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Potential relationship between high wall shear stress and plaque rupture causing acute coronary syndrome
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Supplementary Methods
Optical coherence tomography image acquisition and analysis
　An optical coherence tomography (OCT) system (ILUMIEN OCT imaging system Abbott Vascular, Santa Clara, CA, USA or LUNAWAVE, Terumo, Tokyo, Japan) and OCT imaging catheter (Abbott Vascular, Santa Clara, CA, USA) were used for all cases. Isosorbide dinitrate was administered before OCT. Blood removal was achieved by injection of contrast through the 0.014-inch conventional angioplasty guidewire, which was followed by an automated pullback at a rate of 36 mm/s.
　Plaque rupture (PR) was defined as the presence of fibrous cap discontinuity with a clear cavity formed inside the plaque. At the ruptured portion, broken fibrous cap thickness was measured at the site, where the fibrotic cap remnant was the thinnest (Supplementary Figure 1A). Lipid plaque was defined as a plaque that has a low signal region with a diffuse border with lipid arc >90, and the fibrous cap was the signal-rich layer overlying the lipid-rich plaque. Thin-capped fibroatheroma (TCFA) was defined as a plaque with lipid arc >90 with minimum fibrous cap thickness <65 mm. Lipid length over the ruptured plaque, minimum lumen area, reference lumen area, and diameter of branches were also measured for lesions with PR. The percent area stenosis was calculated as (1-L/R) × 100, where L is the minimum lumen diameter and R is the reference lumen diameter.

Three-dimensional geometry reconstruction
　Lesion-specific three-dimensional coronary artery models were created using cross-sectional OCT images. The longitudinal target region of interest for OCT analysis was determined as the beginning to the end of the OCT cross-sections where plaque existed over the ruptured plaque and where both proximal and distal edges were as large as possible (Supplementary Figure 1A). Luminal tracing was performed at 0.2-mm intervals. These images were captured by the OCT imaging system. After capturing the cross-sectional images, image processing was conducted as follows: First, we identified the contour of the lumen walls, which was indicated by the green curved line in Supplementary Figure 1A. This process was conducted automatically in the OCT imaging system but failed to trace the lumen wall. In this case, physicians corrected the tracing manually. After image processing, we selected Digital Imaging and Communications in Medicine format as output image data because other formats decreased the image quality. The image resolution was set to 912 × 912 pixels. Second, the image processing software ImageJ 1.51 (National Institutes of Health, Bethesda, MD) identified the green curved line indicated in each image, and it extracted the inner region of the vessel bounded by the green curved line. At the end of this process, the resulting images were binarized. Finally, a three-dimensional model of the coronary artery was reconstructed using the three-dimensional modeling software Volume Extractor 3.0 (i-Plants Systems Corporation, Iwate, Japan). Volume Extractor constructs a three-dimensional structure with the distance of the long-axis direction at 200 μm.
　The surface of the reconstructed three-dimensional models using Volume Extractor is not smooth compared to the real coronary artery, and information of OCT images in the axis direction of the vessel (200 μm) is sparse compared to that in the radial direction (20 μm). Thus, we wrapped the three-dimensional object in a continuous surface using a wrapping mesh process in the Fluent Meshing tool (ANSYS, INC., PA, USA). With this wrapping method, the surface of the three-dimensional reconstructed image became smooth, similar to the normal coronary artery. After the wrapping process, prism meshes were layered in the boundary layer to capture the accurate flow near the wall.


Computational fluid dynamic simulations
　Computational fluid dynamic (CFD) analysis was performed using ANSYS Fluent (ANSYS, Inc., PA, USA). Blood velocity was assumed to be uniform at the orifice. The inlet zone (50 mm) was prepared to provide fully developed flow, and the outlet zone (50 mm) was also prepared. A resting state was replicated as a continuous flow at the inlet according to the branch of the coronary artery based on Murray’s law. [1]
　The mathematical relationship between vessel size and flow rate was first proposed by Murray. Considering with Poiseuille’s solution, Taylor CA et al. demonstrated that this flow-diameter relationship can be comprehended by the following equation. [2]

　Q = flow rate through a blood vessel, µ = fluid viscosity,  = wall shear stress (WSS), d = vessel diameter.
　In this study, the representative size of the left anterior descending artery (LAD) and right coronary artery (RCA) mean diameter were set as 3.5 mm and 4.0 mm, respectively. Representative coronary flow velocities were determined according to the previous paper; LAD 15.6 cm/s, RCA 12.9 cm/s. [3] According to these settings,  for LAD and RCA were calculated as for 1.247 Pa and for 0.903 Pa, respectively. In this study,  for left circumflex artery was treated as the mean value of LAD and RCA. Based on these  values, coronary flow volumes were calculated based on equation 1. The flow volumes were adjusted to the target lesion by reducing flow volume based on the size of the side branches. The outlet boundary condition was set as the pressure constant. The non-slip boundary condition was applied to the arterial wall, which was assumed to be rigid. Blood was modeled as a Newtonian fluid. The following parameter values of fluid properties were used: viscosity μ=0.0035 Pa-s, with blood density of 1050 kg/m3. The flow was assumed to change from laminar to turbulence.

Assessment of the relationship between wall shear stress and locations of PR and thin-capped fibroatheroma
Longitudinal 3-mm segmental analysis
　All lesions were classified into Upstream-PR, MLA-PR, and Downstream-PR according to the PR’s longitudinal location. [4] Upstream-PR was defined as lesions whose center of the maximum aperture of the ruptured plaque was located in the Upstream (UP)1 or UP2 segment. Minimum lumen area (MLA)-rupture was defined as lesions whose center of the maximum aperture of the ruptured plaque was located at the MLA segment. Downstream-PR was defined as lesions whose center of the maximum aperture of the ruptured plaque was located in the Downstream (DN)1 or DN2 segment.
Statistical analysis
　Continuous variables with normal distributions are expressed as mean ± standard deviation. Variables with non-normal distributions are expressed as median and interquartile range (IQR, 25th–75th). Comparisons between groups were performed using Student’s t-test, chi-square test, Fisher’s exact test, Mann-Whitney U test, Kruskal-Wallis test, standardized Haberman residuals, and one-way analysis of variance, as appropriate.
　Data from CFD simulations were inherently hierarchical. In the longitudinal 3-mm segmental analysis, segment-level wall shear stress (WSS) values were analyzed with generalized linear mixed models, including a random intercept at the lesion level to account for the non-independence of measurements from the same lesion. Moreover, in the circumferential analysis, cross-section-level WSS was analyzed with generalized linear mixed models constructing the following nesting structure: the lowest sampling units were WSS values, nested within cross-sections, which were in turn nested within lesions. We included lesions and cross-sections as random intercepts. Maximum likelihood estimation was used. The residual variance was estimated separately in each arm for continuous outcomes.
　Both in the longitudinal 3-mm segmental analysis and the circumferential analysis, baseline variables with p<0.05 in the univariate regression analysis, age, and sex were included in the multivariate logistic regression models.
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