and therefore at high risk of acute disruption or rapid disease progression.



CALCULATION MEHTODS OF ANGIOGRAPHY-BASED 4D CORONARY ARTERY DYNAMICS

The concept and application of this method are illustrated in Figure 2. Coronary angiograms with minimal vessel image overlap and foreshortening are selected (13). Several key time-points during the cardiac cycle are identified from the electrocardiogram or according to the different stages of vessel motion during heart contraction and relaxation (Figure 2) (14). The number of frames for cardiac cycle can be determined from one QRS wave to the next on the electrocardiogram, when available. Alternatively, the frame showing the initial clearance of contrast medium from the aorta by contrast-free blood during ventricular ejection identifies early systole. The combination of these signals is used to achieve time synchronization between frames from two single plane angiograms. The vessel geometries are reconstructed and then discretized into structured meshes with identical node dimensions. The point-wise displacements of the deformed arterial wall are determined based on the principle of minimum potential energy. A global displacement function between two consecutive time instants will have its minimum value when all nodes between two consecutive configurations are matched to generate the one-to-one mapping relationship. Because at the stage of diastasis (i.e., mid-diastole) the ventricle is quiescent, the initial configuration for cyclic computation is selected at diastasis, when the kinetic and strain energy of the coronary arteries are at the lowest level throughout the cardiac cycle. Starting from diastasis, the displacements of the vessel wall at the next specific time-point are determined by the mapping relationship. Similarly, the displacements of the vessel wall at subsequent time-points are determined until the next diastasis. The superficial wall strain can be calculated by dividing the element length of structured mesh at the next time-point by that at the previous time-point. When the strain is determined for multiple time-points within cardiac cycle, the stress of arterial wall can be derived based on the assumption of material propeties. The artery was segmented into the normal and diseased parts based on local percent diameter stenosis and assumed to be nearly incompressible, homogenous, isotropic, and hyperelastic as described by Mooney-Rivlin strain energy density function: [image: image]. Here, C1 and C2 are empirically determined material constants. The corresponding material parameters of normal and diseased arterial segments were adapted from a previous study (15). [image: image] and [image: image] are the first and the second invariant of the unimodular component of left Cauchy-Green deformation tensor.


[image: Figure 2]
FIGURE 2. Methods of angiography-based 4D coronary arterial wall dynamics assessment and calculation. Five frames corresponding to specific time-points during the cardiac cycle are identified from the electrocardiogram: (A) mid-diastole (diastasis), (B) end-diastole, (C) early-systole, (D) end-systole, and (E) early-diastole. Left coronary arteries present large deformations in vivo. The local displacements of the superficial wall are determined between these arterial geometries at two consecutive time instants. By using global point-wise displacement mapping relationship on the arteries at the current time-point, the wall strain is determined. Considering the material properties of normal and fibrous tissues, superficial wall stress is further calculated (a–e). Modified from Wu et al. (10).


The clinical feasibility of this approach was first confirmed in a selected case with large coronary artery deformation and motion during cardiac cycle (Figure 2). The calculated motion of the left anterior descending (LAD) and the diagonal artery (Supplementary Videos 1, 2) were consistent with the angiogram (Supplementary Video 3). The LAD moved longitudinally, while the tortuous diagonal artery exhibited remarkable curl motion (10). The time-averaged displacement of LAD (>4.00 mm) was larger than the motion of the diagonal artery (Figure 3). For both coronary arteries, the time-averaged maximum principal strain in the stenotic segment was 5.8%, which was significantly lower (p < 0.001) than in the normal segment (12.1%). Although, the locations of the peak wall stress changed with time during cardiac cycle, it was mainly concentrated at the proximal and distal shoulders of the stenotic segments or on the inner and outer walls in segments with large curvature (Supplementary Videos 1, 2) (10). The time-averaged peak wall stress of the LAD was significantly higher than that of the diagonal artery (69.1 ± 11.4 kPa vs. 47.6 ± 8.5 kPa, p < 0.001).


[image: Figure 3]
FIGURE 3. Time-averaged maximum principal strain and displacement at several locations on the LAD and diagonal arteries. The time-averaged maximal principal strain and displacement at the numbered nodes of interest on the diagonal (A,B) and LAD (C,D) with stenostic segments (dark brown). These nodes at the stenotic segments have lower strain than those at the normal segments.




IN SILICO AND IN VIVO VALIDATION STUDIES

The calculation of wall stress was first validated on in silico stenosis models (n = 32) (14). The idealized virtual stenosis models were designed with lumen dimensions identical to human coronary arteries (normal lumen diameter of 3 mm). Vessels were 50 mm-long and showed a 10 mm-long concentric stenotic part with a 50% diameter stenosis in its mid-portion. To represent different scenarios of coronary arterial lesions, three different plaque components (i.e., calcified, fibrous, and lipid-rich) and three levels of plaque burden (i.e., 50.9, 62.6, and 69.1 percent volume) were constructed with three types of arterial remodeling (i.e., negative, none, and positive). Our 4D-SWS approach derived from vessel motion in vivo was compared with the results of conventional finite element analysis (FEA) with the mechanical force-based method, which generally uses forces as the known conditions to calculate deformation. The maximum wall stress of all types of plaques was not significantly different between both methods (41.6 ± 18.5 kPa vs. 38.9 ± 17.6 kPa, p = 0.49). Moreover, there is similar superficial wall stress distribution along the longitudinal superficial wall of all plaque types, including lipid-rich plaque models with three types of arterial remodeling calculated by both methods (Figure 4). The virtual stenotic models with lipid-rich plaques had numerically higher superficial wall stress than calcified and fibrous plaque models, and the superficial wall stress values increased with plaque burden. These results suggest that lipid-rich plaques with positive remodeling (i.e., an adaptive vessel enlargement in response to plaque accumulation) could lead to greater risk of plaque rupture. Indeed, the culprit plaque in patients with acute coronary syndromes (ACS) commonly shows lipid-rich content, high plaque burden, and positive remodeling (16–18).


[image: Figure 4]
FIGURE 4. Comparison of the stress distribution of lipid-rich plaque models calculated by the conventional structural mechanical force-based method and superficial wall displacement-based method. There is similar wall stress distribution along the longitudinal superficial wall of the lipid-rich plaque models calculated by the conventional structural mechanical force-based method (A–C) and by superficial wall displacement-based method (a–c), regardless of the presence of arterial remodeling. Prox: Proximal; Dist: distal. Six red arrows show the lesion segments of two structural models with three types of arterial remodeling. Modified from Wu et al. (14).


For in vivo validation, our SWS computation procedures were performed on angiographic images from 16 patients with intermediate coronary stenoses included in the Functional Assessment by Various flOw Reconstructions (FAVOR) pilot study (19). Only lesions involving a single vessel segment without image overlap were included for analysis. Coronary segments were defined as normal or stenotic segments based on percent diameter stenosis >20%. The accuracy of superficial wall deformation was validated by comparing the similarity between the centerlines predicted by our 4D approach and the actual centerline that was reconstructed from angiograms at a randomly selected time instant. The morphology of centerline curve derived by these two methods was a good agreement assessed by the classical statistical shape method of Procrustes analysis (scaling: 0.995 ± 0.018 and dissimilarity: 0.007 ± 0.014) (20). This shows that continuous changes in vessel morphology were adequately captured from the analysis of randomly selected cardiac frames (p < 0.001). Additionally, in the majority of patients (9 out of 16, 56%) the maximum wall stress was located in the proximal lesion shoulder, and less often in the mid-portion (25%, n = 4) or distal shoulder (19%, n = 3). This finding is consistent with a previous report showing that plaque rupture occurred most often at the proximal plaque shoulder (21).



ANGIOGRAPHY-BASED 4D CORONARY ARTERIAL WALL DYNAMICS: FUTURE DIRECTIONS AND LIMITATIONS

Table 1 summarizes the value and limitations of this method and its potential clinical usefulness, which is reviewed in greater detail in the following sections.


Table 1. Value and limitations of angiography-based 4D coronary artery dynamic method and clinical usefulness.

[image: Table 1]


Localization of Coronary Plaque at Risk of Rupture and Prediction of Future Events in Patients With Mild or Non-obstructive Coronary Artery Disease (NOCA)

Histopathological post-mortem studies in victims of sudden coronary death demonstrated that acute thrombi are associated in 55–65% with the rupture of a thin fibrous cap atheroma (22). In patients undergoing primary PCI after STEMI, there is a significant residual risk of adverse events caused by non-target and non-flow limiting lesions (called NOCA) that do not need stenting at the time of the initial procedure (23). For example, the 2-year results of RESOLUTE All Comers trial demonstrated that approximately half of the patient-oriented composite endpoint (all-cause death, myocardial infarction, revascularization) might be attributed to the progression of lesions in the non-target vessels or in the target vessels outside of the culprit segments at index event (24). If these high-risk lesions were identifiable during the initial procedure, targeted pharmacological, or mechanical interventions could be applied to mitigate the risk of future ACS and to prevent recurrent heart attacks in these patients.

Although, several attempts have been made to establish the criteria that define such rupture-prone plaques using cardiac imaging, the absolute event rates predicted by intravascular imaging remain low under the current best of medical treatment (25, 26). In addition, systematic imaging of all three coronary arteries failed to be clinically cost-effective (27). Theoretically, plaque rupture represents the structural failure of its fibrous cap due to excessive mechanical stress or strain. Therefore, several studies of coronary image-based computational modeling attempted to improve the predictive accuracy by incorporation of mechanical indices (28–30). The threshold value of 300 kPa is commonly used as a high-stress value from the experimental fracture in vitro of human plaque caps (1). However, plaque rupture might be triggered at a lower level than this threshold, because coronary artery in vivo is a typical fatigue environment with high-cycle and low-level stress due to the repetitive cardiac contraction (31). Note that the stress and strain values of human coronary artery in vivo are significantly lower than those of in vitro failure. Under physiological conditions, the axial strain and stress of coronary arteries are up to 62% and 200 kPa (32). We recently reported two cases where the maximum superficial wall stress computed from a diagnostic angiogram using our method was co-localized with the sites of late plaque rupture, as confirmed by optical coherence tomography (OCT) during ACS several months later (Figure 5, case 2) (11).


[image: Figure 5]
FIGURE 5. Angiography-based superficial wall stress on diagnostic angiography and late plaque rupture. Baseline angiography shows (yellow circle) an intermediate mid-LCx lesion (A–C). Superficial wall stress, calculated by the 4D approach at baseline angiography, reveals more local stress concentration in the stenotic segment (white arrow) or throat site (a–c). This location corresponds with the site of lumen irregularity, thrombus, and plaque rupture during late acute coronary syndrome, as shown by OCT on selected cross-sections (I-III), 3D rendering (D), and longitudinal OCT (E). The reconstructed throat segment and lesion shoulders are shown along with percent diameter stenosis (F). Modified from Wu et al. (11).


Figure 6 shows another example to suggest the association between superficial wall stress and newly developed stenosis at follow-up. After physiological assessment during index PCI (Figure 6A, baseline angiography), RCA showed preserved iFR value and the stent implantation in the proximal and distal lesions was deferred. On day 785, the patient was admitted for recurrent unstable angina. Repeat angiography (Figure 6B) showed that RCA had only a TIMI grade 2 flow, which was predominantly caused by the progression of the distal lesion. The initial diagnostic coronary angiogram was analyzed by both superficial wall stress (Figure 6C) and ESS (Figure 6D) to investigate their impacts on possible plaque progression. In contrast to superficial wall stress calculated based on the deformation of coronary artery during cardiac cycle, ESS is the friction between intravascular blood flow and endothelial layer, and was analyzed by computational fluid dynamics. In Figure 6C, the high level of time-averaged superficial wall stress was found at the site of distal stenosis with rapid progression (Figure 6B, yellow arrow). Figure 6D shows that the high time-averaged ESS is located at the stenotic segments RCA (lesions left untreated), while the mid-segment exhibits a very low ESS (<1 Pa). The expanded view shows that ESS is correlated with lumen diameter (Figure 6F). These observations illustrate the potential of angiography-based superficial wall stress for the identification of rupture-prone plaque. With further prospective validation, this technique can hopefully inform personalized patient care with optimized pharmacological therapy or local device-based plaque modification.


[image: Figure 6]
FIGURE 6. Effects of vessel deformation-induced superficial wall stress and fluid-induced endothelial shear stress on plaque progression and clinical adverse events. The moderate lesions in proximal and distal RCA remained untreated according to physiological guidance with iFR (A). On day 785, the patient was admitted to the hospital due to recurrent angina. Angiography demonstrated the progression of the distal RCA stenosis with impaired TIMI-2 coronary flow, suggesting plaque progression as well as potential atheroma rupture (B). The time-averaged superficial wall stress was relatively high at the distal RCA with 56 kPa (C) and co-located with the site of late plaque rupture (B). (D) Relatively high time-averaged endothelial shear stress (ESS) (6–7 Pa) was located at the stenotic segments of proximal and distal RCA (lesions left untreated), while the mid-segment exhibits a very low ESS (<1 Pa). (E,F) Expanded views of superficial wall stress and ESS distribution.




Assessment of the Mechanical Failure Risk of Coronary Stents

Histopathological studies have demonstrated that stent fracture is one of the potential causes of drug-eluting stent failure (33). Such mechanical failure, which typically occurs at kinking points in long or overlapping stents (34), is often the consequence of dynamic forces that result from the motion of coronary arteries. Once implanted, coronary stents will be exposed to cyclic deformation at least 86,400 times per day. Therefore, the indices of dynamic arterial morphology may be useful to estimate stent failure risk (35–37). For example, Girasis et al. (36, 37) analyzed the dynamic changes in 3D bifurcation angle (BA) of the left main coronary artery. After bifurcation stenting with a two-stent strategy, the proximal BA became larger and the distal BA narrower (36). A systolic-diastolic distal BA range < 10° (i.e., a more rigid, “full metal jacket” bifurcation) had significantly higher adverse event rates (50.8 vs. 22.7%, p < 0.001) and was associated with a higher 5-year adverse event rate (hazard ratio: 2.65, p < 0.001) (37).

Although, it is recognized that repetitive and fluctuating stress, induced by the dynamic deformation of coronary arteries, is an important mechanism of stent fracture, quantitative analysis on in vivo mechanical stress in association with a stent fracture using FEA is still limited (38). By using the angiography-based 4D dynamic method, it becomes relatively easy to calculate the dynamic stress on implanted stents in vivo. In Figure 7, the highest pulse stress on the stent, derived from the difference between the two stress states at end-systole and end-diastole, is localized 30.2 mm from the coronary ostium at the index procedure, at the exact location where stent fracture occurred 20 months later (30.8 mm from the ostium). This approach might be useful to estimate the stress distribution of devices and to predict the fracture risk when implanted in the specific coronary arteries with different deformation.


[image: Figure 7]
FIGURE 7. Prediction of late stent fracture by the pulse stress on the implanted stent using angiography-based 4D coronary artery dynamic method. (A) Angiography prior to implantation shows a total occlusion of the mid-segment of the RCA and a smooth curve of the implanted stent. (B) Visible contours of the inflated balloon delineate the proximal and distal ends of the implanted stent (Xience V). (C) Straightening of the proximal segment occurs following stent implantation. (D) The highest pulse stress (313.90 MPa), derived from the difference between the stress state at end-systole and end-diastole, is found at the site of 30.2 mm from the ostium. [(D'), red arrow] The zoomed view shows the pulse stress distribution of the implanted stent. Angiograms 20 months later show stent fracture (E) located at 30.8 mm from the ostium, resulting in luminal irregularity (F). The site of the highest pulse stress calculated by the angiography-based 4D dynamic method co-localizes with the stent fracture site [(F'), red arrow] documented 20 months later.




Relationship Between Dynamic Parameters, Vascular Remodeling, and Lumen Patency

Vascular remodeling can be considered as a dynamic functional and morphometric adaptive process of a vessel in response to biomechanical stimuli that lead to changes in vascular structure and properties (39). A vessel composed of smooth muscle cells, elastin, and collagen fibers, each with different elastic performances, has to maintain its dynamic stability over a wide range of diameter variations under normal and abnormal biomechanical conditions. The chronic expansion and shrinkage of the vessel lumen are theoretically regulated by biomechanical stresses that result from the equilibrium relationship between transmural pressure P and circumferential stress σθ, which can be computed by the Laplace's law σθ = Pr/t, where, r is lumen radius and t is wall thickness. Generally, lumen narrowing appears when plaque burden exceeds about 40% of the vessel “normal” cross-sectional area, as defined by the external elastic membrane (40). Then, adaptive remodeling becomes exhausted, plausibly because the gradually increased circumferential stress counterbalances the transmural pressure, resulting in plaque encroachment on the lumen. In contrast, if transmural blood pressure dominates the process of vascular remodeling, vessels can undergo outward expansion and become even larger. In particular, vein grafts, transplanted from their native low-pressure environment, cannot bear the elevated circumferential stress caused by the pressure in the systemic arterial circulation (from ~10 to ~100 mmHg).

It has been suggested that cyclic motion of coronary bypass grafts plays an important role in lumen patency (41). The compliance mismatch at the anastomosis site between the distal end of the graft and the native artery could increase local wall strain and stress, leading to cumulative regional graft injury. A previous experimental study revealed that constraining graft wall motion by the use of an external casting stent may reduce the progression of graft disease (42), although, this kind of static casting might also impede flow through vasa vasorum and cause graft hypoxia. In the long-term, both mechanisms could result in post-necrotic neointimal overgrowth. Therefore, bioresorbable bypass grafts armored with nitinol rings in their wall could serve as a template to the restorative process of “Mother Nature.” Currently, such innovative technology is being tested in an animal model and initial First-in-Human studies (NCT04545112) (43). The angiography-based examination of graft dynamics in this pre-clinical model, allows to detect weak spots or regions of high strain. These weak spots could be amended by local reinforcement of the graft wall, by changing the curvature of the graft, or by modifying the angulation of the anastomosis. Exploring the relationship between dynamic mechanical parameters and vascular remodeling and lumen patency may equally allow to quantify the process of vascular remodeling in native coronary arteries.

Many approaches have been evaluated for the prediction of events and the estimation of plaque propensity for rupture, thrombosis, or progression, including intracoronary imaging and image-based computational modeling. Table 2 summarizes the strengths and limitations of relevant imaging modalities and imaging-based computational modeling techniques and application scenarios. From a biomechanical viewpoint, ESS (28), a friction stress caused by flowing blood acting on the wall, is calculated on a static model of coronary arteries at end-diastole from 3D reconstruction of angiography or in combination with intravascular images, such as ANGUS (44). The SWS approach instead focuses on the dynamic mechanical status of the superficial wall layer and is directly calculated from the deformation of arteries based on angiography during the entire cardiac cycle. Plaque structural stress (2, 30), which is calculated from plaque composition and architecture on intravascular cross-sectional images, estimates plaque stress status under the prevailing coronary arterial pressure. Previously reported techniques, such as elastography (45) and palpography (46), measure plaque strain in vivo based on the deformation of IVUS images under blood pressure. Since major adverse cardiovascular events (MACE) represents a combination of different clinical endpoints resulting from several different mechanisms, comparative evaluation of imaging-based computational modeling for MACE prediction requires further exploration. Further clinical validation of the angiography-based SWS is needed in order to demonstrate its incremental value for the prediction of future events, compared with other imaging modalities and conventional risk factors (e.g., age, gender, diabetes, etc.). Larger studies investigating the correlation between the distribution of SWS and clinical events are needed.


Table 2. Summary of cardiac imaging and computational modeling techniques.

[image: Table 2]




CONCLUSIONS

In silico and in vivo studies have revealed that angiography-based assessment of dynamic coronary artery deformation allows computation of superficial wall strain and stress, as reported by Wu et al. (10, 11, 14). Lipid-rich plaque models had numerically higher wall stress than calcified and fibrous plaques, and wall stress increased with plaque burden. In selected observations, high wall stress spots at baseline co-localize with the site of plaque rupture in patients with late clinical events. By the identification of weak spots over the full length of the diseased coronary artery tree, it may become possible to assess the fracture risk and fatigue life of implanted stents, and to explore biomechanical mechanism of arterial remodeling and lumen patency. Because this technique only requires angiographic data, essential steps (including high-precision and automatic lumen segmentation, vessel reconstruction, anatomical landmarks and cardiac frames detection) can be implemented in a seamlessly integrated workflow. As a result, the superficial wall strain and stress analysis can potentially become an available online tool in the catheterization laboratory in the future.
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Supplementary Video 1. Superficial wall dynamics of the left anterior descending. The LAD moved longitudinally, and the peak superficial wall stress was mainly located at the proximal and distal shoulders of the stenotic segments during the cardiac cycle.

Supplementary Video 2. Superficial wall dynamics of the diagonal artery. The tortuous diagonal artery exhibited remarkable curl motion, and the peak superficial wall stress was located at the proximal and distal shoulders of the stenotic segments or on the inner and outer walls in segments with large curvature during the cardiac cycle.

Supplementary Video 3. Coronary angiogram of a selected case with large deformation and motion. The angiogram shows the LAD with diffuse lesion and the diagonal artery with narrowing at ostium.
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ACS, acute coronary syndrome; BA, bifurcation angle; ESS, endothelial shear stress; FEA, finite element analysis; IVUS, intravascular ultrasound; LAD, left anterior descending; MACE, major adverse cardiovascular events; NIRS, near-infrared spectroscopy; OCT, optical coherence tomography; PCI, percutaneous coronary intervention; PSS, plaque structural stress; RCA, right coronary artery; SWS, superficial wall strain/stress; 4D, four-dimensional.
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Purpose: The change in coronary physiology from lipid-lowering therapy (LLT) lacks an appropriate method of examination. Quantitative flow ratio (QFR) is a novel angiography-based approach allowing rapid assessment of coronary physiology. This study sought to determine the impact of low-density lipoprotein cholesterol (LDL-C) goal achievement on coronary physiology through QFR.

Methods: Cases involving percutaneous coronary intervention (PCI) and 1-year angiographic follow-up were screened and assessed by QFR analysis. Patients were divided into two groups according to the LDL-C level at the 1-year follow-up: (1) goal-achievement group (LDL-C < 1.8 mmol/L or reduction of ≥50%, n = 146, lesion = 165) and (2) non-achievement group (n = 286, lesion = 331). All QFR data and major adverse cardiovascular and cerebrovascular events (MACCEs) at 1 year were compared between groups.

Results: No differences between the groups in quantitative coronary angiography (QCA) data or QFR post-PCI were found. At the 1-year follow-up, lower percentage diameter stenosis (DS%) and percentage area stenosis (AS%) were recorded in the goal-achievement group (27.89 ± 10.16 vs. 30.93 ± 12.03, p = 0.010, 36.57 ± 16.12 vs. 41.68 ± 17.39, p = 0.003, respectively). Additionally, a better change in QFR was found in the goal-achievement group (0.003 ± 0.068 vs. −0.018 ± 0.086, p = 0.007), with a lower incidence of physiological restenosis and MACCEs (2.1 vs. 8.4%, p = 0.018, 5.4 vs. 12.6%, p = 0.021, respectively).

Conclusion: Evaluated by QFR, patients who achieved the LDL-C goal appear to have a better coronary physiological benefit. This group of patients also has a better clinical outcome.

Keywords: percutaneous coronary intervention, LDL—cholesterol, quantative flow ratio, cornoray physiology, physiological restenosis


INTRODUCTION

Although the prognosis of patients with coronary artery disease (CAD) has been much improved by percutaneous coronary intervention (PCI), patients who undergo this treatment still have an increased risk of recurrent cardiovascular events (1). Therefore, appropriate disease management is of increasing significance. As a crucial part of cardiac disease management, lipid modification is associated with reduced cardiovascular mortality. It is well-established that decreasing the low-density lipoprotein cholesterol (LDL-C) concentration in very high-risk patients is the primary target to reduce the risk of cardiovascular events (2, 3). Indeed, lipid-lowering therapy (LLT) has been the cornerstone of medical therapy for primary and secondary prevention of atherosclerotic cardiovascular disease (ASCVD) (4, 5).

The 2019 European Society of Cardiology (ESC)/European Atherosclerosis Society (EAS) guidelines for the management of dyslipidemia recommend an LDL-C reduction of ≥50% from baseline and an LDL-C goal of <1.4 mmol/L (<55 mg/dl) in very high cardiovascular disease risk patients [reduced from <1.8 mmol/L (70 g/dl) in the 2016 guidelines] (3, 6). Clinical benefits of LDL-C goal achievement have been demonstrated by numerous landmark studies (7, 8). In addition to lowering serum cholesterol levels, LLT induces plaque stabilization and improves endothelial function (9). As novel technologies [i.e., intravascular ultrasound (IVUS), optical coherence tomography (OCT), fractional flow reserve (FFR)] emerge, more precise methods to evaluate outcomes from LLT are gradually implemented. Emerging data obtained by novel imaging modalities suggest that LLT might have a greater impact on modulating lipid content vs. plaque volume, which makes multidisciplinary assessment of clinical outcome from LLT an important concern. The level of LDL-C and plaque volume can be obtained from laboratory tests, with information on plaque composition by IVUS or OCT. However, there is no appropriate method to assess the change in coronary physiology due to LLT.

In recent years, Hashikata et al. found a significant negative correlation between follow-up LDL-C levels and coronary physiology variation (FFR value) (10), which reflects the potential of physiologic assessment in tracing coronary physiology changes by treatment. Overall, the above worth is being further explored for use in coronary physiologic assessment in the LLT process. Although FFR can provide information on flow physiology, measurement of FFR is accompanied by certain problems, such as the requirement of introduction of an invasive pressure wire and increased patient discomfort, complication risk and costs associated with the catheterization procedure (11, 12). The quantitative flow ratio (QFR) is a promising angiography-based approach allowing fast computation of the FFR by 3D coronary artery reconstruction and fluid dynamics computation (11). The accuracy of QFR has been verified by previous studies (11–13); moreover, no requirement of pressure wires and a quicker procedural time make QFR a suitable choice for the evaluation of coronary physiology (12). Nevertheless, the impact of LDL-C goal achievement on vascular physiology evaluated by QFR remains unknown. This study aimed to investigate changes in coronary physiology in patients who achieve LDL-C goals at a 1-year follow-up through QFR analysis.



METHODS


Study Design

This study was approved by the Ethics Committee of Union Hospital, Fujian Medical University (No. 2020KY098). From June 2015 to December 2016, a total of 734 lesions in 606 patients who underwent PCI at Fujian Medical University Union Hospital were collected. QFR was assessed in all cases, and pre-PCI, post-PCI, and 1-year angiographic follow-up were collected as clinical characteristics. Post-PCI indicates the immediate time after successful PCI.

Patients diagnosed with stable angina, unstable angina, or postacute myocardial infarction (≥72 h) were eligible for enrollment when angiographic inclusion criteria were met. The indications for QFR computation were (1) diameter stenosis (DS) of at least one lesion between 50 and 90% (visual assessment) and (2) reference vessel diameter size ≥ 2.5 mm (visual assessment). Patients with any of the following clinical characteristics were excluded: (1) acute myocardial infarction (AMI) within 72 h; (2) lack of follow-up data; and (3) situations where QFR computation could not be performed, including only one lesion with DS <50% or > 90% and thrombolysis in myocardial infarction (TIMI) grade <3; reference vessel diameter size <2 mm; lack of two optimal angiographic projections at least 25° apart; lesion involving myocardial bridge or bypass graft; severe overlap or tortuosity of target blood vessels; and poor angiographic image quality.

In light of our data acquired from June 2015 to December 2016, an LDL-C value of <1.8 mmol/L or an LDL-C reduction of ≥50% was chosen as an LDL-C goal based on 2016 ESC/EAS Guidelines for the Management of Dyslipidemias (6). All subjects were divided into two groups according to the LDL-C level at the time of 1-year follow-up: (1) goal-achievement group (patients achieved an LDL-C goal); (2) non-achievement group (patients failed to achieve an LDL-C goal).



QFR Computation and Quantitative Coronary Angiography Analysis

The QFR computation and QCA analysis were performed by two independent investigators blinded to the clinical data using the AngioPlus system (Pulse Medical Imaging Technology Shanghai, China) according to standard operating procedures. Based on automated contouring, a three-dimensional (3D) QCA model of the target vessel was reconstructed using two angiographic projections recorded at 15 frames/s and at least 25° apart. Proximal and distal reference points were applied to indicate the region of interest, and “flagging” was used to indicate lesion segments. After 3D QCA reconstruction, the vessel QFR was computed by contrast flow velocity models (11, 14). In addition, 3D reconstruction of the vessel provides QCA information of the target vessel comprising percentage diameter stenosis (DS%), percentage area stenosis (AS%), and late lumen loss (LLL). The delta QFR was chosen to present physiological changes, which was defined as a difference in value between follow-up QFR and post-PCI QFR (delta QFR = follow-up QFR minus post-PCI QFR). LLL was defined as the difference in the minimal lumen diameter between post-PCI and follow-up.



PCI Procedure, Data Collection, and Follow-Up

PCI was performed according to the revascularization guidelines at that time. Nitrates had been given before each angiography. The type and expansion of the stent were determined by experienced cardiologists based on their own judgment. All patients received dual antiplatelet therapy for at least 12 months after PCI. A 1-year angiographic follow-up strategy was routinely recommended to all treated patients.

For all enrolled patients, relevant clinical data, laboratory results, and major adverse cardiovascular and cerebrovascular events (MACCEs) during hospitalization and at the 1-year follow-up were recorded. Serum biochemical levels, such as LDL-C, N-terminal pro brain natriuretic peptide (NT-proBNP), C-reactive protein (CRP), glucose, and creatinine were measured in the hospital clinical laboratory using routine automated techniques.

An MACCE was defined as the composite of any myocardial infarction (MI), stroke, or any ischemia-driven revascularization of target and non-target vessels. The target vessel was defined as the vessel in which the stent was placed during the first angiography. All patients were treated according to clinical guideline recommendations at the time of discharge. The occurrence of MACCEs within 1 year was recorded by telephone follow-up and medical record queries.



Statistical Analysis

Categorical variables were compared using the chi-square test or Fisher's exact test, and the results are presented as absolute frequencies and proportions. Continuous variables are expressed as the mean ± standard deviation for normally distributed data and as the median (interquartile range) for non-normally distributed data. They were compared using Student's t-test, Welch's t-test, or the Mann–Whitney U-test. Multivariate logistic regression analysis was employed to explore the relationship between LDL-C control and changes in QFR. For all analyses, a p-value of <0.05 was considered statistically significant. All statistical analyses were performed with SPSS 26.0 (IBM Inc., New York, NY, USA).




RESULTS


Baseline Characteristics

A total of 734 lesions in 606 patients who underwent PCI were collected, with 496 lesions in 432 patients examined for the final analysis. According to the study design, the enrolled patients were divided into a goal-achievement group (n = 146, lesion = 165) and non-achievement group (n = 286, lesion = 331) (Figure 1). The clinical, laboratory, and angiographic characteristics of the groups are summarized in Table 1. Based on comparison of baseline characteristics, the goal-achievement group showed a lower CRP level [1.71 (0.60–5.29) vs. 2.65 (0.89–8.52), p = 0.033] than the non-achievement group. No significant differences in age, sex, hypertension, diabetes mellitus, renal insufficiency, smoking, history of previous AMI or PCI, or type of CAD were found between the two groups. Levels of LDL-C, NT-proBNP, glucose, creatinine, and left ventricular ejection fraction (LVEF) were also similar. In addition, both groups had similar medical therapies.


[image: Figure 1]
FIGURE 1. Study flowchart. Among 734 lesions in 606 patients who underwent PCI, 705 lesions in 577 patients were analyzed by QFR. Of those, 172 lesions lacked two optimal angiographic projections at least 25° apart, 16 lesions were overlapping or tortuous, and 14 lesions in patients with poor-quality images were excluded. The other seven lesions were excluded due to excessive shortening lesions. Consequently, 496 lesions in 432 patients were analyzed in this study. According to the LDL-C level at the time of the 1-year follow-up, 165 lesions in 146 patients and 331 lesions in 286 patients were assigned to the goal-achievement and non-achievement groups, respectively. QFR, quantitative flow rate; PCI, percutaneous coronary intervention; LDL-C, low-density lipoprotein cholesterol.



Table 1. Baseline demographic characteristics.
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One-Year Follow-Up Characteristics

The clinical and laboratory characteristics between the groups at the 1-year follow-up are summarized in Table 2. The goal-achievement group showed a lower LDL-C level (1.48 ± 0.31 vs. 2.69 ± 0.89, p < 0.001) than the non-achievement group. However, no significant differences in controlled hypertension and smoking cessation between the two groups were found, and levels of NT-proBNP, CRP, glucose, creatinine, and left ventricular ejection fraction (LVEF) were similar.


Table 2. One-year follow-up characteristics.
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QCA and QFR Analysis Results

All QCA and QFR analysis data are summarized in Table 3. The goal-achievement group had a higher proportion of target lesions located in the right coronary artery (32.7% vs. 27.2%, p = 0.034) and similar proportions in the left anterior descending branch and left circumflex branch. There were no differences in QCA data or QFR between the groups post-PCI. However, the goal-achievement group showed a lower DS% (27.89 ± 10.16 vs. 30.93 ± 12.03, p = 0.010) and AS% (36.57 ± 16.12 vs. 41.68 ± 17.39, p = 0.003) at the 1-year follow-up. In addition, QFR was higher in the goal-achievement group than in the non-achievement group (0.96 ± 0.05 vs. 0.94 ± 0.09, p = 0.005), and the delta QFR in the goal-achievement group was better than that in non-achievement group (0.003 ± 0.068 vs. −0.018 ± 0.086, p = 0.007). To compare differences in physiological outcomes, the incidence of physiological restenosis (QFR ≤ 0.8) was recorded on the basis of the QFR value at the time of follow-up (Table 4). The goal-achievement group showed a lower incidence of physiological restenosis than the non-achievement group (2.1 vs. 8.4%, p = 0.018), though not all patients who were confirmed to have physiological restenosis received revascularization due to the lack of coronary physiological assessment at that time.


Table 3. QCA and QFR analysis results.
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Table 4. Incidence of physiological restenosis.
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Clinical Outcomes

A comparison of clinical outcomes at the 1-year follow-up between the groups is shown in Table 5. A total of 44 patients (10.2%) developed MACCEs, 8 and 36 of whom were from the goal-achievement and non-achievement groups (5.4 vs. 12.6%, p = 0.021) (Table 5). Multivariate logistics regression analysis confirmed that optimal LDL-C control was independently associated with changes in QFR at 1 year (OR: 0.590; 95% CI: 0.399-0.873, p = 0.008) (Table 6).


Table 5. Incidence of MACCEs.
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Table 6. Multivariable logistic regression analysis of factors for the changes in QFR.
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Management of LDL-C

Reductions in LDL-C levels from baseline were found in both groups (Figure 2A). We also found that LDL-C levels of patients who reported MACCEs were higher than those of patients without MACCEs or all patients (Figure 2B). The proportions of patients who achieved LDL-C goals were 50 (11.6%) at baseline and 134 (31.0%) at follow-up.


[image: Figure 2]
FIGURE 2. Variation in LDL-C level. (A) Compared to baseline, LDL-C levels were reduced in both the goal-achievement and non-achievement groups at the 1-year follow-up. (B) LDL-C levels at the 1-year follow-up in all patients, patients with MACCEs, and patients without MACCEs.





DISCUSSION

The main findings of this study are as follows. (1) Patients who achieved an LDL-C goal had a better change in QFR value and a lower DS% or AS% at the 1-year follow-up, indicating a better improvement in coronary physiology. (2) A positive consistent tendency in coronary physiology assessment (higher QFR) and clinical outcome (lower incidence of MACCEs) was observed, which supports the LDL-C goal achievement recommendation from the perspective of multidisciplinary assessments.

In view of coronary physiology, we found that patients with lower levels of LDL-C tended to have a better change in QFR at the time of follow-up. Hashikata et al. reported that a lower level of LDL-C is associated with a higher increase in FFR. The mechanism of these changes is speculated to be due to the improvement in plaque burden and endothelial function by LLT (10). In addition, Ito et al.'s study showed that the plaque burden of a stented segment affects the FFR value rather than the luminal area immediately after optimal drug-eluting stent implantation; thus, plaque burden contributes to the change in coronary physiology to some extent (15). Our study also confirmed the influence of lipid control on physiological changes. However, QFR in our research was measured both post-PCI and at the 1-year follow-up, and significant in-stent restenosis is a major contributor to an increased pressure gradient across the stented segment and lower QFR value at the time of follow-up. The study by Kolozsvári et al. suggested that both luminal narrowing and plaque burden may affect FFR derived from computed tomography (CT) (16). Other studies have demonstrated that endothelial function may also affect the FFR value, though the mechanism is not completely understood (17, 18). The computational formula for QFR is similar to that for FFR (19, 20). We hold the opinion that plaque burden and endothelial function are the main factors influencing the QFR value in addition to the lumen narrowing resulting from significant stenosis. Hence, a more satisfactory QFR value may reflect a better improvement in plaque burden or endothelial function in patients without significant stenosis.

Patients who achieved the LDL-C goal seemed to have a better result in coronary physiology assessment. Indeed, we found that the achievement group had a better result in delta QFR (p = 0.007), indicating that a slight decline or even improvement in coronary physiological function occurred in these patients. In addition, a previous study concerning non-culprit plaque suggested that DS% can increase by 2.2% even with routine LLT (21). Our study showed a 0.6% increase in patients who achieved an LDL-C goal and a 3.3% increase in those who did not. It seems that LDL-C goal achievement may alleviate the deterioration of non-culprit lesions. LLL is an index to evaluate the absolute degree of restenosis and the status of intimal hyperplasia in the coronary artery (22), and no significant difference in LLL was found between the two groups (p = 0.172) in the short follow-up. However, Natsuaki et al. found that statin therapy was able to reduce the risk of late in-stent restenosis (23). By reviewing the angiography of patients with physiological restenosis in our study, the incidence of physiological restenosis due to in-stent restenosis was found to be close to 50% in the non-achievement group. Because of the short follow-up time, there was no significant difference in LLL, and the difference in QFR value was small. In other words, we hypothesized that statin therapy reduces late in-stent restenosis and thus affects physiological restenosis. Furthermore, a lower incidence of physiological restenosis was recorded in the goal-achievement group. These QCA analysis results indicate that patients who achieve an LDL-C goal have better improvement in coronary physiology. From the perspective of vascular physiology, the potential benefit of LDL-C goal achievement was verified.

The incidence of MACCEs was significantly lower in the patients who achieved an LDL-C goal. Previous studies have demonstrated clinical benefit from LLT, namely, a greater cardiovascular risk reduction with a greater absolute LDL-C reduction (24, 25), and the incidence of MACCEs in our study was consistent with that in previous studies. Nevertheless, no statistically significant differences in stroke, target, or non-target vessel revascularization were found in our study, which may be due to the small numbers of patients in the subgroups. Although the goal-achievement group did not show a significant difference in revascularization, this group of patients still had a lower incidence of revascularization according to numerical results. Therefore, our findings suggest that LDL-C management is of significance in cardiovascular event prevention. In addition, a positive accordant tendency in coronary physiology and clinical outcome was observed, which provides new evidence to support the LDL-C goal achievement recommendation.

For patients at very high cardiovascular risk, either secondary prevention or in primary prevention, a more aggressive LDL-C reduction goal is recommended according to the ESC/EAS 2019 guidelines (3). However, the proportion of patients who achieve an LDL-C goal remains unsatisfactory. In our study, only 31.0% of enrolled patients achieved an LDL-C goal, even though statins were prescribed to all. This may be due to an underdose of statins or insufficient concomitant use of other hypolipidemic drugs. Hence, there is considerable potential to optimize LLT further through statin intensification and appropriate use of novel LLTs.

Our study has some limitations. First, this was a retrospective observational study conducted at a single center with a short follow-up time and small sample size, and the findings need to be verified by further prospective multicenter cohort studies. Second, other treatment risk factors may affect the incidence of MACCEs, but they were not explored in detail in our study. Third, not all patients underwent a regular check, even though a 1-year angiographic follow-up strategy at first discharge was recommended to all. In addition, not all angiographic images were suitable for QFR analysis because of the lack of training in QFR operations at that time. These considerations may affect the selection process of patients.



CONCLUSIONS

As evaluated by QFR, patients who achieve an LDL-C goal appear to have a greater coronary physiological benefit. This group of patients also has a better clinical outcome, which is in agreement with physiological assessment results. This study provides new evidence to support LDL-C goal achievement recommendations from the perspective of multidisciplinary assessments.
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Aims: In this study, we evaluate the efficacy of SmartFFR, a new functional index of coronary stenosis severity compared with gold standard invasive measurement of fractional flow reserve (FFR). We also assess the influence of the type of simulation employed on smartFFR (i.e. Fluid Structure Interaction vs. rigid wall assumption).

Methods and Results: In a dataset of 167 patients undergoing either computed tomography coronary angiography (CTCA) and invasive coronary angiography or only invasive coronary angiography (ICA), as well as invasive FFR measurement, SmartFFR was computed after the 3D reconstruction of the vessels of interest and the subsequent blood flow simulations. 202 vessels were analyzed with a mean total computational time of seven minutes. SmartFFR was used to process all models reconstructed by either method. The mean FFR value of the examined dataset was 0.846 ± 0.089 with 95% CI for the mean of 0.833–0.858, whereas the mean SmartFFR value was 0.853 ± 0.095 with 95% CI for the mean of 0.84–0.866. SmartFFR was significantly correlated with invasive FFR values (RCCTA = 0.86, pCCTA < 0.0001, RICA = 0.84, pICA < 0.0001, Roverall = 0.833, poverall < 0.0001), showing good agreement as depicted by the Bland-Altman method of analysis. The optimal SmartFFR threshold to diagnose ischemia was ≤0.83 for the overall dataset, ≤0.83 for the CTCA-derived dataset and ≤0.81 for the ICA-derived dataset, as defined by a ROC analysis (AUCoverall = 0.956, p < 0.001, AUCICA = 0.975, p < 0.001, AUCCCTA = 0.952, p < 0.001).

Conclusion: SmartFFR is a fast and accurate on-site index of hemodynamic significance of coronary stenosis both at single coronary segment and at two or more branches level simultaneously, which can be applied to all CTCA or ICA sequences of acceptable quality.

Keywords: cardiovascular diseases, coronary stenosis, functional assessment, smartFFR, atherosclerosis


INTRODUCTION

Fractional flow reserve (FFR) is considered the gold standard for the assessment of the severity of coronary stenoses in patients undergoing invasive coronary angiography (ICA). It can reliably recognize hemodynamically significant lesions, thus providing an excellent tool for percutaneous coronary intervention (PCI) guidance (1, 2). However, FFR is not widely used in the clinical settings probably due to its increased total procedural cost (>﹩1,000 average cost per patient, including the dedicated pressure wire and the vasodilator adenosine administered i.v. to induce hyperemia), as well as the added discomfort of the patient. In fact, in the evaluation of intermediate stenoses (i.e. 40–70%) prior to intervention, FFR is measured only in 6.1% of the cases (3).

Accordingly, alternative invasive and non-invasive coronary functional assessment methods based on computational models have been proposed not requiring pressure measurements and vasodilator administration. During the past decade, computed tomography coronary angiography (CTCA) has gained increasing attention in the clinical setting as a non-invasive substitute of coronary angiography, thanks to the remarkable improvement of its imaging quality (4). CTCA is now considered as an accurate diagnostic tool for the assessment of CAD severity. It has been demonstrated that the combination of CTCA-derived 3D arterial models with the application of computational fluid dynamics (CFD) can offer a non-invasive assessment of the hemodynamic status of the artery of interest with an acceptable accuracy when compared to the invasively measured FFR (5–13). The existing approaches follow the rationale that since flow and pressure are not known a priori, lumped parameter models of several factors such as the pressure of the systemic circulation and the resistance of the coronary microcirculation need to be coupled with the fluid domain of the epicardial arteries, resulting to laborious virtual FFR calculations that require a large computational time. Recently, the virtual functional assessment index (vFAI) has been introduced as one amongst several valid computational FFR surrogates [i.e. such as QFR (14), DEEPVESSEL-FFR (15), FFRangio (16) as well as the aforementioned functional assessment indices given above] in patients undergoing ICA (17) or CTCA (18, 19), being able to determine the functional severity of a coronary lesion in an arterial segment. The non-invasive FFR computation by CFD on CTCA images currently adopted in clinical practice (5) is an off-site assessment with a relatively long computational time and no substantial advantages compared to alternative on-site CTCA assessment approaches as recently reported (12).

In this study, we present a new approach for a really on-site and real-time, geometrically derived functional assessment of coronary stenosis, which can be performed both with CCTA or ICA datasets and both in case of stenosis involving a single coronary segment as well as a coronary bifurcation (excluding the common trunk and the common trunk bifurcation). One of the main advantages of the proposed method is its speed and the ability to perform it on-site. The overall diagnostic performance of the proposed method was tested in a CTCA patient dataset as well as in an ICA patient dataset and compared with traditional pressure-wire derived FFR measurements available in both datasets. Furthermore, we also examined the optimal simulation type for the SmartFFR calculation by comparing rigid wall simulations against fluid structure interaction simulations.



MATERIALS AND METHODS


Study Population

To obtain a suitable CTCA-derived dataset, data from the multicenter EVINCI (EValuation of INtegrated Cardiac Imaging for the Detection and Characterization of Ischemic Heart Disease) project, as well as from the SMARTool (Simulation Modeling of coronary ARTery disease: a tool for clinical decision support) project were used. The aforementioned projects complied with the Declaration of Helsinki. In the context of the EVINCI study (20), ethical approval was provided by each participating center and all subjects gave written informed consent. For the present study investigating anonymized imaging data, informed consent was waived. From the EVINCI and SMARTool populations, we chose 69 patients with intermediate (20–90%) pre-test probability of CAD (21) who underwent CTCA and ICA exams and had invasive FFR assessed in at least one major vessel. The exclusion criteria were previous acute coronary syndrome, left ventricular ejection fraction < 35%, cardiomyopathy, known CAD and more than moderate valve disease. An additional exclusion criterion was poor CTCA scan quality evaluated in a four levels scale (poor, satisfactory, good and excellent). Poor quality scans were excluded from our study. The final CTCA-derived dataset consisted of 88 major coronary arteries (Figure 1).


[image: Figure 1]
FIGURE 1. Enrollment and diagnostic procedures.


Regarding the ICA-derived dataset, a study population of 98 patients with stable or unstable angina or non-ST elevation myocardial infarction undergoing ICA and invasive FFR measurement at the University Hospital of Ioannina was retrospectively included in this study. The final ICA-derived dataset consisted of 114 major coronary arteries. Details on the coronary artery type distribution and patient demographics are presented in Table 3.



CTCA Acquisition

CTCA was performed in all patients using ≥64-slice scanners. All the arteries which were used in the present study were reconstructed at mean diastole (70%-80% of R-R interval) (22). The slice increment was 0.6 mm, whereas the average slice thickness was 0.625 mm. The pixel spacing values varied due to the different scanners that were used throughout the multi-center EVINCI study. Nitrates were used to enhance the CTCA quality, whereas beta-blockers were used when necessary to reduce the heart rate in order to perform good quality examinations and nitrates were always used as described in the international guidelines (23).



Invasive Coronary Angiography and FFR Acquisition

Standard techniques were used for the ICA acquisition with multiple projections. FFR was invasively measured after the intravenous administration of 140 μg/kg/min of adenosine, using a combo-wire (Volcano Corporation). Arterial segments stenoses with FFR values lower than 0.80 were defined as hemodynamically relevant. The ICA dataset was provided by the University hospital of Ioannina which included all the FFR measurements that were performed during a period of 4 years. The main reasons for the exclusion of ICA cases were the following: a) poor image resolution, b) < 30° angle difference between two ICA projections, c) presence of only one ICA projection, d) stenosis degree either < 30 or >90%.



3D Reconstruction

The reconstruction of the arterial models was performed with our in-house developed algorithms for the CTCA-derived dataset (24, 25) and for the ICA-derived dataset (26) and are both described in detail in the online Supplementary Material section. An expert interventional cardiologist (LL) performed the segmentation of the vessels of interest using the ICA images that contained the FFR wire within the vessel, in order to ensure the co-alignment of the FFR measured segment with the respective 3D reconstructed one.



SmartFFR Calculation

In order to calculate SmartFFR, blood flow simulations are carried out on the reconstructed 3D models of the arteries of interest using the finite element method. The arterial lumen is discretized into tetrahedral finite elements of face size that ranges from 0.09–0.12 mm, as defined by a mesh sensitivity analysis, and the respective Navier-Stokes and continuity equations are then solved using ANSYS® CFX 16.2. The SmartFFR index is primarily based on the virtual functional assessment index (17) as an outcome, but it has some key points of deviation regarding the process with which the index is calculated, constituting the method more robust, faster and able to be applied on more than one segment at a time. A transient blood flow simulation is performed on the 3D reconstructed artery for which the boundary conditions which are applied in single-segment simulations are the following:

Inlet: an average static pressure of 100 mmHg is applied as inlet boundary condition.

Outlet: an increasing transient flow profile is applied as an outlet boundary condition. It consists of 4 timesteps of a duration of 0.25 s each and flow rate values are increasing from 1 to 4 ml/s with a step of 1 ml/s (Figure 2).

Wall: a no-slip and no-penetration boundary condition is applied at the arterial wall.


[image: Figure 2]
FIGURE 2. Illustration depicting the outlet boundary conditions for an arterial bifurcation.


For each timestep, the Pd/Pa value is calculated in order to construct the Pd/Pa vs. flow curve. The calculated Pd/Pa values for every timestep are then connected to create the appropriate patient-specific curve, using a smooth spline approximation with a total of 100 interpolation points using a dedicated script in MATLAB. The patient-specific curve is constructed for a flow range of 0–4 ml/s and the SmartFFR value is calculated by dividing the area under the patient-specific curve to the respective area under the curve of the respective healthy arterial segment (i.e. AUC = 4), following the vFAI rationale by Papafaklis et al. (17).

In the ICA-derived dataset, only the main vessel was reconstructed, whereas in the CTCA-derived dataset, when the simulation was performed in the left coronary artery system, the two main coronary arteries (LAD and LCx) were reconstructed. In order to calculate the SmartFFR in bifurcating arterial models, we first have to determine the flow ratio that enters each branch. The left descending and circumflex coronary arteries were evaluated by 3D reconstructed models and the flow ratio of each branch was determined at the level of the bifurcation involved. For the left vasculature, we assume a flow rate of 2 ml/s during rest that might be evenly distributed in the two main branches if we have an equal area at the inlet of the two branches (27). However, the patient-specific flow that enters each branch needs to be defined for every case. In order to do that, we apply Murray's law after having calculated the diameters and the areas of the two branches. Murray's law correlates the flow ratio that passes through the two branches with the respective diameters of the two branches. The aforementioned relation is given by:

[image: image]

where qD1 and qD2 are the flows of branches 1 and 2 and dD1 and dD2, their respective diameters (Figure 3).


[image: Figure 3]
FIGURE 3. Illustration depicting the flow separation ratio as calculated for an indicative case, as calculated by Murray's law.


After having calculated the ratio, we then perform a transient blood flow simulation in the entire model with the following outlet boundary conditions:

Outlets: an increasing transient flow profile is applied as a boundary condition. However, in this case, we need to calculate the flow of each branch for each time step. The left main branch of the coronary vasculature has a total flow of around 2 ml/s during rest as it has been calculated through PET quantitative measurements. This is expected since both left main branches (i.e. Left Anterior Descending and Left Circumflex) average a mere 1 ml/s during rest (i.e. approximately equal to the respective flow during rest of the Right Coronary Artery). We assume that in a totally healthy left vasculature, we will have a peak hyperemic flow of 8 ml/s (i.e. 4 ml/s per branch) entering the left main stem [i.e. following the rationale of (28) stating that it is equal to the mean ± 2SD hyperemic flow increase in a normal artery] (29). Having this in mind, we create a transient flow of 4 timesteps of 0.25 s each with a total flow for each timestep from 0 to 8 ml/s. The outlet flow of each branch is calculated using the previously computed flow ratio and is applied for each timestep, respectively.

The inlet and wall boundary conditions were the same as in the single segment smartFFR calculation process. Flow is considered laminar, and blood is treated as a Newtonian fluid with density 1050 kg/m3 and dynamic viscosity 0.0035 Pa·s.

In order for the SmartFFR value to be calculated for each branch, we need to calculate the Pd/Pa values for each time step at each branch. In order to do that, we first have to find the computed pressure at the inlet of each of the two branches, since this is the inlet pressure for each branch and not the overall inlet pressure at the left main stem. After having the Pd/Pa values calculated for each timestep, we then build the respective Pd/Pa vs. flow curves for each branch. In order to have a balanced universal value for each branch, we have to interpolate the curve of the branch with the higher flow up to a flow of 4 ml/s and extrapolate the respective curve of the second branch up that had the lower flow to the same value. The flow division is performed in order to apply physically valid boundary conditions on the two branches regarding the outlet, since the two branches cannot have an equal division of flow. SmartFFR is then calculated as the ratio of the area under the patient-specific curve divided by area under the curve of the respective healthy arterial segment for each branch (Figure 4). The SmartFFR values were calculated in a blind fashion from the actual FFR values.


[image: Figure 4]
FIGURE 4. Illustration depicting the simultaneous SmartFFR calculation process for the two main branches of the left coronary vasculature (i.e. LAD and LCx). The dashed line after the last simulation timestep at the LAD branch was used to extrapolate the curve to reach the 4 ml/s mark, whereas for the LCx branch, the curve was interpolated to limit the curve to the 4 ml/s mark, respectively.




Effect of Fluid Structure Interaction (FSI) on SmartFFR

We have investigated the effect of different simulation methods on the calculated SmartFFR values. The whole process is described in detail in the online Supplementary Material.



Statistical Analysis

The relationship between FFR and SmartFFR was quantified by calculating the Pearson's correlation coefficient. In order to assess the agreement between the two methods, the Bland–Altman plots and the corresponding 95% limits of agreement were used. A Receiver Operator Curve (ROC) analysis was performed to identify the cut-off values of the examined variables. The categorization of FFR and SmartFFR values was made using the cut-off value of 0.8 and the calculated cut-off from ROC curve for the FFR and SmartFFR (for each dataset separately), respectively. Sensitivity (SE), specificity (SP), positive predictive value (PPV), negative predictive value (NPV), and diagnostic accuracy (the percentage of patients correctly diagnosed by SmartFFR) were used to assess the performance of SmartFFR. P values < 0.05 were considered statistically significant. The comparison between the ROC curves was based on the DeLong method (MedCalc software).




RESULTS

From the CTCA-derived and ICA-derived datasets, 202 major coronary arteries (i.e. stenosis degree ranging between 30–90%), in which invasive FFR had been measured, were used to compute and validate the SmartFFR index. The ICA-derived dataset consisted of 114 major coronary vessels from 98 patients. Among the 114 arteries, 81 were LAD segments, 18 were LCx segments and the remaining 15 were RCA segments. 29 vessels (i.e. 25.4%) presented with a pathologic FFR value (i.e. FFR ≤ 0.80) and among these, sixteen arteries had FFR values within the so-called “gray zone” (i.e. FFR 0.75–0.80) (30).

In order to validate the efficacy of the bifurcation-based SmartFFR, we used the CTCA-derived dataset. The dataset consisted of 88 major coronary arteries. However, we must here state that the cases for which FFR measurements of both LAD and LCx branches (i.e. simultaneous SmartFFR calculation for two branches) were available were very few (i.e. nine cases). Twenty-seven cases (i.e. 30.7%) exhibited an ischemic FFR value (i.e. FFR ≤ 0.80) and from these, eleven cases were within the “gray zone”. In order to tackle this issue, we validated the method by comparing the SmartFFR value with the respective invasively measured FFR value of the branch that was available.

Strong correlation was observed between the two methods for the three (i.e. CCTA-derived dataset, ICA-derived dataset and overall dataset) datasets (RCCTA = 0.86, pCCTA < 0.0001, RICA = 0.84, pICA < 0.0001 and Roverall = 0.833, poverall < 0.0001, respectively) and good agreement was observed by the Bland-Altman method of analysis (Figure 6). For the ICA-derived dataset there was a slight overestimation of FFR by SmartFFR in this case with a mean difference of 0.024 ± 0.051 (p < 0.0001). The corresponding limits of agreement were −0.012 to 0.08 with 95% confidence intervals −0.14 to −0.11 for the lower limit and 0.06 to 0.09 for the upper limit, respectively. For the CCTA-derived dataset there was a slight underestimation of FFR by SmartFFR with a mean difference of 0.006 ± 0.053 (p = 0.26). The corresponding limits of agreement were from−0.098 to 0.11 with 95% confidence intervals −0.1150 to −0.08135 for the lower limit and −0.1150 to −0.08135 for the upper limit, respectively. Finally, for the overall dataset, there was a slight overestimation of FFR by SmartFFR in this case with a mean difference of 0.007 ± 0.053 (p < 0.0001). The corresponding limits of agreement were −0.0147 to 0.00016 with 95% confidence intervals −0.1251 to−0.09966 for the lower limit and 0.085 to 0.11 for the upper limit, respectively.

The interobserver agreement for SmartFFR measurements was tested in 20 randomly selected coronary vessels reconstructed from ICA (12 LAD, 4 LCx and 4 RCA, respectively) and 20 vessels reconstructed by CTCA (13 LAD, 3 LCx and 4 RCA, respectively). Strong agreement was found between the two observers for the CTCA dataset (mean difference = −0.007 ± 0.01, p = 0.0068), as well as for the ICA dataset (mean difference = −0.009 ± 0.018, p = 0.04). The intraobserver agreement for SmartFFR measurements was tested in the same randomly selected set of 40 vessels (20 vessels reconstructed from ICA and 20 vessels reconstructed from CTCA, respectively). Excellent agreement was observed in the intraobserver variability analysis for the CTCA-derived dataset (mean difference = −0.002 ± 0.006, p = 0.16), as well as for the ICA-derived dataset, respectively (mean difference = −0.0035 ± 0.006, p = 0.15).


Diagnostic Accuracy of SmartFFR (Overall Dataset)

The optimal SmartFFR cutoff value for identifying a functionally significant stenotic segment with an FFR value ≤ 0.80 was ≤ 0.83 from receiver operator curve (ROC) analysis (Figure 5). The overall diagnostic performance of SmartFFR using the calculated optimal threshold but also the established FFR threshold of 0.80 is presented in Table 1 (AUC = 0.956, p < 0.001).


[image: Figure 5]
FIGURE 5. (A) Regression plot and (B) Bland-Altman plot comparing SmartFFR to the invasively measured FFR (ICA Dataset). (C) Regression plot and (D) Bland-Altman plot comparing SmartFFR to the invasively measured FFR (CTCA Dataset). (E) Regression plot and (F) Bland-Altman plot comparing SmartFFR to the invasively measured FFR (Overall dataset).



Table 1. Diagnostic performance of SmartFFR for the overall dataset, the ICA-derived dataset and the CCTA-derived dataset, for the optimal thresholds as calculated by the Youden index and for the established FFR threshold of 0.80.

[image: Table 1]



Diagnostic Accuracy of SmartFFR (ICA Dataset)

In the ICA-derived dataset, the optimal SmartFFR cutoff value for identifying a functionally significant stenotic segment with an FFR value ≤ 0.80 was ≤ 0.81, deriving from the receiver operator curve (ROC) analysis (Figure 5). The overall diagnostic performance of SmartFFR using the calculated optimal threshold but also the established FFR threshold of 0.80 is presented in Table 1 (AUC = 0.975, p < 0.001).



Diagnostic Accuracy of SmartFFR (CTCA Dataset)

In the CTCA-derived SmartFFR analysis, the optimal SmartFFR threshold to identify a functionally significant stenotic segment with FFR ≤ 0.80 was SmartFFR ≤ 0.83, as dictated by the receiver operator curve (ROC) analysis (Figure 5). The overall diagnostic performance of SmartFFR is presented in Table 1 (AUC = 0.952, p < 0.001).



SmartFFR and Type of Simulation

To assess the possible effect of the simulation type on SmartFFR, a rigid wall or a FSI simulation model were used to compute SmartFFR in 25 coronary segments. The average SmartFFR for the rigid wall simulations for the 25 segments was 0.838 ± 0.19 whereas, for the FSI simulations the average SmartFFR was 0.848 ± 0.19, respectively. Strong correlation was found between the two simulation methods presenting with almost identical SmartFFR values (r = 0.99, p < 0.0001) (Figure 6).


[image: Figure 6]
FIGURE 6. ROC curve depicting the diagnostic performance of SmartFFR for (A) ICA dataset (95% CI 0.91–0.98), (B) CTCA dataset (95% CI 0.88–0.99) and (C) Overall dataset (95% CI: 0.92 to 0.98).


Excellent agreement was also found for the two methods of simulation with a mean difference of −0.010000 ± 0.012 as calculated by the Bland-Altman method of analysis (Figure 7). The upper limit was 0.0133 with 95% CI from 0.0048 to 0.022, whereas the lower limit was −0.033 with 95% CI from −0.042 to −0.025.


[image: Figure 7]
FIGURE 7. (A) Regression plot and (B) Bland-Altman plot comparing FSI and rigid wall SmartFFR calculations.





DISCUSSION

In this study, we have demonstrated the efficacy of our newly proposed SmartFFR index in assessing the hemodynamic significance of coronary stenoses within a matter of minutes, using either the most well-known non-invasive cardiac imaging modality (i.e. CTCA), or the most-commonly used invasive coronary imaging modality (i.e. ICA) (Figure 8). We observed that SmartFFR values from the ICA-derived dataset had a slightly inferior correlation to the invasively measured FFR than those from the CTCA-derived dataset, but had slightly increased accuracy and sensitivity, possibly due to the higher spatial resolution of ICA. More specifically, in the overall dataset, SmartFFR matched the values of the invasively measured FFR closely, having sensitivity and specificity of 94.6 and 85.6%, respectively, using the computed cutoff value of ≤ 0.83 to identify stenoses of FFR ≤ 0.80 (Table 1).


[image: Figure 8]
FIGURE 8. Top row: ICA-derived model, Bottom row: CCTA-derived model. (A) 3D reconstructed ICA-derived model back-projected on the two utilized angiographic views using our in-house developed software platform. (B) ICA-derived 3D model with smartFFR value, back-projected on the respective angiographic image, (C) ICA image with respective invasively measured FFR value and delineation of the segment of interest, (D) Volume rendered 3D reconstructed model with our in-house developed software platform. The outer wall is depicted in transparent green and the lumen in orange. (E) CCTA-derived 3D model with smartFFR value, back-projected on the respective angiographic image (F) ICA image of the CCTA model with respective invasively measured FFR value and delineation of the segment of interest.


Several studies have already demonstrated the efficacy of CTCA-derived or ICA-derived functional indices to identify ischemic lesions with the aid of CFD simulations (8, 31). In the first studies investigating the possible application of CTCA-derived computational FFR measurements, the agreement between FFRCT and the invasively measured FFR was rather modest (32). However, by gaining the ability to create far more complex models of the coronary vasculature that included vascular microcirculation, the accuracy of FFRCT was significantly improved over the past years and many studies demonstrated the efficacy of the method. The results of the present study indicate the efficacy of a new method, SmartFFR, to identify hemodynamically significant stenoses. Compared to the previously validated virtual Functional Assessment Index (17) which is the foundation for SmartFFR, SmartFFR required a lower total computational time, since only one blood flow simulation is needed (Table 2). Furthermore, SmartFFR allows for the simultaneous functional assessment of at least two vessels and could even allow for the assessment of more than two branches. When compared to other virtual indices, SmartFFR exhibits similar or even superior diagnostic performance having a diagnostic accuracy, sensitivity, specificity, PPV and NPV of 88.1, 94.6, 85.4, 71.6, and 97.7%, regarding the overall dataset (Table 1). Furthermore, SmartFFR can be calculated on a simple personal computer on-site, without the need of a dedicated core-laboratory and the total process time, along with the required 3D reconstruction time does not exceed an average of 10 minutes, depending on the available imaging modality (Table 2).


Table 2. Average required time for SmartFFR and vFAI.
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Study Limitations

Our study included a retrospective analysis of two imaging datasets including either invasive or non-invasive coronary angiographies. The rather limited number of patients included in the CTCA-derived dataset is a limitation. We tested the efficacy of the multi-vessel SmartFFR only on the left coronary system of the CTCA patients that had invasive FFR measurements available for the LAD, the LCx or both, since this was the only way to validate the efficacy of the method. Unfortunately, there was a lack of simultaneous invasive FFR measurements in two branches (only 9 cases had simultaneous invasive FFR measurements for the LAD and the LCx branch, respectively), which constitutes a limitation of our study. Even in this rather modest sample though, SmartFFR matched the invasively measured FFR values rather well, discriminating the hemodynamically significant stenoses with good accuracy. We should also mention that SmartFFR was tested also in a single-vessel manner in the CTCA dataset for the RCA cases that were examined. However, the majority of the lesions were located at the left coronary vasculature (i.e. ~80%) which is also a limitation of the examined dataset. Furthermore, the lack of diastolic blood pressure data did not allow us to substitute the universal inlet pressure value with a patient-specific blood pressure value, a methodological step that will further enhance the SmartFFR methodology. Moreover, Murray's law is generally used for idealized laminar flows and in cases of severe stenoses it might not be most suitable. However, we used laminar flow assumptions throughout the entire dataset in order to preserve consistency through the simulations. Finally, we must also mention the rather limited number of marginal cases (i.e. within the so-called FFR “gray-zone”), cases that are usually most challenging in terms of accuracy, even for the invasive FFR measurement (Table 3). We are currently working on broadening our validation dataset for the multi-vessel SmartFFR analysis, a non-trivial task though, since multiple invasive FFR measurements are required in the left coronary vasculature.


Table 3. Patient demographics and vessel characteristics.
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CONCLUSIONS

We have demonstrated the efficacy of SmartFFR to discriminate hemodynamically significant stenoses in either CTCA-derived or ICA-derived coronary 3-dimensional models on-site with relatively fast computational time and low computational cost. SmartFFR correlated well with the invasively measured FFR, which is the gold standard in the functional assessment of coronary stenoses.
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Background: Association among local hemodynamic parameters and their implications in development of acute coronary syndrome (ACS) have not been fully investigated.

Methods: A total of 216 lesions in ACS patients undergoing coronary CT angiography (CCTA) before 1–24 months from ACS event were analyzed. High-risk plaque on CCTA was defined as a plaque with ≥2 of low-attenuation plaque, positive remodeling, spotty calcification, and napkin-ring sign. With the use of computational fluid dynamics analysis, fractional flow reserve (FFR) derived from CCTA (FFRCT) and local hemodynamic parameters including wall shear stress (WSS), axial plaque stress (APS), pressure gradient (PG) across the lesion, and delta FFRCT across the lesion (ΔFFRCT) were obtained. The association among local hemodynamics and their discrimination ability for culprit lesions from non-culprit lesions were compared.

Results: A total of 66 culprit lesions for later ACS and 150 non-culprit lesions were identified. WSS, APS, PG, and ΔFFRCT were strongly correlated with each other (all p < 0.001). This association was persistent in all lesion subtypes according to a vessel, lesion location, anatomical severity, high-risk plaque, or FFRCT ≤ 0.80. In discrimination of culprit lesions causing ACS from non-culprit lesions, WSS, PG, APS, and ΔFFRCT were independent predictors after adjustment for lesion characteristics, high-risk plaque, and FFRCT ≤ 0.80; and all local hemodynamic parameters significantly improved the predictive value for culprit lesions of high-risk plaque and FFRCT ≤ 0.80 (all p < 0.05). The risk prediction model for culprit lesions with FFRCT ≤ 0.80, high-risk plaque, and ΔFFRCT had a similar or superior discrimination ability to that with FFRCT ≤ 0.80, high-risk plaque, and WSS, APS, or PG; and the addition of WSS, APS, or PG into ΔFFRCT did not improve the model performance.

Conclusions: Local hemodynamic indices were significantly intercorrelated, and all indices similarly provided additive and independent predictive values for ACS risk over high-risk plaque and impaired FFRCT.

Keywords: acute coronary syndrome, atherosclerosis, local hemodynamic parameters, coronary artery disease, coronary CT angiography


INTRODUCTION

Acute coronary syndrome (ACS) is one of the leading causes of death in most countries (1), and predicting ACS risk prior to fatal events has been a major challenge in patients with coronary artery disease. Pathological studies demonstrated the vulnerable plaque features closely related to ACS (2), and identification of high-risk plaque features on coronary imaging provided better risk prediction for future events (3, 4). However, coronary anatomy or plaque morphology-based evaluation has shown a low positive predictive value in predicting ACS (5). Coronary physiological assessment such as fractional flow reserve (FFR), a guiding tool for appropriate revascularization in a current guideline (6), has an excellent negative predictive value for ACS, but its low likelihood ratio of ACS has also been reported in major randomized controlled trials (7, 8).

Unfavorable local hemodynamic environment has a critical role in ACS development (9). Plaque rupture commonly occurs when external forces acting on a plaque exceed plaque strength, and these forces can be estimated by the pressure drop across a lesion (10). Wall shear stress (WSS), a tiny tangential force, is known as a proinflammatory stimulus leading to plaque formation, progression, and destabilization prone to rupture events (11). Therefore, it has been speculated that identification of local hemodynamic parameters displayed better prediction of plaque rupture risk (12). Nonetheless, their clinical utilization has still been limited in daily practice since it requires additional resources and is a time-consuming process (13, 14). Moreover, whether the assessment of all diverse local hemodynamic indices provides incremental value has not been fully understood. In this regard, we performed this study to investigate the relationship among various local hemodynamic parameters and their comparability in prediction of ACS risk.



METHODS


Study Participants

This study is a substudy of the EMERALD (Exploring the Mechanism of Plaque Rupture in Acute Coronary Syndrome Using Coronary CT Angiography and Computational Fluid Dynamic) study (12). Patients with ACS defined as acute myocardial infarction or unstable angina with evidence of plaque rupture at invasive coronary imaging at the time of ACS and who underwent coronary CT angiography (CCTA) from 1 month to 2 years before ACS event were included. All angiograms were reviewed at a core laboratory, Seoul National University Hospital; and the culprit lesions were selected in a blinded fashion. Those with ACS due to in-stent restenosis, secondary myocardial infarction due to other general medical conditions, previous history of coronary artery bypass graft surgery, or unanalyzable CCTA for computational fluid dynamics (CFD) analysis at a core laboratory were excluded. The study protocol was approved by the institutional review board of each site. The study was conducted in accordance with the Declaration of Helsinki (ClinicalTrials.gov Identifier: NCT02374775).



Plaque Analysis on Coronary CT Angiography

CCTA images were analyzed at a core laboratory (Seoul National University Bundang Hospital) by an independent observer in a blinded fashion. All lesions with percent diameter stenosis >30% were analyzed. Lesion starting and ending locations were visually determined on the basis of lumen geometry by an independent reviewer. The presence of low-attenuation plaque (LAP) was defined as a plaque with an average density of ≤ 30 Hounsfield units [HU]) (15), which was obtained by the mean value of HU randomly selected ≥5 points in the lesion. Positive remodeling (PR) was defined as a remodeling index ≥1.1 (15). The remodeling index was defined as the vessel diameter at the maximal stenotic site divided by the reference diameter. Spotty calcification was a lesion with averaged density >130 HU and diameter <3 mm in any direction, and napkin-ring sign was ring-like attenuation pattern with peripheral high and central lower-attenuation portion. High-risk plaque was defined as a plaque with ≥2 of LAP, PR, spotty calcification, and napkin-ring sign.



Hemodynamic Parameters From Coronary CT Angiography Images

Hemodynamic parameters were obtained by CFD analyses on CCTA in a blinded fashion at an independent core laboratory (Heart Flow, Inc.) (16, 17). CFD analyses were performed by the same process performed during FFRCT computation. In brief, the individual anatomic model of coronary arteries was reconstructed from CCTA images, and segmentation of lumen boundary was performed. Blood flow and pressure in the coronary trees were predicted using the CFD technique by solving the Navier–Stokes equations with the assumptions of a rigid wall and a Newtonian fluid in a patient-specific coronary geometry (16). Myocardial mass, vessel sizes at each outlet, and the microvascular response to adenosine were used for defining the boundary conditions. Following the principles that coronary supply meets myocardial demand of each patient at rest, and microvascular resistance at rest has an inverse relationship linearly proportional to the size of the vessel (18), and microcirculatory reaction to maximal hyperemia in patients with the normal coronary flow is predictable (19), total coronary flow at rest and the total baseline resistance were computed. The total baseline resistance was distributed to coronary trees on the basis of vessel caliber and was reduced according to the effect of adenosine on the microvasculature in hyperemic conditions. The inflow condition was determined by the patient-specific myocardial mass and functional relationships between flow and mass based on the allometric scaling law. The simulations were conducted under the steady flow assumption, and all hemodynamic parameters were calculated in hyperemic conditions. We obtained FFRCT, change in FFRCT across the lesion (ΔFFRCT), WSS, axial plaque stress (APS), and pressure gradient (PG) across the lesion. Over the entire coronary tress, the hemodynamic quantities can be achieved by FFRCT tracing. Whole coronary artery tree was sliced by a unit of a thin strip with 2-mm thickness with 0.5-mm intervals between strips. Then, the averaged values of hemodynamic parameters of every strip could be obtained, and hemodynamic properties of the whole coronary artery were identified. The definitions of hemodynamic parameters were as follows. FFRCT was defined as (mean pressure in downstream coronary vessels/mean pressure of the aorta) under simulated hyperemic conditions at the distal part of a vessel. WSS was defined as tangential stress resulting from the friction between blood flow and the surface of the vessel wall. PG was defined as the difference between the proximal and distal pressure divided by lesion length. Given that the pressure drop across the lesion mainly occurs along the axial direction, the axial component of the traction was separately defined as APS, a measure for the main driving force along the vessel length (10). To obtain the net resultant forces acting on the plaque, we used hemodynamic parameters averaged over the surface of each lesion in the current analysis. ΔFFRCT was calculated as the difference between the FFRCT value at a lesion start point (i.e., proximal FFRCT) and the FFRCT value at a lesion endpoint (i.e., distal FFRCT). Sampling points for ΔFFRCT were equal to those for PG. As a sensitivity analysis, averaged WSS was divided into proximal WSS and distal WSS based on the point of minimum lumen area; and their association with other hemodynamic parameters, prognostic implications, and the additive value for ΔFFRCT was analyzed. Optimal cutoff based on receiver operating characteristic curve analysis in discrimination of culprit lesions from non-culprit lesions was used to define high WSS (≥154.7 dyn/cm2), high APS (≥1,606.6 dyn/cm2), high ΔFFRCT (≥0.06), and high PG (≥5.8 mmHg/cm). The optimal cutoff providing the maximal value of the sum of sensitivity and specificity was chosen, and the same cutoff was used in the original EMERALD study (12).



Statistical Analysis

All analyses were performed using R language version 3.6.2 (R Foundation for Statistical Computing, Vienna, Austria). Continuous variables were expressed as means with standard deviations. Categorical variables were shown as numbers (percentages). Two or more groups were compared using Student's t-test test or ANOVA test for continuous variables and chi-square test for categorical variables, as appropriate. Pearson's correlation coefficient was used to assess the linear association among hemodynamic parameters and was estimated according to the lesion subtypes stratified by a vessel, lesion location, % diameter stenosis, high-risk plaque, FFRCT, and the number of lesions in a vessel. Global chi-square estimates were used to evaluate the additive predictive value of local hemodynamics over the presence of high-risk plaque and FFRCT ≤ 0.80. The cumulative event rates were assessed by the Kaplan–Meier censoring estimates. Cox proportional hazard regression was used to estimate the hazard ratio (HR) and the corresponding 95% confidence interval (CI). For adjustment of intra-patient variability in the same patient, the marginal Cox model was used. In the multivariate analysis, lesion characteristics significantly different between culprit and non-culprit lesions (i.e., vessel location, % diameter stenosis, and lesion length), FFRCT ≤ 0.80, high-risk plaque, and each local hemodynamic parameter were included in the Cox model. The discrimination ability for culprit lesions from non-culprit lesions was compared to assess comparability among local hemodynamics using the area under the receiver operating characteristic curve (AUC) based on logistic regression. A generalized estimating equation was used for the adjustment of intra-patient variability. All statistical tests were two-tailed, and a p-value < 0.05 was considered statistically significant.




RESULTS


Baseline Characteristics of Patients and Lesions

Among 72 patients with ACS, the mean age of the study population was 69.9 ± 12.7 years, and 54% were male; and the proportion of patients with diabetes mellitus, hypertension, and hypercholesterolemia was 51.4, 63.9, and 48.6%, respectively. Current smoker was 30.6%, and 6.9% had a previous history of myocardial infarction. The median ejection fraction was 58.6 (44.5–63.3%). The median interval from CCTA to ACS events was 338.0 (161.5–535.0) days, and ACS events were comprised by 93.1% of myocardial infarction and 6.9% of unstable angina. Of these patients, a total of 216 lesions were identified on CCTA taken prior to ACS, including 66 culprit lesions and 150 non-culprit lesions. Relative to non-culprit lesions, culprit lesions showed a higher % diameter stenosis (43.1 ± 15.0% vs. 55.5 ± 15.4%, p < 0.001), and lesion length (12.1 ± 7.4 mm vs. 15.8 ± 8.4 mm, p = 0.002). The proportion of located lesions on the left anterior descending artery, left circumflex artery, and right coronary artery was 59.1, 13.6, and 27.3%, respectively in culprit lesions; and 32.0, 26.0, and 42.0%, respectively, in non-culprit lesions (p < 0.001). Time between CCTA and ACS events was 271.5 [116.0–522.0] days in culprit lesions and 338.5 [164.0–535.0] days in non-culprit lesions (p = 0.149). The distributions of local hemodynamic parameters are presented in Figure 1. The value of local hemodynamic parameters by lesion characteristics is shown in Table 1; and the trends according to lesion characteristics are similar among WSS, APS, PG, and ΔFFRCT.


[image: Figure 1]
FIGURE 1. Distribution of local hemodynamic parameters. APS, axial plaque stress; FFRCT, coronary computed tomographic angiography-derived fractional flow reserve; WSS, wall shear stress.



Table 1. Local hemodynamics according to lesion characteristics.
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Relationship Among Local Hemodynamic Parameters

Figure 2 describes the association among hemodynamic parameters. WSS, APS, and PG had a significant correlation among each other (r = 0.917, p < 0.001 for WSS and PG; r = 0.384, p < 0.001 for APS and PG; and r = 0.269, p < 0.001 for WSS and APS). ΔFFRCT was significantly correlated with WSS, APS, and PG (r = 0.581, p < 0.001 for WSS and ΔFFRCT; r = 0.331, p < 0.001 for APS and ΔFFRCT; and r = 0.752, p < 0.001 for PG and ΔFFRCT) (Figure 2). In regression of WSS, APS, or PG, the correlation coefficient of FFRCT was lower than that of ΔFFRCT with WSS, APS, or PG (r = −0.349, p < 0.001 for WSS and FFRCT; r = −0.131, p < 0.001 for APS and FFRCT; and r = −0.526, p < 0.001 for PG and FFRCT) (Supplementary Figure 1). In various lesion subtypes stratified by a vessel, lesion location, % diameter stenosis, high-risk plaque, FFRCT, and number of lesions in a vessel, local hemodynamic indices consistently correlated with each other (Table 2), although the correlation of APS with other local hemodynamic parameters becomes weak in lesions with <50% diameter stenosis. FFRCT showed a lower correlation coefficient with WSS, APS, or PG than that of ΔFFRCT with WSS, APS, or PG in overall lesion types (Supplementary Table 1). In particular, FFRCT did not correlate with local hemodynamics in lesions with FFRCT ≤ 0.80, and the correlation of FFRCT with local hemodynamics decreased in vessels with multiple lesions (Supplementary Table 1).


[image: Figure 2]
FIGURE 2. Association among local hemodynamic parameters. Correlation among WSS, APS, PG, and ΔFFRCT is presented. All local hemodynamic parameters were significantly correlated with each other. APS, axial plaque stress; FFRCT, coronary computed tomographic angiography-derived fractional flow reserve; WSS, wall shear stress.



Table 2. Correlation among local hemodynamic parameters in various lesion subtypes.
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Comparable Implications of Each Local Hemodynamic Parameter in Prediction of Acute Coronary Syndrome

In prediction of culprit lesions of ACS, high WSS, high APS, high PG, or high ΔFFRCT was significantly associated with an increased risk after adjustment for vessel location, % diameter stenosis, lesion length, FFRCT ≤ 0.80, and high-risk plaque (adjusted HR 2.02, 95% CI 1.18–3.45, p = 0.010 for high WSS; adjusted HR 1.72, 95% CI 1.03–2.88, p = 0.038 for high APS; adjusted HR 2.21, 95% CI 1.34–3.67, p = 0.002 for high PG; and adjusted HR 2.29, 95% CI 1.35–3.86, p = 0.002 for high ΔFFRCT) (Table 3). With FFRCT ≤ 0.80 as a baseline model in prediction of culprit lesions, the presence of high-risk plaque had incremental predictability over FFRCT ≤ 0.80; and high WSS, high APS, high PG, or high ΔFFRCT similarly showed an additive predictive value over both FFRCT ≤ 0.80 and high-risk plaque (Figure 3). High WSS, high APS, high PG, or high ΔFFRCT was similar in their ability to discriminate culprit lesions from non-culprit lesions in lesions with and without FFRCT ≤ 0.80 and high-risk plaque (Figure 4). The discrimination ability for culprit lesions of the model with FFRCT ≤ 0.80, high-risk plaque, and ΔFFRCT was similar to that with FFRCT ≤ 0.80, high-risk plaque, and WSS (AUC 0.77 vs. 0.76, p = 0.37) or FFRCT ≤ 0.80, high-risk plaque, and PG (0.77 vs. 0.77, p = 0.63); or superior to that with FFRCT ≤ 0.80, high-risk plaque, and APS (AUC 0.77 vs. 0.71, p = 0.03). The addition of WSS, APS, or PG into ΔFFRCT had no gain in predictive value for culprit lesions (Table 4). Overall results were similar when proximal WSS and distal WSS were separately analyzed in the sensitivity analysis.


Table 3. Univariate and multivariate analyses of local hemodynamics in prediction of culprit lesions causing acute coronary syndrome.
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FIGURE 3. Incremental predictive value of high WSS, high APS, high PG, or high ΔFFRCT over high-risk plaque and FFRCT. The predictability for culprit lesions causing ACS is compared with the model with FFRCT ≤ 0.80; the model with FFRCT ≤ 0.80 and high-risk plaque; and the model with FFRCT ≤ 0.80, high-risk plaque, and local hemodynamic parameters. High WSS, high APS, high PG, or high ΔFFRCT similarly improved the predictability for culprit lesions causing ACS of high-risk plaque and FFRCT ≤ 0.80. High-risk plaque was defined as a plaque with ≥2 of low-attenuation plaque, positive remodeling, spotty calcification, and napkin-ring sign. APS, axial plaque stress; FFRCT, coronary computed tomographic angiography-derived fractional flow reserve; PG, pressure gradient; WSS, wall shear stress.



[image: Figure 4]
FIGURE 4. Risk of culprit lesions according to local hemodynamic parameters in the subgroups by high-risk plaque or FFRCT. The risk of culprit lesions according to (A) high WSS, (B) high APS, (C) high PG, or (D) high ΔFFRCT is shown in lesions with and without high-risk plaque and FFRCT ≤ 0.80. A trend toward an increased risk of culprit lesions was consistently observed in lesions with high WSS, high APS, high PG, or high ΔFFRCT, independent of the presence of high-risk plaque and FFRCT ≤ 0.80. The definition of high-risk plaque was the same as in Figure 3. APS, axial plaque stress; FFRCT, coronary computed tomographic angiography-derived fractional flow reserve; PG, pressure gradient; WSS, wall shear stress.



Table 4. ΔFFRCT as a representative marker of local hemodynamic parameters in prediction of culprit lesions causing acute coronary syndrome.
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DISCUSSION

The current study investigated the association among local hemodynamic parameters and their role in development of ACS. The main findings were as follows. First, local hemodynamic parameters (i.e., WSS, APS, PG, and ΔFFRCT) were significantly correlated with each other. Second, all local hemodynamic indices similarly provided incremental and independent discrimination ability of culprit lesions causing ACS from non-culprit lesions over high-risk plaque and FFRCT ≤ 0.80. Third, ΔFFRCT showed a comparable predictive value for culprit lesions with that of WSS, APS, and PG.


Components of Local Hemodynamic Environment and Their Association

A large body of evidence has supported the clinical relevance and prognostic value of physiological lesion characteristics in prediction of lesions causing future coronary events (9). It generally consists of endothelial shear stress (ESS) or WSS, a tangential component of force generated by friction between blood flow and vessel wall, which can be sensed by the endothelium leading to a biological process of atherosclerosis (11), and external mechanical force acting on a plaque, which can directly cause plaque rupture when it outpaces plaque strength (10). Although each component of local hemodynamic indices apparently appears to have a different role in a complex process of plaque formation, progression, and rupture events (20), their in vivo association and whether they have differential implications in prediction of ACS risk have not been fully understood. It is clinically relevant to investigate their association and compare their prognostic impact on ACS risk, since not all measurements can be obtained in daily practice. In the current study, we employed PG or APS as one of the indicative markers for the external hemodynamic force acting on a plaque, WSS as a local hemodynamic marker of biological signaling on the atherosclerosis process (11), and ΔFFRCT as a clinically applicable marker derived from CFD analyses applied to CCTA taken prior to ACS events.

We demonstrated that WSS, APS, PG, and ΔFFRCT had a significant association with each other (all p < 0.001). Moreover, this relationship was consistent, regardless of various lesion subtypes, which indicates that the nature of this firm association among physiological factors was not affected by lesion characteristics. Thus, ΔFFRCT can be a marker of the level of WSS, APS, or PG of a target lesion. This finding may be expected in that each local hemodynamic parameter originates from the common interaction between blood flow, plaque, and vessel wall (20) and is in accordance with previous reports of the strong correlation between WSS and PG at resting (r = 0.969, p < 0.001) and hyperemic conditions (r = 0.962, p < 0.001) in CFD model from CCTA (17), and linear association between APS and PG in obstructive lesions (10). Of note, the degree of correlation of FFRCT with local hemodynamics was lower than that of ΔFFRCT, suggesting the importance of lesion-specific hemodynamic assessment than vessel-specific indices to accurately estimate physiological lesion characteristics in clinical practice.



Additive Value of Local Hemodynamics Relative to High-Risk Plaque and Low FFR in Prediction of Acute Coronary Syndrome

While extensive studies have searched for vulnerable plaque features predictive of future rupture events, major clinical trials have shown that their positive predictive value is far from perfect (3, 21, 22), and the same is true for abnormal coronary physiology (i.e., FFR ≤ 0.80) (7, 8), currently the best indication of revascularization. In the current study, we confirmed the additive and independent predictive value for culprit lesions causing ACS over high-risk plaque and FFRCT ≤ 0.80. High WSS, high APS, high PG, and high ΔFFRCT were independent predictors for culprit lesions after adjustment for high-risk plaque and FFRCT ≤ 0.80, and they all significantly improved the predictability for culprit lesions of the model with high-risk plaque and FFRCT ≤ 0.80 (all p < 0.001). Of note, high WSS, high APS, high PG, and high ΔFFRCT were still predictive of culprit lesions irrespective of the presence of high-risk plaque or FFRCT ≤ 0.80. Our finding is in line with the previous report of a strong correlation between the shear stress concentration and plaque rupture site (kappa = 0.79) (23). Although plaque structural stress (PSS) was not estimated in the current study, prior observation of increased PSS or its variability in plaques with rupture (24) partially support our findings of the independent role of local hemodynamics in acute coronary events. Post-hoc analysis of FAME II also exhibited that the risk of myocardial infarction can be better predicted by high lesion-level shear stress relative to FFR in medically treated patients with FFR ≤ 0.80 (25). A recent report by Doradla et al. of the precise ability of a peak stress metric in locating the plaque rupture sites also aligns with the current findings (14). Thus, local hemodynamic parameters should be accounted for as one of the main determinants in predicting ACS risk, as they definitely can refine the current risk stratification for ACS with high-risk plaque and low FFR.



ΔFFR as a Local Hemodynamic Parameter Easily Applicable in Clinical Practice

Various CFD modeling strategies from multimodality imaging have been developed for precise evaluation of the local hemodynamic environment (26). Intravascular ultrasound (IVUS)-derived ESS or PSS has consistently predicted plaque progression, vulnerable plaque formation, and future coronary events (27–32). Recently proposed quantitative coronary angiography-derived ESS showed a correlation with IVUS-derived models (r = 0.588, p < 0.001) (33) and was an independent predictor of major adverse cardiovascular events at 5-year follow-up (13), suggesting a possibility of real-time assessment of local hemodynamic parameters in daily practice. A novel approach for computational tool (14) or hybrid multimodal imaging (34) has also broadened the clinical applicability of local hemodynamics. Nonetheless, there is no gold standard technique in identifying local hemodynamic parameters, and their definition and widely accepted consensus on clinical utilization still need to be determined in future studies. In view of physiological assessment in the cardiac catheterization laboratory, lesion-specific ischemia can be estimated by changes in the value of coronary physiological indices across the target lesion (i.e., ΔFFR), which are obtained by pressure-guide wire pullback measurement (35, 36). In our study, we aimed to compare the clinical implications of ΔFFRCT with WSS, APS, and PG in prediction of ACS risk and demonstrated that ΔFFRCT had comparable predictability for culprit lesions causing ACS with that of WSS, APS, and PG; and there was no significant benefit when WSS, APS, or PG was added into the risk prediction model with impaired FFRCT, high-risk plaque, and ΔFFRCT. Given that ΔFFRCT can reflect the level of WSS, APS, or PG from the strong association among them, our finding postulates that the measurement of ΔFFR might provide equivalent prognostic information, which can be obtained by assessment of WSS, APS, or PG. Therefore, lesion-specific ΔFFR measurement through well-defined FFR pullback estimation in addition to vessel-specific FFR measurement for dichotomous decision-making for revascularization can better predict ACS risk, since it can depict local hemodynamic environments such as WSS, APS, or PG.




LIMITATIONS

The current study has several limitations. First, the comparison between culprit lesions and non-culprit lesions was performed based on intra-patient analysis. Second, the number of the study population is relatively small to generalize the comparability among local hemodynamic parameters. Subsequent large-scale studies are needed to validate the current findings. Third, the study design is retrospective, and there may be selection bias on lesion progression or vulnerability. Fourth, the well-correlated relationship among local hemodynamic parameters is not a new finding given that those variables are mathematically associated with each other during the estimation process, and dependency among hemodynamic parameters might result in an insignificant increase in clinical value when they were used in the same prediction model. Nonetheless, we showed this relationship comprehensively using in vivo data, and we suggested a more accessible metric for estimation of local hemodynamic environment. Fifth, the blood rheology of an individual patient was not incorporated into the calculation of hemodynamic parameters. This might affect the accuracy of estimation of local hemodynamic environment because WSS can be generally estimated as the product of the blood dynamic viscosity and the gradient of the axial velocity of the vessel wall. Sixth, resting local hemodynamic parameters were not available for the current analysis, and future studies are needed to compare the prognostic implications between resting and hyperemic indices.



CONCLUSIONS

Local hemodynamic parameters are significantly correlated with each other, and all indices have a prognostic role in prediction of ACS risk. ΔFFRCT or ΔFFR, easily measurable indices in clinical practice, can reflect local hemodynamics including shear stress or plaque force acting on a plaque, and its use in clinical practice can optimize risk stratification for ACS.
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Background: A new method for calculating fraction flow reserve (FFR) without pressure-wire (angiography-derived FFR) based on invasive coronary angiography (ICA) images can be used to evaluate the functional problems of coronary stenosis.

Objective: The aim of this study was to assess the diagnostic performance of a novel method of calculating the FFR compared to wire-based FFR using retrospectively collected data from patients with stable angina.

Methods: Three hundred patients with stable angina pectoris who underwent ICA and FFR measurement were included in this study. Two ICA images with projections >25° apart at the end-diastolic frame were selected for 3D reconstruction. Then, the contrast frame count was performed in an angiographic run to calculate the flow velocity. Based on the segmented vessel, calculated velocity, and aortic pressure, AccuFFRangio distribution was calculated through the pressure drop equation.

Results: Using FFR ≤ 0.8 as a reference, we evaluated AccuFFRangio performance for 300 patients with its accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). Comparison of AccuFFRangio with wire-measured FFR resulted in an area under the curve (AUC) of 0.954 (per-vessel, p < 0.0001). Accuracy for AccuFFRangio was 93.7% for Pa set from measurement and 87% for Pa = 100 mmHg in this clinical study. Overall sensitivity, specificity, PPV, and NPV for per-vessel were 90, 95, 86.7, 96.3, and 57.5, 97.7, 90.2, 86.3%, respectively. Overall accuracy, sensitivity, specificity, PPV, and NPV for 2-dimensional (2D) quantitative coronary angiography (QCA) were 63.3, 42.5, 70.9, 34.7, and 77.2%, respectively. The average processing time of AccuFFRangio was 4.30 ± 1.87 min.

Conclusions: AccuFFRangio computed from coronary ICA images can be an accurate and time-efficient computational tool for detecting lesion-specific ischemia of coronary artery stenosis.

Keywords: fractional flow reserve, invasive coronary angiography, coronary artery, ischemia, stenosis


INTRODUCTION

Compared with the anatomical stenosis of the coronary artery, functional assessment can more accurately evaluate and predict the progression of coronary heart disease (1). In the catheterization laboratory, invasive coronary angiography (ICA) images can only qualitatively assess the degree of stenosis but cannot evaluate the physiological function of coronary arteries. Therefore, it may overestimate or underestimate the severity of the disease, leading to the untreated or over-treatment of lesions (2). Fractional flow reserve (FFR) has become a recognized index for the functional evaluation of coronary stenosis, which is defined as a ratio of the pressure of the distal end of the stenosis and the cardiac aorta at hyperemia (1). The current method of measuring FFR requires a pressure wire inserted into the distal end of the stenosis, which will bring additional procedure-related risks causing adverse effects to the blood vessel and increase the treatment time and cost (3, 4). A new method of non-pressure wire FFR (angio-based FFR) calculation method based on ICA images can reflect functional problems of coronary stenosis (5–7). By using two angiograms greater than 25° through independent 3D vessel reconstruction and numerical calculation of pressure drop, angio-based FFR enables interventional cardiologists and researchers to obtain accurate anatomical quantifications of one or more lesions in the analyzed coronary segment, to determine the functional significance of the individual and consecutive multiple lesions. These methods can be helpful for optimal percutaneous coronary intervention (PCI) treatment of the lesion of coronary disease. Several studies have shown that angio-based FFR is highly correlated with invasive FFR compared to coronary computed tomography angiography (CTA) and ICA assessment (4, 8–10). It is also more advantageous in formulating treatment strategies for coronary artery disease under circumstances that screening people with suspected chest pain for the presence of myocardial ischemia.

In this study, coronary angiography was used to calculate the average volume flow using TIMI (thrombolysis in myocardial infarction) frame count combined with three-dimensional quantitative coronary angiography (QCA). Subsequently, applying computational fluid dynamics theory, a new angiography-based FFR calculation method AccuFFRangio was proposed. The FFR measured by the pressure-wire was used as a reference standard to evaluate the diagnostic performance of AccuFFRangio.



MATERIALS AND METHODS


Study Design

The present study is a retrospective, single-center, observational study performed at The Second Affiliated Hospital, Zhejiang University School of Medicine. This study aims to evaluate the diagnostic accuracy, sensitivity, and specificity of AccuFFRangio in identifying functionally significant stenosis by using pressure wire-based FFR as the reference. AccuFFRangio and 2D-QCA were analyzed and compared in the core laboratory of the Department of Cardiology at The Second Affiliated Hospital, Zhejiang University School of Medicine. After receiving ethics approval from the institutional review board, this study was conducted with a written informed consent form waived.



Patient Population

Since this was a retrospective study, consecutive patients with stable angina pectoris who underwent ICA and FFR measurement were eligible for enrollment. Angiographic inclusion criteria were (1) percentage diameter stenosis of the coronary artery between 30% and 90% in a vessel ≥2 mm by visual estimation; (2) angiographic projections ≥25° apart were recorded. Exclusion criteria include (1) overlapping interrogated vessels with too much shortening without preferred references in proximal or distal vessels; (2) insufficient injected contrast for QCA analysis; (3) location of the target lesion at the ostium of the left or right coronary artery; (4) wire-position not documented. Exclusion criteria on patient level contain (1) acute myocardial infarction within 72 h; (2) severe asthma or severe chronic obstructive pulmonary disease; (3) allergy to contrast media or adenosine; or (4) atrial fibrillation.



Invasive Coronary Angiography and 2D-QCA Analysis

ICA was performed using the X-ray system (Allura Xper FD20/10; PHILIPS Medical Systems, the Netherlands). These angiographic images were recorded at 15 frames/s. The contrast medium was injected manually with a forceful and stable injection or by the pump at a rate of ~4 ml/s. 2D-QCA was conducted by using angiogram vendor-integrated QCA software (Allura Xper FD20/10; PHILIPS Medical Systems, the Netherlands).



Wire-Based FFR Measurement

FFR was measured in all patients using coronary pressure wire (St. Jude Medical, St. Paul, MN, USA). After calibration and equalization, the pressure wire was advanced distally to the stenosis. Maximum hyperemia was induced with i.v. adenosine triphosphate at a concentration of 180 μg/kg/min. Both the distal coronary pressure at the pressure sensor and the proximal pressure at the coronary artery ostium were recorded simultaneously. The FFR measurement was performed by physicians in The Second Affiliated Hospital, Zhejiang University School of Medicine (Y.P., L.D., W.J., Y.S.). Pressure sensor was pulled back to the catheter tip to check or correct the pressure drift (Figure 1e).


[image: Figure 1]
FIGURE 1. AccuFFRangio analysis of intermediate stenosis of a left anterior descending artery (LAD). (a,b) Coronary angiography images from two different angles of view. (c) The above chart shows the change of lumen diameter (red) along LAD with the computed reference diameter (green); the chart below shows the diameter stenosis (red) and AccuFFRangio pullback (green). (d) Computed AccuFFRangio distribution; the AccuFFRangio value was 0.86. (e) The FFR measured by pressure wire was 0.85.




AccuFFRangio Computation

AccuFFRagnio was computed with the AccuFFRangio V1.0 software (ArteryFlow Technology, Hangzhou, China) by participating physicians and technicians (F.M., Y.Z., M.H.) blinded to FFR. Two angiographic images with projections >25° apart at the end-diastolic frame were selected for three-dimensional (3D) reconstruction (6, 7, 11). To simplify the geometry calibration procedure and achieve a reliable correspondence in centerline points for 3D reconstruction, we have implemented three pairs of reference points to eliminate the isocenter offset and rotational angle parameter errors. Since the pressure drop has a positive relationship with the coronary vessel flow rate, the frame count method is a relatively feasible solution (12). This method hypothesizes that the blood flow velocity is proportional to the vessel cross-section diameter dimension. Typically, the pressure drop from proximal to distal stenosis is caused by two factors. The first is the viscous pressure drop associated with friction. The second is the expansion pressure drop due to the rapid change in radius, which is usually characterized by narrowing. Pressure drop PR is related to viscosity loss coefficient CVis, expansion loss coefficient CExpan, and flow rate Q: PR = (CVis + CExpan ∙ Q) ∙ Q. More detail of the derived equations can be seen in our previous study (11).

Contrast flow rate velocity for FFR computation was derived from the TIMI frame counting method for the segmented vessel. With the calculated velocity and input aortic pressure from the measurement of the pressure at the coronary ostium, AccuFFRangio distribution can be calculated (Figure 1). AccuFFRangio value was taken at the same position of wire-based FFR using angiography images as a reference. To compare the diagnostic accuracy of AccuFFRangio by using a fixed value of aortic pressure and to study the influence of fixed value on the performance of our approach in case some patient-specific pressures cannot be obtained, Pa = 100 mmHg was set for each calculation of angio-based FFR (13, 14).



Statistical Analysis

Continuous variables with normally distributed were expressed as mean ± standard deviation (SD) and non-normal distributed variables as the median. Categorical variables were expressed as percentages and data were analyzed on a per vessel basis. Pearson correlation was used to quantify the correlation between FFR and AccuFFRangio. Agreement between FFR and AccuFFRangio was assessed on the Bland-Altman plot. Using FFR ≤ 0.8 as the reference standard, the performance of AccuFFRangio for predicting functionally significant stenosis was evaluated by diagnostic accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). The area under the curve (AUC) of receiver operating characteristic (ROC) analysis was used to assess the diagnostic accuracy of AccuFFRangio. All the statistical analyses were performed by using MedCalc (MedCalc Software Inc., Belgium).




RESULTS


Patient Characteristics

Figure 2 presents the study enrollment flow chart. Three hundred eighteen patients with 318 vessels were included in this clinical study from May 2016 to July 2019. Due to the incomplete data from six patients, 312 patients underwent ICA procedure and wire-FFR waveform analysis. Among them, 12 patients were excluded due to predefined exclusion criteria, including undocumented wire-position, poor image quality, excessive vessel overlap, insufficient contrast, projections <25 degrees, excessive pressure wire drift, and left main coronary artery lesions. In the end, 300 patients with 300 vessels were included in the final analysis.


[image: Figure 2]
FIGURE 2. Study enrollment flow chart.


Mean FFR was 0.84 ± 0.10, as shown in Figure 3, and mean percentage diameter stenosis (%DS) form 2D-QCA was 44 ± 12%. FFR ≤ 0.80 was found in 80 (26.7%) vessels and the mean contrast flow rate velocity was 0.17 ± 0.05 m/s. Baseline patient and procedural characteristics are listed in Tables 1, 2.


[image: Figure 3]
FIGURE 3. Percent distribution of invasive FFR.



Table 1. Baseline patient characteristics (n = 300).
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Table 2. Vessel characteristics (n = 300).
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Correlation and Agreement Between AccuFFRangio and FFR

Good correlations were observed in Figure 4 with a correlation coefficient of r = 0.83 (p < 0.001). There were good agreements between AccuFFRangio and FFR in the Bland-Altman plot with a mean difference value of −0.001 (limits of agreement: −0.124 to 0.122) when Pa measured at the coronary ostium and −0.030 (limits of agreement: −0.155 to 0.095) when Pa = 100 mmHg was used, as shown in Figure 5. The number of patients with the absolute difference between AccuFFRangio and FFR falling out of the 95% CI was 9 (3%) when Pa was set according to the patients and 18 (6%) when Pa was set equal to a fixed value.


[image: Figure 4]
FIGURE 4. Correlation between AccuFFRangio computation and conventional pressure wired measured FFR. (A) Pa from the measurement of the pressure at the coronary ostium; (B) Pa set as equal to 100 mmHg.



[image: Figure 5]
FIGURE 5. Agreement between AccuFFRangio computation and conventional pressure wired measured FFR. (A) Pa from the measurement of the pressure at the coronary ostium; (B) Pa set as equal to 100 mmHg.




Diagnostic Performance of AccuFFRangio and 2D-QCA

Accuracy for AccuFFRangio was 93.7% in this clinical study. Overall sensitivity, specificity, PPV, and NPV were 90, 95, 86.7, and 96.3%, respectively (Table 3). Meanwhile, these values for AccuFFRangio, when Pa = 100 mmHg was implemented in the calculation, were 87, 57.5, 97.7, 90.2, and 86.3%. Comparison of AccuFFRangio and 2D-QCA with pressure wire measured FFR as reference resulted in an AUC for AccuFFRangio of 0.954 (95%CI: 0.924–0.975) and 0.934 (95%CI: 0.900–0.960, when Pa = 100 mmHg) and 2D-QCA of 0.567 (95% CI: 0.509–0.624), as shown in Figure 6.


Table 3. Diagnostic performance of AccuFFRangio for per-vessel.

[image: Table 3]


[image: Figure 6]
FIGURE 6. ROC Curve between AccuFFRangio and QCA.


In addition, the mean processing time of AccuFFRangio assessment was 4.30 ± 1.87 min including the 3D anatomic model reconstruction and AccuFFRangio calculation for each patient.




DISCUSSION

Wire-based FFR has potential risks in measurement procedures and vasodilator complications, and the complexity of the operation is also a challenge. In this situation, this study had demonstrated a reliable and efficient computational method AccuFFRangio for the functional evaluation of lesion-specific ischemia of coronary artery stenosis based on ICA images without injecting vasodilators. Thus, instead of using invasive wire-based FFR for evaluating the severity of suspected coronary heart disease, AccuFFRangio uses a combination of the 3D structure of the coronary vessel and computational fluid dynamics (CFD)-based equations on account of TIMI frame count to analyze the functional performance in a short time of 5 min. The diagnostic accuracy of AccuFFRangio was 93.7% compared to pressure wire-derived FFR, which shows a higher accuracy compared to 2D-QCA with an accuracy of 63.3%.

For assessment of FFR without pressure-wire, many research groups have made significant efforts and developed different angiography-based FFR methods. Morris et al. (15) described that the construction of arteries was based on two projections from similar phases of the cardiac cycle with good vessel opacification and contrast. Meanwhile, the virtual FFR was calculated from CFD simulations with generic downstream boundary conditions applied to the arterial outlet with a Windkessel model (16). With a 3D coronary tree construction based on the geometry of two or more projections with a minimum separation of 30° and application of an automatic resistance-based lumped model of the entire coronary tree, FFRangio (17–19) showed a high concordance between pressure-wire measured FFR. By reconstructing a 3D QCA model of the target vessel using two angiographic projections recorded at least 25° intervals, the QFR was computed through mathematic equations incorporated with contrast flow velocity determined using frame count analysis (6, 20). It represented a high diagnostic accuracy with FFR, reducing the number of patients for pressure-wire measurements. In the current study of AccuFFRangio, the 3D geometry model construction and calculation of FFR were different from the methods described above. We used three physiological points to do the vessel calibration to eliminate the error during the reprojection procedure, as the same processes in our previous studies (11). Moreover, the velocity of the inlet of the blood vessel was set according to the TIMI frame count. The blood pressure at the aorta was chosen equal to the value from measuring the pressure at the coronary ostium.

The accuracy of AccuFFRangio in the present study was 93.7% for per-vessel bias, which is comparable to the clinical trials with patients over 200, such as 83% for WIFI II Study (21), 86.8% for FAVOR II Europe-Japan Study (7), 92.7% for FAVOR II China Study (4), and 93.5% for FAST-FFR Study (18). The sensitivity, specificity, and AUC for the four clinical trials were 86, 77%, and 0.86 for WIFI II Study (21), 86.5, 86.9%, and 0.92 for FAVOR II Europe-Japan Study (7), 94.6, 91.7%, and 0.96 for FAVOR II China Study (4), and 91.2, 92.2%, and 0.944 for FAST-FFR Study (18). Those for AccuFFRangio were 90, 95%, and 0.954. Compared to Pa taken from the measurement at the coronary ostium, as Pa set equal to a fixed value of 100 mmHg, the diagnostic performance decreased to 87% for accuracy and 57.5% for sensitivity, respectively. Angiography-based FFR can improve the low sensitivity of 2D-QCA in evaluating hemodynamically significant of coronary stenosis, from about 42.5–62.5–86.5–94.6% (4, 7, 21–23). Similarly, this method will also increase the specificity from the original 58.1–76.5–86.9–92.2% (4, 7, 21–23). Thus, the implementation of angiography-based FFR can avoid unnecessary revascularization of many interrogated vessels when performed coronary angiography. It is also useful to optimize the strategies of percutaneous coronary intervention (PCI) to reduce the number of the implanted stents and improve the clinical outcome for patients who plan to perform PCI.

The time for calculating angiography-based FFR is also essential for evaluating superiority when there is only limited time during the PCI operation. For vFFR (15), it took ~ 24 h for the CFD simulation of one case, which cannot be implemented in the condition during PCI performance. Another method FFRangio took nearly 10 min for the whole procedure, including reconstruction of the 3D geometry model of the entire coronary tree and calculation of the FFR values based on lumped model (17, 18, 24, 25). But, it only took 4.3 ± 3.4 min to perform an analysis for one lesion (24). By constructing the 3D geometry model for only the target vessel and CFD-based equations on account of TIMI frame count to calculate the FFR values, the entire procedure was completed in a short time of 5 min 59 s on average (6), which can be used during the PCI operation. In addition, the entire process of calculating FFR with a similar algorithm used in this paper took about 5 min, which met the requirement of clinical application in PCI surgery.

It is worth noting the limitations of this clinical study. Firstly, this was a retrospective study at one single center. Secondly, the study may have selection bias because of the relatively small number of positive cases (80 vessels, 26.7%) compared with the negative ones (220 vessels, 73.3%). Third, this study was an observational study. In the future, prospective, multi-center, and follow-up studies will be performed in the post-market clinical researches. Fourth, abnormal pressure curves such as wave form distortion or ventricularization were not found in this study due to the nature of our study population, while this could influence the measurement of FFR; thus, further assessment should be considered.



CONCLUSIONS

This clinical study demonstrates that AccuFFRangio is clinically feasible. The performance is superior to angiographic assessment by 2D-QCA for evaluating coronary artery stenosis when using FFR as a reference. The accuracy, sensitivity, and specificity of AccuFFRangio in identifying hemodynamically significant of coronary stenosis using 300 patient data were 93.7, 90, and 95%, respectively. Those were better than the diagnostic performance of AccuFFRangio calculated based on Pa setting equal to 100 mmHg. AccuFFRangio bears the potential of improving angiography-based identification of functionally significant stenosis during coronary angiography procedure.


Impact on Daily Practice

AccuFFRangio can quickly and accurately calculate FFR values based on coronary angiography images and can be used for functional assessment of patients with coronary heart disease, avoiding unnecessary PCI treatment.
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Background: Angiography-derived index of microcirculatory resistance (angio-IMR) is an emerging pressure-wire-free index to assess coronary microvascular function, but its diagnostic and prognostic value remains to be elucidated.

Methods and Results: The study population consisted of three independent cohorts. The internal diagnostic cohort enrolled 53 patients with available hyperemic microcirculatory resistance (HMR) calculated from myocardial blood flow and pressure. The external diagnostic cohort included 35 ischemia and no obstructive coronary artery disease (INOCA) patients and 45 controls. The prognostic cohort included 138 coronary artery disease (CAD) patients who received PCI. Angio-IMR was calculated after the estimation of angiography-derived fractional flow reserve (angio-FFR) using the equation of angio-IMR = estimated hyperemic Pa × angio-FFR × [vessel length/(K × Vdiastole)]. The primary outcome was a composite of cardiac death or readmission due to heart failure at 28 months after index procedure. Angio-IMR demonstrated a moderate correlation with HMR (R = 0.74, p < 0.001) and its diagnostic accuracy, sensitivity, specificity, and area under the curve to diagnose INOCA were 79.8, 83.1, 78.0, and 0.84, respectively, with a best cut-off of 25.1. Among prognostic cohort, patients with angio-IMR ≥25.1 showed a significantly higher risk of cardiac death or readmission due to heart failure than those with an angio-IMR <25.1 (18.6 vs. 5.4%, adjusted HR 9.66, 95% CI 2.04–45.65, p = 0.004). Angio-IMR ≥25.1 was an independent predictor for cardiac death or readmission due to heart failure (HR 11.15, 95% CI 1.76–70.42, p = 0.010).

Conclusions: Angio-IMR showed a moderate correlation with HMR and high accuracy to predict microcirculatory dysfunction. Angio-IMR measured after PCI predicts the risk of cardiac death or readmission due to heart failure in patients with CAD.

Clinical Trial Registration: Diagnostic and Prognostic Value of Angiography-derived IMR (CHART-MiCro), NCT04825028.

Keywords: coronary microcirculation, index of microcirculatory resistance, prognosis, INOCA, functional angiography


INTRODUCTION

Percutaneous coronary intervention (PCI) is one of the important treatments for coronary artery disease (CAD) and aims to increase myocardial blood flow (MBF). However, it has been reported that 20–60% of patients still experience recurrent angina after PCI (1), which was partly attributed to microcirculatory dysfunction. Several studies have shown that microvascular dysfunction is an important factor that is related with adverse outcomes in CAD patients. The first step to the successful management of such condition is early identification and diagnosis. Although non-invasive imaging modalities including positron emission tomography and cardiac magnetic resonance were optimal for microcirculatory dysfunction assessment, they are not available at the cardiac catheterization laboratory during PCI. Invasive assessments, such as the index of microcirculatory resistance (IMR) and hyperemic microvascular resistance (HMR), have been validated as good indices (2, 3) for the quantitative measurement of coronary microcirculatory dysfunction. However, additional procedural time/complexity, increased procedural cost, and the need for maximal hyperemia may prohibit their usage in clinical practice.

With the technical development, angiographic derivation of fractional flow reserve (FFR) or IMR (angio-IMR), which does not require pressure wire, hyperemic agents, or theromdilution method, is proposed recently as a potential alternative for pressure wire–derived FFR or IMR (4, 5).

In this regard, our study aimed to evaluate the diagnostic performance of angio-IMR for microcirculatory dysfunction and its prognostic implication after PCI in stable CAD.



METHODS


Study Population

The study population was composed of three independent cohorts (Figure 1). Patients in the internal diagnostic cohort were selected from Zhongshan Hospital, which consisted of 53 consecutive patients with available cadmium–zinc–telluride single-photon emission computed tomography (CZT-SPECT) within 7 days of FFR measurement in the left anterior descending coronary artery. External diagnostic cohort–enrolled patients received CZT-SPECT and invasive angiography examinations for conventional clinical practice from Shanghai Tenth People's Hospital, whose results were previously published (6). Among this cohort, 35 patients with ischemia and no obstructive coronary artery disease (INOCA) were included; 45 patients with no obstructive CAD and normal CZT-SPECT perfusion imaging were regarded as normal controls, while vessels with normal corresponding perfusion territory in INOCA patients were regarded as internal controls. The prognostic cohort included 138 consecutive CAD patients who received PCI with available angiograms and who were suitable for angiography-derived FFR (angio-FFR) and angio-IMR measurements. The primary clinical outcome was cardiac death or readmission due to heart failure at a median of 28 months after the index procedure.


[image: Figure 1]
FIGURE 1. Study flow. The study population was composed of internal and external diagnostic cohorts and prognostic cohort. Internal diagnostic cohort was used to evaluate the correlation between angio-IMR and HMR; external diagnostic cohort was used to evaluate the diagnostic performance of angio-IMR to diagnose INOCA. Prognostic cohort was used to evaluate the prognostic implication of angio-IMR in CAD patients after PCI. Angio-IMR, angiography-derived index of microcirculatory resistance; CAD, coronary artery disease; HMR, hyperemic microcirculatory resistance; INOCA, ischemia and no obstructive coronary artery disease; PCI, percutaneous coronary intervention.


The institutional review board or ethics committee at each participating center approved the current study protocol, which was in accordance with the Declaration of Helsinki. In addition, written informed consent was obtained from all participants.



CZT- SPECT Perfusion Imaging and Analysis

CZT-SPECT perfusion imaging was performed using a dedicated cardiac scanner (Spectrum Dynamics, Caesarea, Israel). The single-day rest/stress imaging protocol was applied as described before (7).

In the internal diagnostic cohort, full scanning was conducted after establishing the scanning region of interest (ROI). For stress imaging, adenosine triphosphate (ATP) disodium was intravenously administrated at a rate of 140 μg·kg−1·min−1 for 5 min to induce pharmacological stress, followed by dynamic image acquisition. Rest and stress dynamic images were reconstructed into 32 time frames (21 × 3, 1 × 9, 1 × 15, 1 × 21, 1 × 27, and 7 × 30 s) for dynamic perfusion analysis. Using the previously established Renkin–Crone equation for 99mTc-sestamibi (MIBI), the MBF can be extrapolated from time–activity curves by inputting uptake rate K1 (8). The global myocardial ROI was divided into three regional ROIs corresponding to coronary territories of the left anterior descending coronary artery, right coronary artery, and left circumflex coronary artery, respectively, and the regional MBF was extrapolated for each coronary territory.

In the external diagnostic cohort, visual assessment for the stress and rest perfusion images was performed using the 17-segment model of the left ventricle and a five-point scale (0 = normal, 1 = equivocal, 2 = moderate, 3 = severe reduction of radioisotope uptake, 4 = absence of detectable radiotracer activity in a segment) (9). The summed stress score (SSS) and summed rest score (SRS) are the sum of all defects on the stress and rest image, respectively. The summed difference score (SDS) is defined as the difference between SRS and SSS. Myocardial ischemia in individual coronary territories was defined when the SSS was ≥4 and SDS was ≥2 (10).

Two experienced nuclear physicians who were blinded to the clinical data and angiography or wire-derived physiologic indices analyzed the images using Corridor 4DM software (INVIA, Ann Arbor, MI, USA) and QPS software (Cedars-Sinai Medical Center, Los Angeles, CA, USA).



Coronary Angiography

Coronary angiography was performed with standard techniques. All angiograms from the internal and the external diagnostic cohorts were recorded at 15 frames per second and analyzed at core laboratory (Zhongshan Hospital, Fudan University, Shanghai Institute of Cardiovascular Diseases, Shanghai, China) in a blinded fashion. Anatomical parameters including minimal lumen diameter, reference vessel size, lesion length, and percent diameter stenosis were analyzed, on the basis of quantitative coronary angiography (QCA) using the QAngio XA software package (Medis Medical Imaging Systems, Leiden, Netherlands).



Coronary Physiological Measurements and Calculations

Five thousand international units of intravenous heparin and intracoronary nitroglycerin were administrated before invasive FFR measurements. A 0.014-in. coronary pressure wire (Pressure Wire X; Abbott Vascular, Santa Clara, CA, United States) equipped with pressure sensor was advanced to the distal segment of a target vessel after equalization. Maximal hyperemia was induced through intravenous ATP (140 μg·kg−1·min−1) administration. After measurements, the pressure wire was pulled back to the guide catheter to identify possible pressure drift. FFR was calculated as the mean distal coronary pressure (Pd) divided by the mean aortic pressure (Pa) during maximal hyperemia. FFR ≤0.8 was considered positive for ischemia.

HMR was calculated as the ratio of hyperemic Pd to hyperemic MBF (Figure 2) (11). The rate–pressure products did not differ significantly at the time point of CZT-SPECT and invasive FFR assessments (8,926.2 vs. 8,784.7 mmHg·bpm; p = 0.375), demonstrating no myocardial oxygen demand change over the gap between two examinations.


[image: Figure 2]
FIGURE 2. Case examples of angiography-derived physiologic indices. A representative case of CZT-SPECT MBF, pressure wire FFR, and angio-IMR measurements, as well as how HMR are calculated from MBF and coronary pressure, are shown. (A) Coronary angiography; (B) CZT-SPECT MBF; (C) Pressure wire– measured FFR; (D) Calculation of HMR using coronary pressure and MBF data; (E) Angiography-derived FFR and IMR. CZT-SPECT, cadmium–zinc–telluride single-photon emission computed tomography; FFR, fractional flow reserve; HMR, hyperemic microcirculatory resistance; IMR, index of microcirculatory resistance; MBF, myocardial blood flow.




Angio-Derived FFR and IMR Measurements

The angio-IMR measurement was conducted as described before using commercialized software (FlashAngio, Rainmed Ltd., Suzhou, China) (12). In brief, a three-dimensional reconstruction of coronary arteries was firstly conducted for the target vessels, followed by the estimation of angio-FFR by computational pressure–flow dynamics with a validated method (5); the estimated hyperemic Pa (Pahyp) was assumed by mean arterial pressure (MAP) during the index procedure–MAP × 0.2 when MAP ≥95 mmHg or MAP-MAP × 0.15 when MAP <95 mmHg (5).

Thus, angio-IMR was calculated as

[image: image]

where L represents the length from the inlet to the distal position, Pdhyp is the mean pressure (unit: mmHg) at the distal position at the maximal hyperemia, which is computed by the FlashAngio software as the product of Pahyp and angio-FFR, Vdiastole is the mean flow velocity (unit: mm/s) at the distal position at diastole, and K is a constant (K = 2.1) obtained from a previous literature (13).

The analysis of angio-IMR was performed by an independent core laboratory (Zhongshan Hospital, Fudan University, Shanghai Institute of Cardiovascular Diseases, Shanghai, China) in a blinded fashion for clinical data, CZT-SPECT, and wire-derived physiologic indices.



Data Collection, Follow-Up, and Outcomes

Demographic data and cardiovascular risk factors were retrospectively collected. Outpatient visits or telephone contacts were performed every 2 months. The median follow-up duration of the prognostic cohort was 28 months (Q1–Q3 10.3–36.0).

The primary outcome of the prognostic cohort was major adverse cardiac events (MACE) including cardiac death and readmission due to heart failure. All clinical outcomes were defined according to the Academic Research Consortium report (14). The secondary outcomes were a composite of cardiac death, readmission due to heart failure and angina, a composite of cardiac death, readmission due to heart failure, spontaneous myocardial infarction (MI), target vessel revascularization and readmission due to angina, and the individual components of these adverse outcomes. Cardiovascular death was defined as death due to myocardial infarction, significant cardiac arrhythmia, refractory heart failure, or cardiogenic shock. Readmission due to heart failure was defined as hospitalization due to new or worsening signs and symptoms of heart failure in conjunction with non-invasive imaging finding or increased N-terminal pro B-type natriuretic peptide concentrations and a discharge diagnosis of congestive heart failure. Readmission due to angina was defined according to the Braunwald Unstable Angina Classification and the Canadian Cardiovascular Society Angina Classification. Spontaneous MI was defined as an elevation of creatine kinase–myocardial band or a troponin level greater than the upper limit of normal with concomitant ischemic symptoms or electrocardiography findings indicative of ischemia (15). Ischemia-driven target vessel revascularization was defined as a revascularization procedure with at least one of the following: (1) recurrence of angina; (2) positive non-invasive test; and (3) positive invasive physiological test. All events were adjudicated by an expert of interventional cardiology in a blinded fashion.



Statistical Analysis

Categorical variables are presented as numbers and relative frequencies (percentages); continuous variables are presented either as mean ± SD or median with interquartile range (IQR) according to their distributions, which were checked by using the Kolmogorov–Smirnov and Levene tests. In the internal diagnostic cohort, correlation coefficients were calculated to assess the relationship between angio-FFR and FFR or between angio-IMR and HMR (Pearson or Spearman according to the normality).

In the external diagnostic cohort, the diagnostic performances (including sensitivity, specificity, positive predictive value, negative predictive value, diagnostic accuracy, positive likelihood ratio, and negative likelihood ratio) of angio-IMR to predict INOCA were assessed. The area under curve (AUC) in the receiver-operator characteristic (ROC) curve was calculated for angio-IMR, and the optimal cutoff value of angio-IMR to predict INOCA was calculated to maximize the product of sensitivity and specificity using ROC curves. Intra-individual variability was assessed by two repeated measurements of angio-IMR and angio-FFR with time interval.

In the prognostic cohort, the cumulative incidence of clinical events was presented as Kaplan–Meier estimate and compared using a log-rank test. Multivariable Cox proportional hazard regression was used to calculate the adjusted hazard ratio (HR) and 95% confidence interval (CI) to compare the risk of clinical events according to angio-IMR. The adjusted covariables were age, sex, left ventricular ejection fraction (LVEF), and post-PCI angio-FFR values. The assumption of proportionality was assessed graphically by log-minus-log plot, and the Cox proportional hazard models for all clinical outcomes satisfied the proportional hazards assumption. The best cut-off value of angio-IMR to predict the risk of cardiac death or readmission due to heart failure was evaluated by the maximally selected log-rank statistics method. Independent predictors for cardiac death or readmission due to heart failure were evaluated by the multivariable Cox proportional hazard regression model, and the discriminant function of predictive model was evaluated with Harrell's c-statistics with 95% CI. The additive prognostic implications of angio-IMR into the model with clinical risk factors were evaluated by assessing improvement in the discriminant and reclassification ability of the models with angio-IMR compared with a reference model with clinical risk factors (age, sex, diabetes, hyperlipidemia, hypertension, LVEF, and post-PCI angio-FFR values), using the category-free net reclassification index (NRI) and integrated discrimination improvement (IDI).

All probability values were two-sided, and p-values <0.05 were considered statistically significant. All statistical analyses were performed using R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS 25.0 for Windows (SPSS-PC, Chicago, IL, USA).




RESULTS


Characteristics of Patients and Lesions in Internal and External Diagnostic Cohort

Figure 1 shows the study flow. Patient and lesion characteristics of internal and external diagnostic cohorts were shown in Supplementary Table 1. In the internal diagnostic cohort, the mean age was 63.5 ± 9.4 and 90.6% were male. The mean angio-FFR in this cohort was 0.84 ± 0.06, and the mean angio-IMR was 24.7 ± 3.2. The pressure wire–measured FFR was 0.81 ± 0.06, and the CZT-SPECT-measured hyperemic MBF was 1.94 ± 0.43, leading to a mean calculated HMR of 40.29 ± 10.94.

In the external diagnostic cohort (Supplementary Table 2), the median SSS and SDS were 4 ± 2 and 3 ± 2, respectively, in INOCA patients. The mean angio-FFR and angio-IMR were 0.94 ± 0.03 and 35.83 ± 13.35 in INOCA patients and 0.93 ± 0.03 and 23.7 ± 9.0 in normal controls.



Diagnostic Performance of Angio-IMR

Figure 2 shows a case example whose CZT-SPECT MBF was measured within 7 days of pressure wire FFR measurement and summarizes how HMR was calculated from coronary pressures and absolute MBF and how angio-IMR was calculated from an angiogram.

As shown in Figure 3, there were significant correlations of angio-FFR with FFR (R = 0.84, p < 0.001) and angio-IMR with HMR (R = 0.74, p < 0.001) and two repeated measures of angio-FFR (R = 0.99, p < 0.001) and angio-IMR (R = 0.92, p < 0.001) were significantly correlated and nearly the same without significant differences (the differences between two angio-FFR and angio-IMR measurements were 0.002 ± 0.014 and 0.258 ± 2.141, respectively) (Supplementary Figure 1).


[image: Figure 3]
FIGURE 3. Correlation of angiography-derived FFR with invasive FFR and angiography-derived IMR and HMR in diagnostic cohort. The correlation and agreement between (A) angio-FFR and pressure wire–derived FFR, and (B) angio-IMR and coronary pressure and myocardial blood flow calculated HMR. Abbreviations are listed in Figures 1, 2.


The angio-IMR in vessels with abnormal corresponding perfusion territory in INOCA patients was significantly higher than that in the normal corresponding perfusion territory (35.8 ± 13.3 vs. 22.0 ± 7.8, p < 0.001) in INOCA patients, as well as that in normal controls (35.8 ± 13.3 vs. 23.2 ± 7.3, p < 0.001). ROC analysis demonstrated that angio-IMR had a cut-off value of 25.1 to predict patients with microcirculatory dysfunction represented by normal coronary angiogram but abnormal CZT-SPECT perfusion imaging and showed an AUC of 0.839 (95% CI 0.781–0.898). Sensitivity, specificity, positive predictive value, negative predictive value, and the diagnostic accuracy of angio-IMR were 83.1, 78.0, 67.5, 89.3, and 79.8%, respectively (Figure 4).


[image: Figure 4]
FIGURE 4. Diagnostic accuracy of angiography-derived IMR to diagnose INOCA in external validation cohort. (A) Mean angio-IMR values in vessels with abnormal (INOCA) and normal (internal controls) corresponding CZT-SPECT perfusion territory among INOCA patients and in vessels among patients with normal CZT-SPECT perfusion imaging and angiography (normal controls); (B) ROC of angio-IMR to diagnose INOCA and (C) diagnostic performances of angio-IMR to diagnose INOCA are shown. AUC, area under curve; BCV, best cut-off value; LR, likelihood ratio; NPV, negative predictive value; PPV, positive predictive value; others are with Figure 1.




Characteristics of Patients and Lesions in Prognostic Cohort

Table 1 shows patient and lesion characteristics of the prognostic cohort. Mean age was 65.0 ± 8.7, and 96 of the 138 included patients were male. Among these patients, the left anterior descending artery was the most frequent vessel that received PCI. Forty-five (32.6%) patients showed significant microcirculatory dysfunction by angio-IMR ≥25.1. There were no significant differences between angio-IMR <25.1 vs. ≥25.1 regarding patient, lesion, procedural characteristics, and discharge medications.


Table 1. Patient and lesion characteristics of prognostic cohort.

[image: Table 1]



Prognostic Implication of Angio-IMR in CAD Patients Received PCI

During a median of 28-month follow-up after index procedure, patients with angio-IMR ≥25.1 demonstrated a significantly higher incidence of cardiac death or readmission due to heart failure than those with angio-IMR <25.1 (18.6 vs. 5.4%, adjusted HR 9.66, 95% CI 2.04–45.65, p = 0.004) (Table 2 and Figure 5).


Table 2. Clinical outcomes at 28 months after index procedure according to angiography-derived IMR.

[image: Table 2]
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FIGURE 5. Comparison of primary and secondary outcomes at 28 months after index procedure according to angiography-derived IMR. Cumulative incidences of cardiac death or readmission due to (A) heart failure; (B) cardiac death or readmission due to heart failure and angina; (C) readmission due to heart failure; and (D) readmission due to angina at 28 months are presented according to the best cut-off value of angio-IMR. CI, confidence intervals; HRadj, multivariable adjusted hazard ratios; others are with Figure 1.


The significantly higher risk of cardiac death or readmission due to heart failure in the angio-IMR ≥25.1 group was mainly due to increased risk of readmission due to heart failure than the angio-IMR<25.1 group; in addition, a higher risk of readmission due to angina was observed in patients with IMR ≥25.1, while the risk of cardiac death, MI, and ischemia-driven revascularization was similar between the two groups (Table 2). In a multivariable model, angio-IMR ≥25.1 was an independent predictor for cardiac death or readmission due to heart failure (HR 11.15, 95% CI 1.76–70.42, p = 0.010) (Table 3). As for the discriminant ability for cardiac death or readmission due to heart failure, angio-IMR did not increase discriminant and reclassification indices when added to the model with clinical risk factors, while for the outcomes of cardiac death or readmission due to heart failure and angina, angio-IMR increased the discriminant ability (AUC 0.71 vs. 0.53, p = 0.002; IDI 0.16, p = 0.01; category-free NRI 0.46, p = 0.010) (Supplementary Figure 2).


Table 3. Independent predictors for cardiac death or readmission due to heart failure.
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The best cut-off value of angio-IMR to predict the risk of cardiac death or readmission due to heart failure was 27.3 (Supplementary Figure 3). When we apply 27.3 as the cut-off to define microcirculatory dysfunction, our primary result of cardiac death or readmission due to heart failure remains unchanged (Supplementary Figure 4).




DISCUSSION

The current study evaluated the diagnostic and prognostic implications of angio-IMR in CAD patients (Figure 6). Our main findings are as follows. First, angio-IMR showed a moderate correlation with HMR derived from coronary pressure and MBF data; second, angio-IMR showed a high diagnostic accuracy for microcirculatory dysfunction determined by normal coronary angiography and perfusion defect by CZT-SPECT; and third, patients with post-PCI angio-IMR ≥25.1 showed a significantly higher risk of cardiac death or readmission due to heart failure than those with angio-IMR <25.


[image: Figure 6]
FIGURE 6. Diagnostic Value of Angiography-derived Index of Microcirculatory Resistance for Coronary Microcirculation and Its Prognostic Implication after PCI in CAD Patients. The current study evaluated diagnostic and prognostic implications of angiography-derived IMR. In diagnostic cohorts, angio-IMR showed a close correlation with HMR calculated as the ratio of hyperemic coronary pressure to myocardial blood flow, and a high diagnostic accuracy to predict patients with microcirculatory dysfunction. In prognostic cohort, patients with post-PCI impaired microcirculatory function assessed by angio-IMR ≥ 25.1U showed significantly higher risk of cardiac death or readmission due to heart failure than those with preserved microcirculatory function assessed by angio-IMR <25.1U. Angio-IMR ≥ 25.1U was independently associated with the occurrence of cardiac death or readmission due to heart failure. MACE, major adverse cardiac events; others are with Figures 1, 2.



Post-PCI Microcirculatory Dysfunction in Patients With Stable CAD

Since the first PCI performed in 1977, it has been aimed to restore blood flow by relieving obstruction to the epicardial vessels. However, post-PCI angina and/or ischemia may recur or persist in a significant patient subset (16), with reported rates ranging from 15% to more than 50% (17, 18). As demonstrated in our study, 108 (78.3%) patients achieved post-PCI angio-FFR over 0.90, while there were 45 (32.6%) patients who demonstrated microcirculatory dysfunction with high angio-IMR. These findings have also been confirmed in other studies that adopted modern therapeutic strategies (19). Most importantly, symptom and/or ischemia recurrence is associated with adverse cardiovascular events (20). Accordingly, the current European Society of Cardiology guidelines on stable CAD have emphasized the importance of coronary vascular dysfunction in causing angina post-PCI (21).



Assessment of Microvascular Disease Using Angiography-Derived IMR as an Alternative to Wire-Derived IMR

The rationale for identifying microvascular dysfunction is to provide a definitive diagnosis; then, a possible treatment may be anticipated (22). Positron emission tomography remains the reference standard for assessing myocardial blood flow (23). Unfortunately, most patients who present to the cardiac catheterization laboratory did not evaluate their microcirculation. Angiographic techniques have their limitations considering the qualitative and subjective nature. Doppler wire–derived coronary flow reserve has been applied in research studies, but its clinical role has been limited by the technical issues.

IMR is a quantitative method for specifically assessing the microvascular function of the interrogated vessel (2). The emerging data demonstrate its role in evaluating patients with chest pain and non-obstructive coronary artery disease, as well as in predicting adverse events. However, it is hampered by the need of extra care to ensure maximal hyperemia (drug type, dose, infusion route, contraindication for drug, etc.) and continuous infusion of intravenous adenosine may raise potential safety concerns. HMR is also a quantitative index for microcirculatory dysfunction; however, measuring HMR is probably more challenging than measuring IMR, with higher failure rates related to the contemporary measurement of myocardial blood flow and coronary pressure. For these reasons, there is a need for an invasive technique to rapidly, reliably, and relatively easily assess for microcirculatory dysfunction in the cardiac catheterization laboratory.

With the technical development, angiographic derivation of IMR without pressure wire, hyperemic agents, or thermodilution method is available as a potential alternative for pressure wire–derived IMR. In the internal diagnostic cohort of our study, our analysis demonstrated that angio-IMR had a significant correlation with HMR (R = 0.74, P <0.001). Furthermore, in the external diagnostic cohort, angio-IMR demonstrated a good diagnostic accuracy for microvascular disease with an AUC of 0.839 and a diagnostic accuracy of 79.8%. With no additional angiogram imaging acquisition or need for a hyperemic agent, angio-IMR may represent a promising measure as an alternative to wire-derived IMR and potentially increase the adoption of the physiological assessment of microvascular diseases in the cardiac catheterization lab.



Prognostic Implication of Microcirculatory Dysfunction in Patients Received PCI

Microvascular disease has been confirmed to be associated with a higher risk of cardiovascular events in patients without obstructive epicardial stenosis (24, 25). In our study, the prognostic implication of angio-IMR in patients after PCI was evaluated. Increased angio-IMR was significantly associated with the higher risk of cardiac death or readmission due to heart failure and incidence of angina. In multivariable analysis, increased angio-IMR ≥25.1 remained as an independent predictor for cardiac death or readmission due to heart failure. These results are in line with the previous studies. Studies by Fearon et al. and Carrick et al. have shown that high IMR after primary percutaneous coronary intervention predicts adverse clinical outcomes in patients with myocardial infarction (26, 27). A recent study indicated that IMR measured immediately after PCI predicts adverse events in patients with stable CAD (28).

Our study provided a simple and convenient quantitative index to assess patients' microcirculatory status at the time of PCI. Further research is needed to assess whether angio-IMR-guided strategies might improve prognosis in patients with microcirculation dysfunction compared with standard care.




LIMITATIONS

There are some limitations that should be considered. First, because of the comprehensive study protocol, the number of patients included in our study was limited; our findings need to be verified in other cohorts with a larger sample size. Second, as a retrospective study, our included patients did not receive IMR assessment, which is a “gold standard” for microvascular dysfunction; third, though we observed a moderate correlation between angio-IMR and HMR, no definite normal range for HMR was reported yet. As a complementary, we investigated the diagnostic performance of angio-IMR in INOCA patients and angio-IMR showed a high accuracy for predicting microcirculatory dysfunction. Fourth, ROC analysis determined the best cut-off value for angio-IMR as 25.1, which is very close to that for pressure wire–measured IMR. Thus, we used this cut-off value to define post-PCI microcirculatory dysfunction. However, the underlying mechanism between INOCA and post-PCI patients may be different. We further used the maximally selected log-rank statistics method to derive the best cut-off value of angio-IMR to predict clinical outcomes as 27.3; when we used this value as a cut-off, our primary results remained unchanged.



CONCLUSIONS

In conclusion, this study demonstrated that angiography-derived IMR had a moderate correlation with HMR derived by CZT-SPECT and pressure-wire measurement and a good diagnostic accuracy to predict microcirculatory dysfunction. An elevated angio-IMR measured at the time of PCI predicts a higher risk of cardiac death or heart failure admission at 28 months.
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Jiayue Huang1,2, Fan Yang1, Juan Luis Gutiérrez-Chico3, Tianxiao Xu1, Jigang Wu4, Liang Wang5, Rui Lv5, Yan Lai6, Xuebo Liu6, Yoshinobu Onuma2, Dalin Tang5,7, Patrick W. Serruys2, William Wijns2 and Shengxian Tu1*


1School of Biomedical Engineering, Biomedical Instrument Institute, Shanghai Jiao Tong University, Shanghai, China

2The Lambe Institute for Translational Medicine and Curam, National University of Ireland Galway, Galway, Ireland

3Cardiology Department, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

4University of Michigan-Shanghai Jiao Tong University Joint Institute, Shanghai Jiao Tong University, Shanghai, China

5School of Biological Science and Medical Engineering, Southeast University, Nanjing, China

6Department of Cardiology, Tongji Hospital, Tongji University School of Medicine, Shanghai, China

7Mathematical Sciences Department, Worcester Polytechnic Institute, Worcester, MA, United States

Edited by:
Rene M. Botnar, King's College London, United Kingdom

Reviewed by:
Kenichiro Otsuka, Massachusetts General Hospital, United States
 Yao-Jun Zhang, Xuzhou Cancer Hospital, China

*Correspondence: Shengxian Tu, sxtu@sjtu.edu.cn

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

Received: 27 May 2021
 Accepted: 04 October 2021
 Published: 04 November 2021

Citation: Huang J, Yang F, Gutiérrez-Chico JL, Xu T, Wu J, Wang L, Lv R, Lai Y, Liu X, Onuma Y, Tang D, Serruys PW, Wijns W and Tu S (2021) Optical Coherence Tomography-Derived Changes in Plaque Structural Stress Over the Cardiac Cycle: A New Method for Plaque Biomechanical Assessment. Front. Cardiovasc. Med. 8:715995. doi: 10.3389/fcvm.2021.715995



Introduction: Cyclic plaque structural stress has been hypothesized as a mechanism for plaque fatigue and eventually plaque rupture. A novel approach to derive cyclic plaque stress in vivo from optical coherence tomography (OCT) is hereby developed.

Materials and Methods: All intermediate lesions from a previous OCT study were enrolled. OCT cross-sections at representative positions within each lesion were selected for plaque stress analysis. Detailed plaque morphology, including plaque composition, lumen and internal elastic lamina contours, were automatically delineated. OCT-derived vessel and plaque morphology were included in a 2-dimensional finite element analysis, loaded with patient-specific intracoronary pressure tracing data, to calculate the changes in plaque structural stress (ΔPSS) on vessel wall over the cardiac cycle.

Results: A total of 50 lesions from 41 vessels were analyzed. A significant ΔPSS gradient was observed across the plaque, being maximal at the proximal shoulder (45.7 [32.3, 78.6] kPa), intermediate at minimal lumen area (MLA) (39.0 [30.8, 69.1] kPa) and minimal at the distal shoulder (35.1 [28.2, 72.3] kPa; p = 0.046). The presence of lipidic plaques were observed in 82% of the diseased segments. Larger relative lumen deformation and ΔPSS were observed in diseased segments, compared with normal segments (percent diameter change: 8.2 ± 4.2% vs. 6.3 ± 2.3%, p = 0.04; ΔPSS: 59.3 ± 48.2 kPa vs. 27.5 ± 8.2 kPa, p < 0.001). ΔPSS was positively correlated with plaque burden (r = 0.37, p < 0.001) and negatively correlated with fibrous cap thickness (r = −0.25, p = 0.004).

Conclusions: ΔPSS provides a feasible method for assessing plaque biomechanics in vivo from OCT images, consistent with previous biomechanical and clinical studies based on different methodologies. Larger ΔPSS at proximal shoulder and MLA indicates the critical sites for future biomechanical assessment.

Keywords: biomechanical assessment, finite element analysis, optical coherence tomography, plaque structural stress, plaque rupture


INTRODUCTION

Spontaneous plaque rupture and subsequent thrombosis are recognized as the leading pathogenic mechanism for acute coronary syndrome (ACS), one of the major causes of mortality worldwide (1–3). Thin cap fibroatheroma (TCFA) has been postulated as the phenotype responsible for plaque rupture (3–8). However, limited specificity was observed for TCFA in predicting future coronary events, urging the need to further define meaningful surrogates for rupture-prone plaque identification (9–12).

From a biomechanical point of view, long-term repetitive superficial stress, generated by the pulsatile coronary pressure wave, might weaken the fibrous cap and ultimately lead to its fatigue and rupture (13, 14). Thus, the evaluation of cyclic plaque structural stress might add prognostic value for future cardiac events and subsequently for ACS prevention. Although direct in vivo measurement of plaque structural stress is not currently feasible, finite element analysis (FEA) might provide a reliable estimation (15). The prerequisites for accurate FEA are precise plaque morphology and composition, known mechanical properties of the different materials and precise model loads. Optical coherence tomography (OCT) provides optimal image resolution, enabling detailed visualization and precise characterization of plaque composition (16). Meanwhile, intracoronary pressure tracing from pressure wire could serve as an accurate load for cyclic plaque stress evaluation using FEA. The aim of this study was to propose a novel method to derive the changes in plaque structural stress during the cardiac cycle in vivo using a combination of OCT images and intracoronary pressure recordings.



MATERIALS AND METHODS

All patients from a previous prospective optical flow ratio (OFR) study with both OCT and fractional flow reserve (FFR) interrogation were screened for post-hoc analysis (17). Inclusion criteria were intermediate coronary lesions, defined as a diameter stenosis 40–90% by visual estimation. Exclusion criteria for FEA were: 1) bifurcation lesions with a side-branch ≥2mm; 2) diffuse coronary disease in the target vessel; 3) stented lesions; 4) intracoronary thrombus; 5) guidewire artifact in the OCT images; 6) incomplete intracoronary pressure recording, with baseline aortic pressure or distal coronary pressure at rest missing. Detailed description of the OCT acquisition and intracoronary pressure measurement has been previously reported (17).


Representative Position Selection

Five OCT cross-sections were selected at representative positions for each lesion, whenever available (Figures 1C1–C5): 1) proximal and distal references (PR, DR): immediately adjacent cross-sections to the lesion, at the proximal and distal edges, respectively, where neither plaque nor remodeling were observed in OCT and angiography; 2) minimal lumen area (MLA): the cross-section with minimal lumen area in OCT; 3) proximal and distal shoulders (PS, DS): midpoints between PR and MLA or DR and MLA, respectively. In case the PR or DR are not present in certain lesion, the midpoint between proximal edge and MLA or distal edge and MLA will be used for PS or DS, respectively.


[image: Figure 1]
FIGURE 1. Representative example of ΔPSS analysis of an intermediate RCA lesion. Cross-sections (C1-C5) correspond to the five representative positions in the angiography showed in panel (A), with (C1) as the cross-section of proximal reference, (C2) as the cross-section of proximal shoulder, (C3) as the cross-section of minimal lumen area, (C4) as the cross-section of distal shoulder and (C5) as the cross-section of distal reference. The 2-dimensional FEA model is loaded with the position-specific intracoronary pressure derived from intracoronary tracing data, by normalizing the computed OFR pullback curve between the resting aortic pressure tracing data and distal coronary pressure tracing data (B). The three-layer geometric models were reconstructed based on an automatic plaque delineation algorithm (18) (D1–D5), where the lipidic plaque is shown in yellow. The thicknesses of media and adventitia were manually measured from OCT cross-sections (C1–C5). (E1–E5) show the stress distribution with the red triangles pointing the positions with largest ΔPSS. FEA, finite element analysis; RCA, right coronary artery; OCT, optical coherence tomography; OFR, optical flow ratio; ΔPSS, delta plaque structural stress.




Geometric Model Reconstruction

The lumen contours of selected OCT cross-sections were automatically delineated using OctPlus software (Pulse Medical Imaging Technology, Shanghai, China). The contour of the internal elastic lamina (IEL) was then identified or extrapolated from adjacent cross-sections, according to a previously validated method (18). The plaque composition was then automatically analyzed at every cross-section in the region encompassed between IEL and the lumen contour, using artificial intelligence (18). The mechanical-relevant plaque components considered for the current FEA in the intima were lipids, calcium and fibrous tissue. Media and adventitia were also incorporated into the geometric model by measuring their thickness on OCT and offsetting the IEL contour uniformly (Figures 1C1–C5,D1–D5). In case media and adventitia were not visible at the cross-section, their thickness on adjacent OCT cross-section was selected.



Biomechanical Analysis

The simulation was performed with the commercially available FEA software ABAQUS (Version 6.13, Dassault Systemes Simulia Corp., Providence, RI, USA). Intimal lipidic plaque and calcific plaque were modeled as isotropic, hyperelastic materials as described by Mooney-Rivlin strain energy density function:

[image: image]

where I1 and I2 are the first and second strain invariants. C1, C2, D1 and D2 are material constants adapted from previous studies (19, 20).

Intimal fibrous tissue, media and adventitia were modeled as anisotropic, hyperelastic materials, according to Holzapfel model:

[image: image]

where μ, k1 and k2 are material constants adapted from previous studies (21–23).

Position-specific pressure condition derived from intracoronary tracing data was applied to the 2-dimensional (2D) FEA model for each cross-section. From OCT images the OFR pullback was firstly computed using a recently validated software package (OctPlus, Pulse medical imaging technology, Shanghai, China) (17, 24, 25). By normalizing the computed OFR pullback curve between the resting aortic pressure and distal coronary pressure tracing data, the position-specific intracoronary pressure at each OCT cross-section could be precisely estimated, also given the excellent agreement between OFR and FFR (17). The change in coronary pressure, i.e., the relative pressure, was then computed by subtracting the estimated diastolic pressure from the cyclic pressure (Figure 1B), which was used as the mechanical load for simulations. The 2D FEA models were then meshed with three-node or four-node linear, hybrid elements. Large deformation formulation and plane strain assumption were used for simulation. The rotational freedom was restricted to prevent the model from rolling while enabling its radial deformation. By submitting the FEA model to ABAQUS/Explicit Solver, the dynamic change of lumen and the plaque structural stress distribution at each cross-section during the cardiac cycle could then be simulated (Supplementary Video 1).

After the simulation, the maximal superficial von Mises stress on the vessel wall at maximal pressure load moment was denoted as OCT-derived change in plaque structural stress (ΔPSS). The thickness of the superficial layer depends on the size of the meshes in the FEA model which was <50 μm. Lumen diameter change (LDC) and percent lumen diameter change (LDC%) during cardiac contraction were used for presenting lumen deformation and relative lumen deformation. The LDC equals to the maximal lumen diameter minus minimal lumen diameter over the cardiac cycle. The LDC% is computed by dividing LDC with the minimal lumen diameter.



Statistics

Descriptive statistics of continuous variables are reported as mean ± SD or median (quartiles) as appropriate, while those of categorical variables are presented as counts (percentages). The difference between groups was tested using independent sample t-test, Mann-Whitney test or One-way Analysis of Variance (ANOVA), as appropriate. Paired t-test, Wilcoxon signed-rank test or repeated measures ANOVA were used for pair-wise comparison, as appropriate. To evaluate the statistical differences of simulated lumen deformation and plaque structural stress at different locations of the lesion, the generalized estimation equation (GEE) analyses were performed. Statistical assessments were performed with MedCalc version 19.5.6 (MedCalc Software, Ostend, Belgium) and SPSS version 27.0.1.0 (SPSS Inc., Chicago, Illinois). A 2-sided value of p < 0.05 was considered to be statistically significant.




RESULTS


Baseline Clinical and Lesion Characteristics

A total of 83 intermediate lesions from 75 vessels were enrolled. Thirty-three lesions were excluded from FEA due to bifurcation (n = 10), diffuse disease (n = 1), stented lesion (n = 3), intracoronary thrombus (n = 3), guidewire artifact (n = 12) or incomplete intracoronary recording (n = 4), resulting in 50 lesions suitable for biomechanical analysis (Figure 2).


[image: Figure 2]
FIGURE 2. Study flow chart. FFR, fractional flow reserve; OCT, optical coherence tomography.


Baseline demographic and lesion characteristics are presented in Tables 1, 2, respectively. The mean age of the patients was 63 ± 11 years. Half of the lesions (50.0%) were located at the proximal segment of the target vessel.


Table 1. Baseline demographic characteristics.

[image: Table 1]


Table 2. Baseline lesion characteristics.

[image: Table 2]



Plaque Morphology and Composition

Quantification of the OCT images was performed using the OctPlus software package (Pulse medical imaging technology, Shanghai, China). Automatic plaque characterization and delineation of the IEL from OCT images by the software was performed using artificial intelligence algorithm and recently validated with high accuracy (18). Average lumen diameter, plaque burden and fibrous cap thickness in the representative positions are presented in Table 3. MLA had the smallest lumen diameter (1.82 [1.60, 1.97] mm) and the largest plaque burden (69.11 ± 9.11%) of all the representative positions. Fibrous cap thickness was numerically smaller in PS than in MLA and DS, but it did not reach statistical significance (PS vs. MLA vs. DS: 154.1 [60.8, 242.2] μm vs. 168.9 [54.2, 264.7] μm vs. 212.4 [92.7, 253.2] μm, p = 0.48). The plaque composition and microfeatures of the lesions included in current study are presented in Table 4. Forty-one lesions (82.0%) have more than one plaque phenotypes. By using the predominant plaque phenotype for each lesion, a total of 28 fibroatheromas, 8 fibrotic plaques and 14 fibrocalcific plaques were included in the present study.


Table 3. Plaque morphologies.

[image: Table 3]


Table 4. Plaque composition and microfeatures.

[image: Table 4]

Among all 177 interrogated cross-sections, more than half of them (92 cross-sections) have a good (external elastic lamina circumference ≥270°) or moderate visibility (270° > external elastic lamina circumference ≥ 180°) of the media (54 and 38 cross-sections, respectively). While the media were completely invisible in 14 (7.9%) cross-sections, where the artificial intelligence algorithm used their adjacent cross-sections for IEL delineation. In these cases, the mean number of skipped cross-sections for manual media and adventitia thicknesses measurement was 5.6 ± 6.8 frames.



Lumen Deformation and Plaque Structural Stress

A representative example of ΔPSS analysis is shown in Figure 1 and Supplementary Video 1. The LDC, LDC% and ΔPSS across the lesion are presented in Table 5 and Figure 3. Absolute LDC was smaller at MLA than at both reference cross-sections (PR and DR), but LDC% was larger. Positive correlation was observed between LDC and lumen diameter (r = 0.53, p < 0.01). However, no correlation was observed between LDC% and lumen diameter.


Table 5. Biomechanical results.
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[image: Figure 3]
FIGURE 3. (A–C) Biomechanical results in different locations of the lesion. *p < 0.001. PR, proximal reference; PS, proximal shoulder; MLA, minimal lumen area; DS, distal shoulder; DR, distal reference; LDC, lumen diameter change; LDC%, percent lumen diameter change; ΔPSS, delta plaque structural stress. The blue circles represent the mild outliers, and the red squares represent the extreme outliers.


ΔPSS was significantly smaller at the reference cross-sections than at MLA or at the shoulders (PR vs. PS, MLA and DS: 25.2 [21.2, 32.3] kPa vs. 45.7 [32.3, 78.6] kPa, 39.0 [30.8, 69.1] kPa and 35.1 [28.2, 72.3] kPa; p < 0.001, p < 0.001 and p < 0.001, respectively). In paired analysis per lesion, a significant ΔPSS gradient was observed across the plaque (PS-MLA-DS, p = 0.046; test for linear trend: p = 0.012). ΔPSS at PS was significantly larger than at DS (p = 0.02), while ΔPSS at MLA tended to have intermediate values between PS and DS (Figure 3). Within all 49 lesions with lipidic plaques, the highest ΔPSS occurred at the cross-sections with thinnest cap in 49.0% (24) of these lesions. While for 22 lesions (44.9%), the highest ΔPSS occurred at the cross-sections with lipidic plaques but thicker cap thickness. Three (6.1%) lesions were observed to have the highest ΔPSS at cross-sections without any lipidic plaque.



Normal vs. Diseased Segments

The analyzed OCT cross-sections were divided into two groups: 1) normal segments, comprising PR and DR; 2) diseased segments, comprising PS, MLA and DS. LDC was numerically smaller in diseased segments compared to normal segments, but statistically non-significant (0.17 [0.10, 0.27] mm vs. 0.19 [0.13, 0.25] mm, p = 0.69). While both LDC% and ΔPSS were significantly larger in diseased segments than in normal segments (LDC%: 7.57 [5.38, 10.64]% vs. 6.29 [4.44, 8.17]%, p = 0.002; ΔPSS: 41.8 [29.1, 74.6] kPa vs. 27.7 [21.2, 32.1] kPa, p < 0.001) (Figure 4).


[image: Figure 4]
FIGURE 4. (A–C) Comparison between normal segment and diseased segment. LDC, lumen diameter change; LDC%, percent lumen diameter change; ΔPSS, delta plaque structural stress. The blue circles represent the mild outliers, and the red boxes represent the extreme outliers.


In normal segments, a good correlation was observed between maximal pressure load and ΔPSS and (r = 0.72, p < 0.001). Nonetheless, this correlation was significantly worse in diseased segments (r = 0.42, p < 0.001; difference p = 0.04), wherein relatively low pressure loads often resulted in high ΔPSS.



Correlation of Stress Parameters With Morphological Features of Plaque Vulnerability

ΔPSS was positively correlated with plaque burden (r = 0.37, p < 0.001) while negatively correlated with fibrous cap thickness (r = −0.25, p < 0.001). Good correlation was observed between ΔPSS and LDC% (r = 0.78, p < 0.001).

Moderate correlation was observed between ΔPSS and lipidic plaque area (LPA) (r = 0.44, p < 0.001), while no significant correlation was observed between ΔPSS and calcific plaque area. LPA showed good correlation with both lumen deformation and relative lumen deformation (LPA-LDC: r = 0.55, p < 0.001; LPA-LDC%: r = 0.88, p < 0.001).



Computational Performance of ΔPSS Assessment

Using an off-the-shelf workstation with a quadcore Intel i7-4790 processor (Intel Corporation, Santa Clara, CA; 3.6 GHz) and 8GB of RAM, the average simulation time for analysis of each FEA model was 12.5 ± 10.2 min, and the estimated time for the whole FEA analysis process was <30 min.




DISCUSSION

In this study, we present for the first time a new methodology to calculate the changes in plaque structural stress within the cardiac cycle in vivo using OCT images and FEA simulation. The changes of superficial plaque structural stress on vessel wall are the main focus of our current study since it tends to be closely related to plaque rupture and subsequent acute coronary events (26–29).

The key findings of this study can be summarized as follows: 1) ΔPSS provides a feasible and reasonable approach for OCT-based biomechanical assessment; 2) diseased segments, especially the proximal shoulder and minimal lumen area of the lesion, bear the highest ΔPSS, thus highlighting the critical importance of these sites for future biomechanical studies of plaque vulnerability and prediction of event risk; 3) correlation between ΔPSS and plaque morphology is consistent with previous clinical and imaging studies, thus reassuring the rationale of our method.

This novel method is original in many aspects, including the automatic plaque characterization from OCT images using artificial intelligence, the incorporation of the three-layered structure of the vessel wall into 2D FEA model, the accurate position-specific load derived from intracoronary pressure tracing data. Previous studies performed coronary plaque stress simulation (27), but most of them were based on coronary angiography or intravascular ultrasound (IVUS), with inherent limitations in plaque characterization and inferior image resolution, as compared with OCT. Additionally, rigid-body assumption restricting all deformation was applied to most FEA models hitherto (20, 30, 31).

The first advantage of the current approach is the higher image resolution provided by OCT, enabling the detailed description of coronary lumen, plaque morphology and composition which are essential for FEA analysis. The significant lower correlation between load and ΔPSS in diseased segments than in normal segments (r = 0.42 vs. 0.72, p < 0.001) strongly suggests a crucial role of plaque morphology and composition in determining the actual plaque stress. Chau et al. have also proposed an FEA method to derive plaque stress from OCT images (32). However, a fixed pressure from 0 to 120 mmHg was applied to all models, which might not be realistic since the geometry of the vessel was not imaged under zero-pressure condition. In addition, the same isotropic material properties were applied to the whole artery wall, ignoring the anisotropy of media and adventitia and the mechanical differences between them. Although OCT has limited tissue penetration, as compared with IVUS, and notwithstanding the high attenuation of near-infrared waves in lipids, apparently precluding the imaging of media and adventitia in diseased segments (16), recent studies have proven that the external elastic lamina can be identified for ≥180° in most of the OCT cross-sections (33). Thus, the media contour could be extrapolated considering its circular or elliptical geometry. For OCT cross-sections with invisible IEL, which only accounts for 7.9% of the total cross-sections in this study, our artificial intelligence algorithm will refer to adjacent OCT cross-sections and estimate the contour of IEL. This principle was externally validated for the same specific software used in the current study, providing high diagnostic accuracy for delineation of the media contour and tissue characterization within the plaque, including lipids (90.5%) (18). In this study, we mainly focused on the superficial cyclic plaque structural stress on vessel wall, which is more likely to be affected by the different plaque components in near-lumen regions, as compared to outer layers as media and adventitia. During the analysis, we also observed that the slight deviation, i.e., thickness and contour, in media and adventitia have a relatively small impact on simulation results. While for superficial layers, even a tiny change, e.g., lumen contour and fibrous cap thickness, will cause great difference in ΔPSS. It has also been proven by previous studies that the most crucial impact on stress computation comes from the superficial wall adjacent to lumen, and that the vascular structure determined by OCT provides adequate basis for biomechanical analysis (23, 32). Nevertheless, when focusing on the stress distribution at deeper layer, e.g., behind the plaque or near the outer vessel boundary, more precise simulation results might be achieved by incorporating more accurate delineation of media and adventitia, especially for lesions with large lipidic plaque burden where the outer boundary is invisible due to light attenuation in OCT. In such cases, IVUS with higher tissue penetration could serve as a complemental modality (34). By combining detailed evaluation of plaque morphology provided by OCT and assessment of the entire vessel structure provided by IVUS, a more precise geometric model for FEA should become obtainable, leading to a more accurate biomechanical assessment especially for outer layers (35). In the future, with the development of automatic OCT-IVUS co-registration algorithm and/or hybrid intravascular imaging system with combined OCT and IVUS probes (36), the accuracy of PSS assessment could be further improved with great efficiency.

A complete vessel architecture with three-layer structure was applied for simulation in this study. Very few studies have incorporated the three-layered structure of the vessel into the FEA simulation hitherto. This might be a potential limitation of previous studies because stress distribution heavily depends on the physical properties of the material and the layered arrangement of the vessel wall (21, 37–39). The different composition and stiffness of intima, media and adventitia determine their different roles during loading. The stiffness of intima widely varies depending on the different plaque components. Conversely, media and adventitia use to have more predictable mechanical properties: the structured arrangement of smooth muscle cells in the media confers this layer high resistance to load, while the helically arranged wavy collagen fibrils and elastic fibers in adventitia make it more compliant to pressure than media under normal load (40, 41).

Accurate model load using intracoronary pressure registration has been instrumental to render precise stress estimations. The model, however, was only loaded with the change in coronary pressure, instead of using the whole pressure recording, in order to simplify and expedite the calculation. The stress change over the cardiac cycle in atherosclerotic plaques has been proven to correlate with the incidence of major adverse cardiovascular events (42) and the general relation between plaque morphology and plaque stress remains intact irrespective of the inclusion or exclusion of the initial stress in the model (43). On this rationale, the decision of using only pressure change seems justified. Loading the model with the whole pressure recording might have added marginal accuracy to the estimations, but at the price of exponentially increasing the complexity of the analysis and subsequently the time required for it (43–45). For models to be loaded with the whole pressure recording, accurate computation of zero-pressure state is one of the prerequisites. Several methods have been proposed for the estimation of initial stress. A preshrinkage algorithm by Huang et al. iteratively shrinks the in-vivo plaque geometry before the whole pressure loading to estimate the zero-pressure state and initial stress (44, 45). However, manual adaptation was required in each iteration to compare the computed geometry with the image-derived real geometry and adjust the geometry for the next iteration, which might be too complicated for daily practice. Speelman et al. proposed a Backward Incremental method that requires no manual input (43). However, the vessel geometry under certain fixed intracoronary pressure is one of the prerequisites for the intimal stress estimation, making this method not suitable for in vivo assessment. Theoretically, zero-pressure state and initial stress could be accurately estimated from the geometrical models of the same cross-section at both diastole and systole, where the imaging catheter is required to be fixed at the same position for at least one cardiac cycle. However, this kind of relative stillness between catheter and vessel is technically difficult to achieve, considering the impact of cardiac motion and vessel contraction (46). Thus, the gain in incorporating whole pressure recording might be partly canceled by the relative displacement between the imaging catheter and the analyzed cross-section during cardiac cycle.

The consistency of the plaque stress calculated by this novel method with previous clinical findings and biomechanical studies is reassuring of the validity of our approach. Autopsy studies have linked high plaque stress with plaque rupture (13, 47). Likewise, imaging studies have associated high plaque stress with acute coronary syndromes (14). This evidence supports the biomechanical hypothesis for plaque rupture: the repetitive cyclic stress would end up breaking the plaque, like repetitively bending a paper leads to its weakening and fracture (1). In line with this evidence, normal coronary segments bear significantly lower ΔPSS than diseased segments in our study. Moreover, it is known that strain and plaque stress are higher upstream than downstream in the atherosclerotic plaque (48, 49), i.e., higher in the proximal segments than in the distal segments of the plaque, and that most plaque ruptures occur in these proximal segments of the lesion (30, 48, 50, 51). Our results, finding a plaque stress gradient from the PS to the MLA and ultimately to the DS, are in line with this preceding evidence. In addition, ΔPSS showed positive correlation with LPA and negative correlation with fibrous cap thickness, thus confirming a direct association between ΔPSS and morphologically rupture-prone plaque, i.e., TCFA. Nonetheless, both correlations were relatively weak (r = 0.37 and−0.25, respectively) and only around half (49.0%) of the lesions with lipidic plaques have the highest ΔPSS located at the thinnest cap sites, thus suggesting a mismatch between the histological and biomechanical evaluation of vulnerability. This observation may at least partially account for the limited prognostic value of TCFA alone (9–12).

In this study, the mean LDC% in normal segment is 6.29%, slightly smaller than the range of 7–14% observed by several previous studies from groups of healthy people aged from 8 to 60 (52–54). Since the coronary artery stiffens with age and disease, the relatively smaller LDC% of 6.29% in this study seems reasonable considering that our material property for intimal fibrous tissue was adopted from patients with an average age of 66 (21). The LDC is larger in normal segments compared to the diseased segments, though statistically non-significant. This finding is in line with previous IVUS studies that normal segments are more compliant to deformation (55). Conversely, significantly larger LDC% in diseased segments were observed in the present study (7.57% vs. 6.29%, p = 0.04). A possible explanation for this phenomenon is that 82% of the diseased segments have lipidic plaques, which are softer and thus tend to have larger relative deformation. Good correlation between LPA and %LDC further elucidates this point (r = 0.88, p < 0.001).


Clinical Perspectives

TCFA is currently recognized as a precursor for plaque rupture. However, several issues regarding image-based TCFA detection remain unsolved, including modest interobserver agreement and inconsistent definitions between studies (56). In addition, most TCFAs do not cause symptomatic rupture (9–11), revealing the fact that histological assessment alone is not enough for ACS prevention.

Plaque stress evaluation based on FEA might serve as a supplementary strategy. The location of peak cyclic plaque stress might be helpful to predict the risk of rupture and hence for ACS prevention. However, the length of a focal lesion is 12–30 mm, with 60–150 OCT cross-sections at the highest pullback speed (57, 58). Therefore, plaque stress evaluation would be very time-consuming if the whole lesion were scanned. For future studies, limiting the analysis to high-risk locations, especially for lipid rich plaques which are at higher propensity to rupture, might be instrumental for fast and efficient risk stratification.

Interestingly, LDC% showed good correlation with both ΔPSS (r = 0.78, p < 0.001) and LPA (r = 0.88, p < 0.001) in our study. These findings invite us to explore the possibility of using angiography-derived lumen deformation for the estimation of lipidic burden and for simplified identification of high-risk sites for rupture. Considering the relatively short modeling and simulation time of ΔPSS, the hereby described method might also be integrated into the current OCT-based FFR computation system, where the morphological, histological and biomechanical assessments could be achieved efficiently within one single OCT pullback.



Limitations

The current study is limited by its post-hoc design and its relatively small sample size. Nevertheless, all intermediate lesions with both OCT and intracoronary pressure tracing were enrolled, following strictly predefined inclusion/exclusion criteria, thus minimizing the selection bias. Besides, not all interrogated lesions had PR and DR.

In this study, the FEA models were reconstructed in 2D without incorporating the shear stress and mechanical forces in the axial direction (59–61). The homogenous material property within lipidic and calcific plaque and the uniform assumption for media and adventitia might also introduce error into the simulation. Besides, the effect of residual stress was not considered since it was currently immeasurable. The lumen deformation might also be different from real situation depending on the prevailing diastolic blood pressure levels. In addition, for cross-sections with invisible IEL, the vessel boundaries estimated by the artificial intelligence might be less accurate and lead to imprecise simulation results. However, the impact of this limitation on superficial ΔPSS is negligible. Although the simulation results are in line with clinical findings, due to the complexity of our current approach combining OCT, FFR and FEA model together, there is no single “gold standard” for validation. Besides, only presentative positions were analyzed for each lesion in this feasibility study. We did not perform frame-by-frame analysis considering that the reliability in tissue characterization might be impaired for cross-sections with side branches. Future prospective studies with larger sample sizes are warranted to investigate the prognostic value and the clinical usefulness of ΔPSS and other ΔPSS-related parameters.

The current approach, using intracoronary pressure recordings, is exquisitely accurate, but it makes the method complex and expensive to routine clinical implementation. In addition, only OCT images without guidewire artifact were analyzed in this pilot study. Future simplifications of this approach might facilitate the applicability of this assessment in the cathlab, provided they rendered acceptable accuracy.




CONCLUSIONS

Plaque structural stress over the cardiac cycle can be estimated from OCT images, using automatic plaque characterization and FEA, on a feasible fully automated process aided by artificial intelligence. The results of this novel approach are consistent with previous clinical and biomechanical studies, showing higher plaque stress in diseased vs. normal segments. The highest stress at the proximal shoulder and MLA indicates the critical rupture-prone sites for efficient biomechanical assessment in the future.
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Background and Purpose: Shear stress (WSS) is involved in the pathophysiology of atherosclerotic disease and might affect plaque ulceration. In this case-control study, we compared carotid plaques that developed a new ulcer during follow-up and plaques that remained silent for their exposure to time-dependent oscillatory shear stress parameters at baseline.

Materials and Methods: Eighteen patients who underwent CTA and MRI of their carotid arteries at baseline and 2 years follow-up were included. These 18 patients consisted of six patients who demonstrated a new ulcer and 12 control patients selected from a larger cohort with similar MRI-based plaque characteristics as the ulcer group. (Oscillatory) WSS parameters [time average WSS, oscillatory shear index (OSI), and relative residence time (RRT)] were calculated using computational fluid dynamics applying the MRI-based geometry of the carotid arteries and compared among plaques (wall thickness>2 mm) with and without ulceration (Mann–Whitney U test) and ulcer-site vs. non-ulcer-site within the plaque (Wilcoxon signed rank test). More detailed analysis on ulcer cases was performed and the predictive value of oscillatory WSS parameters was calculated using linear and logistic mixed-effect regression models.

Results: The ulcer group demonstrated no difference in maximum WSS [9.9 (6.6–18.5) vs. 13.6 (9.7–17.7) Pa, p = 0.349], a lower maximum OSI [0.04 (0.01–0.10) vs. 0.12 (0.06–0.20) p = 0.019] and lower maximum RRT [1.25 (0.78–2.03) Pa−1 vs. 2.93 (2.03–5.28) Pa−1, p = 0.011] compared to controls. The location of the ulcer (ulcer-site) within the plaque was not always at the maximal WSS, but demonstrated higher average WSS, lower average RRT and OSI at the ulcer-site compared to the non-ulcer-sites. High WSS (WSS>4.3 Pa) and low RRT (RRT < 0.25 Pa) were associated with ulceration with an odds ratio of 3.6 [CI 2.1–6.3] and 2.6 [CI 1.54–4.44] respectively, which remained significant after adjustment for wall thickness.

Conclusion: In this explorative study, ulcers were not exclusively located at plaque regions exposed to the highest WSS, OSI, or RRT, but high WSS and low RRT regions had a significantly higher odds to present ulceration within the plaque even after adjustment for wall thickness.

Keywords: shear stress (fluid), carotid, ulceration, risk, atherosclerotic cardiovascular disease, MRI, computational fluid dynamics


INTRODUCTION

Carotid atherosclerotic plaque rupture with thrombus formation and artery-to-artery embolism remains one of the leading causes of ischemic stroke (1, 2). Currently, the decision to perform a carotid endarterectomy is determined by the clinical symptomatology and the presence of severe stenosis in the carotid artery (3). However, there is robust evidence that a substantial number of clinical events occur in patients who have a low degree of stenosis, showing that other characteristics of the plaque beyond stenosis may also play an important role (4, 5). Therefore, researchers started to investigate other markers of rupture-prone plaques beyond the degree of luminal stenosis, mainly focusing on plaque composition to identify vulnerable plaques (6). Vulnerable plaques are characterized by a large lipid rich necrotic core (LRNC) covered by a thin fibrous cap and the presence of intraplaque hemorrhage (IPH) (7–10). However, not all vulnerable plaques do rupture and cause symptoms (9).

Wall shear stress (WSS) is the frictional force that flowing blood exerts on endothelial cells and plays a substantial role in plaque initiation and growth (11, 12). Initially, atherosclerotic plaques develop at inner curvature regions or close to side branches, where WSS is low and oscillating (11, 13). WSS oscillations have been defined using the oscillatory shear index (OSI) and relative residence time (RRT) (14, 15). High OSI and RRT were associated with plaque growth in carotid bifurcations (13). Since ulcers were most frequently observed at the upstream part of the stenotic carotid plaques, where WSS is supposedly high, it was hypothesized that high WSS influences plaque destabilization and thus plaque ulceration (16, 17). Furthermore, in coronary arteries it was observed that plaque rupture was also associated with OSI and RRT (18).

Longitudinal studies that investigated the association between WSS and plaque rupture in carotid arteries have hardly been performed, since ulcerations are not frequently captured during the follow-up period. Up till now, only three case studies have been performed reporting controversial results (17, 19, 20). However, they did not evaluate the role of WSS oscillations in relation to plaque ulceration. Therefore, we investigated in a case-control study design the relation between WSS, OSI, and RRT at baseline and new ulceration formation during 2 years of follow-up in patients with mild-to-moderate carotid artery stenosis. Furthermore, a detailed analysis on the ulcer location within the plaque was performed.



METHODS


Study Population

This study is embedded within the Plaque At Risk (PARISK) study (clinicaltrials.gov NCT01208025) (21). Non-invasive plaque imaging [Ultrasound (US), MDCTA, MRI] was scheduled at baseline in all 240 included patients and in a predefined subset of patients at 2 years follow-up. For this study, we only selected patients that, in addition to baseline MDCTA and MRI, underwent MDCTA at 2 years follow-up.

Cases were defined as patients who developed new plaque ulceration during follow-up. In a previous study (22), we demonstrated that plaques presenting with newly formed ulceration during follow-up have a larger wall volume, percentage LRNC and IPH volume than the cases without ulceration. Moreover, since WSS is dependent on the luminal dimensions of the carotid arteries, the carotid arteries of the selected control patients were chosen to have similar lumen dimensions. The selection procedure was as follows: first, patients with carotid plaques presenting with LRNC and IPH were selected (n = 21). Those patients were ranked on minimal lumen diameter and by checking the percentage of IPH, LRNC, and wall volume two control cases were selected per ulcer case. Using this approach, WSS parameters could be compared between patients with (cases) and without new plaque ulceration, independent of known confounding factors. The study was approved by the institutional Medical Ethical Committees. Written informed consent was obtained from each participant before enrollment.



MDCTA Data Acquisition and Analysis

We performed MDCTA image acquisition by using a standardized protocol, as previously described in the study design article (21). All MDCTA images were transferred to a workstation equipped with dedicated 3D analysis software (Syngo. via; Siemens, Erlangen, Germany). This multiplanar reformatting application allowed analysis of carotid arteries in oblique, coronal, and sagittal planes.

The symptomatic carotid artery was analyzed. The degree of luminal stenosis in the carotid artery was measured according to the NASCET and ECST criteria (3, 23). Also, the minimal luminal diameter was established. Plaque surface morphology was evaluated and classified as either ulcerated or non-ulcerated. Plaque ulceration was defined as an extension of contrast material of >1 mm into the atherosclerotic plaque, being visible on at least two perpendicular planes (24).

Plaque surface morphology was evaluated by two trained readers at baseline (B.H. and A.C.v.D) and at follow-up (K.D. and D.v.D.N.). The trained readers (B.H., A.C.v.D., K.D., and D.v.D.N.) were physicians who were first trained on a training set to identify the presence of ulceration on MDCTA. They had to successfully complete this training set before they assessed the ulcerations on the PARISK data set. The third observer who was consulted for consensus in case of no-agreement is a neuroradiologist with > 25 years of experience (A.v.d.L.). Temporal changes in plaque surface morphology were subsequently evaluated by two trained readers (K.D. and D.v.D.N.) by visual comparison of baseline and follow-up images in which a newly formed ulceration was detected.



MRI Data Acquisition and Analysis

All examinations were performed on 3.0 T whole body MRI scanners [Achieva, Philips Healthcare, Best, The Netherlands; or Discovery MR 750; General Electric (GE) Healthcare, Milwaukee, Wisconsin]. Imaging protocols included five sequences that were comparable between centers. A more detailed description of these sequences has previously been described in the study design article (21). Six observers evaluated the MR images of the symptomatic carotid artery with dedicated vessel wall analysis software (VesselMass; Department Radiology, Leiden University Medical Center, The Netherlands). Observers had to demonstrate good interobserver agreement for all parameters (intraclass correlation coefficient/ kappa values ≥ 0.6) on a validation set that was delineated by experts with > 15 years of experience (M.E.K. and A.v.d.L.), before they could start with delineating the MR images. The observers were blinded to clinical data and other imaging examinations. Firstly, the different MRI sequences were registered, which allowed us to use multisequence imaging criteria to subsequently draw contours of vessel lumen, outer vessel wall and plaque components such as IPH, LRNC, and calcifications (25). The lumen and wall volume were calculated and since, for all patients, the same nine slices (five in the internal and four in the common carotid artery) were used, bias because of different scan ranges that may include different lengths of common carotid artery and internal carotid artery was prevented. Percentage wall volume was calculated as wall volume/(wall volume + lumen volume) * 100%. The relative volume of plaque components to wall volume (outer vessel volume−lumen volume) was also calculated (e.g., percentage IPH = IPH volume/wall volume * 100%).



Assessment of (Oscillatory) Wall Shear Stress Parameters

The commercial software MATLAB (The MathWorks, Massachusetts, USA) was used to generate the 3D geometry of the carotid bifurcation using MRI contours obtained from the VesselMass software. The Vascular Modeling ToolKit (VMTK, www.vmtk.org) was used to add flow extensions to the in and outflow boundaries and to smoothen the surface of the bifurcation. The reconstructed geometry was loaded into ANSYS ICEM (version 17.1) to generate a tetrahedral volume mesh with five layers of prism elements at the vessel wall. This mesh was then imported into ANSYS Fluent (version 17.1) to calculate WSS by solving the Navier Stokes equations. The blood was modeled as an incompressible non-Newtonian fluid (Carreau model) with a density of 1,060 kg/m3. The arterial wall was assumed to be rigid and a no-slip boundary condition at the wall was applied. At the inlet of the common carotid artery (CCA), a transient flow curve was applied based on the average flow curve (26). For each patient, the flow curve was scaled such that the average flow agreed with the measured flow in the CCA using color Doppler. The flow was obtained by combining the velocity data measured by color doppler with local measurements of the diameter of the artery. This approach was used to be less sensitive to measurement artifacts in the individual patient. A heartrate of 68 bpm was assumed. In addition, using these flows, a Womersley profile was prescribed over the surface of the CCA inlet (27). Outflow ratios for the internal carotid artery and external carotid artery were assumed to be 64 vs. 36%, since the vessels were not severely stenotic (28). The simulation was carried out over two full heart cycles. The first heart cycle was used for initialization, while the second heart cycle was used to compute the (oscillatory) WSS parameters. Each heart cycle was divided into 200-time steps (~4.4 ms dependent on the heart rate). Post-processing of the computational fluid dynamics (CFD) simulation results was done in MATLAB (The MathWorks, Massachusetts, USA). Over the whole vessel, the time averaged WSS (WSS), oscillatory shear index (OSI), and relative residence time (RRT) were calculated (14, 15, 29, 30). The time-averaged WSS is the WSS averaged over the cardiac cycle. OSI represents a ratio between back-and forward going WSS. RRT represents the relative time that a blood particle resides at a certain location at the vessel wall. Figure 1A shows an example of a 3D WSS-map on the lumen surface of the carotid artery.


[image: Figure 1]
FIGURE 1. Typical example of co-registered baseline wall shear stress distribution with follow-up MDCTA. WSS distribution over the symptomatic carotid artery based on MRI baseline contours and flow as measured by Duplex (A). Segmented MDCTA follow-up lumen with the new ulcer shown in green (B). Registration between MRI baseline and MDCTA follow-up using annotations (red) (C). Final registration of baseline MRI including wall shear stress and MDCTA with new ulcer (D).




Ulcer Segmentation and Registration

In order to study the ulcer location at follow-up in detail with respect to the local oscillatory WSS parameters at baseline, we reconstructed the MDCTA-based lumen and ulcer at follow-up and co-registered this reconstructed 3D geometry to the baseline MRI-based 3D geometry via the following steps (Figure 1). First, based on the local Hounsfield Units the vessel lumen and ulcer (320–500 HU) were segmented on MDCTA follow-up images using the open source software 3D slicer (4.10 version) (31, 32). Subsequently, a four-point rigid registration approach was applied using the 3D slicer software to register the baseline (MRI) and follow-up geometry (MDCTA). The 1st fiducial point was placed as a landmark on the carina, the 2nd was on the ECA, the 3rd was on the ICA, and the 4th was on the CCA. Using these fiducial points, baseline MRI and follow-up MDCTA lumen geometries were aligned for maximum overlap of the carotid arteries. Finally, the ulcer surface location was projected on the WSS surface mesh using VMTK to determine the exact location of the ulcer within the plaque. This is called the ulcer-site in the plaque and the remainder of the plaque was considered the non-ulcer-site.



Statistical Analysis

First, clinical characteristics and plaque parameters in cases and controls were compared. Continuous variables were compared with Mann-Whitney U test and categorical data were evaluated using Fisher Exact test. The lumen surface was subdivided into regions (15° x 0.7 mm length) and the local wall thickness and average WSS, OSI, and RRT were calculated over these regions. The plaque regions were defined as the regions with wall thickness > 2 mm.

The analysis was performed at two levels: at patient level and at region level. The analysis was performed at the patient level to identify some extreme (oscillatory) WSS values and wall thickness information characteristic for plaques that develop an ulcer at follow up: the maximum WSS (maxWSS), minimum WSS (minWSS), maximum OSI (maxOSI), maximum RRT (maxRRT), and maximum wall thickness (maxWT). The maximum value was the 95th percentile of all the values. These values were compared for plaques with an ulcer and plaques without an ulcer (control cases). Using the Mann-Whitney U test. The same parameters were also determined at the ulcer-site within the plaque in comparison with the remainder of the plaque (non-ulcer-site). Therefore, the plaque surface (3-D surface) was divided into ulcer-site and non-ulcer-site. The methodology to register the ulcer location at follow-up with the (oscillatory) WSS values at baseline is described in detail above. The differences in minimum and maximum WSS, maximum OSI and maximum RRT, and maximum wall thickness between the ulcer-site and non-ulcer-site were compared with a one sample Wilcoxon signed rank test. For the plaques that developed an ulcer at follow-up, the analysis was also repeated at the region level to identify in even more detail the (oscillatory) WSS characteristics that are associated with the location of ulceration at follow-up. Therefore, the regions within the ulcer-site were identified and compared to the regions outside the ulcer site using linear mixed-effect regression models with the patient as a random factor to consider within patient clustering. To compute an odds ratio of oscillatory WSS parameters for the development of ulcer at follow up, the (oscillatory) WSS parameters were categorized in low, mid, and high based on the frequency distribution and logistics mixed-effect regression models with the patient as random factors were applied. The odds ratios are reported with their 95% confidence interval. A value of p < 0.05 was considered as significant (two sided). Continuous variables per patient are presented as median with interquartile range. The values presented based on the regional analysis are estimated means and standard error. All calculations were performed using SPSS version 21 (33).




RESULTS


Patient Characteristics

Figure 2 shows a flow diagram of patients included and excluded from the analyses, and the number of patients in the ulcer and control group. Seventy-three patients had good quality CTA and MRI of their carotid arteries to assess atherosclerosis at baseline and 2 years follow-up. New ulcerations developed in six symptomatic atherosclerotic carotid plaques. The control group consisted of 12 patients with matched plaque characteristics. The median age of the study population (n = 18) was 70 (62–72) years and 89% of the participants was male. Sixty-one percent of the patients had hypertension, 83% had hypercholesterolemia, and 28% had diabetes mellitus. As anticipated, no differences in minimum lumen diameter, %IPH, %LRNC, and wall volume were observed between the group with and without new ulceration at follow-up (Table 1). However, the matched control cases also did not show differences in other plaque characteristics (Table 1).
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FIGURE 2. Flow diagram of patients that are included and reasons for exclusion in the final data analysis.



Table 1. Plaque characteristics in the symptomatic carotid artery with (cases) and without (controls) new ulcerations at follow-up.
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Comparison Between Ulcer Cases and Controls

With the small number of plaques that developed a new ulceration after 2 years of follow-up, we could not demonstrate a significant difference in maxWSS compared to plaques that did not develop an ulceration (Table 2, Figure 3). The plaques that developed an ulceration tended to show a higher minWSS at baseline compared to the control group [0.5 Pa (0.4–0.8) vs. 0.3 (0.2–0.4); p = 0.083, Figure 3]. Interestingly, the maxOSI was lower for the ulceration group than for the control group [0.04 (0.01–0.10) vs. 0.12 (0.06–0.20); p = 0.019, Figure 3]. Regarding RRT, the ulceration group also showed lower maxRRT values compared to control group [1.25 (0.78–2.03) Pa−1 vs. 2.93 (2.03–5.28) Pa−1; p = 0.011, Figure 3, Table 2]. No difference in maxWT was observed [4.1 (3.6–4.25) vs. 4.0 (3.55–4.52) mm, p = 0.88].


Table 2. Wall shear stress and wall thickness in the symptomatic carotid artery with (cases) and without (controls) new ulcerations at follow-up.
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FIGURE 3. Time varying wall shear stress at the plaque that developed an ulcer (ulcer) vs. the control plaques (no ulcer). RRT, relative residence time. Maximum or minimum time varying wall shear stress values are calculated at the plaque with ulcer or at the plaque without ulcer (no ulcer).




Comparison Within Ulcerated Plaques: Ulcer-Site vs. Non-ulcer-site

After registration, we noticed that in one case the ulceration on the follow-up MDCTA was partially located above the scan range on baseline MRI. Therefore, that case was excluded from further analysis. In the remaining five plaques, the minWSS at the ulcer-site was significantly higher than the minWSS at the non-ulcer-site within the plaque (p = 0.04) (Table 3, Figure 4). However, for maxWSS, no consistent difference between the ulcer and nonulcer site was observed: in three cases a higher maxWSS and in two cases a lower maxWSS was demonstrated at the ulcer site compared the rest of the plaque (Table 3). The maxOSI and maxRRT were significantly lower at the ulcer site compared to the non-ulcer site (p = 0.043 and p = 0.043). Furthermore, the maxWT at the ulcer site was not different comparted to the non-ulcer-site [3.8 (3.5–4.1) vs. 4.1 (3.7–4.3) mm, p = 0.14; Table 3].


Table 3. Comparison of wall shear stress and wall thickness measurements at ulcer site and non-ulcer site.
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FIGURE 4. Time varying wall shear stress at the ulcer-site (ulcer) vs. the non-ulcer site (remainder of the plaque) within a carotid artery. RRT, relative residence time.




Analysis at Region Level of Ulcer Cases

For the ulcer cases, the mean WSS at the ulcer-regions was significantly higher (6.9 ± 40.1 vs. 4.3 ± 40.1 Pa), the RRT was lower (0.37 ± 0.1 vs. 0.65 ± 0.0 Pa−1), and WT was higher (3.3 ± 0.4 vs. 2.7 ± 0.4 mm) compared to the non-ulcer regions. For the OSI (0.013 vs. 0.009, p = 0.14), no significant differences were found. The odds ratio of low RRT compared to high RRT was 2.6 (CI 1.54–4.44), and high WSS compared to low WSS was 3.6 (CI 2.1–6.3) for the development of ulcers. After adjustment for wall thickness, high WSS and low RRT remained independently associated with ulceration with an odds of 1.59 (1.20–2.1) for high WSS and 1.5 (1.2–2.0) for low RRT. Low OSI was not associated at all with ulceration (Figure 5).


[image: Figure 5]
FIGURE 5. (Left) Univariate correlation of high wall shear stress (WSS, > 4.2 Pa), low relative residence time (RRT, < 0.25 Pa−1), and oscillatory shear index (OSI < 0.0006) with ulceration presented as odds ratios and (right) odd ratios adjusted for baseline wall thickness.





DISCUSSION

This case-control study investigated the difference in (oscillatory) WSS parameters among plaques that developed an ulcer during a follow-up period of 2 years, and matched control cases. Furthermore, we evaluated these parameters within the plaque comparing the ulcer-site from the non-ulcer site at the patient level and regional level. Our main findings were as follows: plaques that developed an ulcer could not be discriminated from control plaques based on the maximum WSS. However, plaques that developed an ulcer had significantly lower maximum values of OSI and RRT than plaques that did not develop an ulcer. More detailed analysis on (oscillatory) WSS parameters within the plaque demonstrated that at the ulcer location, compared to the non-ulcer-site, the average WSS was higher with higher odds to develop an ulcer at regions exposed to the highest WSS tertile. Moreover, the average RRT was lower, which was also reflected by the lower maximum values in RRT and OSI and higher odds to develop an ulcer at regions exposed to the lowest RRT tertile. Besides, ulcers developed at the thicker portion of the plaque. High WSS and low RRT remained significantly associated with ulceration after adjustment for wall thickness.

Several studies showed that carotid plaques containing IPH are associated with a high risk on future cardiovascular events (10). Furthermore, in an earlier study, we demonstrated that ulceration, a precursor of events, was not only associated with the presence of IPH but also with LRNC (22). Since plaques that contain IPH are likely to be exposed to high WSS (34) and high WSS triggers molecular pathways involved in fibrous cap thinning (35), it was hypothesized that high WSS plays a role in plaque rupture. Therefore, to study the independent influence of WSS on plaque ulceration, we opted for a case control study design in which both plaques that developed an ulcer and control plaques contained IPH along with LRNC with similar lumen dimensions. By applying this study design, for this low number of plaques, we could not demonstrate significant differences in maximum values of WSS between plaques that developed an ulcer and those that did not. However, a more detailed analysis using the individual regions proved that the average WSS on the ulcer-site was higher compared to the remainder of the plaque. Also, the higher WSS tertile (>4.3 Pa) proved to be associated with ulceration. So, this might imply that even though ulcers do not always develop at the location exposed to the highest WSS within the artery at baseline, high WSS might still be instrumental in predicting ulcer location.

Three longitudinal case studies were performed that investigated the role of WSS in plaque ulceration within the ulcerated plaques (17, 19, 20). In the current study, we did not only study one case but had the possibility to investigate the development of five ulcers and their relation to baseline WSS. Interestingly, the three studies reported before described the same variation in WSS exposure at the ulcer site (Table 3). Groen et al. (17) and Wu et al. (19) reported higher WSS at the ulcer site compared to the non-ulcer site, whereas Leach et al. (20) reported lower WSS at the ulcer site. The predictive value of high WSS (>4.3 Pa) for ulceration is in agreement with a study in coronary arteries that also demonstrated that high WSS (>6.56 Pa) is associated with ulceration using univariate analysis (18). However, in that study multivariable analysis demonstrated that wall shear stress gradient is a stronger predictor than time average WSS (18). Other studies in coronary arteries already showed the association between high WSS (>4.71) and coronary events (36, 37).

Next to the observations on high WSS, we noticed that the minimal WSS was 1.7x−5x higher than the minimal WSS over the plaque. This observation implies that ulcers in our study population do not develop at the absolute minimum WSS at the plaque. Low WSS is known for its involvement in plaque progression (11) and lipid accumulation (12) and is therefore thought to potentially play a role in plaque destabilization and rupture. However, in this study low, WSS had lower odds compared to high WSS to develop an ulcer.

Our analysis also showed that plaque ulcerations particularly occur at the thicker part of the plaque. Although wall volume was shown to be a predictor for ulceration (38), no studies investigated the wall thickness as a predictor of the preferred site of plaque ulceration within the plaque. Therefore, we adjusted our analysis for local wall thickness and, accordingly, both wall thickness and high WSS were independently associated with ulceration (Figure 5).

A possible explanation for our findings could be that the thicker part of the plaque is more diseased since it more often contains plaque components such as IPH or LRNC that are known to be associated with plaque rupture (39). If the endothelial cells are exposed to high WSS but not necessarily the highest WSS, this leads to plaque destabilization and, finally, plaque rupture. Therefore, local plaque morphology in combination with hemodynamics parameters might be the key in identifying regions at risk for rupture.

Interestingly, while also exploring oscillatory WSS metrics known to be associated with plaque rupture in coronary arteries (18), potentially through regression of fibrous tissue (40), we found that the maximum RRT and OSI values were significantly lower in plaques that developed an ulcer compared to the control plaques. This means that high oscillations in the flow are not a prerequisite for plaque rupture. While studying the odds ratio for ulcer development, only low RRT and not OSI was associated with future ulceration. In a coronary artery study on ulceration, univariate analysis of plaque rupture proved that low OSI had a predictive value for ulceration. However, OSI was not any more significant in multivariate analysis with other oscillatory WSS parameters (18). Therefore, taking these observations together, it seems that OSI is not so strongly associated with ulceration. Future studies are needed to investigate which of the hemodynamic parameters is the strongest predictor.

We compared our data mostly to other work in coronary arteries. However, coronary arteries present with slightly different vulnerable plaque morphology, anatomy, and related hemodynamics (41) which might also explain some of the discrepancies with other studies. Vulnerable carotid plaques as compared to coronary plaques are characterized by a thicker fibrous cap, a higher prevalence of intraplaque hemorrhage, a lower prevalence of plaque erosion, and finally, a higher prevalence of calcified nodules. Furthermore, carotid arteries have a distinct anatomy with a bifurcation of two almost equally sized arteries and a bulb region. In particular, this bulb region is notorious for local oscillatory WSS behavior that is less present in coronary arteries (42).

The strength of this case control study is the longitudinal study design that allowed us to link the WSS at baseline to ulcer formation in the follow-up period. Previous cross-sectional studies showed that ruptured plaques were exposed to high WSS and wall shear stress gradient compared to non-ruptured plaques (18, 43, 44). While comparing our data with those studies, we have to be aware that in contrast to earlier cross-sectional studies in which the investigator tried to reconstruct pre-rupture lumen geometry and determine WSS on the reconstructed lumen, we used the true baseline 3D lumen geometry in our WSS analysis. In fact, in those cross-sectional studies, the 3D-reconstruction of the pre-rupture geometry might not be fully representative for the true baseline geometry since, at the ulcer site, a large part of plaque is washed out and plaques are perhaps smaller. Therefore, since WSS measures and ulcer location are studied in the pre-ulcer 3D geometry, these cross-sectional studies might serve in finding pathophysiological explanations for plaque ulceration rather than parameters to predict plaque ulceration in the future. Taken together, the association between WSS and plaque ulceration using a cross-sectional study design might show different results from the ones obtained with a longitudinal study design. On top of that, we cannot rule out that the local WSS changed in the follow-up period so that it is still possible that the highest WSS in an artery are precursors of future plaque rupture.

This study has several limitations. Since only six ulcers developed in the studied patients, we were consequently restricted to those cases. However, the case-control study design allowed us to correct for multiple known risk factors along with the study of (oscillatory) WSS. Obviously, our findings on the association between WSS, OSI, and RRT should be confirmed in a larger cohort study. Another limitation is the registration of the (oscillatory) WSS based on MRI to the location of ulceration as assessed by MDCTA to study the WSS at the site of the ulceration. We opted for this approach to benefit from the advantages of both image modalities. Ulceration is proven to be the best identified using MDCTA (45, 46) whereas MRI delivers much more detailed information on plaque composition (47). Although we cannot rule out possible influence of misregistration in this detailed WSS analysis, the analysis comparing cases and controls that do not use this registration also resulted in significant differences and in the similar direction of maxRRT and maxOSI. Because of the careful registration, we revealed that one ulcer was partly located outside of the MRI range. Therefore, we included only five cases for the detailed analysis. However, for the whole plaque analysis, comparing time-dependent WSS parameters with control plaques, we did include that sixth case. Since the ulcer region, in that analysis was not included, the plaque analysis might not be fully representative for that plaque. Therefore, the plaque analysis was repeated for 5 cases with the 12 controls. Also, if we analyzed these 5 cases only, the baseline geometric parameters were similar to the 12 controls, and maxRRT and maxOSI remained significant (Supplementary Table I, Supplementary Table II).



CONCLUSION

In this study, symptomatic carotid artery plaques that developed a new ulcer during follow-up were investigated. These plaques were also compared to control cases. We demonstrated that plaques that undergo ulceration cannot be distinguished from the control cases based on the maximum WSS values. More detailed analysis on the ulcer location showed that ulcers do not exclusively develop at plaque regions exposed to the highest WSS, OSI, or RRT. However high WSS and low RRT had a significantly higher odds to present ulceration at 2 years follow up within the plaque even after wall thickness adjustment. These data might imply that high WSS and low RRT in combination with local, underlying morphology, and plaque composition predicts future ulcerations. More studies are needed to confirm our findings.
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Objective: The aim of this study was to evaluate non-hyperemic resting pressure ratios (NHPRs), especially the novel “resting full-cycle ratio” (RFR; lowest pressure distal to the stenosis/aortic pressure during the entire cardiac cycle), compared to the gold standard fractional flow reserve (FFR) in a “real-world” setting.

Methods: The study included patients undergoing coronary pressure wire studies at one German University Hospital. No patients were excluded based on any baseline or procedural characteristics, except for insufficient quality of traces. The diagnostic performance of four NHPRs vs. FFR ≤ 0.80 was tested. Morphological characteristics of stenoses were analyzed by quantitative coronary angiography.

Results: 617 patients with 712 coronary lesions were included. RFR showed a significant correlation with FFR (r = 0.766, p < 0.01). Diagnostic accuracy, sensitivity, specificity, positive predictive value, and negative predictive value of RFR were 78% (95% confidence interval = 75; 81), 72% (65; 78), 81% (77; 84), 63% (57; 69), and 86% (83; 89). Relevant predictors for discordance of RFR ≤ 0.89/FFR > 0.8 were LAD lesions, peripheral artery disease, age, female sex and non-focal stenoses. Predictors for discordance of RFR > 0.89/FFR ≤ 0.8 included non-LCX lesions, percent diameter stenosis and previous percutaneous coronary intervention in the target vessel. RFR and all other NHPRs were highly correlated with each other.

Conclusion: All NHPRs have a similar correlation with the gold standard FFR and may facilitate the acceptance and implementation of physiological assessments of lesion severity. However, we found ~20% discordant results between NHPRs and FFR in our “all-comers” German cohort.

Keywords: coronary artery disease (CAD), fractional flow reserve (FFR), coronary physiology, invasive coronary angiography (ICA), resting full-cycle ratio (RFR)


INTRODUCTION

Despite great advances in the prevention and treatment of cardiovascular diseases, ischemic heart disease remains one of the main causes of morbidity and mortality worldwide (1). Fractional flow reserve (FFR) is the gold standard pressure-derived index for the assessment of the physiological severity of coronary artery stenosis, and several guidelines and studies have highlighted the benefit of FFR-guided percutaneous coronary intervention (PCI) (2–6). FFR is derived from the ratio between the mean distal coronary artery pressure (Pd) to the mean aortic pressure (Pa) under maximum hyperemia and is considered to be significant with a threshold of ≤0.80 (7, 8). Administration of adenosine to achieve maximum hyperemia is associated with possible side effects (9), increased costs, and longer examination time, which may cause reservations against the application of FFR. Therefore, utilization remains low and heterogeneous between different hospitals in Germany (10).

The development of resting indices, referred to as non-hyperemic pressure ratio (NHPR), is therefore of great importance. Two large randomized clinical trials among patients with stable angina or acute coronary syndrome revealed that instantaneous wave-free ratio (iFR), which is calculated during the diastolic wave-free period and used by one of the leading manufacturers of pressure wires, is clinically non-inferior to FFR with regard to serious adverse events at one year (11, 12). Moreover, a previous study demonstrated that NHPRs have a comparable diagnostic quality for diagnosing positron emission tomography defined myocardial ischemia and show a comparable outcome with FFR at two years (13). Lately, it has been found that the resting full-cycle ratio (RFR), described as the lowest ratio of resting Pd/Pa during the entire cardiac cycle, which is used by another leading manufacturer, is diagnostically equivalent to iFR (13–15). Randomized trials comparing RFR and FFR are lacking. Although FFR ≤ 0.8 or NHPRs ≤ 0.89 can predict ischemia-inducing coronary stenoses with high accuracy, the correlation and agreement between FFR and NHPRs test results varies in clinical practice (13, 14, 16). Available data show that FFR and iFR test results are discordant in about 15–20% of cases, leading to uncertainty about revascularization decisions. This might be caused by limitations such as the assumption of maximal flow and minimal resistance occurring during the wave-free period of the diastole, which is the rationale of iFR (17, 18). Several clinical, angiographic, and hemodynamic factors contribute to iFR/FFR discordance (19–21). Available data do not represent a broader population in a real-world setting. Many patients were excluded from studies due to wide exclusion criteria such as vessels with a previous myocardial infarction, previous coronary artery bypass graft surgery, left main disease, chronic renal disease, bradycardia, atrial fibrillation or in-stent lesions (17, 22, 23). Furthermore, patients from Western Europe are underrepresented in most trials.

In the present retrospective, single-center study, we sought to investigate the diagnostic accuracy of FFR and NHPRs and the clinical utility of NHPRs and especially the relatively new non-hyperemic index RFR in a German “all-comers” population with intermediate coronary stenoses. The objective of this study is to assess the correlation of FFR and NHPRs in a real-world setting and evaluate predictors of discrepancies.



MATERIALS AND METHODS


Study Population

From 9th of March 2015 until 15th of February 2019, a total of 696 adult patients underwent 869 pressure wire recordings of at least one intermediate coronary lesion (30–80%, determined visually by the treating physician) for standard clinical indications at the Heart Center of the University of Cologne. Pressure wire recordings were not performed in the following settings: (1) contraindication for adenosine, (2) cardiogenic shock (3), ST-segment elevation myocardial infarction, (4) culprit vessels in the setting of myocardial infarction (5), stenosis technically not suitable for analysis and (6) lesions without myocardial viability. All patients with FFR recordings in this period were included in this study, i.e., no patients were excluded from the analysis based on any baseline or procedural characteristics, except for insufficient quality of recorded traces, which impeded a reliable retrospective analysis (see pressure wire assessment). All collected patient data were anonymized before the analysis. The study design was approved by the local ethics committee and complied with the Declaration of Helsinki.



Invasive Coronary Angiography and Quantitative Coronary Angiography

Coronary angiography was executed according to current guidelines and institutional standards by a femoral or radial approach, using a diagnostic or guiding catheter and low-osmolar contrast agents. Angiographic views were obtained in multiple standard projections. Diameter stenosis percentage, minimal and reference lumen diameter, and lesion length were assessed retrospectively by quantitative coronary angiography with validated software (CAAS II, Pie Medical System, Maastricht, The Netherlands).



Pressure Wire Assessment

Interventional procedures and application of medication were performed according to current guidelines and manufacturer's and institutional standards. A pressure guidewire (Pressure Wire™ X Guidewire [Abbott Vascular Inc., Santa Clara, CA], or Verrata® [Philips, San Diego, CA]) was calibrated, equalized, and advanced distal to the target lesion, and intracoronary nitrate was administered. Then continuous intravenous adenosine (140 μg/kg per min) was applied through a peripheral vein to induce hyperemia in the target vessel for FFR measurement. In the majority of cases, a pullback recording was made to exclude pressure drift.

For this study, all analyses were performed retrospectively using the raw data of pressure wire recordings. Distal (Pd) and aortic pressure (Pa) traces at baseline, i.e., before application of adenosine, were used to determine NHPRs. FFR was calculated using the lowest Pd/Pa under hyperemic conditions. FFR, RFR, diastolic pressure ratio during wave-free period (dPR[WFP]), diastolic pressure ratio during entire diastole (dPR[entire]), and Pd/Pa values (see Figure 1 for exact definitions) were calculated by a fully automated offline software algorithm at an independent core laboratory (CoroLab; Coroventis Research AB, Uppsala, Sweden). The thresholds for a hemodynamically significant stenosis (FFR ≤ 0.80, RFR ≤ 0.89, dPR[WFP] ≤ 0.89, dPR[entire] ≤ 0.89, and Pd/Pa ≤ 0.92) were defined according to current guidelines and recommendations. One hundred and fifty seven of 869 (18.1%) pressure recordings had to be excluded from the analysis, since resting or hyperemic periods could not be reliably identified or pressure recordings were instable. Hence, 617 patients with 712 stenoses were finally included in the study to assess the correlation of FFR to NHPRs. For patients with multivessel disease and recordings at different timepoints, baseline characteristics at first presentation were used for per-patient analysis.


[image: Figure 1]
FIGURE 1. Schematic explanation of the NHPRs and FFR. Diastole starts at the nadir of the dicrotic notch. The dPR[entire] is defined as mean Pd/Pa over the entire diastole. The dPR[WFP] is defined as the mean Pd/Pa value in the wave-free period for 5 heart cycles (from 25% of the entire diastole to 5 ms before the end of diastole; equivalent to the definition of iFR). Whole cycle resting Pd/Pa was calculated continuously throughout the entire cardiac cycle for three heart cycles. FFR is defined as the lowest, artifact-free Pd/Pa during maximal hyperemia over at least three heart cycles (Pd/Pa and FFR are calculated in the same way, just under different conditions, i.e. resting conditions vs hyperemic conditions). RFR is defined as the lowest Pd/Pa value in systole and diastole (mean of 5 consecutive cardiac cycles). dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.


In principle, assessment of non-focal (serial, diffuse) stenoses was performed using a dedicated software for calculation of quantitative flow ratio (QFR) based on coronary angiography (QAngio XA 3D version 2.0, Medis Medical Imaging Systems) (24).



Statistical Analysis

Continuous variables are presented as mean ± standard deviation or median with interquartile range (IQR), while categorical variables are reported as frequencies and percentages. The differences were evaluated using Chi-square test or Fisher's exact test for categorical variables and Student's t-test or Mann-Whitney-U test for continuous variables, depending on their distribution. Kruskal–Wallis test was used to test for differences among >2 groups followed by post-hoc Mann-Whitney U tests with Bonferroni correction. Pearson's correlation coefficient was used to assess the relationship between several indices.

To assess the diagnostic value of NHPRs in comparison to FFR (≤0.80), the area under the curve (AUC) of the receiver-operating characteristic (ROC), as well as the accuracy metric were used. Diagnostic accuracy, sensitivity, specificity, negative, and positive predictive value, likelihood positive and negative ratio were calculated. Diagnostic agreement between the different indices was assessed by Bland-Altman plots with corresponding 95% limits of agreement.

Predictors of discordance between FFR and NHPRs were determined using a logistic regression model. The associated covariates with a p-value < 0.05 by forward selection in univariate analysis were included in the multivariable model after testing for multicollinearity. Backward stepwise selection was performed using a binary logistic model (backward elimination method: Wald). A two-tailed p-value of < 0.05 was regarded as statistically significant. Statistical analysis was conducted in SPSS Statistics, version 28 (IBM, Armonk, New York) and R programming language version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Patient and Vessel Characteristics

Clinical and angiographic characteristics are displayed in Table 1. The cohort consisted of patients with advanced age (median 69 years), with a high proportion of males (72.6%) and a high prevalence of comorbidities.


Table 1. Patient demographics and vessel characteristics.
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The lesions were located most often in the left anterior descending coronary artery (LAD; 424 vessels; 59.6%). The reference diameter showed sufficient size for PCI (2.98 ± 0.57 mm). The lesions had a minimum diameter of 1.42 ± 0.42 mm, the mean percent diameter stenosis (%DS) was 52.9 ± 8.7 %, and the mean lesion length 15.6 ± 9.54 mm. Two hundred and ninety (40.7%) lesions were non-focal.



Pressure Wire-Derived Indices

The median values of pressure wire-derived indices were 0.84 (IQR: 0.79 to 0.90) for FFR, 0.91 (IQR: 0.88 to 0.96) for RFR, 0.92 (IQR: 0.88 to 0.96) for dPR[entire], 0.92 (IQR: 0.88 to 0.96) for dPR[WFP] and 0.94 (IQR: 0.90 to 0.97) for Pd/Pa, respectively. Ischemia defined as FFR ≤ 0.80 was detected in 222 of 712 lesions (31.2%; 201 of 617 patients). Nineteen (3%) minor side effects [chest discomfort/dyspnea (1.4%) and transient atrioventricular block (0.5%)] occurred during adenosine infusion, but no serious adverse events were observed. Resting indices suggested ischemia in 253 lesions (35.5%) for RFR, 222 (31.2%) for dPR[entire], 238 (33.4%) for dPR[WFP], and 280 (39.3%) for Pd/Pa. The prevalence of ischemia, regarding the cut-off value of 0.89, between dPR[WFP] and RFR were not statistically significant (p = 0.43). FFR was correlated with NHPRs (r = 0.766 for RFR; r = 0.763 for dPR[WFP]; r = 0.772 for dPR[entire]; r = 0.792 for Pd/Pa, p < 0.01; see Figure 2). Bland-Altman plot showed the mean bias ± SD between FFR and NHPRs (Figure 3).
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FIGURE 2. Concordance and discordance among NHPRs and FFR. (A) FFR and RFR showed a significant correlation (r = 0.766; p < 0.01), but 21.0% of lesions showed discordant classifications with FFR and RFR cutoff values of ≤0.80 and ≤0.89, respectively. (B–D) The correlation of FFR and dPR[entire], dPR[WFP] and Pd/Pa was also significant with a similar correlation coefficient. The frequency of discordant indices was comparable, too. dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.
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FIGURE 3. Bland-Altman plots of differences against the means are displayed for RFR (A), dPR[entire] (B), dPR[WFP] (C) and Pd/Pa (D). Solid lines represent the mean bias, enclosed by the limits of agreement (dashed lines). The Bland-Altman plots demonstrate a good agreement between FFR and NHPRs. dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.


The diagnostic performance of NHPRs to predict FFR ≤ 0.80 is shown in Table 2. RFR and the other NHPRs were highly correlated (r = 0.993 for dPR[WFP]; r = 0.992 for dPR[entire]; r = 0.943 for Pd/Pa, all p < 0.01). Increasing the per-lesion threshold to RFR ≤ 0.93 resulted in higher sensitivity of 90% to predict FFR ≤ 0.80, RFR ≤ 0.97 had 100% sensitivity. ROC curve analysis was performed to examine diagnostic performance of NHPRs using FFR ≤ 0.80 as the reference standard (Figure 4A). As shown in Figure 4B, large AUC were observed for the NHPRs using RFR ≤ 0.89 as the reference standard.


Table 2. Diagnostic performance of non-hyperemic pressure ratios for predicting FFR ≤ 0.80 at vessel level.
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FIGURE 4. ROC curves. (A) ROC curves for RFR, dPR[entire], dPR[WFP] and Pd/Pa showed a similar performance of all NHPRs tested against an FFR ≤ 0.80. (B) ROC curves for dPR[WFP], dPR[entire], and Pd/Pa tested against RFR ≤ 0.89. All three indexes showed an excellent prediction for RFR defined ischemia, supporting the similar performance of all NHPRs. dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.


The analysis yielded a total recording of 3,560 cardiac cycles in 712 lesions. The RFR values showed a high reproducibility within the 5 measurements. The lowest ratio of resting Pd/Pa, i.e., the RFR, was located within systole in at least one cardiac cycle in 295 (8.2%) pressure tracings; in 80 (2.2%) pressure tracings the lowest ratio of Pd/Pa was located within systole in all analyzed cycles. The RFR was more frequently located within systole, when left circumflex artery (LCX) and right coronary artery (RCA) were examined [CABG 0%, RIM 0%, LAD 4.9% (404 out of 424), LCX 12.8% (108 out of 124), RCA 15.4% (121 out of 143), left main 16.7% (1 out of 6)].



Discordance Between FFR and NHPRs

Concordant and discordant findings of FFR and NHPRs are summarized in Figure 2. One hundred and fifty seven lesions (22.1 %) in 138 patients (22.4%) showed discordant results of FFR and RFR, i.e., therapeutic decision would have differed. One hundred and forty eight lesions (20.8%) in 131 patients (21.2%) were discordant for FFR and dPR[WFP]. In the group with FFR ≤ 0.80 and RFR > 0.89, median FFR was 0.78 (IQR: 0.76–0.8) and median RFR 0.92 (0.91–0.93). In the group with FFR > 0.80 and RFR ≤ 0.89, median FFR was 0.84 (0.82–0.86) and median RFR 0.88 (0.85–0.89).

Patient and lesion characteristics of discordant and concordant RFR/FFR groups are shown in Tables 3A,B. In the univariate logistic regression analysis, age (p < 0.01), female sex (p = 0.01), peripheral artery disease (p = 0.01), LAD lesion (p < 0.01) und non-focal lesion (p = 0.02) were associated with discordance of RFR ≤ 0.89/FFR > 0.8 (Table 4A). Previous PCI in target vessel (p = 0.01), % DS (p < 0.01) and non-LCX lesions (p < 0.01) were associated with discordance of RFR > 0.89/FFR ≤ 0.8 (Table 4B). The multivariate analysis confirmed age (Odds Ratio [OR], 1.04; 95% confidence interval [CI], 1.02–1.07; p = 0.01), non-focal stenoses (OR, 1.84; 95% CI, 1.17–2.89; p = 0.01), female sex (OR, 1.70; 95% CI, 1.06–2.74; p = 0.03), peripheral artery disease (OR, 2.63; 95% CI, 1.36–5.09; p=0.01) and LAD lesion (OR, 3.22; 95% CI, 1.88–5.52; p < 0.01) as predictors of RFR ≤ 0.89/FFR > 0.8 (Table 4A). Previous PCI in target vessel (OR, 2.10; CI 1.15–3.85; p = 0.02), % DS (OR, 1.14; 95% CI, 1.1–1.19; p < 0.01) and non-LCX lesion (OR for LCX, 0.11; 95% CI, 0.02–0.52; p = 0.01) were confirmed as predictors of RFR > 0.89/FFR ≤ 0.8 in the multivariate analysis (Table 4B). The presence of acute coronary syndromes (ACS, mainly unstable angina) and the lesion location (proximal, medial or distal segment) did not predict discordance of RFR ≤ 0.89/FFR > 0.8 or RFR > 0.89/FFR ≤ 0.8 in the univariate analysis.


Table 3A. Comparison of patient characteristics between concordant and discordant cases of RFR and FFR.
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Table 3B. Vessel and lesion characteristics between concordant and discordant cases of RFR and FFR.
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Table 4A. Independent predictors of disagreement between RFR and FFR.

[image: Table 4]


Table 4B. Independent predictors of disagreement between RFR and FFR.
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DISCUSSION

We validated NHPRs, with a special focus on RFR, vs. the gold standard FFR in patients with angiographically intermediate coronary stenoses in a German “all-comers” population. All NHPRs correlated very well with each other and showed a diagnostic accuracy of 77–81% for FFR. Discrepancies between FFR and RFR were found in 22.0% of recordings, and a higher rate of ischemia was diagnosed by RFR compared to FFR. We identified several clinical parameters that may predict discordance of RFR and FFR.

FFR-guided revascularization is supported by several randomized trials (3–5) and recommended by European guidelines (2, 6). Despite convincing evidence and clear recommendations, the rate of FFR-guided revascularizations is low (e.g., ~17% of interventions performed in Germany in 2019 were FFR-guided; unpublished survey of the German Society of Cardiology 2019, DGK). Reasons may include the costs and prolongation of procedures associated with administration of adenosine. Adenosine-free NHPRs may facilitate the acceptance and implementation of physiological assessments. Two randomized trials have demonstrated that iFR-guided treatment is non-inferior to FFR-guided treatment (11, 12), while other NHPRs were not yet validated in randomized trials. However, discrepancies between NHPRs and FFR have been reported, and literature about this topic is growing (17, 20, 25), but still limited by a small number of examined patients (26).

Our study represents a broad “all-comers” German population, which is one of the largest studied so far. Previous studies on NHPRs mostly enrolled Asian, American or Scandinavic patients, which may not be fully representative of the Central European population due to different patient characteristics and regional differences in the use of percutaneous coronary interventions (13–15). Furthermore, 26.7% of the patients presented with ACS in our study, which is more than in previous studies (23).

Diagnostic accuracy of NHPRs was between 78–81%, if the “gold standard” FFR is taken as reference, which must be rated as only moderate. This finding is in line with most prior studies (14, 16, 23). A slightly higher diagnostic accuracy of 86.6% for RFR and 87.5% for dPR[entire] was reported in the analysis of the 3V FFR-FRIENDS study (13), which included a population with less severe stenoses as indicated by a median FFR of 0.89 as compared to 0.84 in the present study. The moderate correlation of NHPRs and FFR justifies a carful interpretation of resting indices, e.g., adding FFR recordings in cases of borderline NHPRs may be considered, but it does not question the high value of resting indices, since the feasibility and costs are superior to FFR, which will facilitate the broad application of pressure-wire recordings and help to avoid clearly inferior angiography-based decision making.

To our knowledge, this is the largest study focusing on discordant findings of RFR and FFR. Discordant results were found in 22% of the lesions, which is more frequent compared to previous smaller studies with a range from 7.2–19.7% (14, 22, 26–28). This may be attributed to the broad inclusion criteria, which may affect physiologic measurements and cause discrepancies (21). Discordant findings of NHPRs and FFR have been associated with worse prognosis as compared to concordant negative indices in previous trials (28). On the other hand, iFR-based revascularization was non-inferior to an FFR-based approach despite lower revascularization rates in both randomized trials (11, 12). There is an ongoing debate, whether discordant lesions should be revascularized (20, 27, 28). Thus, there is a strong need for more data on the clinical impact of discordance on outcome as well as the indication for revascularization, which was beyond the scope of our study and encourages future - ideally randomized prospective—trials.

Since a single index is usually applied in clinical practice and determination of both resting and hyperemic indices is performed only in the minority of cases, discordance of results is usually inapparent, which increases the importance of potential predictors of discordant findings. Several clinical factors such as gender, anemia, LV diastolic dysfunction, diabetes mellitus and angiographic factors have been proposed as predictors of discordance of low NHPRs /high FFR (19, 20, 22, 26, 29), i.e., revascularization would be performed based on an NHPRs but deferred based on FFR. In our population, female sex, age, LAD lesion, PAD and non-focal lesion were predictors of RFR ≤ 0.89/FFR > 0.8.

Multivariate analysis revealed LAD lesions as a highly relevant predictor for RFR ≤ 0.89/FFR > 0.8 with an odds ratio of 3.17, confirming the findings of present studies of NHPRs (26, 29).

Kobayashi et al. speculated that the larger myocardial territory supplied by LM/LAD vs. non-LAD may cause larger coronary flow variation between resting and hyperemic conditions, which could be responsible for the difference (25).

PAD was a relevant predictor of discrepancy of RFR ≤ 0.89 /FFR > 0.8 with an odds ratio of 2.63. The same finding was reported by Goto et al. (26). Pellegrino et al. reported that the coronary flow reserve (CFR) was significantly lower in patients with PAD than in those without PAD (30), which could explain the discordance, since reduced flow may lead to an underestimation of stenosis severity by FFR. Also Cook et al. suggested that iFR ≤ 0.89 /FFR > 0.8 might be explained by differences in hyperemic coronary flow (17).

The odds ratio was 1.67 for female sex in the multivariate analysis. Two previous studies reported that female sex was significantly associated with NHPRs ≤ 0.89/FFR > 0.8 (20, 22), but not all studies confirmed this finding (26). A post-hoc analysis of the DEFINE-FLAIR study demonstrated that an FFR-guided strategy was associated with a higher rate of revascularization than an iFR-guided strategy in men, but not in women (31), so gender differences of pressure-derived indices appear to have a clinical impact. Kobayashi et al. speculated that women tend to have a higher coronary flow at rest leading to higher trans-stenotic pressure losses and lower NHPRs (32).

The odds ratio for age was only 1.04, so despite statistical significance in the multivariate analysis, the impact of age appears to be of minor relevance. Age was also not found as a predictor of discordance in most previous studies for FFR and NHPRs (19, 20, 22, 26). Just like described above for PAD, older age is associated with a decrease in CFR (33) and an increase in microvascular resistance under hyperemia, which may cause an underestimation of stenosis severity by FFR.

The presence of non-focal stenoses, i.e., serial stenoses or diffuse disease, was another predictor for discordance of RFR ≤ 0.89/FFR > 0.8. It has been described that the presence of serial stenoses increases the risk of discordance of FFR and iFR (34). In non-focal disease, downstream stenoses may impede hyperemic flow, thus FFR may underestimate the true physiological impact of analyzed stenoses. Therefore, NHPRs may be superior to FFR in the assessment of non-focal stenoses, although this hypothesis needs confirmation by further clinical trials.

Interestingly, RFR suggested ischemia more frequently than FFR (35.5% of patients had RFR ≤ 0.89, 31.2% had FFR ≤ 0.80) in the present study, although most previous studies reported slightly higher rates of ischemia determination by FFR (22, 26). Both randomized studies of iFR- vs. FFR-guided revascularization demonstrated a lower number of revascularizations in the iFR group (12, 35).

Predictors of RFR > 0.89 /FFR ≤ 0.8 discordance, i.e., revascularization would be performed based on FFR but deferred based on an NHPR, were %DS, history of percutaneous coronary intervention in the target vessel, and non-LCX lesions in the multivariate analysis. The relevance of %DS was small with an odds ratio of 1.14. %DS was also a predictor of iFR > 0.90 /FFR ≤ 0.8 discordance in the work by Lee et al. (19). Other studies could not predict this type of discordance, maybe due to the small number of analyzed lesions (22, 26). History of percutaneous coronary intervention in the target vessel (odds ratio 2.10) and non-LCX lesions (odds ratio 0.11 for LCX) were stronger predictors of RFR > 0.89 /FFR ≤ 0.8 discordance in the present trial.

Lesion location (proximal, medial and distal segments) and multivessel disease had no significant effect on the concordance or discordance of indices. Due to the relatively high number of patients with ACS in our study, we could analyze the interaction between the presence of an ACS and the concordance or discordance of indices, which was not significant. This is an interesting finding, since microvascular function may be altered in patients with ACS, which may diminish the effect of adenosine and lead to false negative FFR values (36). Moreover, resting coronary flow in non-culprit ACS lesions may be higher than in stable coronary artery disease (37), which may also contribute to discordance of indices. Our finding of no relevant interaction between the presence of an ACS and the discordance of RFR and FFR is in line with a previous study on iFR and FFR (38).

A subgroup analysis of patients with and without prior myocardial infarction (irrespective of the location) revealed no interaction with the discordance of indices, too. However, we cannot exclude that an analysis of prior myocardial infarction in the territory of the examined vessel may have led to different findings. Unfortunately, information on the exact location of prior myocardial infarction was not available for our population.

It was speculated that coronary stenoses with iFR > 0.90 /FFR ≤ 0.75 show similar coronary flow properties as angiographically unobstructed vessels and, in cases with normal or high CFR and FFR ≤ 0.75, the low FFR may reflect high flow states in response to adenosine rather than significant stenoses, which would be associated with a good prognosis (39, 40). In line with this hypothesis, the randomized trials DEFINE-FLAIR and iFR-SWEDEHEART showed that the risk of coronary events was not increased, although more lesions were deferred for revascularization based on iFR compared to FFR (41).

In our study, all parameters of diagnostic performance were similar for all analyzed NHPRs, increasing the body of evidence that NHPRs are largely comparable among one another, as suggested by one previous trial (13). Thus, a special algorithm of any company has little advantage compared to the “open source” index Pd/Pa. One potential advantage may be that Pd/Pa shows a higher susceptibility to pressure-sensor drifts and to pressure-curves artifacts (42).

Since iFR is the only NHPR with evidence from randomized controlled trials, differences between iFR and other NHPRs are of particular interest. Van't Veer et al. reported that available diastolic resting indices calculated in the “wave-free period” are identical to iFR despite minor differences in algorithms (43), so we consider dPR[WFP] used in our study to be equal to iFR. We found a difference of only 2.2% for dPR[WFP] vs. RFR in the rate of ischemia determination, which was not statistically significant. So, an RFR-based approach would have led to the same treatment strategy as an iFR-based in the majority of cases.

Accordingly, only 2.2% of RFR measurements detected the lowest Pd/Pa in systole. This is much lower than reported in most previous studies with a range from 11.4–12.2% (13, 14). Flow profiles between LCA und RCA are different (44), which may be explained by differences in supplied myocardial mass (45) and may have an impact on the timing of lowest Pd/Pa. In the VALIDATE study, lowest Pd/Pa was detected in systole in 32.4% in the RCA (14). In the present study, lowest Pd/Pa was in systole in 15.4% of RCA analyses. In contrast, Hoshino et al. found only 2.4% of RFR values in systole in the RCA (23).


Limitations

Our trial has several limitations. It was an observational retrospective cohort study conducted at a single center. Revascularization of the target lesion was based on FFR values and operators' decision, and not on NHPRs. Patient selection for pressure-wire assessment was also within the discretion of the treating physician, which may have led to bias. However, we intended to study pressure wire-derived indices under real-life conditions. Another limitation is that we did not investigate clinical outcomes after revascularization. Thus, the clinical impact of discrepancies between FFR and NHPRs could not be assessed.

Our cohort comprised patients with diabetes, CABG, and intake of beta-blockers. On the other side, we consider the broad “all-comers” population as one strength of the present study, since it probably better reflects the realities of care than previous studies with more extensive exclusion criteria.

No assessment of microvascular function or coronary flow was performed. A better understanding of microcirculation and coronary flow under baseline and hyperemic conditions would have improved the interpretation of discrepant findings of NHPRs and FFR.

A total of 157 out of 869 (18.1%) pressure tracings could not be analyzed. Previous studies have shown that even in the context of a prospective clinical trial, physiological assessments of stenosis severity may be limited by pressure tracings being unanalyzable due to artifacts and failure in up to 30% (16, 25). Patients were not excluded from our analysis based on any clinical parameters, but all non-analyzed recordings had to be excluded due to insufficient tracings (e.g., dampened aortic pressure, no stable resting or hyperemic recording, resting or hyperemic period not recorded at all). We did not collect clinical data of these patients, but we consider it very likely, that the technical shortcomings leading to exclusion of tracings from the analysis were not associated with any clinical characteristics.

The external analysis of pressure curves by an expert core lab is not fully representative for the real-life situation, however it reduces inter-observer variability and ensures reliability of the calculations. Moreover, due to the retrospective nature of our study and the incapability of commercially available systems to calculate all investigated resting indices online in the catheterization laboratory, an offline analysis was necessary.




CONCLUSIONS

All NHPRs have a similar correlation with the gold standard FFR and may facilitate the acceptance and implementation of physiological assessments of lesion severity. However, we found ~20% discordant results between NHPRs and FFR in our “all-comers” German cohort. Most relevant predictors for discordance of RFR ≤ 0.89 /FFR > 0.8 were LAD lesions, PAD, female sex and non-focal stenoses. Strong predictors for discordance of RFR > 0.89/FFR ≤ 0.8 were non-LCX lesions and previous percutaneous coronary intervention in the target vessel. The impact of discrepant findings on outcome and the optimal treatment strategy needs to be further elucidated by future prospective trials.
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Patient-specific coronary endothelial shear stress (ESS) calculations using Newtonian and non-Newtonian rheological models were performed to assess whether the common assumption of Newtonian blood behavior offers similar results to a more realistic but computationally expensive non-Newtonian model. 16 coronary arteries (from 16 patients) were reconstructed from optical coherence tomographic (OCT) imaging. Pulsatile CFD simulations using Newtonian and the Quemada non-Newtonian model were performed. Endothelial shear stress (ESS) and other indices were compared. Exploratory indices including local blood viscosity (LBV) were calculated from non-Newtonian simulation data. Compared to the Newtonian results, the non-Newtonian model estimates significantly higher time-averaged ESS (1.69 (IQR 1.36)Pa versus 1.28 (1.16)Pa, p < 0.001) and ESS gradient (0.90 (1.20)Pa/mm versus 0.74 (1.03)Pa/mm, p < 0.001) throughout the cardiac cycle, under-estimating the low ESS (<1Pa) area (37.20 ± 13.57% versus 50.43 ± 14.16%, 95% CI 11.28–15.18, p < 0.001). Similar results were also found in the idealized artery simulations with non-Newtonian median ESS being higher than the Newtonian median ESS (healthy segments: 0.8238Pa versus 0.6618Pa, p < 0.001 proximal; 0.8179Pa versus 0.6610Pa, p < 0.001 distal; stenotic segments: 0.8196Pa versus 0.6611Pa, p < 0.001 proximal; 0.2546Pa versus 0.2245Pa, p < 0.001 distal) On average, the non-Newtonian model has a LBV of 1.45 times above the Newtonian model with an average peak LBV of 40-fold. Non-Newtonian blood model estimates higher quantitative ESS values than the Newtonian model. Incorporation of non-Newtonian blood behavior may improve the accuracy of ESS measurements. The non-Newtonian model also allows calculation of exploratory viscosity-based hemodynamic indices, such as local blood viscosity, which may offer additional information to detect underlying atherosclerosis.

Keywords: computational fluid dynamics – CFD, non-Newtonian, rheology, viscosity, optical coherence tomography, shear stress (fluid)


INTRODUCTION

Fundamentally, computational fluid dynamics (CFD) is based on the idea that, given certain assumptions, the mechanics of fluid motion can be accurately described by physical principles and mathematical equations. The computational solution of these equations allows the determination of various hemodynamic indices such as blood velocity and pressure throughout the artery, from which other parameters such as endothelial shear stress (ESS) can be further derived. With continued advances, the underlying computational methods are frequently re-evaluated to optimize the shifting balance between accuracy and complexity. One such computational model concerns the variable viscosity of blood at high and low shear rates.

Earlier studies suggest that for laminar flow in medium to large arteries, blood may be assumed a Newtonian fluid with a constant viscosity independent of shear rate (1–5). However, due partly to its dual solid and liquid phases, blood exhibits non-Newtonian behaviors (6). This includes properties such as shear-thinning, the apparent thinning of blood at high shear rates and thickening at low shear rates. While the Newtonian assumption is generally acceptable in healthy straight segments of larger arteries, it may not be as accurate as non-Newtonian rheological models in the setting of complex flow patterns (7, 8). As artery anatomy changes, high fluctuations in local shear rate are significant enough that the non-Newtonian behavior of blood may emerge (Figure 1). In these near-wall regions, local blood viscosity (LBV) is expected to change from location to location and from instant to instant over the cardiac cycle. However, because the Newtonian model assumes constant viscosity, changes in LBV are not detected. The non-Newtonian model encompasses the variable viscosity of blood and thus provides this information. Our underlying hypothesis is that, if non-Newtonian behavior is negligible in coronary arteries, the two models should present nearly identical results. Divergent results, however, would suggest otherwise.
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FIGURE 1. Normal and abnormal viscosity profiles. (A) In a straight unobstructed artery, blood velocity takes on a parabolic profile with low shear rate (high viscosity) in the centre of the artery and low viscosity at the wall. (B) In the presence of stenoses, curvatures, or bifurcations, the blood velocity profile becomes distorted. Localized regions of low shear rate can develop at the wall, resulting in high viscosity near the endothelial surface.




MATERIALS AND METHODS


Study Design and Patient Selection

This study compares blood flow characteristics generated by CFD analysis in patient-specific coronary arteries using Newtonian and non-Newtonian blood models under pulsatile flow. Patients were retrospectively selected from a previous multicentre randomized clinical trial (NCT01776567). Inclusion criteria for the current study were the presence of an unstented, non-obstructive (diameter stenosis <50%) non-culprit lesion in the culprit vessel. Major exclusion criteria were ST-elevation myocardial infarction within the preceding 48 h, left ventricular ejection fraction <25%, and bifurcation lesions.



Three-Dimensional Reconstruction

Patient-specific 3D arterial models were reconstructed through the fusion of OCT and angiography as previously described (9). The arterial centreline was extracted from two end-diastolic angiographic images with a >25° difference in viewing angles (QAngio XA 3D, Medis Specials Bv, Netherlands). Side branches outside the region of interest were used to co-register OCT images with angiograms. OCT lumen contours were semi-automatically detected and manually corrected as necessary (QCU-CMS, Leiden University Medical Center, Netherlands). OCT contours were placed onto the angiographic centreline (MATLAB R2017b, Mathworks Inc., Natick, MA, United States) and the vessel surface was generated (Solidworks, Dassault Systèmes, Velizy, France). Vessel volume was discretised into tetrahedral elements with an average mesh size of approximately 1 to 2 million depending on the geometric complexity of individual patient-specific arteries (Pointwise v18.2R2). All discretised models included a graduated 10-prism boundary layer to further enhance the resolution of flow phenomena near the arterial wall.

Given the uniqueness and complexity of an individual patient’s coronary arteries, it is difficult to isolate the specific geometric features impacting non-Newtonian blood rheology. Therefore, an idealized 2D model of intermediate stenosis was virtually created to assess the generalizability of the patient-specific results. The 2D model had a 3 mm diameter with diameter stenosis (DS) of 40%. The stenosis anatomy was assumed by the following mathematical equation:
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where, D is the artery’s diameter, Dmin=DS×D is the minimum lumen diameter (MLD) and x is the longitudinal location of the stenotic segment with x = 0 at the MLD. The lesion length was assumed 3mm (i.e., x ranges from −1.5 to 1.5 mm). The idealized geometry was divided into 4 segments (Figure 2). Separating the proximal and distal stenotic geometries allows inspection of common flow phenomena – “favorable” and “adverse pressure gradient” – which are responsible for abnormal flow patterns such as flow separation and reversal.


[image: image]

FIGURE 2. An idealized stenotic model with an artery’s diameter of 3mm and 40% DS. Segment 1: at least 1 diameter from the proximal stenotic segment; Segment 2: 1 diameter from the proximal shoulder of the stenosis to minimal lumen diameter; Segment 3: minimal lumen diameter to 1 diameter distal to the stenosis shoulder; Segment 4: remaining distal segment.




Computational Fluid Dynamics Simulation

Computational fluid dynamics analysis was accomplished through the direct solution of the Navier-Stokes equations describing fluid motion. OpenFOAM, a finite-volume CFD solver, was run on the Magnus supercomputer, consisting of 35,712 Intel Xeon E5-2690V3 “Haswell” processors (Pawsey Supercomputing Centre, Perth, WA, Australia). A time-varying parabolic velocity profile with a mean bulk velocity calculated from the patient-specific TIMI frame count as previously described was applied at the inlet (10). The arterial wall was considered rigid with a no-slip boundary and a non-specific distal vascular resistance was applied at the outlet. A resistance boundary condition assumes linear dependence between the pressure and flow rate at each outlet. It is analogous to a constant pressure boundary condition and is suitable for unsteady simulation with only single outlet (11).

For the Newtonian simulations, blood’s constant dynamic viscosity (μNewtonian) was assumed 0.0035Pa⋅s. Blood density was considered 1,060kg/m3 and haematocrit 45%. Simulations were run for 3 cardiac cycles to ensure convergence of results, and all results presented are only from the final cycle. CFD results were post-processed to extract instantaneous and time-averaged hemodynamic indices where appropriate. ESS was calculated as described in Chen et al. (12). ESS gradient (ESSG) was calculated as the spatial gradient of ESS, representing the rate of change in ESS between adjacent spatial points in a local coordinate system (x′, y′, z′):
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Since ESS represents the tangential force acting on the surface, all normal components (z′) of the tensor are irrelevant to the ESSG calculation. Removing all irrelevant tensor components in the z′ direction, the ESSG was simplified to:
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and the ESSG magnitude is written as the diagonal components of the above matrix. Oscillatory shear index (OSI),
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indicates the degree of fluctuation in the direction of ESS vectors over the cardiac cycle. It is effectively an index of blood flow recirculation in a pulsating flow environment (13). Hemodynamic variables were calculated at 64 discrete timepoints per cardiac cycle (see Supplementary Table 1 for sensitivity analysis).

Similar procedures were employed in the non-Newtonian simulations except blood was modeled by the Quemada constitutive equation to capture the local variations in blood viscosity (μnon–Newtonian) (14). Local blood viscosity (LBV) was expressed as a ratio of non-Newtonian viscosity to the Newtonian constant viscosity model (μnon–Newtonian /μNewtonian) for each tetrahedral element (15). In other words, LBV is a quantitative measure of the impact of non-Newtonian flow relative to that assumed by the Newtonian model. A value of 1 indicates no effect and any values >1 demonstrate the proportional influence of non-Newtonian properties locally in the bloodstream.



Statistical Analysis

Two simulations were carried out for each patient, one using the Newtonian model and the second using a non-Newtonian model. Since the reconstructed arterial models and computational meshes were identical for the Newtonian and non-Newtonian simulations for each patient, a rigorous point-by-point comparison of all vessel nodes was possible. Due to the paired nature of observations, the only variable within each patient was the choice of rheological model. Thus, paired comparisons of the Newtonian and non-Newtonian results were performed, as described below.

Time-averaged ESS and ESSG were calculated for each case. Instantaneous ESS was evaluated at every spatial point on the arterial wall at every step in the cardiac cycle. The maximum ESS at that spatial point was identified. To eliminate the skewing effect of extremely high and low ESS values inherently present in complex geometries, ESS was normalized using the maximum ESS value at every spatial point, yielding a value between 0 and 1. At each time step, a point-by-point comparison of normalized ESS yielded the normalized difference between the Newtonian and non-Newtonian models. The same methods were used to analyze ESSG whereas, by definition, OSI describes the general flow behavior over a cardiac cycle. Similar analyses were also carried out on the four segments of the idealized artery geometry.

Categorical variables are presented as counts and percentages, while continuous variables are presented as a mean ± standard deviation and non-parametric variables in median (interquartile range [IQR]). Because of the paired nature of the simulations within each patient, the only variable was the choice of rheological model, therefore paired t-test or Wilcoxon sign rank test for paired observations (as appropriate) were used. To avoid statistical dependence and to decorrelate data in the point-by-point comparison, bootstrap resampling with replacement was used to randomly select 1.5% of all mesh points and the above-mentioned statistical tests were performed to compare the results of Newtonian and non-Newtonian simulations. This process was repeated 10,000 times for comparison of ESS, ESSG, and OSI. All tests were two-tailed with an α-level of 0.05 to indicate statistical significance. Statistical analysis was performed in R statistical software (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Wall-Based Indices: Endothelial Shear Stress, ESS Gradient, and Oscillatory Shear Index

Patient characteristics are shown in Table 1. Qualitative comparison of time-averaged ESS between the Newtonian and non-Newtonian simulations demonstrates broad similarity in its range and distribution for all cases (Figure 3). However, notable differences are found at the stenosis and curved segments (white arrows). By quantitative comparison, time-averaged ESS in the non-Newtonian simulations was significantly higher (1.69 [1.36]Pa versus 1.28 [1.16]Pa, p < 0.001), translating to a mean normalized percent difference of 21.72% over the entire cardiac cycle. Time-averaged ESSG in the non-Newtonian simulations was also significantly higher than the Newtonian model (1.65 ± 0.92Pa/mm versus 1.37 ± 0.78Pa/mm, 95% CI 0.20–0.37.16, p < 0.001). However, OSI was not significantly different between the models (0.0302 ± 0.035 versus 0.0294 ± 0.039, 95% CI 0.0059–0.0075, p = 0.81) (Table 2). The results of the analysis based on bootstrap resampling showed that the 95% confidence intervals of the mean and standard deviation/median and IQR are fully consistent with the analyses conducted on the raw data (Supplementary Table 2).


TABLE 1. Patient characteristics.
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FIGURE 3. Qualitative differences in ESS from (A) Newtonian and (B) non-Newtonian models. Although the distribution of high and low ESS is similar, the non-Newtonian model predicts higher ESS throughout the artery. This is visually most apparent from the larger areas exposed to high ESS (white arrows). ESS, endothelial shear stress.



TABLE 2. ESS, ESSG, and OSI between rheological models.

[image: Table 2]
The absolute and normalized percent difference in instantaneous ESS and ESSG relate inversely with coronary flow rate. At the higher coronary blood flow rates associated with diastole, the difference between Newtonian and non-Newtonian simulations approaches zero, with a minimum difference in absolute ESS of 0.035 ± 0.036Pa (Figure 4). However, the difference increases at low and decelerating flow rates that characterize systole, with a maximum difference in absolute ESS of 1.05 ± 0.42Pa (Figures 4B,C).
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FIGURE 4. Quantitative difference in ESS between Newtonian and non-Newtonian models (Single Representative Case). (A) Coronary flow rate, systole is indicated in black, diastole is indicated in green. (B,C) The % difference and absolute difference are calculated as (non-Newtonian ESS – Newtonian ESS), thus positive values indicate non-Newtonian results were higher whereas negative values indicate higher Newtonian results. The non-Newtonian results show consistently higher percent normalized difference and absolute difference in ESS over the cardiac cycle, except during the momentary transition between systole and diastole at approximately 0.35s. (D) Newtonian simulations predict more of the vessel is exposed to atherogenic levels of ESS over the cardiac cycle.


Although the time-averaged results show that the non-Newtonian simulations estimate higher ESS and ESSG over the cardiac cycle, during the momentary transition between end-systole and early diastole, at approximately 0.35s into the cardiac cycle, the Newtonian ESS results are higher than the non-Newtonian results by 0.89 ± 0.52Pa (p < 0.001), or 946.97 ± 898.72% (p < 0.001). However, this is transient, and the non-Newtonian results again become higher immediately thereafter (Figures 4B,C). The non-Newtonian model predicts the highest ESS relative to the Newtonian model during early diastole, as coronary flow is increasing rapidly. However, as the rate of rise slows in mid-diastole (at approximately 0.4s), non-Newtonian ESS is higher by 0.96 ± 0.25Pa (p < 0.001), or 58.13 ± 22.12% (p < 0.001).

The implications of these differences are most apparent by comparing vessel areas predicted to be exposed to low ESS (<1Pa), a generally accepted threshold for stimulating pro-atherogenic processes (16, 17). The Newtonian model predicts significantly greater vessel area exposure to low ESS than the non-Newtonian model (50.43 ± 14.16% versus 37.20 ± 13.57%, 95% CI 11.28–15.18%, p < 0.001) (Figure 4D).

Results from the idealized arterial geometries are consistent with the 3D patient-specific results (Table 3). ESS was higher in the non-Newtonian simulation in both proximal and distal healthy segments (0.8238Pa versus 0.6618Pa, p < 0.001 and 0.8179Pa versus 0.6610Pa, p < 0.001, respectively); in proximal and distal stenotic segments (0.8196Pa versus 0.6611Pa, p < 0.001 and 0.2546Pa versus 0.2245Pa, p < 0.001, respectively). Both non-Newtonian and Newtonian simulations display similar IQR ESS, except for the distal stenotic segment where non-Newtonian simulation demonstrates a significantly higher IQR than Newtonian (0.2199Pa versus 0.08843Pa, p < 0.001). IQR is a measure of the data dispersion (18). In other words, IQR indicates the range of ESS within the region of interest. High IQR indicates wider spread of the ESS values and hence larger variation of ESS from the median, a condition that can be found with increasing chaotic blood flow due to vortices and flow oscillations.


TABLE 3. ESS distribution between rheology models in an idealized artery (as depicted in Figure 1).
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Local Blood Viscosity

Like ESS, there is high spatial and temporal heterogeneity in blood viscosity over the cardiac cycle. Localized volumetric regions of high blood viscosity are observed in every case, including at the centre and walls of the artery. Across all cases, time-averaged viscosity was 1.45-fold higher than that assumed by the Newtonian model (95% CI 1.43–1.49, p < 0.001) (Figure 5). Some vessel regions are marked by an average 41.5-fold increase in maximum viscosity compared to the Newtonian model (95% CI 30.1–53.0, p < 0.001). In one case, peak viscosity was more than 70 times higher. The peak viscosity invariably occurs during a nadir in coronary flow – either during peak systole or the transition between end systole and early diastole.
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FIGURE 5. ESS and local blood viscosity. (A) Multiple areas of low ESS (<1Pa) are identified (white arrows). (B) Non-Newtonian simulation detects regions of high LBV (>1.45) in the centre of the vessel and at the wall (orange arrows). ESS, endothelial shear stress; LBV, local blood viscosity.





DISCUSSION

This study demonstrates: (1) the non-Newtonian model predicts significantly higher ESS and ESSG than the Newtonian model; (2) the Newtonian model shows significantly greater vessel areas exposed to atherogenic low ESS; (3) OSI is not significantly different between the models; and (4) the non-Newtonian model identifies regions of high LBV up to 70-fold higher than that assumed by the Newtonian model.

Local blood flow disturbances are a potent stimulus of endothelial dysfunction and biological processes underlying atherosclerosis (16, 19, 20). ESS disturbances in vivo have been correlated with changes in plaque composition (21, 22), morphology (23), and vessel remodeling (21, 22). Further, low ESS is independently associated with requiring future intervention or even future clinical events (24, 25). In these studies, many vessel areas were predicted to be exposed to low ESS; of lesions that caused future events, most or all were in previously low ESS areas; however, the vast majority of lesions within low ESS areas did not progress to cause events. Previous studies indicate that, while low ESS has high sensitivity to detect future events at a patient level, it has low specificity and positive predictive value (PPV) (24, 25). Furthermore, no studies have associated specific plaques exposed to low ESS as the culprit lesion of later events.

Although blood is a non-Newtonian fluid, all these studies used the Newtonian model of blood behavior. Since coronary blood flow is assumed to have shear rates above 100–200s–1, such an assumption has long been valid. We investigated the effects of non-Newtonian blood rheology in a series of coronary arteries reconstructed from high-resolution imaging to test whether the Newtonian and non-Newtonian models present results within a small margin of computational error. In other words, if the shear rate was indeed high enough that blood can be assumed a Newtonian fluid, the two models should predict quantitatively similar results. However, the results of this study show that the Newtonian and non-Newtonian models consistently estimate different ESS values throughout the cardiac cycle, suggesting that there are indeed multiple factors, including the instantaneous pulsatile blood flow velocity and local geometric variations, influencing when and where the non-Newtonian behaviors of blood become apparent.


Pulsatile Flow Factor

Unlike Newtonian CFD simulations where the blood viscosity stays constant throughout the cardiac cycle, blood viscosity constantly changes from moment to moment due to the pulsatile nature of blood flow. Indeed, in a Newtonian simulation, the sudden increase in coronary blood flow rate at early diastole is usually accompanied by a very rapid increase in ESS untamed by the constant viscous forces and vice versa. However, the non-Newtonian fluid responds differently to temporal changes in flow rate and hence leads to a very dynamic pattern of the discrepancy between the Newtonian and non-Newtonian results. While non-Newtonian simulations, in general, predict a higher ESS, there is a time point between end-systole and early diastole where the non-Newtonian model momentarily predicts significantly lower ESS than the Newtonian model. Coincidentally, the difference between the two models is most remarkable during this transition phase. While it can be easily speculated that the rapidly changing blood flow conditions play a role, the underlying haemodynamics are far more complicated. One must consider the heart rate, the historical effects of LBV, and its impact on the local flow environment.

Nevertheless, these findings are consistent with many previous fundamental studies showing that non-Newtonian simulations predict higher ESS (26–31). For instance, non-Newtonian flow decreases the area of low ESS in both straight and bent arterial segments, with the largest difference occurring in the straight rather than the bent segment (32). On the other hand, while blood viscosity affects the magnitude of ESS when the flow is disturbed, it does not affect the spatial and temporal distribution of the ESS (33, 34). Our results demonstrate that those results extend to patient-specific coronary arteries. It should be noted that while this difference was also observed for ESSG, there was no significant difference in predicted OSI values.

Reassuringly, ESS calculated by the non-Newtonian model is, on average, 0.44Pa or 21% higher than the Newtonian model in the 3D patient-specific data and 0.63Pa or 27% in the idealized 2D results. While the absolute value of the difference between Newtonian and non-Newtonian models is low, this ultimately means that the Newtonian model estimates a significantly higher percentage of the vessel area exposed to ESS <1Pa (50.43% versus 37.20%, p < 0.001). This could have significant repercussions in the context of earlier clinical CFD studies showing low specificity and PPV of low ESS. Despite the estimated differences in ESS and ESSG, the clinical significance of such fluctuations within a short time is unclear. However, it is hypothesized that the non-Newtonian model, as a more accurate reflection of actual blood behavior, may ultimately offer higher specificity and PPV than Newtonian simulations.



Geometric Factor

Arterial narrowing and widening are major factors in local variations of blood rheology and flow dynamics. Blood flow accelerates as the artery narrows. In haemodynamics, this segment is termed the “favorable pressure gradient” segment. In contrast, “adverse pressure gradient” refers to flow deceleration as the artery widens. The impact of “favorable” and “adverse pressure gradients” can be isolated by carrying out the Newtonian and non-Newtonian simulations in an idealized arterial geometry where the arterial flow will undergo clearly defined favorable (proximal stenotic segment) and adverse (distal stenotic segment) pressure gradients. Our idealized artery results show that the non-Newtonian model continues to display a higher median ESS value compared to the Newtonian model in all segments. However, it is the significantly lower IQR at the distal stenotic segment marked by an adverse pressure gradient in the Newtonian model that is of particular interest. While low IQR reflects lower ESS oscillation and high IQR indicates larger fluctuations in ESS values, it is unclear whether a higher IQR signifies an increase in turbulent activities or vice versa. Nonetheless, regions with adverse pressure gradients have demonstrated an increased likelihood of flow reversal (8). Clinically, flow reversal and abnormal ESS represent a location for plaque development and potentially a nidus for thrombotic events (35–37). This remarkable difference in Newtonian and non-Newtonian models in regions of adverse pressure gradients might lead to different conclusions and hence warrants further objective analyses.



The Need for a Better Reflection of True Blood Rheology

Non-Newtonian models offer other potential advantages. Although ESS, ESSG, OSI, and other wall-based metrics consider the mechanical effect of blood acting on the vessel wall, these indices inherently neglect the physiological response of whole blood. While low ESS and high OSI indicate that blood may be recirculating and stagnating in these areas, these measures do not directly capture or describe flow phenomena within the blood itself.

Compared to the constant viscosity assumed by the Newtonian model, in non-Newtonian rheological models, blood viscosity is treated as a variable dependent on instantaneous local shear rate, allowing determination of viscosity within the entire fluid domain. In this study, the non-Newtonian model identified localized regions of peak LBV, on average, 40-fold higher than that assumed by the Newtonian model. The possibility of detecting localized regions of increased blood viscosity in vivo is intriguing given that blood is a complex fluid with clinically relevant behaviors such as thrombosis. Further, the pathophysiologic mechanisms underlying plaque development may involve the accumulation of cholesterol, pro-inflammatory cells, and humoral mediators in characteristic vessel regions, perhaps exacerbated by increased LBV, recirculation and stagnation in these areas.

In straight unobstructed vessels, high viscosity is expected in the center of a vessel where shear rate is low, and velocity is high (Figure 1). Conversely, blood viscosity at the wall is low since the shear rate at the wall is high. It is hypothesized that, despite high viscosity at the vessel centre, high velocity convects blood axially downstream, preventing significant erythrocyte aggregation or contact with the endothelial surface. However, low blood velocity and recirculation can develop at the distal inner bend of curvatures, the outer walls of bifurcations, and both proximal and distal to stenoses or stent struts. In such regions of disturbed flow, blood velocity and shear rate may decrease at the wall leading to pockets of high LBV near the endothelial surface, potentially facilitating processes leading to both progressive atherosclerosis and thrombosis (38, 39).



Limitations

There are several limitations to the current study. First is a small study population retrospectively selected from a prior randomized clinical trial. However, in the context of patient-specific CFD studies quantitatively comparing rheological models, this is among the largest cohorts. As a result of retrospective patient selection, the cohort also skewed male due to the original study population characteristics (75% male in the original study). Second, we assumed a generic haematocrit of 45% based on standard reference ranges and a desire to limit confounding variables that might have been introduced by incorporating patient-specific values. However, because haematocrit is a determinant of blood viscosity, it is possible that the observed differences between the Newtonian and non-Newtonian models may also be influenced by changes in haematocrit. Future studies should incorporate patient-specific haematocrit to better assess this possibility. Third, this study does not investigate the effect of axial and secondary flow due to the presence of helical inflow, arterial curvature, bifurcation lesions which significantly affect local flow dynamics (40). It is expected that due to the increased complexity of flow in these settings, the differences between the Newtonian and non-Newtonian models would increase further. To facilitate investigating these effects, it is important to correlate LBV with other ESS-based descriptors and helicity indices (41, 42). In terms of bifurcation lesions, future studies should prospectively image-side branches with intravascular techniques if it is feasible and safe to do so. Fourth, as a technical study, changes in plaque composition were not evaluated. Further investigation of ESS derived by Newtonian and non-Newtonian models concerning plaque composition and change over time is necessary. Ultimately, if there is a significant difference in how the models correlate with atherosclerotic plaque, future studies investigating clinical endpoints may be worthwhile.




CONCLUSION

Although blood is often assumed to be a Newtonian fluid by CFD simulations of the coronary arteries, this study demonstrates that non-Newtonian behaviors of blood are operational, yielding marked differences in calculated flow indices such as ESS and ESSG. Non-Newtonian simulations also allow the calculation of LBV and related indices, potentially presenting novel markers to detect plaques at risk for progression.
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Background: Intravascular imaging has been used to assess the morphology of lesions causing an acute coronary syndrome (ACS) in native vessels (NV) and identify differences between plaques that ruptured (PR) and caused an event and those that ruptured without clinical manifestations. However, there is no data about the morphological and physiological characteristics of neoatherosclerotic plaques that ruptured (PR-NA) which constitute a common cause of stent failure.

Methods: We retrospectively analyzed data from patients admitted with an acute myocardial infarction that had optical coherence tomography (OCT) imaging of the culprit vessel before balloon pre-dilation. OCT pullbacks showing PR were segmented at every 0.4 mm. The extent of the formed cavity, lipid and calcific tissue, thrombus, and macrophages were measured, and the fibrous cap thickness (FCT) and the incidence of micro-channels and cholesterol crystals were reported. These data were used to reconstruct a representative model of the native and neoatherosclerotic lesion geometry that was processed with computational fluid dynamics (CFD) techniques to estimate the distribution of the endothelial shear stress and plaque structural stress.

Result: Eighty patients were included in the present analysis: 56 had PR in NV (PR-NV group) and 24 in NA segments (PR-NA group). The PR-NV group had a larger minimum lumen area (2.93 ± 2.03 vs. 2.00 ± 1.26 mm2, p = 0.015) but similar lesion length and area stenosis compared to PR-NA group. The mean FCT (186 ± 65 vs. 232 ± 80 μm, p = 0.009) and the lipid index was smaller (16.7 ± 13.8 vs. 25.9 ± 14.1, p = 0.008) while the of calcific index (8.3 ± 9.5 vs. 2.2 ± 1.6%, p = 0.002) and the incidence of micro-channels (41.4 vs. 12.5%, p = 0.013) was higher in the PR-NV group. Conversely, there was no difference in the incidence of cholesterol crystals, thrombus burden or the location of the rupture site between groups. CFD analysis revealed higher maximum endothelial shear stress (19.1 vs. 11.0 Pa) and lower maximum plaque structural stress (38.8 vs. 95.1 kPa) in the PR-NA compared to the PR-NV model.

Conclusion: We reported significant morphological and physiological differences between culprit ruptured plaques in native and stented segments. Further research is needed to better understand the causes of these differences and the mechanisms regulating neoatherosclerotic lesion destabilization.

Keywords: plaque rupture, neoatherosclerosis, optical coherence tomography, computational fluid dynamics (CFD), endothelial shear stress, plaque structural stress


INTRODUCTION

Ischemic heart disease (IHD) is the leading cause of death in the world, associated with increased morbidity and devastating financial consequences. Percutaneous coronary interventions (PCI) is an established therapy for patients with IHD and has been associated with better prognosis in acute coronary syndromes (ACS) and improved quality of life in chronic coronary syndromes (1–3). Despite the advances in stent technology that have improved stent safety profile and efficacy enabling treatment of high-risk patients and complex lesions, this treatment can fail and it appears unable to inhibit atherosclerotic disease progression in the treated segments. Numerous intravascular imaging studies have shown that neointima tissue can develop within stented segments and evolve to neoatherosclerotic high-risk vulnerable plaques which can rupture and cause adverse events (4, 5). Several reports attempted to identify predictors of neoatherosclerosis showing that conventional risk factors associated with atherosclerotic evolution, such as baseline demographics (i.e., renal failure, hypercholesterolemia, and hypertension), medications and stent type determine the long-term vessel response to therapy and are associated with the formation of intra-stent high-risk lesions (6–8). In addition, there is an association between development of neoatherosclerotic plaques and atherosclerotic disease progression in native vessels (NV) suggesting these two pathologies are regulated by similar pathophysiological mechanisms (9).

Apart from systemic factors, focal pathobiological mechanisms that are not seen in NV – such as hypersensitivity reaction to stent polymer or endothelial dysfunction induced by eluted drugs – are also involved in neoatherosclerotic lesion formation (4). The different pathogenesis of these lesions is likely to have an impact not only on their development and distribution in stented segments, but also on their destabilization and rupture (10). The objectives of the present analysis are to compare the phenotypic characteristics of lesions that ruptured and caused events in native and stented segments, reconstruct a representative geometry of a ruptured plaque in a native and stented segment and process these models with computational fluid dynamic (CFD) techniques to assess the effect of lesions physiology [endothelial shear stress (ESS) and plaque stress] on their destabilization.



MATERIALS AND METHODS


Study Population

We retrospectively enrolled patients with ST-elevation or non-ST-elevation myocardial infarction who had optical coherence tomography (OCT) of the culprit vessel prior to balloon predilatation. These patients were admitted between 2016 and 2019 in six hospitals: Barts Health NHS Trust, United Kingdom; Bern University Hospital, Switzerland; Royal Free Hospital, United Kingdom; Newcastle Upon Tyne NHS Foundation Trust, United Kingdom; Essex Cardiothoracic Centre, United Kingdom; and Sir Run Run Shaw Hospital, China.



Optical Coherence Tomography Image Acquisition

OCT imaging was performed using either C7XR, OPTIS™ (St-Jude Medical, Westford, MA, United States), or Lunawave (Terumo Corp., Tokyo, Japan) Fourier Domain system. Pullbacks were performed by using either a manual or automatic blood flushing at a constant speed ranging from 18–40 mm/s and frame rate that ranged from 100 to 180 fr/s. The collected data were stored in DICOM format and sent to Barts Heart Centre for analysis.



Optical Coherence Tomography Data Analysis

The anonymized data were reviewed by two experienced analysts (CJ and CB) and the culprit lesions were identified. Plaque rupture was defined as the presence of a fibrous cap discontinuity which connected the lumen and the inner – the necrotic core – of the plaque (11). Depending on culprit lesion location these were divided in two groups: plaque ruptures occurring in a native vessel (PR-NV) and those occurring in a neoatherosclerotic lesion (PR-NA). Cases where the plaque rupture extending across the stent edge to the native artery segment were excluded. Moreover, we excluded cases of neoatherosclerotic plaque rupture within a previously implanted bioresorbable scaffold as these devices tend to resorb with time and thus alter ESS and plaque structural stress (PSS) distribution.

The two expert analysts who had established reproducibility and were blinded to patients’ characteristics performed imaging analysis using the QCM-CMS version 4.69 software (Leiden University Medical Center, Leiden, Netherlands) (10, 12). In the PR-NV group, the ruptured plaque was detected and its proximal and distal end was defined as the last and first frame that portrayed lipid tissue or had a plaque burden ≥40% (13). In the PR-NA group, the proximal and distal end of the ruptured plaque was defined as the most proximal and distal frame that had a mean neointima thickness ≥0.5 mm; in case of lesions extending beyond the stented segment, the same definition was used for the PR-NV group to define its proximal or distal end (14).

OCT pullbacks were analyzed at 0.4 mm interval (0.375 mm for Lunawave system). In the PR-NV group, the external elastic membrane (EEM) was detected, when it was visible, and used to define the proximal and distal end of the culprit lesion, while in the PR-NA group the lumen and the stent borders were identified, the mean neointima thickness was measured and the most proximal and distal frames of the lesion with thickness ≥0.5 mm defined its proximal and distal end. Then, the plaque composition was estimated using established criteria. A lipid pool was defined as a low signal intensity region with a circumferential arc >45° with diffuse borders and increased attenuation, while calcification was characterized as a low backscattering region with clear borders (13, 15). The lateral borders of these were detected, and the lipid and calcific arc were estimated. The fibrous cap over lipid tissue was extracted using semi-automated methodology and the minimum and mean cap thickness were computed (16). Macrophages infiltration was defined as punctuated or signal-rich regions with strong signal attenuation behind. Macrophages may appear as dots (single bright spots or cluster of dots) or lines (confluent accumulations forming a thin bright line) with lateral extent >20° (13). Micro-channels were characterized as continuous signal poor holes in three consecutive frames with a diameter ≤300 μm that were not connected to the lumen (15). Cholesterol crystals were defined as sharp, linear regions with high signal intensity (15, 17). Thrombus was classified as a mass in the lumen or attached to the lumen surface with a dimension ≥250 μm (Figure 1) (18).


[image: image]

FIGURE 1. Representative images and methodology of OCT morphology analysis. The upper part is a representative longitudinal diagram of a ruptured plaque (blue dots represent for macrophages while yellow sharp stars for cholesterol crystals, gray curved lines for microchannels), panels (A–E) are cross sections corresponding to the lesion segment while analyzed at 0.4 mm interval. (A) The reference segment of the vessel, red line indicates the lumen surface while green line indicates the EEM. (B) Calcification tissue in the plaque, the arc indicates the calcific arc. (C) Lipid tissue in the plaque, the arc indicates the lipid arc, the area enclosed by the blue line indicates the fibrous cap. Yellow and green lines which are vertical to the lumen border are maximum and minimal cap thickness respectively. (D) Plaque rupture and thrombus. Red line represents the lumen surface while red dash line indicates the lumen surface before plaque rupture. The white arc represent rupture circumferential extend, while yellow arc indicates thrombus circumferential distribution for generating the thrombus score. Line with arrowheads represents the depth of rupture. (E) Macrophages, cholesterol crystals, and microchannels. The bigger arrow points to the cholesterol crystals while the smaller arrow points to the microchannel. Arcs indicate the arc of macrophages.


A lesion was defined as fibroatheroma when it contained more than a quadrant of lipid tissue; the minimum cap thickness over this tissue type was used to classify lesions as thin (TCFA, minimum cap thickness: ≤65 μm) or thick cap fibroatheroma (ThCFA, minimum cap thickness: >65 μm) (11). The length, the maximum and mean arc of lipid tissue, calcification and lined macrophages were measured, and the lipid/calcification/macrophages index were calculated and defined as: 100 × (mean arc in degrees × length) / (lesion length × 360°) (19). In frames portraying a ruptured plaque, an additional border was drawn that connected the edges of the ruptured fibrous cap and represented the lumen surface before plaque/neointima rupture (20). This was used to define the maximum circumferential extend and depth of rupture (defined as the maximum distance between the approximated lumen and the lumen border of the cavity); in addition, the rupture extent index was defined as: 100 × (mean rupture arc × rupture length) / (lesion length × 360°) (19). The thrombus score was computed for each lesion as the sum of the quadrants with thrombus in the analyzed cross-section images divided by the total number of quadrants (21).

Each lesion was split in three segments: the upstream – defined as the segment between the proximal end of the lesion and 2.5 mm proximal to the minimum lumen area (MLA) – the MLA site – defined as the segment 2.5 mm proximally and distally to the MLA – and the downstream – defined as the segment between 2.5 mm distally to the MLA and the distal end of the lesion. For the upstream and downstream segments, we estimated the radius gradient (RG) which provides an assessment of lesion longitudinal geometry and has been found to be predictor of the location of the ruptured site; this was calculated as: (lumen radius at the proximal or distal end of the ruptured plaque – radius at the MLA site)/the length of the upstream or downstream segment respectively (Figure 2) (22).
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FIGURE 2. Schematic diagram showing the calculation of RG RGprox = (RProx-RMLA)/LProx while RGdistal = (RDistal-RMLA)/LDistal.




Generation of Mean Anatomical Model

The mean geometrical characteristics of ruptured plaque were used to generate a representative idealized geometry of the culprit lesion before its rupture for PR-NV and PR-NA groups. For this purpose, the lumen surface before plaque/neointima rupture was used to estimate the mean proximal and distal reference lumen diameter and the mean minimum lumen diameter. In addition, the mean lesion length, the minimum and mean fibrous cap thickness (FCT), the mean lipid index and the mean location of the lipid tissue with regards to the MLA were estimated in the two groups. The stent was assumed to have a typical geometry of a drug eluting stent (Endeavor Zotarolimus Eluting Stent, Medtronic, Santa Rosa, CA, United States) with circular struts with a thickness of 90 μm and inter-strut distance of 1 mm. In the PR-NA the mean stent diameter was computed from the struts in OCT images while in the PR-NV group the EEM that was visible at the proximal and distal end of the lesions was used to estimate the mean EEM at the reference sites. At the MLA site where the EEM was not visible this was estimated assuming a remodeling index of 1.20 based on published literature assessing ruptured plaque characteristics using intravascular ultrasound imaging (21, 23). The above values were used to reconstruct pre-rupture plaque geometries in the PR-NV and PR-NA groups assuming that the vessels were straight.



Computational Fluid and Solid Mechanics Analysis

The two models were meshed with tetrahedral and prismatic cells for CFD analyses using ANSYS Workbench (version 2019 R3, ANSYS Inc., Cannonsburg, MI, United States). For the wall domain, the model was cut in half in reference to the symmetry plane, in order to reduce the computational cost. The resolution of computational meshes were determined through mesh convergence test, and the final model had 114,150 elements in the lumen and 5,563,033 elements in the wall.

The lumen model was used to compute the ESS by solving the 3D incompressible Navier-Stokes equations using ANSYS CFX. The blood was assumed to be homogeneous and Newtonian fluid with dynamic viscosity of 0.0035 Pa s and a density of 1,050 kg/m3. Blood flow was considered to be incompressible and laminar, and steady state condition was assumed. A parabolic velocity profile was specified at the inlet, with 1 ml/s normal coronary inflow for both PR-NV and PR-NV cases (24). At the outlet of each model, a pressure of 100 mmHg representing normal coronary blood pressure was applied. The vessel wall of the two models was considered to be rigid and no-slip conditions were applied at the luminal surface.

The PSS in the neointima or in the plaque was computed using ANSYS Mechanical which solves force equilibrium equations. It was assumed that the pressure on the lumen-wall interface was originated from both static blood pressure and flow stream. The proximal and distal end of the PR-NV and PR-NA models were fixed in space. A 5-parameter Mooney Rivlin non-linear hyperelastic material model (25) was used for the lipid and fibrous components of neointima and the native vessel wall, while stent struts were modeled as a linear elastic material with elastic modulus 243 GPa and Poisson’s ratio 0.29 assuming the material is L605 Co-Cr alloy (26). All computational analyses were conducted on a desktop workstation (Dell Precision 5120, 3.7 GHz Intel Core i9, 128 GB RAM).



Statistical Analysis

Continuous data are presented as mean ± SD if normally distributed, otherwise as median and interquartile range (IQR). Categorical data are expressed as absolute values and percentages. T-test was used to compare continues variables if these were normally distributed and Mann–Whitney U-test when variables were not normally distributed; comparison of categorical variables were performed using χ2 test. Analysis was performed using MedCalc Statistical Software version 18.2.1 (MedCalc Software bvba, Ostend, Belgium). A p-value of <0.05 was assumed to be statistically significantly.




RESULTS


Clinical Data of Study Population

Two hundred twenty-seven patients presented with an acute myocardial infarction who underwent OCT before culprit lesion pre-dilatation were considered eligible for recruitment. From these, we excluded patients with non-interpretable OCT due to suboptimal image quality or large thrombus burden, those who suffered an event because of plaque erosion, coronary spasm, spontaneous coronary dissection, or an erupted calcific nodule and two cases because the ruptured lesion was located at the edge of a stent and extended to the native vessel (Figure 3).


[image: image]

FIGURE 3. Study flowchart.


Therefore, 80 patients were included in the final analysis: 56 had a ruptured plaque in NV and 24 in NA segment. There was no significant difference in baseline demographics between the two groups except the medication therapy at the event including anti-platelet therapy (defined as continuously taken of either aspirin or P2Y12 inhibitor or both at the event) and statin usage (Table 1). Thrombus aspiration was used in 23 cases (41.1%) in the PR-NV group and 11 patients (45.8%) in the PR-NA group (p = 0.693), while glycoprotein IIb/IIIa inhibitors were used during PCI in 14 (25.0%) and 12 patients (50.0%), respectively (p = 0.029).


TABLE 1. Baseline demographics of the studied population.
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OCT Analysis


Lesion Level-Analysis

There was no significant difference in lesion length, area stenosis, phenotype, and number of ruptured sites in the two groups. However, PR-NV lesions had a larger MLA, lager reference areas and smaller mean FCT and small lipid index compared to PR-NA lesions (Table 2). Moreover, the calcific index and the incidence of calcium and microchannels was higher in the PR-NV than the PR-NA group. Conversely, the incidence of macrophages, cholesterol crystals and thrombus were similar in the two groups. Likewise, there were no differences between groups in the length of plaque rupture, the mean arc of rupture, or the rupture extent index as well as the up- and downstream RG, whereas the maximum depth of rupture was greater in the PR-NV group (Figure 4).


TABLE 2. Geometrical and morphological characteristics of the ruptured plaques in the native and stented segments.
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FIGURE 4. Main results of lesion level-analysis and representative images. The images are presented as pairs from PR-NV and PR-NA groups. (A,A′) The reference segment, PR-NV group had larger proximal and distal reference area. (B,B′) The MLA site, PR-NV group reveals larger MLA than PR-NA group, while the two groups have similar AS%. (C,C′) Typical fibroatheroma and cholesterol crystals images, arcs indicate the lipid tissue while the yellow arrows are pointing at the cholesterol crystals. Blue lines draw the fibrous cap. PR-NV group reveals smaller mean FCT and lipid index, but similar incidence of cholesterol crystals compares to PR-NA group. (D,D′) Representative plaque rupture images, arcs indicate the ruptured cavity, PR-NV group reveals similar rupture extend index with PR-NA group. (E,E′) Typical calcification images. Arcs indicate the calcific tissue, PR-NV groups had bigger calcific index than PR-NA group. (F,F′) Macrophages and microchannels. Yellow arrows are pointing to the microchannels while arcs indicate the macrophages. PR-NV group has similar incidence of macrophages but more incidence of microchannels than PR-NA group.




Frame-Level Analysis

Frame-level analysis showed that PR-NV lesions had more frames with a lipid-rich plaque covered by a thin fibrous cap and more frames covered by a thick cap and portrayed more often calcific tissue, spotted macrophages and less often cholesterol crystals than PR-NA lesions (Table 2).




Plaque Rupture Location Analysis

Most of plaque ruptures occurred at the throat followed by the upstream region in both native and neoatherosclerotic lesions (for the longitudinal distribution of plaque rupture p = 0.098). The distance plaque rupture to MLA was similar in the two groups (Table 3). In addition, there was no differences between groups in the circumferential location of plaque rupture (center vs. shoulder of the plaque, 33 vs. 31 in NV group, and 12 vs. 17 in NA group, p = 0.363)


TABLE 3. Location of plaque rupture.
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Computational Physiological Analysis

The reconstructed native and stented models are shown in Figure 5. The pressure drop across the native model was 0.95 mmHg, and 2.03 mmHg in the stented model (Figure 5A). The maximum ESS value was higher in the stented model (19.1 vs. 11.0 Pa) and the minimum ESS was lower in the native model (0.32 vs. 0.04 Pa). The maximum ESS value was noted in both models at the MLA; 28.5% of the culprit lesion model in the stented segment and 9.0% of the culprit lesion model in NV was exposed to high ESS (>7 Pa) (27). Furthermore, ESS was higher in the stented model over the minimum FCT which in both models were located proximally to the MLA (Figure 5B).
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FIGURE 5. Computational physiological analysis results. (A) The pressure drop across the model is 0.95 and 2.03 mmHg for native and stented vessel, respectively. (B) ESS distribution of the vessel. The stented model reveals higher maximum and minimum ESS value (19.1 vs. 11.0 Pa and 0.32 vs. 0.04 Pa, respectively). The maximum ESS value was located main at the MLA in both two models and 28.5% of the culprit lesion model in the stented segment and 9.0% of the culprit lesion model in NV was exposed to high ESS (>7 Pa). (C,D) PSS analysis results. The maximum superficial PSS in both models were over the thinner segment of the fibrous cap proximally to the MLA and was 95.1 kPa in the native and 38.8 kPa in the stented segment. A total of 95.1 kPa was also the maximum PSS value of the native model while in the stented model the highest PSS was 58.7 kPa in the vicinity of stent struts.


Plaque structural stress analysis showed significant differences in the two models. The maximum superficial (≤200 μm depth) PSS was noted in both models over the thinner segment of the fibrous cap proximally to the MLA and this was 95.1 kPa in the native and 38.8 kPa in the stented segment. This was also the maximum PSS value in the native culprit plaque; in the stented culprit lesion the highest plaque structural stress was noted in deeper layers in the vicinity of stent struts where its maximum value was 58.7 kPa (Figures 5C,D).




DISCUSSION

In this study we examined for the first time the morphological and physiological characteristics of lesions located in native and stented segments that ruptured causing a cardiovascular event. We found that (1) there are significant morphological differences between these two groups: ruptured plaques in native segments had larger reference and MLA, an increased calcific tissue component, a thinner fibrous cap, smaller lipid index, and more neo-vessels than the neoatherosclerotic plaques that ruptured and (2) that these morphological differences had an effect of lesion physiology leading to higher ESS and lower superficial PSS in the neoatherosclerotic lesions.

Plaque rupture is considered the main cause of ACS accounting for two thirds of the cardiovascular events (28). Several intravascular imaging studies, over the last years, attempted to assess the morphological characteristics of lesions that ruptured in native segments and caused events showing that these lesions have a small MLA, increased plaque burden and lipid component that is covered by a thin fibrous cap and are often exhibit macrophages accumulations and neovessels (21, 29–31). Conversely, there is lack of evidence about the morphological characteristics of ruptured neoatherosclerotic lesions. In the present analysis we found significant geometrical differences between the lesions in the PR-NV and PR-NA group. Native lesions had a larger MLA and reference lumen areas; this should be attributed that the fact that the vessel wall can remodel and accommodate the developed plaque and to fact that the neoatherosclerotic lesions were developed within stents that were implanted to treat obstructive plaques. Conversely, there were no differences between these groups in lesion length, upstream and downstream RG and the area stenosis. Ruptured neoatherosclerotic lesions similarly to the native lesions were lipid-rich, infiltrated by macrophages and often exhibited cholesterol crystals. On the other hand, the incidence of calcific tissue and micro-channels was lower and the FCT was increased while the lipid index was higher in the PR-NA group; these findings indicate that these lesions ruptured earlier after their development compared to the native that their generation begins in childhood.

Recent data indicate that the pathophysiological pathways that are involved in neoatherosclerotic lesion formation are different to those that regulate plaque evolution in native segments. These include the vessel wall injury post stent implantation, the delayed vascular healing and the endothelial barrier dysfunction caused by the antiproliferative drugs (32, 33), the unfavorable local hemodynamic milieu induced by the protruding struts post stent implantation, that create flow disturbances and recirculation zones in the vicinity of the struts (34), and the vascular inflammation caused by the polymer of the stent (4). The outcome of these processes is the formation of intraplaque hemorrhage derived from the lumen and the accumulation of foamy macrophages in the peri-strut regions that apoptose leading to necrotic core formation (35). In addition, to these mechanisms systemic factors and the patients’ cardiovascular profile and vulnerability seem also to be involved and expedite neoatherosclerotic lesion formation (6–9).

Although several studies have shed light onto the pathophysiological pathways that regulate vulnerable plaque development within the stents, there is limited data about the processes that contribute to their destabilization and rupture. In native lesions, local hemodynamic forces distribution seems to play a pivotal role on the final act of atherosclerosis. More specifically, high ESS promotes nitric oxide synthesis resulting in proteolytic degradation of the fibrous cap, inhibits extracellular matrix synthesis and upregulate smooth muscle cell apoptosis and vascular inflammation leading to fibrous cap thinning and fragility (36, 37). Moreover, PSS has a pivotal role on plaque destabilization as it promotes metalloproteinase synthesis, macrophages accumulation, smooth muscle cell apoptosis, and intraplaque hemorrhage (38–41) and is also considered as the main instigator of plaque rupture (42).

In contrast to the NV in stented segments there is limited evidence about the implications of the local hemodynamic forces on vulnerable plaque formation. Two recent reports have shown that low ESS is a predictor of lipid-rich neointima and neointima inflammation and are associated with the formation of neoatherosclerotic lesions, while high ESS appear to contribute to their destabilization and rupture (14, 43). However, both studies have significant limitations as they included a small number of patients, they made assumptions about vessel geometry post stent implantation, as the baseline intravascular imaging data were not available, and did not assess the PSS and its implication on neoatherosclerotic evolution.

In this analysis we examined for the first time the effect of PSS on neoatherosclerotic plaque rupture. We generated a representative idealized geometry of the culprit lesion before its rupture in native and stented segments and process this with CFD techniques to assess ESS and PSS distribution. We found high ESS values in both geometries with similar ESS distribution and the maximum ESS at the MLA; however, the ESS values were numerically higher in the stented segment. This should be attributed to the smaller MLA in this model. The higher ESS in the neoatherosclerotic lesions is likely to have clinical implications, expedite collagen degradation in the fibrous cap leading to its earlier destabilization compared to the native lesions. This hypothesis may not be supported by the FCT that is numerically higher in the stent geometry; however, it has to be acknowledged that OCT is unable to assess fibrous cap composition and the density of the collagen fibers. Conversely, the superficial PSS was higher in the native model; this should be attributed to the smaller lumen dimensions in the stent model and the fact that the neoatherosclerotic lesions were caged by the deployed stents. Stent struts also affect PSS in the deeper layers of neointima with high PSS values noted at their borders. This may influence neoatherosclerotic lesion formation but also to its destabilization as increased PSS promotes neovessels rupture and intraplaque hemorrhage (40).


Limitations

Several limitations of the present analysis should be acknowledged. Firstly, the number of the included native and especially of the neoatherosclerotic ruptured plaques is relatively small. This should be attributed to the fact that we included only lesions that were not pre-dilated before OCT imaging and that we excluded 33.5% of the lesions because of insufficient OCT image quality that prohibited image segmentation or because it was not possible to identify the cause the event (plaque rupture vs. plaque erosion vs. calcific nodule). The strict inclusion criteria provided confidence about our findings but may have also introduced bias; nevertheless, it is reassuring that our results in the native lesions are in agreement with those reported in the literature (22). Secondly, the type of stent implanted in the PR-NA group was not always available. Thus it was not possible to assess the effect of different strut configuration polymer and drug elution on the morphological characteristics in the culprit neoatherosclerotic lesions. Thirdly, CFD analysis was performed in a representative idealized model of the stented and native lesions and not in the entire dataset. Therefore, it was not possible to examine the effect of specific morphological characteristics, seen in different lesions, on the distribution of the local hemodynamic forces. This would enable a more accurate assessment of the local hemodynamic milieu and would allow more accurate comparisons between groups. However, this analysis was not feasible as segment reconstruction could not be performed in all frames of the studied lesions, because of the increased thrombus burden and would require increased computational time and resources. Finally, we approximated tissue mechanical properties based on the published literature, and the vessel geometry before rupture as OCT imaging data were not available before the event. Considering however, that prospective large-scale studies that will include asymptomatic patients who will undergo OCT imaging in native and stented segments – so as to capture the morphological features of vulnerable plaques before their rupture – is unlikely to be feasible in future, we believe that the present analysis is important, and it provides valuable mechanistic insights about the role of ESS and PSS on neoatherosclerotic lesion destabilization.




CONCLUSION

Neoatherosclerotic lesions that ruptured, and caused events have significant morphological differences from the culprit lesions in native segments. These differences affect local hemodynamic forces distribution resulting in higher ESS and lower superficial PSS in the neoatherosclerotic plaques. These findings highlight the need to conduct large intravascular- and CFD-based studies to better understand the pathophysiological mechanisms that regulate neoatherosclerotic lesion formation and destabilization.
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PR-NV group

PR-NA group p-Value

(n = 56) (n = 24)
Distance to MLA site (mm) 3.6+39 28486 0.679
Upstream (n, %) 26 (40.6) 5(17.2)
Center (n, %) 18 (28.1) 2 (6.9
Shoulder (n, %) 8(12.5) 3(10.3)
Throat (n, %) 30 (46.9) 20 (69.0)
Center (n, %) 12 (18.8) 10 (34.5)
Shoulder (n, %) 18 (28.1) 10 (34.5)
Downstream (n, %) 8(12.5) 4 (13.8)
Center (n, %) 3(4.7) 0(0)
Shoulder (n, %) 5(7.8) 4(13.8)
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PR-NV groupPR-NA group p-Value
(n = 56) (n=24)

Lesion-level analysis
Geometrical characteristics

Lesion length (mm) 16.3+6.0 14.8+11.1 0.532
MLA (mm?) 293+2.03 2.00+1.26 0.015
Proximal reference area (mm?) 9.21£4.11 5.80+299 <0.001
Distal reference area (mm?) 7.78 £3.87 4.96 £2.11 0.001
Area stenosis (%) 66.4 +15.4 61.6 +£18.1 0.227
Upstream RG 0.111 £0.0690.105 £ 0.076  0.768
Downstream RG 0.112+£0.0930.121 £ 0.117  0.715

Morphological characteristics

TCFA phenotype (n, %) 41(73.2) 14 (58.3) 0.191

ThCFA phenotype (n, %) 13(28.2) 9(37.5) 0.406
Minimal FCT (um) 49 + 22 60 + 38 0.222
Mean FCT (ium) 186 + 65 232 + 80 0.009
Mean lipid arc (°) 150.5 +£49.4 167.3 £ 34.0 0.141

Lipid length (mm) 6.1+53 7.8+86 0.280
Lipid index 62.24+49.1 97.4+478 0.005
Presence of calcific tissue (n, %) 31 (55.4) 5(20.8) 0.005
Mean arc of calcific tissue (°) 628 £31.0 79.2+147 0.309
Calcific index 299+34.1 10.0+4.0 0.004
Presence of macrophages (n, %) 52 (92.9) 21(87.5) 0.440
Spotted macrophages (n, %) 50 (89.3) 20(83.9) 0.464
Lined macrophages (n, %) 48 (85.7) 18 (75.0) 0.251

Lined macrophages index 121 4+ 111 2686 £339 0.091

Presence of cholesterol crystals (n, %) 19 (34.5) 8 (33.0) 0.917
Presence of microchannels (n, %) 23 (41.4) 3(12.5) 0.013
Number of rupture sites 11+04 1.2+04 0.473
Length of plaque rupture (mm) 24422 1.94+£20 0.359
Depth of plague rupture (mm) 09+05 0.6+0.3 0.036
Arc of rupture (°) 58.7 +35.1 64.7 £31.5 0.476
Rupture extent index 08412 0.7+ 0.6 0.544
Presence of thrombus (n, %) 43 (76.8) 21(87.5) 0.278
Thrombus score 21.8+18.3 215+173 0.948
Frame-level analysis n=2,307 N =903

Frames portraying TCFA (n, %) 391 (16.9) 121 (13.4) 0.014
Frames portraying ThCFA (n, %) 458(19.9) 344 (38.1) <0.001
Frames portraying calcific tissue (n, %) 433 (18.8) 20 (2.2 <0.001
Frames portraying macrophages (n, %) 735 (31.9) 222 (24.6) <0.001
Frames portraying spotted 440 (19.1) 112 (12.4) <0.001

macrophages (n, %)
Frames portraying lined macrophages 411 (17.8) 138 (15.3) 0.087
n, %)

Frames portraying microchannels (n, 84 (3.6) 28 (3.1) 0.453
%)

Frames portraying cholesterol crystals 40 (1.7) 30 (8.3) 0.006
(n, %)

Frames portraying plaque rupture (n, 334 (14.5) 114 (12.6) 0.173
%)
Frames portraying thrombus (n, %) 576 (25.0) 232 (25.7) 0.671

Results are presented at a lesion- and frame-level. MILA, minimum lumen area; RG,
radius gradient; TCFA, thin cap fibroatheroma; ThCFA, thick cap fibroatheroma;
FCT, fibrous cap thickness. The values in bold type indicate that they are statistically
significantly with p-value of <0.05.
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New ulceration New ulceration  p value

present absent

(n=86) (h=12)
Total vessel volume (cm®) 1.61[153-187) 1.55[1.30-186) 055
Wall volume (cm?®) 1.04[0.97-1.16] 1.04[0.88-1.15]  0.75
Lumen volume (cm?) 059 [0.55-0.69] 053 [0.45-065]  0.25
% wall volume 64 [59-67] 66 [61-68] 039
9% LRNC volume 23 (16-31) 15 (11-25) 0.15
% calcifications volume 6[2-9 715-8) 075
% IPH volume 14 [8-24) 11[7-19) 0.44
NASCET (%) 14 [0-39] 25 [12-35) 055
ECST (%) 62(53-71) 66 [55-69] 082
Minimal lumen diameter (mm) 3.4 [29-4.8) 3.1 [2.8-4.4] 0.49
LRNG presence 100% 100%
Calcifications presence 100% 100%
IPH presence 100% 100%
Maximal wall thickness (mm) 4.1[3.6-4.3) 4.0[3.6-4.5] 0.89
Mean wall thickness (mim) 282628 2712529 096

LRNC, Lipid rich necrotic core; IPH, Intraplaque hemorthage; NASCET, North American
Symptomatic Carotic Endarterectomy Trial, defiition of percentage lumen stenosis;
ESCT, European symptomatic carotid endarterectomy trial: defiition of percentage
lumen stenosis.
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New ulceration New ulceration

present absent
(n=6) (n=12)

Parameters Median [IQR] ~ Median [IGR] P value

Minimum wall shear stress (Pa) ~ 05[04-08] ~ 03[0.2-0.4] 0083

Maximum wall shear stress (Pa) ~ 9.9(6.6-18.5)  13.6[9.7-17.7) 0349
Maximum oscilltory shear index 0,04 [0.01-0.10] 0.12[0.06-0.20] 0019

Maximum relative residence time  1.25 [0.78-2.08] 2.93[2.08-5.28) 0011
(Pa~")
Maximum wall thickness (mm) 4.1 [3.6-4.25  4.0[355-4.52) 0888

Maximum is the 95th percentile of the data except for wall thickness.
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Minimum wall shear stress (Pa) Ulcer-site
Non-ulcer-site
Maximum wall shear stress (Pa) Ulcersite
Non-ulcer-site
Meaximum oscilltory shear index Ulcer-site
Non-ulcer-site
Maximum relative residence time (Pa~")  Ulcer-site
Non-ulcer-site
Non-ulcer-site
Meaximurm wall thickness (mm) Ulcersite
Non-ulcer-site

Maximum is 95t percentile, except for the wall thickness.

Patient 1

18
0.6
8.7
325
0.05
0.10
0.61
0.92
2z
36
4.1

Patient2 Patient3 Patient4 Patient5 Patient 6

0.7
04
14
35
0.01
0.02
1.30
1.97
20
38
42

08
0.2
161
95
0.09
0.10
1.48
239
21
41
4.4

23
05
96
70
0.01
0.04
0.37
1.24
27
33
33

09
05
193
1.8
0.01
0.07
053
145
2.4
4.1
40

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Median

09[0.7-2.1)
05[0.3-0.6)
964.1-17.2)
95(5.2-22.1)
0,01 (0.01-007)
0.07 [0.03-0.10)
061 [0.45-1.39)
1.44 [1.08-2.18)
27 (25-29)
38[35-4.1)
4437-43)

P value

0.04

0.68

0.04

0.04

0.14
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PR-NV group PR-NA group p-Value

(n = 56) (n =24)

Mean age (years) 64.5 + 131 66.7 +12.8 0.911
Males 45 (80.4) 19 (79.2) 0.904
Clinical characteristics

Diabetes 6 (28.6) 6 (25.0) 0.745
Hypertension 9 (561.8) 14 (68.3) 0.593
Hyperlipidemia 30 (563.6) 17 (70.8) 0.153
Current smoking 9(33.9) 5(20.8) 0.245
Previous Ml 0(17.9) 9 (37.5) 0.060
Clinical presentation 0.117
STEMI 29 (51.8) 17 (70.8)

NSTEMI 27 (48.2) 7 (29.2)

Medications at the time of the event

Anti-platelet therapy 26 (46.4) 18 (75.0) 0.019
Aspirin 21 (37.5) 17 (70.8) 0.006
P2Y12 inhibitor 5(8.9 5(20.8) 0.157
Statins 7 (48.2) 19 (79.2) 0.010
ACEI/ARB (42 9) 15 (62.5) 0.144
B-Blockers 9(33.9) 14 (58.3) 0.051
Culprit vessel 0.896
LAD 29 (51.8) 14 (58.3)

LCx 12 (21.4) 3(12:5)

RCA 15 (26.8) 7 (29.2)

Values are presented as n (%) or mean + SD. MI, myocardial infarction;
STEMI, ST-segment elevation myocardial infarction; NSTEMI, non-ST-segment
elevation myocardial infarction; ACEIl, angiotensin converting enzyme inhibitors;
ARB, angiotensin receptor blocker; LAD, left anterior descending; LCx, left circum-
flex artery; RCA, right coronary artery. The values in bold type indicate that they are
statistically significantly with p-value of <0.05.
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227 patients with ACS who
underwent OCT before
balloon pre-dilatation

82 patients with plaque
rupture within the culprit
lesion

56 patients with native 26 patients with in-stent
vessel plaque rupture plaque rupture

PR-NV group PR-NA group
(n=56) (n=24)
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Segment 1, median ESS (IQR)

(IQR)
Segment 3, median ESS (IQR)
Segment 4, median ESS (IQR)

Segment 2, median ESS

ESS, endothelial shear stress; IQR, interquartile range.

Newtonian

0.6618 (0.0000
0.6611 (0.2441
0.2245 (0.0884
(

)
)
)
0.6610 (0.0007)

Non-Newtonian

0.8238 (0.0015)

0.8196 (0.2288)
0.2546 (0.2199)
0.8179 (0.0059)

p-value

<0.001
<0.001
<0.001
<0.001
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Non-Newtonian Newtonian p-value

ESS (Pa), median (IQR) 1.69 (1.36) 1.28 (1.16) <0.001
ESSG (Pa/mm), median (IQR) 0.90 (1.20) 0.74 (1.08) <0.001
O8I, mean £+ SD 0.0802 £0.035  0.0294 4 0.039 0.81

ESS, endothelial shear stress; ESSG, endothelial shear stress gradient; IQR,
interquartile range; OSI, oscillatory shear index; SD, standard deviation.
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Age (years)

Male

Diabetes

Hypertension

Dyslipidemia

Current smoker

Former smoker

Previous myocardial infarction
Previous coronary artery bypass graft
Previous percutaneous coronary intervention
Vessel

Left anterior descending artery

Right coronary artery

Left circumflex artery

Statin

Presentation

Stable

Unstable

Non-ST elevation myocardial infarction
Simulation variables

Inlet flow (mL/s)

Length of region of interest (mm)

N =16

64.5
13 (81.3)
3(18.8)

8 (50)
13 (81.3)
2(12.5)
10 (62.5)
5(31.1)

0
4 (25)

10 (62.5)
2(12.5)
4 (25)
14 (87.5)

9 (56.3)
2(12.5)
5 (31.3)

0.83 & 0.44
13.40 £ 4.21
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Goal-achievement group Non-achievement group P-value

(n =146) (n =286)
Age, years 6352+ 10.62 62.47 £9.78 0.184
Male, n (%) 118 (80.8) 225 (78.7) 0601
Hypertension, n (%) 98 (67.1) 173 (60.5) 0319
Diabetes melltus, n (%) 42(28.8) 86(30.1) 0779
Renal insufficiency, n (%) 6(4.1) 8(2.9) 0.466
Current/past smoking, n (%) 82 (56.2) 156 (54.5) 0.749
Previous MI, n (%) 15 (10.3) 33(11.5) 0692
Previous PCI, n (%) 24 (16.4) 45 (15.7) 0850
Medications
Antiplatelet agent, n (%) / / /
Statin, n (%) / / /
ACE-inhibitor/ARB, n (%) 108 (74) 225 (78.7) 0.272
Type of coronary artery disease
Unstable angina, n (%) 87 (59.6) 157 (54.9) 0352
NSTEMI, 1 (%) 21(14.4) 45(15.7) 0712
STEMI, n (%) 22 (16.1) 52(18.2) 0417
Stable angina, n (%) 16 (10.9) 32(11.2) 0943
Laboratory data
NT-proBNP, pg/m 121.00 (49.75-624.25) 172.50 (66.00-677.75) 0.114%
CRP, mg/L 1.71 (0.60-5.29) 2.65(0.89-8.52) 0.033
Glucose, mmolL 6.58+264 657273 0845
Creatinine, pmol/L 83.44 4 54.94 78.42 +21.88 0.181
LDL-C, mmol/L 281£107 293+093 0.138
LVEF, % 6183+ 11.76 60.47 + 10.71 0.194

Values are the mean  standard deviation, median (interquartie range), or number (%).

2The p-value was log transformed.

Mi, myocardial infarction; PCI, percutaneous coronary intervention; ACE-inhibitor, angiotensin-converting-enzyme inhibitor; ARB, angiotensin Il receptor blocker; NSTEMI, non-ST
segment elevation myocardial infarction; STEM, ST segment elevation myocardlel infarction; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro brain natriuretic
peptide; CRP, C-reactive protein; LVEF, left ventricular ejection fraction.
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RFR > 0.89 RFR < 0.89 RFR < 0.89 RFR>089  pvalue Concordance Discordance p value

FFR > 08 FFR> 08 FFR<08 FFR<08
Bothnegative  Discordance  Both positive  Discordance

No. of vessels 396 (55.7) 94(132) 159 (22.3) 63(8.8) 555(78.0) 157 (22.0)

Target Vessel

Left anterior descending 174 (43.9) 75(79.8) 131 (82.4) 44.(69.8) <001  805(650) 1190758  <0.01

Ramus intermedius 7018 2@.1) 2(1.9) 00 070 9(1.6) 2(1.9) 076

Right coronary artery 108 (27.3) 8(85) 10(6.3) 17 27) <001 118(213)  25(15.9) 0.14

Left circumflex artery 98(24.7) 9(9.6) 15(9.4) 2(32) <001 113(204) 1@) <0.01

Number of diseased vessels total

1 94(23.7) 25 (26.6) 28(17.6) 11(17.5) 023 122 (22) 36 (22.9) 0.80

2 159 (40.2) 33(35.1) 51(32.1) 29 (46) 016 2100878  62(395) 071

3 120 (30.3) 34(36.2) 78 (49.1) 23(36.5) <001 198 (36.7) 57 (36.3) 0.88

Lesion location

Proximal 191 48.2) 39(415) 58 (36.5) 2031.7) 002 249(449)  59(37.6) 0.11

Mid 147 37.1) 47 (50.0) 74 (46.5) 32(50.8) 003 221(398)  78(49.7) 0.03

Distal 58(14.6) 8(85) 27(17) 11(17.5) 027 85 (15.3) 19 (12.1) 031

Non-focal lesion 136 (34.9) 49 (52.1) 81(509) 24(38.1) <001 217(39.1) 73465 0.10

QCA analysis

Diameter stenosis, % 49454726  51.69%7.43 5007 £8.1 6104696 <001 5224868 5544+ <001

856

Reference diameter, mm 3124061 294061 276 +0.57 279+£056 <001 3024062 286£059 001

Minimal lumen diameter, mm 1.68 £ 039 1.41:£039 1.18 031 1124082 <001 1464042 13£039  <0.01

Lesion length, mm 1427£853 1461917  1807+£1096 19461025 <001 15.36 = 16.56 & 0.17

9.44 9.88

Pressure wire-derived index

FFR 0.89 (0.86-0.93) 0.84 0.76 (0.71-0.78) 0.78 <0.01 0.86 0.82 <0.01
(0.82-0.86) (0.76-0.8) (0.79-0.91) (0.79-0.85)

RFR 095 (0.93-0.98) 088 085 (0.81-0.87) 092 <001 093 0.89 <0.01
(0.85-0.89) 0.91-099) (0.88-097)  (0.87-0.91)

GPRWFP] 096 (0.93-0.98) 088 085 (0.81-0.87) 092 <001 0.94 0.89 <0.01
(0.86-0.89) (0.91-094) (0.88-097)  (0.87-0.91)

dPR[diastole] 0.96 (0.93-0.98) 088 086 (0.82-0.88) 092 <001 094 090 <0.01
(0.86-0.90) (0.91-094) (089-098)  (0.88-0.92)

Resting Pd/Pa 096 (0.95-0.99) 091 0.88(0.85-0.9) 094 <001 095 092 <0.01
(0.9-0.92) (0.92-0.95) 091-098)  (0.9-0.94)

Data are presented as n (%), mean SD, or median (Q1-QX

\bbreviations as in the text. Bold numbers represent statistically significant p values.
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Age, per 1-year increment
Female

Diabetes melltus
Hypertension
Hyperiipidemia

Curtent or former smoking
Peripheral arterial disease
NSTEMI o unstable AP
Previous PCI In target vessel
Previous myocardial infarction
Non-focal lesion
Multivessel disease
Proximal or mid segment*
Proximal segment

Mid segment

Distal segment

% DS

Minimal lumen diameter
Lesion length

Lesion location LAD
Lesion location RCA
Lesion location LCX

Odds ratio

1.04
1.88
0.99
1.08
1.24
1.21
242
0.97
1.33
112
1.70
0.85
1.98
0.93
1.38
051
0.98
0.96
0.99
3.04
0.33
0.46

Discordance with RFR <0.89 and FFR >0.8

Univariate Analysis

95% Cl

1.02-1.07
1.19-2.92
0.6-1.61
0.65-1.74
0.8-1.92
0.77-1.89
1.29-4.54
0.59-1.69
0.81-2.19
0.70-1.80
1.10-2.63
0.53-1.38
093-4.21
0.60-1.44
0.90-2.14
0.24-1.08
0.96-1.01
0.58-1.62
0.96-1.01
1.8-6.16
0.16-0.7
0.23-0.95

P-value

<0.01
0.01
096
0.80
033
041
0.01
091
026
064
0.02
052
0.08
073
0.14
0.08
0.14
0.89
027

<0.01

<001
0.04

Odds ratio

1.04
1.70

2.71

3.22

Multivariate Analysis

95% Cl

1.02-1.07
1.06-2.74

1.39-5.28

1.17-2.89

1.88-5.62

P-value

0.01
0.03

0.01

0.01

<0.01

“Target lesion located in the proximal or mid segment of the target vessel. Cl, confidence interval; other abbreviations as in the text. Bold numbers represent statistically significant p

values.
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Value and limitations
Value

Limitations

3.

Moo= MR

Angiography-based solution and potential online availabilty in the catheterization laboratory.

Realistic reflection of the cyclic motion of arterial wall i vivo.

Assessment of the global and local features of the arterial wall with the amplitude and rate of changes in multiple parameters.
Sensitive to the accuracy of lumen segmentation, especially at location of severe stenosis.

Heart rate-dependent coronary motion.

Further validation of clinical predictive potential needed.

Potential clinical applications

1.

2.

Assessment of the native vessel dynamics

a. Identification of weak spots in a diseased vessel along the longitudinal direction.

b. Differentiation of high-risk vessel segments in patients with non-obstructive coronary artery or multivessel disease.
c. Biomechanical assessment of arterial remodeling, aneurysm formation, and lumen patency.

Assessment of the implanted device dynamics

a. Assessment of the fracture risk and fatigue lite of coronary stents.

b. Evaluation of the early discontinuity of bioresorbable scaffolds.

c. Assessment of the effects of wall strain on the patency of (bioresorbable) bypass grafts
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Age, per 1-yr increment
Female

Diabetes melltus
Hypertension
Hyperiipidemia

Curtent or former smoking
Peripheral arterial disease
NSTEMI or unstable AP
Previous PCI In target vessel
Previous myocardial infarction
Non-focal lesion
Multivessel disease
Proximal or mid segment*
Proximal segment

Mid segment

Distal segment

% DS

Minimal lumen diameter
Lesion length

Lesion location LAD
Lesion location RCA
Lesion location LCX

Odds ratio

0.97
0.50
0.62
1.37
121
1.10
0.33
1.38
2.04
0.99
0.89
1.73
0.79
0.6
1.48
1.27
1.14
0.08
1.04
1.64
183
0.14

Discordance with RFR >0.89 and FFR=< 0.8

Univariate Analysis Multivariate Analysis

95% Cl P-value Odds ratio 95% Cl P-value
0.95-1.00 0.02

0.26-0.99 0.05

0.32-1.19 0.15

0.74-2.55 031

0.72-2.04 047

0.64-1.88 073

0.08-1.4 0.13

0.80-2.41 0.25

1.18-3.55 0.01 2.10 1.15-3.85 0.02
0.56-1.76 0.97

0.52-1.51 0.87

0.88-3.4 0.11

0.4-1.57 050

0.34-1.02 0.06

0.89-2.48 0.14

0.64-2.51 053

1.1-1.18 <0.01 1.14 1.10-1.19 <0.01
0.04-0.2 <0.01

1.02-1.06 <0.01

0.94-2.87 0.08

0.85-2.77 0.16

0.03-0.59 0.01 0.11 0.02-0.62 0.01

“Target lesion located in the proximal or mid segment of the target vessel. Cl confidence interval; other abbreviations as in the text. Bold numbers represent statistically significant p

values.
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Categories

Cardiac imaging

Image
reconstruction

Image-based
computational
modeling

Techniques

Angiography

ocT

NIRS

ANGUS

ESS

sws

PSS

Elastography/
palpography

Theoretical strengths

High spatial resolution
(150~250 m)

High temporal resolution
(33~80ms)

Dynamic blood flow

Dynarmic motion and deformation
of coronary tree

High penetration depths for
assessing pladue burden and
detecting lumen size

High spatial resolution (axial:
10~20um; lateral: 20~90 ) for
accurately deteoting lumen,
thrombus, or

stent-related morphologies
Quantitative assessment of lipid
core burden index

More accurate for 3D
reconstruction model of vessels

Assessing the hemodynarmics of
near-wall with a profound influence
on vascular biology based on
angiography or combined with
intravascular images

Measuring the dynamics of the
superficial wall base on
angiography

Dynamic mechanical behavior of
coronary arteries during a

cardiac cycle

Assessing the stress state of the
plaque structure based on IVUS

Measuring plague strain in vivo
based on IVUS

Limitations

« Lacking 3D information

« Low spatial resolution (axial:
100~150 urm; lateral:
150~300 um)

« Limited for assessing strut
malapposition and
detecting thrombus

« Low tissue pentration depths
(~2mm)

o Limited for assessing plaque
burden and detecting vessel size

o Limited for plaque structure and
cap thickness

 Need angiography and IVUS

« 3D reconstruction only
at end-diastole

* Static assessment at end-diastole

« Sensitive to arterial geometry
« Heart rate-dependent
coronary motion

 Segmentation of detail plaque
‘components

« Require blood pressure and
mechanical properties of
plaque components

« Sensitive to heart beating and the
location of imaging sensor

Application scenarios

« Diagnosis o coronary ~ artery
anomalies and guide interventional
therapy

3D reconstruction of artery and
centerline

* 4D reconstruction of
arterial dynamics

* Measurement of lumen and
vessel dimensions, lesion
characterizations

* Guide interventional therapy

* Measurement of lumen dimensions,
lesion characterizations, evaluation
of strut-level

* Guide interventional therapy

« Detection of lipid-rich plaque

* For endothelial shear
stress analysis

* Assessing plaque progression
and thrombogenesis

* Assessment of the native vessel
dynamics

« Assessment of the implanted
device dynamics (Detail see
Table 1)

« Assessment of pladue rupture risk

« Detection of the vulnerable placiues
with a high strain region at the
surface in the close vicinity of low
strain regions

ESS, endothelial shear stress; VUS, intravascular ultrasound; NIRS, near-infrared spectroscopy; OCT, optical coherence tomography; PSS, plaque structural stress; SWS: superficial

wall strain/stress.





OPS/images/fcvm-08-744181/fcvm-08-744181-g004.gif
e
/

100-specifity %

[——





OPS/images/fcvm-08-744181/fcvm-08-744181-t001.jpg
Age (years)
Female gender
Hypertension
Dysiipidemia
Diabetes melitus
Insulin dependent
Current or past smoker
Peripheral arterial disease
Atral fibrilation
Previous stroke
Previous myocardial infarction
Previous coronary artery bypass surgery
Family history of coronary artery disease
B-Blocker use
Indication

NSTEMI

Unstable angina

Stable angina

Atypical angina

Silent ischeria
Muli-vessel disease

Previous percutaneous coronary intervention i the

target vessel

Left main
Left anterior descending artery
Ramus intermedius
Right coronary artery
Left circumflex artery
Coronary artery bypass
Non-focal stenoses
Target segment

Proximal

Mid

Distal

Data are given in n (%) or median (Q1-Q3).

Al patients
(n=617)

69 (61-77)
169 (27.4)
448 (72.6)
322 (52.2)
168 (27.2)
61(9.9)
216/(35.0)
47(7.6)
65(105)
55(8.9)
180 (20.2)
41(6.6)
95 (15.4)
417 (67.6)

28(4.5)
137 (22.2)
192 (31.1)
63(102)
197 (31.9)
444 (72.0)
126 (20.4)

All vessels
(n=712)
6008
424(59.6)
1(1.5)
143 (20.1)
124 (17.4)
4(06)
290 (40.7)

308 (43.3)
300 (42.1)
104 (14.6)
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True positive, n
True negative, n

False positive, n

False negative, n

Accuracy, %

Sensitivity, %

Specificity, %

Positive predictive value, %
Negative predictive value, %
Positive likelihood ratio
Negative likelihood ratio

Values are n (%) or n (95% confidence interval).

RFR < 0.89

159 (22.3)
396 (55.6)
94(13.2)
63(8.8)
77.9 (74.7-80.9)
716 (65.2-77.5)
80.8(77.0-84.2)
62.8 (56.6-68.8)
86.3(82.8-89.9)
37 (32-4.6)
0.4 (0.3-0.4)

dPRIentire] < 0.89

153 (21.5)
421 (59.1)
69(9.7)
69(9.7)
80.6 (17.5-83.5)
68.9(62.4-74.9)
85.9(82.5-83.9)
68.9(62.4-74.9)
85.9(82.5-88.9)
49(39-62)
0.4 (0.3-0.4)

dPR[WFP] < 0.89

156 (21.9)
408 (57.3)
82(11.5)
66(9.9)
79.2(76.0-82.1)
70.3(63.8-76.2)
83.3 (79.7-86.5)
65.5(59.1-71.6)
86.1(82.6-89.1)
42(34-52)
0.4 (0.3-0.4)

Pd/Pa <0.92

174 (24.4)
384 (53.9)
106 (14.9)
48(6.7)
78.4 (75.2-813)
78.4 (72.4-83.6)
78.4 (74.5-819)
62.1(56.2-67.8)
83.9(85.5-91.7)
36(3.0-4.4)
03(0.2-0.4)
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RFR > 0.89 RFR < 0.89 RFR < 0.89 RFR>089  pvalue Concordance Discordance p value

FFR> 08 FFR > 08 FFR<08 FFR=<08
Bothnegative  Discordance  Both positive  Discordance
Age 69(61-77) 74 (69-80) 68 (61-74) 65 (56-74) <0.01 69(61-79  71(63-78  0.15
Female 104 (31.1) 31(37.8) 25(17.2) 9(16.1) <0.01 129 (26.9) 40(29.0) 063
Diabstes melitus 89(26.6) 22(26.8) 46 31.7) 11 (19.6) 037 135 (28.2) 33(23.9) 032
Insulin dependent 34(102) 9(11.0) 15(103) 3(5.4) 069 49(10.2) 12(87) 060
Dyslipidemia 172(51.5) 46 (56.1) 70 (48.3) 34 (60.7) 038 242 (50.5) 80(58.0) 0.12
Hypertension 241(722) 59(72.0) 104 (71.7) 44(78.6) 078 345 (72.0) 108(746) 054
Peripheral arterial disease 22(6.6) 13(15.9) 10 6.9) 2(36) 0.02 32(6.7) 15(10.9) 0.10
Current or former smoking 107 (82.0) 35 (42.7) 53(36.6) 21(37.5) 029 160 (33.4) 56 (40.6) 012
p-Blocker use 226 (68.1) 57 (70.4) 106 (73.1) 30 (53.6) 0.06 332 (69.6) 87 (635) 0.18
Indication
NSTEMI 14(4.2) 5(6.1) 3@1) 6(10.7) 0.06 1735) 11(80) 0.03
Unstable angina 69(20.7) 17 20.7) 41(283) 10(17.9) 023 110(23.0) 27 (19.6) 0.40
Stable angina 98(293) 24(29.3) 49(33.8) 21(37.5) 054 147 30.7) 45 (32.6) 067
Atypical angina 39(11.7) 10(12.2) 12 (83) 2(36) 022 51(10.6) 12(87) 051
Silent ischemia 114.(34.1) 26(31.7) 40 (27.6) 17 (30.4) 056 154 (32.2) 43(31.2) 0.83

Data are presented as n (%) or median (Q1-Q3). Bold numbers represent statistically significant p values.
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Patients’ characteristics
Demographics

Age (years)

Male

Body mass index (kg/m?)

Ejection fraction (%)
Cardiovascular risk factors
Hypertension

Diabetes mellitus

Hyperlipidemia

Current smoker

Previous percutaneous coronary intervention
Multivessel disease

SYNTAX score

Hemodynamic parameters
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Discharge medication

Aspirin

P2Y;, inhibitor

Beta-blocker

RAAS blockade

Statin

Lesion characteristics

Target vessel

LAD

Lox

RCA

Procedural characteristics
Pre-PCl diameter stenosis

Pre-PCl lesion length

Post-PC diameter stenosis

Total number of stents

Mean stent diameter

Total length of stents
Angiography-derived Physiologic Indices
Angiography-derived FFR, Post-PCI
Angiography-derived IMR, U

Velues are mean w standrd deviations or n (%).

Total

138

65.0 +£8.7
96 (69.6%)
246 £3.0
59.7 £9.0

100 (72.5%)
50 (36.2%)
11(8.0%)
36(26.1%)
56 (40.6%)
84 (60.9%)
193489

130.1 £19.2
786+ 126

138 (100.0%)
138 (100.0%)
83 (63.8%)
75 (54.3%)
138 (100.0%)

171 (65.3%)
50 (16.2%)
83 (28.5%)

768 £9.7
26.7 £10.9
31£93
13£1.0
30£04
409 £24.6

0.91 £0.06
2284101

Angiography-derived IMR <25.1

93 (67.4%)

64.9 +£9.0
69 (74.2%)
245428
60.0+9.0

68 (73.1%)
31(33.3%)
8(8.6%)
25 (26.9%)
35(37.6%)
57(61.3%)
197 +88

1201 £19.2
778+ 124

93(100.0%)
93 (100.0%)
59 (63.4%)
53 (57.0%)
93 (100.0%)

126 (56.0%)
32(14.2%)
67 (208%)

772+89

279+ 102
2877
13+£10

30£04

425 +£25.7

0.89 £ 0.06
171 £42

Angiography-derived IMR =25.1

45 (32.6%)

652:+8.1
27 (60.0%)
250433
591+£92

32(71.1%)
19 (42.2%)
3(6.7%)
11 (24.4%)
21 46.7%)
27 (60.0%)
19.1:£92

1323 +17.9
793+ 122

45 (100.0%)
45 (100.0%)
29 (64.4%)
22 (48.9%)
45 (100.0%)

45 (53.6%)
18 (21.4%)
21 (25.0%)

76.4 %+ 10.0
260+ 123
32+986
1.1+£09
3.1+03
37.1£219

0.94 £0.03
344 +90

p-values

0.85
0.09
0.36
059

081
0.31
0.70
0.75
0.30
0.88
071

035
0.50

NA

NA
091
037

NA

079
0.29
0.56

0.64
0.34
0.79
0.26
0.14
0.23

<0.001
<0.001

FFR, fractional flow reserve; IMR, index of microcirculatory resistance; LAD, left anterior descending artery; LCX, left circumflex artery; PCI, percutaneous coronary intervention; RAAS,
renin-angiotensin-aldosterone system; RCA, right coronary artery.
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Angiography- Angiography- Univariable HR Multivariable p-value

derived IMR < derived IMR = (95% CI) HR (95% CI)*
251 (V= 93) 25.1 (N = 45)

Cardiac death or readmission 5(5.4%) 8(18.6%) 524 9.66 0.004
due to heart failure (1.69-16.19) (2.04-45.65)

Cardiac death 1(1.1%) 2(4.4%) 7.58 7.26 0.13
(0.67-86.29) (0.55-95.57)

Readmission due to heart failure 6(6.5%) 7(15.6%) 428 59 002
(1.35-13.62) (1.37-25.77)

Myocardial infarction 2(2.2%) 2(4.4%) 3.49 5.80 0.16
(0.48-25.65) (0.49-68.99)

Ischemia-diven revascularization 7(7.5%) 6(18.3%) 2.46 (0.82-7.41) 3.20 0.08
(0.86-11.96)

Readmission due to angina 18 (19.4%) 21 (46.7%) 3.19(1.61-6.29) 3.66 (1.68-7.97) 0001

The cumulative incidences of clinical outcomes are presented as event number and Kaplan-Meier estimates at 28 months after index procedure. p values were log-rank p value in
survival analysis.

“Covariables which were included in the multivariable adjusted Cox regression model were age, sex, left ventricular ejection fraction, and post-PCI angiography-derived FFR.

Cl, confidence intervals; HR, hazard ratios; others as in Table 1.
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Variable

Angio-IMR >25.1

Age (per 10 years)

Female

Diabetes mellitus

Hyperipidemia

Hypertension

Left ventricular ejection fraction (per 10% increase)
Post-PCl angio-FFR in culprit vessel <0.80

Abbreviations as in Tables 1, 2.

Univariable analysis

HR (95% CI)

5.00 (1.62-15.45)
1.01 (0.95-1.08)
2550 (0.56-11.29)
2.1 (0.71-6.27)
220 (0.49-9.99)
217 (0.48-9.77)
086 (0.81-0.90)
030 (0.07-1.36)

p-value

0.005
0.69
0.23
0.18
0.31
0.32

<0.001

0.12

Multivariable analysis

HR (95% CI)

11.15 (1.76-70.42)
1.08 (0.98-1.20)
1.93 (0.20-13.07)
2.47 (0.65-9.38)
6.78 (0.90-51.35)
0.74 (0.09-6.01)
084 (0.79-0.90)
0.25 (0.02-3.11)

p-value

001
0.14
0.50
0.19
0.06
0.78
<0.001
0.28
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Position within
the lesion

PR(N = 10)
PS (N =50)
MLA (N = 50)
DS (N = 50)
DR(N=17)

Lumen
diameter (mm)

3.94[2.92, 4.21)
246 [2.13, 2.95)
1.82 [1.60, 1.97)
2.40 [2.15, 2.69)
291 [2.74,3.18)

Plaque burden
(%)

3247 £5.78
56.91 +5.67
69.11 £ 9.11

5382 +11.57
32.36 4+ 8.70

Cap thickness
(m)

154.1(60.8, 242.2)"
168.9 [54.2, 264.7)"
212.4(92.7, 253.2)"

*Cap thickness was not recorded in 3 PS, 2 MLA and 14 DS because only fibrous plaque.

was observed.

PR, proximal reference; PS, proximal shoulder; MLA, minimal lumen area; DS, distal
shoulder; DR, distal reference.
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Number of

Number of  Mean calcific

lipidic  plaquearea  calcific  plaque area
lesion plaques (mm2) plaques (mm?)

PS (V=50 49 2.18[136,3.22) 29 065(039,1.83)
MLA (N = 50) 51 228 [1.24,3.85) 27 0.70[0.31, 0.85)
DS (N = 50) 38 1.41(0.87,2.91] 22 0.48 [0.22,0.89)

PS, proximal shoulder; MLA, minimal lumen area; DS, distal shoulder.
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Position LDC (mm)
within the
lesion

PR(N =10) 0.19[0.17,0.26]
PS (V= 50) 0.20[0.18,031)
MAN=50)  0.13[008,0.23]
DS(N=50)  0.17[0.13,0.26)
DR(N=17)  0.19(0.12,026]

LDC%

5.48 [4.75, 6.43]
855 [6.13, 11.12)
7.56[5.17,11.28]
6.26(5.31,9.85)
6.843.85, 8.39)

APSS (kPa)

252 (212,323
457 [32.3,78.6)
39.0[30.8, 69.1]
35.1[28.2,72.3)
286 [20.8,32.6)

PR, proximal reference; PS, proximal shoulder; MLA, minimal lumen area; DS, distal
shoulder; DR, distal reference; LOC, lumen diameter change; APSS, delta plaque

structural stress.
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Patients (N = 37)

Age, years 63+ 11
Women 3(8.1%)
BMI, kg/m? 28.4[25.4,29.9)
Diabetes melitus 12 (32.4%)
Hypertension 25 (67.6%)
Hyperlipidemia 17 (46.0%)
Current smoker 12 (32.4%)
Family history of CAD 3(8.1%)
Previous PCI 29 (78.4%)
Previous CABG 12.7%)
Provious MI 21 (56.8%)
Clinical presentation

Stable Coronary Heart Disease 29 (78.4%)

Unstable Angina 4(10.8%)

NSTEMI 4(10.8%)

Data are presented as mean == SD, median (quarties), or n (%), as appropriate.

BMI, body mass index; CAD, coronary artery disease; CABG, coronary artery bypass
surgery; NSTEM), Non-ST-elevation myocardial infarction; Mi, myocardial infarction; PCI,
percutaneous coronary intervention.





OPS/images/fcvm-08-715995/fcvm-08-715995-t002.jpg
Vessels (N = 41)

Interrogated vessel

Left anterior descending 23(56.1%)
Diagonal 4(9.8%)
Left circumlex 0(0.0%)
Obtuse marginal 2(4.9%)
Ramus intermedius 1(2.4)
Right coronary artery 11 (26.8%)

Lesions (N = 50)

Lesion location

Proximal segment 25 (50.0%)

Middle segment 19 (38.0%)

Distal segment 6(12.0%)
Minimal Lumen Area, mm? 270 216, 3.11]

Data are presented as mean + SD, median (quartiles), or n (%), as appropriate.
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83 intermediate lesions from 75 vessels
sent to core lab.

33 lesions excluded:

~Bifurcation lesion with a side-branch 22 mm (
- Diffuse coronary disease in the target vessel (
- Stented lesion (N=3)

- Intracoronary thrombus (N=3)

- Guidewire artifact in the OCT pullback (N=12)
- Incompete intracoronary recording (N= 4)

50 intermediate lesions from 41 vessels

analyzed






OPS/images/fcvm-08-713835/fcvm-08-713835-t004.jpg
Model Auc P-value

FFRor < 0.80 + high-risk plaque 068 <001
FFRor < 0.80 + high-risk plaque + AFFRor (ref) 077 NA

FFRor < 0.80 + high-risk plaque + WSS 076 037
FFRor < 0.80 + high-risk plaque + APS 071 0.03
FFRer < 0.80 + high-risk plaque + PG 077 063
FFRor < 0.80 + high-risk plaque + AFFRor + WSS 078 084
FFRor < 0.80 + high-risk plaque + AFFRor + APS 078 058
FFRor < 0.80 + high-risk plaque + AFFRor + PG 078 072

The definition of high-risk plaque was the same as in Table 1.

APS, axial plaque stress; AUC, area under curve; FFRcr, coronary computed
tomographic angiography-derived fractional flow reserve; PG, pressure gradient; WSS,
wall shear stress; NA, not applicable.
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WSS (dyn/cm?)

Total 168.8 £ 102.1
Vessel location

LAD (0 = 87) 208.8+ 1058

LOX (0 = 48) 1586+ 99.6

RCA(n=81) 1319+ 836
Lesion location

Proximal (n = 98) 20194 1133

Middle (1 = 81) 150.5 + 90.0

Distal (n = 37) 1212 +£59.7
% Diameter stenosis

>50% (n = 84) 2062 + 121.7

<50% (n = 132) 145.0 £ 79.1
High-risk plaque

Yes (0= 60) 201.4 % 102.4

No (n = 156) 156.3 %995
FFRor

<0.80 (1 = 66) 227.7 £ 127.1

>0.80 (= 150) 1429+ 76.1
Number of lesions in a vessel

10=86) 158.9 % 95.1

>2(n=130) 175.4 + 106.4

High-risk plaque was defined as a plaque with =2 of low-attenuation plaque, positive remodeling, spotty calcification, and napkin-ring sign.

P-value

<0.001

<0.001

<0.001

0.003

<0.001

0.245

APS (dyn/cm?)

1,994.8 +2,005.5

2,341.9+£2,266.9
2,083.2 + 2,056.6
1,569.6 £ 1,863.7

2,453.6 £2,418.2
1,482.6 £ 1,697.1
1,900.8 £ 1,904.5

2,656.8 + 2,598.5
15735 +£1,571.2

25472 £2,641.4
1,782.3 +1,808.7

2,3561.8+2,242.8
1,837.7 £2,015.0

1,577.8 £ 1,482.9
2,270.6 +2,382.6

P-value

0.017

0.033

0.001

0.042

0.097

0.009

PG (mmHg/cm)

8379

109 +8.1
82+94
5656

105+9.2
71867
53£47

11.9£10.1
6.0+49

11.3+9.2
TRE70

141£105
5845

73+864
90+£87

P-value

<0.001

<0.001

<0.001

0.002

<0.001

0.101

AFFRgr

0.09 £ 0.12

0.12£0.13
0.08 £0.11
0.07 £ 0.11

0.12+0.14
0.08 £ 0.01
0.06 £ 0.08

0.1540.17
0.05 £ 0.05

0.16 £ 0.18
0.07 +0.08

0.19+0.18
0.05 £ 0.04

0.08 £ 0.09
0.10+0.14

P-value

0.016

0.006

<0.001

<0.001

<0.001

0.200

APS, axial plaque stress; FFRgr, coronary computed tomographic angiography-derived fractional flow reserve; LAD, left anterior descending artery; LAR, low-attenuation pleque; LCX,
left circumflex artery; PG, pressure gradient; PR, positive remodeling; RCA, right coronary artery; WSS, wall shear stress.
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Subgroups

Vessel location

Correlation
between WSS
and PG
(coefficient, r)

LAD (0 =81) 0.908
LOX (0 = 48) 0915
RCA (0 = 81) 0941

Lesion location
Proximal (n = 98) 0915
Mid (0 = 81) 0910
Distal (n = 37) 0.890

% diameter stenosis
=50% (n = 84) 0.905
<50% (0 = 132) 0948

High-risk plaque
Yes (0 = 60) 0875
No (n = 156) 0943

FFRor
<0.80 (1 = 66) 0.903
>0.80 (0 = 150) 0941

Number of lesions in a vessel
1(0=186) 0961
=2 (0= 130) 0.903

P-value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

Correlation
between APS
and PG
(coefficient, r)

0.287
0.596
0.245

0.299
0.423
0638

0.453
0.052

0.295
0.409

0.559
0.232

0.128
0.449

The definition of high-risk plaque wes the same as in Table 1.
APS, axial plaque stress; FFRer, coronary computed tomographic angiography~derived fractional flow reserve; LAD, left anterior descending artery; LAR, low-attenuation plaque; LCX, left circumflex artery; PG, pressure gradient; PR,

posit

P-value

0.007
<0.001
0.028

0.003
<0.001
<0.001

<0.001
0.558

0.022
<0.001

<0.001
0.004

0.242
<0.001

Correlation
between WSS
and APS
(coefficient, r)

0.159
0.400
0.225

0.173
0.306
0.444

0.319
0.085

0.111
0.326

0.362
0.168

0.058
0.338

P-value

0.142
0.005
0.044

0.088
0.006
0.006

0.003
0.688

0.398
<0.001

0.004
0.040

0.596
<0.001

Correlation
between AFFRor
and WSS
(coefficient, r)

0.541
0.653
0.543

0.548
0.566
0.637

0.493
0.735

0.492
0.687

0.458
0.788

0.735
0.526

P-value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

Correlation
between AFFRcr
and APS
(coefficient, r)

0.290
0.621
0.1562

0.186
0532
0579

0377
-0.072

0.293
0316

0.544
0.073

0.184
0.361

P-value

<0.001
<0.001
0.177

0.067
<0.001
<0.001

<0.001
0.412

0.023
<0.001

<0.001
0.374

0.089
<0.001

Correlation
between AFFRor
and PG
(coefficient, r)

0.762
0.811
0.703

0.712
0.777
0.866

0.699
0.802

0.738
0.781

0.662
0.819

0.831
0.725

P-value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001
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Unadjusted HR

(95% CI)

Predictors
FFRor < 0.80 2.96 (1.79-4.91)
High-risk plaque 3.46 (2.20-5.22)

WSS > 154.7 dyn/om? 293 (1.88-4.58)
APS > 1,606.6 dyn/cm? 2.20 (1.43-3.41)
PG > 5.8 mmHg/om 350 (2.16-5.68)
AFFRor = 006 3.70 (2.38-5.76)

P-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

The definition of high-risk plaque was the same as in Table 1.
*Adjusted for vessel location, % diameter stenosis, lesion length, FFRcr < 0.80, high-risk plaque, and each local hemodynamic parameter.

APS, axial plaque stress; Cl, confidence interval; FFRcr, coronary computed tomographic angiography-derived fractional flow reserve; HR, hazard ratio; PG, pressure gradient; WSS, wall shear stress.

Adjusted HR*
(95% CI)

1.51(0.82-2.78)
2.08 (1.22-3.56)
202 (1.18-3.45)

P-value

0.182
0.007
0.010

Adjusted HR*
(95% CI)

1.78(0.99-3.23)
2.24(1.34-3.79)

1.72 (1.08-2.88)

P-value

0.056
0.002

0.038

Adjusted HR*
(95% Cl)

1.47 (0.79-2.76)
2.10 (1.23-358)

221 (1.34-3.67)

P-value

0.227
0.006

0.002

Adjusted HR*
(95% CI)

1.27 (0.69-2.34)
2.08(1.78-351)

229 (1.35-3.86)

P-value

0.446
0.011

0.002
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Age.y

Male

Weight (kg)

Height (cm)

BMI, kg/m?

Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Diabetes

Hypertension

Hyperlipidemia

64.1£96
67% (201)
685345
165473
2524139
130420
7815
21% (64)
45% (135)
18% (40)
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Anatomy
Diameter stenosis, %
<50%

=50%

Physiology

FFR (per vesse)
Vessels with FFR < 0.8
Vessels with FFR > 08
Diffuse or serial lesions.
Bifurcation lesions
Calcified lesions.
Myocardial bridge

61.7% (185)
7.3% (22)
29.7% (89)

44 £ 12%
67.3% (202)
32.7% (98)

084 £ 0.10
26.7% (80)
73.3% (220)
32.3% (97)
27%©)
2% (6)
5.7% (17)
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Accuracy
Sensitivity
Specificity
PPV
NPV

AccuFFRangio < 0.8

93.7% (89.9-95.9%)
90.0% (84.6-97.2%)
95.0% (89.5-96.5%)
86.7% (76.3-89.9%)
96.3% (94.1-98.7%)

AccuFFRangio < 0.8 (Pa = 100 mmHg)

87% (81.9-90.0%)

57.5% (45.3-67.8%)
97.7% (94.1-99.0%)
90.2% (77.3-94.5%)
86.3% (82.6-88.7%)

Diameter stenosis by QCA = 50%

63.3% (57.94-69.1%)
42.5% (38.8-56.5%)
70.9% (63.9-76.4%)
34.7% (28.8-43.2%)
77.2% (73.9-81.4%)

Data are shown in percentage with 95% confidence interval in brackets.
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OR (95%Cl) P-value

Age > 60 years (yes/no) 0623 (0.422-0.919) 0017
Controlied hypertension (yes/no) 0544
Diabetes melitus (yes/no) 0320
Smoking cessation (yes/no) 0.602 (0.386-0.939) 0.023
LDL-C achievement (yes/no) 0590 (0.399-0.873) 0,008

QFR, quantitative flow rate; LDL-C, low-density lipoprotein cholesterol.
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Goal-achievement  Non-achievement  P-value

group group
(n =146) (n=286)

Controlled 108 (74) 216 (75.5) 0725

hypertension, n (%)

Smoking cessation, n 37 (25.3) 53(18.5) 0.009

(%)

Laboratory data
NT-proBNP, pg/ml 82,5 (48.75-227) 96(44-249.25)  0.801°
CRP, mg/L 0.74(0.34-2.89) 1.09(0.44-2.68)  0.142
Glucose, mmol/L 571 1.61 616228 0202
Creatinine, umol/L 84.80 % 52.25 84.33 + 46.91 0675
LDL-C, mmolL 148+ 031 260+ 0.89 <0.001

LVEF, % 62.48  10.13 6168 11.46 0915

Values are the meen  standard deviation, median (inferquertile range), or number (%).
#The p-value was log transformed,

LDL-C, low-density lipoprotein cholesterol; NT-proBNP. N-terminal pro brain natruretic
peptide; CRP, C-reactive protein; LVEF, left ventricular ejection fraction.
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Goal-achievement  Non-achievement ~P-value

group group
(n =165) (n=331)
Target lesion location
LAD, n (%) 89(53.9) 186 (56.2) 0354
LCX, n (%) 22 (13.3) 55(16.6) 0.668
RCA, n (%) 54(32.7) 90 (27.2) 0034
Post-PCI
QFR 096 40,07 096 0,07 0914
Diameter stenosis, %~ 27.26 + 11.61 27611120 0766
Avea stenosis, % 34.93 + 1683 36.22 + 1651 0500
One-year follow-up
QFR 096 40,05 094 40,09 0005
Delta QFR® 0.003 + 0,068 —0018+£0086  0.007
Diameter stenosis, % 27.89  10.16 3093+1208 0010
Avea stenosis, % 36,57 £ 16.12 41681739 0.003
Late lumen loss, mm®  0.07 +0.50 0.16+0.48 0172

Values are the mean  standard deviation or number (%).

QCA, quantitative coronary angiography; QFR, quantitative flow rate; LAD, left anterior
descending branch; LCX, lft circumflex branch; RCA, right coronary artery.

“Delta QFR = Follow-up QFR - Post-PCI QFR.

BLate lumen loss was defined as the difference in minimal lumen diameer between
post-PCl and follow-up.
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CaseNo. Age (years)/  Target One-year One-year
gender  vessel follow-up LDL-C follow-up QFR

(mmol/L)
Goal-achievement group

1 T1F LAD 1.36 067
2 64M LAD 1.69 071
3 79M RCA 127 078
Non-achievement group

4 85/M LAD 2.44 026
5 54M LAD 255 047
6 64/F LAD 2.06 0.53
7 54/F LAD 264 053
8 51M LAD 21 063
9 61/M RCA 247 065
10 65/F LAD 285 067
11 46/F LAD 253 068
12 61/M RCA 265 071
13 73/M LAD 247 0.72
14 7M™ RCA 354 072
15 76/M LAD 392 072
16 50M LoX 1.87 073
17 4s/F RCA 274 073
18 48M LAD 26 073
19 54M Lox 1.99 074
20 58/M LAD 1.86 076
21 46/M LAD 1.94 0.76
22 61/M LAD 22 077
23 45/M LAD 276 0.77
2 60M LAD 205 078
2 63M LAD 1.87 079
2 66/F LAD 21 079
27 52M LAD 215 079

LDL-C, low-density lipoprotein cholesterol; QFF, quantitative flow rate; LAD, left anterior
descending artery; LCX, left circumflex artery; RCA, right coronary artery; physiological
restenosis means vessel QFR < 0.8 at the time of 1-year angiographic follow-up.
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MAGCES, n (%)
M, n (%)

VR, n (%)
Non-TVR, n (%)
Stroke, n (%)

Values are number (%).
MACCEs,  major
myocardial infarction;

Goal-achievement
group
(n =146)

8(5.4)
0
5(3.4)
4.7
o

adverse  cardiovascular

Non-achievement

group

(n=286)

36(12.6)
1
1769
20(7.0)
0

and  cerebrovascular

P-value

0.021

0.266
0.109

events; M,

VR, target vessel revascularization; non-TVR,  non-target

vessel revascularization.
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Imaging modality Reconstruction time Mesh generation SmartFFR (per bifurcation) VFAI (per segment)

ICA ~3min ~3min ~3min ~7 min
CTCA ~1-2min ~3min ~3min ~7 min
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Cardiovascular risk factors

Age

Female

Male

BMI, kg/m?
Body Mass, kg
Diabetes (N, %)

Smoker during past year (N, %)

Hypertension (V, %)
Hypercholesterolemia (N, %)
Coronary vessels (N, %)
Right coronary artery

Left anterior descending
Left Gircumflex

Severity of coronary lesions at ICA (N, %)

Stenosis 30-49%
Stenosis 50-70%
Stenosis 70-90%

FFR categories (N, %)
FFR <0.75

FFR > 0.75and < 0.8
FFR > 0.8

63.1(+ 7.6)
59 (20%)
143 71%)

27.8 (& 4.7)

82.1 (+ 16.9)
47 (28.2%)
41 (20.3%)

138 (68.3%)

138 (68.3%)

39 (19.3%)
131 (64.9%)
32 (15.8%)

89 (44.3%)
69 (34.1%)
44 (21.6%)

35 (17.3%)
21 (10.4%)
146 (72.3%)
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SmartFFR < 0.83
Overall dataset
SmartFFR < 0.80
(Overall dataset)
SmartFFR < 0.81
(ICA dataset)
SmartFFR < 0.80
(ICA dataset)
SmartFFR < 0.83
(CTCA Dataset)
SmartFFR < 0.80
(CTCA Dataset)

Accuracy (%)

88.1

89.1

91.2

91.2

90.9

86.4

Sensitivity (%)
946
768
96.6
89.7
889

63

Specificity (%)

85.6

93.8

89.4

91.8

91.8

96.7

FFR < 0.80

PPV (%)

716

82.7

75.7

788

8238
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NPV (%)
97.7
913
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96.3
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855
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