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Abstract

Background: Coronary plaque rupture occurs when plaque stress exceeds plaque
strength. We performed this study to characterize the hemodynamic force acting on

plaque and to investigate its relationship with lesion geometry.

Methods: Computational fluid dynamics was applied to 114 lesions (81 patients)
from coronary computed tomographic (CT) angiography. The axial plaque stress
(APS) was computed by extracting the axial component of hemodynamic stress
acting on stenotic lesions and the axial lesion asymmetry was assessed by the
luminal radius change over length (radius gradient, RG). Lesions were divided into
upstream-dominant (upstream RG > downstream RG) and downstream-dominant

lesions (upstream RG < downstream RG) according to the RG.
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Results: 33 lesions (28.9%) showed net retrograde axial plaque force. Upstream
APS linearly increased as lesion severity increased whereas downstream APS
exhibited a concave function for lesion severity. There was a negative correlation
(r=-0.274, p=0.003) between APS and lesion length. The pressure gradient, CT-
derived fractional flow reserve (FFRcr), and wall shear stress (WSS) were
consistently higher in upstream segments, regardless of the lesion asymmetry.
However, APS was higher in the upstream segment of upstream-dominant lesions
(11371.96 + 5575.14 vs. 6878.14 + 4319.51 dyne/cm® p<0.001), and in the
downstream segment of downstream-dominant lesions (7681.12 + 4556.99 vs.
11990.55 + 5556.64 dyne/cm’, p<0.001). Although there were no differences in
FFRcr, % diameter stenosis and WSS pattern, the distribution of APS was different

between upstream- and downstream-dominant lesions.

Conclusion: APS uniquely characterizes the stenotic segment and has a strong
relationship with lesion geometry. Clinical application of these hemodynamic and
geometric indices may be helpful to assess the future risk of plaque rupture and to

determine treatment strategy for patients with coronary artery disease.

Key Words: coronary artery disease; axial plaque stress; wall shear stress; pressure;
coronary plague; computational fluid dynamics; coronary computed tomography

angiography.

Student Number: 2014-30606
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Condensed Abstract

The axial plaque stress (APS) distinctively characterizes the distribution of plaque
stress according to the lesion geometry even for lesions with the same degree of
stenosis severity, pressure change, and fractional flow reserve (FFR). The geometric
parameter, radius gradient (RG), incorporates most clinically relevant geometric
parameters: lesion length, minimum lumen area, and stenosis severity. The strong
correlation between APS and RG can potentially provide an explanation for how
plaque rupture occurs downstream segment as well as the upstream segment, and
why plaques are more likely to rupture in short focal lesions than in diffuse ones.
Therefore, patient-specific evaluation of APS and RG can provide valuable
information in identifying lesions exposed to high hemodynamic forces, and

determining improved treatment strategies for patients with coronary artery disease.
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Abbreviations List

APS = axial plague stress

CFD = computational fluid dynamics

cCTA = coronary computed tomographic angiography

CT = computed tomography

MLA = minimal lumen area

FFR = invasive fractional flow reserve

FFRcr = coronary CT angiography-derived fractional flow reserve

RG = radius gradient

WSS = wall shear stress
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Introduction

Coronary plaque rupture is a critical event that triggers the initiation of
acute coronary syndrome (ACS). Although the sequence of plaque rupture is well-
understood with previously reported histopathological data (1), the prediction of
plaque rupture in an individual patient is still problematic. To assess the risk of ACS,
image-based findings such as cap thickness, presence of a lipid core and the degree
of inflammation have been proposed as the key features of vulnerable plaques (2).
However, plaque rupture can occur whenever plaque stress exceeds the plaque
strength in a similar mechanism to general mechanical material failures (3,4).
Therefore, if the imbalance between plaque durability and external force can be
assessed simultaneously, prediction of the risk of plaque rupture can be more

accurate.

Among various hemodynamic forces, wall shear stress (WSS) has been
proposed as a key hemodynamic force affecting the initiation, progression, and
transformation of atherosclerotic plaque from a stable to unstable phenotype
(1,3,5,6). However, the magnitude of WSS is significantly smaller than other
components of hemodynamic forces such as pressure and thus WSS alone may not
act as a direct force for the occurrence of plaque rupture. The coronary arteries are
under circumferential and axial tension resulting from blood pressure. A net
anterograde axial force on the plaque (largely due to the pressure gradient) would
increase the axial tension and plaque stress on the upstream segment of the plaque

but decrease those acting on the downstream end of the plaque. The converse is true
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for a net retrograde axial force on the plague, which, paradoxically, can occur for
certain plaque geometries despite the minimal pressure gradient acting on the
downstream segment of a plaque. These net axial forces may explain the clinical
observation that plagque rupture occurs on both upstream and downstream segments

of a plaque (7,8).

Recent advances in coronary CT angiography (cCTA) and computational
fluid dynamics (CFD) technologies enable quantification of hemodynamic forces
acting on plaques with more accurate patient specific geometric models and

physiologic boundary conditions than have been possible heretofore (9).

The purpose of this study was to characterize the hemodynamic forces
acting on coronary plaques and to investigate its relationship with lesion geometry
using CFD applied to coronary models created from cCTA data of patients with

coronary artery disease.
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Methods

Patient Population

A total of 81 patients presenting with stable angina and suspected coronary
artery disease were included for this study from 4 cardiovascular centers in Korea
and Japan (Table 1). The inclusion criteria were patients with stable angina, and the
existence of cCTA, invasive coronary angiography, and fractional flow reserve
(FFR) measurement within an interval of less than 3 months between cCTA and
invasive procedures. The study protocol was approved by the institutional review
boards of each site, and was in accordance with the Declaration of Helsinki.

(ClinicalTrials.gov Identifier: NCT01857687)

Invasive Coronary Angiography and Invasive Fractional Flow Reserve

Selective invasive coronary angiography was performed by standard
techniques. All angiograms were reviewed ata core laboratory in a blinded fashion.
The FFR was measured using a 0.014-inch pressure-monitoring guidewire (St. Jude
Medical, Uppsala, Sweden) in vessels with coronary artery disease. Maximal
hyperemia was induced with a continuous intravenous infusion of adenosine or ATP

at the rate of 140 ug/kg/min.

Image Acquisition of Coronary CT Angiography
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The cCTA images were obtained in accordance with the Society of
Cardiovascular Computed Tomography Guidelines on Performance of cCTA, with
64- or higher detector row scanner platforms (10). Oral beta-blockers were
administered for any subjects with a heart rate >65 beats per minute. Immediately

before the cCTA acquisition, 0.2 mg sublingual nitroglycerin was administered.

CFD Analysis of the Lesion in Patients with Coronary Artery Disease

Coronary models constructed from cCTA were discretized into volumetric
meshes for CFD analysis. The boundary conditions of CFD domain were assigned
on the basis of vessel sizes at each outlet assuming a hyperemic condition as
described by Taylor et al (9). Briefly, the basal outlet resistances at rest were
determined from the fundamental form-function relationships relating organ flow
with organ size according to metabolic demands. Specifically, an allometric
scaling law was used to estimate the total coronary flow based on myocardial mass
and a morphometry law was used to relate the resistance of the microcirculation
downstream of a vessel to the vessel size at each outlet. Then the outlet resistance
was reduced by utilizing a mathematical model of hyperemic condition derived
from the effect of adenosine on reducing the resistance of the coronary
microcirculation. Finally, CFD analysis was performed on the discretized model of
geometry with boundary conditions, to numerically solve the governing equations

of fluid dynamics as a Newtonian fluid. The numerical solutions of flow and
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pressure fields were then used to compute hemodynamic forces on complete spatial

domain of geometry including traction and wall shear stress (9).

Stenotic lesions were determined by a visual angiographic evaluation (>30%
stenosis) and corresponding lesions were identified in cCTA images. To understand
the regional variation of hemodynamic characteristics, each stenotic lesion was
subdivided into upstream and downstream segments with respect to the location of
minimal lumen area (MLA). Hemodynamic parameters including FFR from cCTA
(FFRct), WSS, pressure, pressure change over length (pressure gradient), traction
and axial plaque force were computed from CFD analysis. All cCTA-based
geometry constructions and CFD analyses were performed by a single core

laboratory, HeartFlow, Inc. (Redwood City, CA, USA).

Analysis of Hemodynamic Forces

The internal stress and strain within the plague would ultimately affect the
plaque rupture, but this internal stress and strain is directly related to the external
force, i.e. a high external force increases the internal stress in the plague. The total
force acting on plaques or luminal surfaces is the traction force. If the traction force
is divided by the area on which it acts, the term is then called the traction with units
of force per unit area. A typical decomposition of traction is with respect to the
normal direction of the luminal surface, resulting in the well-known WSS - the

tangential component of traction — and pressure — the normal component of traction.
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Since the pressure drop mainly occurs in the direction of the vessel across
stenotic lesions, i.e. axially, another way to decompose traction is based on the
centerline direction of the vessel. This approach of decomposing hemodynamic
forces introduces a hemodynamic index: axial plaque stress (APS) (Figure 1). The
APS can be computed by the projection of traction onto the centerline of the

coronary artery as follows:
APS = (t-¢)¢

where £ is the traction vector, ¢ is the unit tangential vector of centerline
(IIé]l=1), and (f-¢)is the dot product of £ and ¢. The radial component of
traction was not analyzed in this study as the axial component is expected to be the
more relevant contributing factor of force imbalance than the radial component
since the main driving force caused by pressure gradient is along the vessel length

in the axial direction.

APS represents a fluid stress imparted to the surface of the plaque and is the
main contributor for the imbalance of force across the lesion. The imbalance of
external hemodynamic forces ultimately influences the stress within the plaque and
APS uniquely characterizes the stress acting on the upstream and downstream

segments of a plaque (Figure 1).

The shape of each upstream and downstream segment in the axial direction
would affect the direction and magnitude of the APS. Thus we devised a geometric

descriptor to quantitative ly describe the axial changes in the legion geometry: radius
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gradient (RG). The RG was defined by the radius change over lesion length, where
radius change refers to the difference between lesion starting (or ending) point
radius and the radius at the location of MLA, and lesion length is defined by the
length from the lesion starting (or ending) point to MLA location (Figure 2A).
Lesions with steeper radius change in upstream than downstream (i.e.,
RGyupstream > RGaownstream) Were referred to as “upstream-dominant” lesions,
whereas those with steeper radius change in downstream than upstream (i.e.,
RGgownstream > RGupstream) Were referred to as “downstream-dominant™ lesions.
To account for local variations in lesion shape, RG was also analytically computed
by the average of the radius change over infinitesimal intervals, i.e., analytic RG
(Figure 2B). In patient lesions, those two definitions of RG were utilized to

investigate its relationship with hemodynamic parameters.

Idealized Stenosis Model

In this study, we evaluated the hemodynamic forces acting on coronary
plagues and investigated its relationship with lesion geometry using computational
fluid dynamics (CFD) technologies in patient-specific lesions. Although recent
advances in CFD technologies enabled quantification of hemodynamic forces acting
on plaques, nonetheless, diverse clinical presentation, substantial inter-individual
heterogeneities in parameters of circulatory system, and presence of many

confounding factors in real patients have been major obstacles to elucidating the
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complex mechanism of plaque rupture. Therefore, we meticulously devised
idealized stenosis models based on realistic ranges of geometric parameters. In
order to provide intuitive and simplified explanation of the results from patient

lesions, all of the analyses were repeated with idealized stenosis model.

Idealized Stenosis Model Construction

To investigate the variation of hemodynamic forces according to lesion
shapes, idealized stenosis models were created by varying the degree of diameter
stenosis from 30% to 80% with 10% increment, and varying reference vessel
diameters from 2.5 to 4.0 mm with 0.5 mm increment (n= 264). The shape of the
lesion was controlled by a sinusoidal function to ensure the smoothness of lesions
and MLA was located at 40 mm distal to the inlet of 100 mm long models. The
degree of lesion asymmetry was adjusted by changing the upstream and
downstream segmental length from 4:1 to 1:4 ratios. Subsequently, radius gradient
(RG) of each stenosis model was varied according to the asymmetric shape of
lesions. Various hemodynamic forces were derived from coronary flow simulations

using the same physiologic boundary conditions as in the patient population herein.

Statistical Analysis

Categorical variables were given as counts and percentages; continuous
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variables were described as mean + standard deviation or median and interquartile
range as appropriate. Pearson’s correlation coefficients were calculated to determine
the relationship among the hemodynamic parameters pertaining to plaque stress and
index of plaque geometry. The comparison of segmental hemodynamic forces
between upstream and downstream segments in one total plaque was performed
with paired-sample t-test. For the comparison of hemodynamic forces between
upstream-dominant lesions and downstream-dominant lesions, independent t-
sample test was used. The interclass correlation coefficient was used to assess the
reliability and agreement between the two different definitions of RG. All statistical
analyses were conducted with SPSS version 22.0 (IBM SPSS Statistics, Chicago, IL)
and R programming, version 3.0.2 (The R Foundation for Statistical Computing,

Vienna, Austria). A two-sided p value <0.05 was considered as significant.
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Results
Baseline Characteristics of Patients

A total of 81 patients with 114 non-ostial lesions were enrolled (mean age
63.8 £ 9.0 years, male 85.1%). The median interval between cCTA and invasive
coronary angiography were 29 days (interquartile range 13 to 49 days), with no
clinical events or revascularization between the tests. The distribution of lesions was:
left main to left anterior descending coronary artery (n=72, 64.0%); left circumflex
artery (n=19, 16.7%); right coronary artery (n=22, 19.3%). The MLA and % area
stenosis by cCTA were 2.01 = 0.94 mm* and 61.98 + 13.14%, respectively. The
mean values of FFRct and invasive FFR were 0.78 + 0.12 and 0.79 = 0.11

(p=0.480), respectively (Table 1).

APS and its Relationship with Stenosis Severity and Lesion Length

The pattern of APS distribution was similar between the data from the
patients and from the idealized models (Figure 3). Among the total 114 lesions, 81
lesions (71.1%) showed net anterograde axial plague force with significantly higher
axial plague force in upstream versus downstream segments (5295.02 + 3430.43
dyne vs. 3318.04 + 2298.74 dyne, p<0.001). Conversely, 33 lesions (28.9%) showed
net retrograde axial plaque force with significantly higher downstream axial plaque
force, compared with upstream segment (2502.25 + 1365.57 dyne vs. 3766.98 +

374.38 dyne, p<0.001). In magnitudes, APS ranged up to 30000 dyne/cm’®, while

7]

—
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WSS ranged up to 1000 dyne/cm’ (Figure 4).

The relationship of APS with pressure gradient is presented in Figure 5. In
upstream segments, the APS showed a linear relationship with pressure gradient, but
not in downstream segments. Although the pressure gradient in downstream was
minimal, the distribution of downstream APS was highly variable. With regard to
the relationship with lesion severity, the APS linearly increased as the lesion
severity increased in upstream segments. However, downstream APS decreased as
stenosis severity exceeded a certain degree. When the stenosis severity was greater
than an approximately 60% diameter stenosis, the magnitude of downstream APS
was reduced (Figure 6A). The segmental lesion length also affected the APS. A
negative correlation (r=-0.274, p=0.003) was observed between the APS and lesion

length (Figure 6B).

Relationship of APS with Axial Lesion Asymmetry

In upstream-dominant lesions (n=56, 49.1%), the average RG for upstream
and downstream segments were 0.11 + 0.05 and 0.06 * 0.03, respectively (p<0.001).
In downstream-dominant lesions (n=58, 50.9%), the average RG for upstream and
downstream segments were 0.07 £ 0.03 and 0.12 + 0.05, respectively (p<0.001)
(Table 2). In segmental analysis between upstream and downstream segments of
stenosis, delta pressure, delta FFRcr, pressure gradient and WSS were consistently

higher in upstream segment, regardless of the lesion asymmetry (Table 2). However,



Page 19 /62

APS exhibited a geometry-dependent distribution. In the upstream-dominant lesions,
upstream APS was significantly higher than downstream APS (11371.96 + 5575.14
vs. 6878.14 + 4319.51 dyne/cm’, p<0.001). On the other hand, in the downstream-
dominant lesions, the downstream APS was significantly higher than upstream APS
(7681.12 + 4556.99 vs. 11990.55 + 5556.64 dyne/cm?, p<0.001) (Table 2). The
distribution and differences in hemodynamic parameters according to the plaque
geometry showed similar results for a subgroup with more than 40% diameter
stenosis (Table 3). When classifying all the lesions into 3 groups, according to the
relative balance of RG (upstream-dominant, symmetric, and downstream-dominant),

only APS showed concordant differences according to the lesion geometry (Table 4).

Notably, despite no differences in FFRcr (0.83 £ 0.10 vs. 0.80 + 0.11,
p=0.121) or % diameter stenosis (38.58 + 0.11% vs. 39.48 = 0.11%, p=0.661)
between upstream-dominant and downstream-dominant lesions, the APS
distinctively showed significant differences according to lesion geometry. WSS did
not exhibit significant difference between the upstream and downstream segments
for both groups (upstream WSS: 273.49 £+ 181.38 vs. 270.90 £ 124.21, p=0.929;

downstream WSS: 147.77 + 91.84 vs. 153.66 + 104.89, p=0.750) (Figure 7).

Figure 8 illustrates one representative clinical case with an upstream-
dominant lesion and depicts the influence of plaque geometry on APS. The cCTA
image was taken when the patient was asymptomatic as part of a routine health care
check-up. In the upstream-dominant lesion at mid-LAD, the upstream APS was

higher than the stress in the downstream segment. Approximately 1 year later the
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patient developed acute myocardial infarction, and the plaque ruptured at the same

location of highest APS in the upstream segment.

Assessment of Lesion Asymmetry with RG

We compared two methods of computing RG in patients’ coronary artery
lesions in order to determine the practical utility of this metric. Both RGs showed
the same trend in both upstream- and downstream-dominant lesions (Table 2). In
addition, the relationship of APS with both RGs showed an excellent correlation
(r=-0.956, p<0.001 for RG, r=-0.967, p<0.001 for analytic RG) (Figure 9A and 9B).
The Pearson’s correlation coefficient between RG and analytic RG was 0.99
(p<0.001) with the average absolute difference of 0.0036 +0.0115 (p=0.677), and

interclass correlation was 0.993 (p<0.001) (Figure 9C).

Validation of Patient-Specific Model data with Idealized Ste nosis Model

Total 264 stenosis models were constructed, and geometric and
physiologic parameters of all stenosis models were presented in Table 5. The mean
reference diameter was 3.25 £ 0.56 mm, and mean minimum lumen diameter (MLD)
was 1.46 £ 0.62 mm. The percent diameter stenosis and area stenosis were 55.0 +
17.2 % and 76.8 £ 15.6%, respectively. The total lesion length was 18.55 + 7.23mm.
The idealized stenosis model showed delta pressure of 22.68 + 21.01 mmHg and
mean FFRcr values was 0.71 £ 0.25. The delta FFRcr (AFFRct) was the difference

7]

—
L)
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of FFRct values across the stenosis lesions, and mean value of AFFRqr was 0.27 +

0.25 (Table 5).

Among the total of 264 idealized models, 120 models (45.5%) were
upstream-dominant lesions with higher upstream RG (0.178 + 0.090 in upstream,
0.082 £ 0.052 in downstream, p<0.001) and 120 lesions (45.5%) were downstream-
dominant lesions with higher downstream RG (0.082 + 0.052 versus 0.178 + 0.090,
p<0.001) (Table 6). In upstream-dominant lesions, the upstream APS was
significantly higher than downstream APS (17380.43 + 8093.02 vs. 5835.71 *
3758.82, p<0.001), while the converse was also true in downstream dominant

lesions (8143.16 +4973.74 vs. 11991.89 + 6255.90 dyne/cm’, p<0.001) (Table 6).

FFRcr decreased progressively as the stenosis severity increased, regardless
of the lesion shape (0.94 + 0.04, 0.90 + 0.06, 0.85 + 0.08, 0.74 + 0.12, 0.55 + 0.14,
0.30 £ 0.11 for 30% to 80% diameter stenosis, respectively, p<0.001). However,
APS was largely dependent upon the shape of lesions assessed by RG. For example,
50% diameter stenosis lesions showed different APS patterns according to RG
despite similar FFR values (14928.58 + 4201.79 in upstream vs. 6873.67 + 2718.63
dyne/cm’ in downstream, p<0.001 for upstream-dominant lesions, 10927.39 +
3853.68 in upstream vs. 15369.20 + 6701.80 dyne/cm’ in downstream, p=0.002 for

downstream-dominant lesions) (Figure 10).

In upstream segments, the APS linearly increased as the lesion severity

increased. Howewer, downstream APS decreased as stenosis severity exceeded a
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certain degree (Figure 11A). With regard to the influence of segmental length, the
APS increased as the segmental lesion length was shortened, regardless of the
stenosis severity (Figure 11B). To summarize, the results of idealized mode | showed

similar results with those of patients-specific lesions.
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Discussion

The assessment of risk for ACS has been one of the most important topics in
cardiology for decades (2). However, even among plaques with the same vulnerable
features, the hemodynamic forces acting on the plaque can vary and affect the risk
of rupture. In an optical coherence tomography study, the thickness of ruptured
fibrous cap was thicker in patients with exertion-triggered ACS than those with rest-
onset ACS (11). This clinical observation demonstrated the potential role of
hemodynamic conditions in the stability of plaques. The present study characterizes
the hemodynamic forces acting on plaque and its relationship with the geometry of
stenotic lesions in both patients and idealized models. The similar characteristics of
hemodynamic force in relation to lesion geometry observed in idealized stenosis
models provided an intuitive and simplified explanation for the results obtained

from patient lesions (Figure 10 and 11).

Role of Hemodynamic Forcesin Plaque Rupture

Previous studies have provided many theoretical and experimental
foundations for the mechanisms of plaque progression, transformation, and rupture
(1,12,13). Imaging studies have presented several vulnerable plaque features such as
thin fibrous cap, microcalcification, large lipid core, active inflammation with
macrophage infiltration into the plaque, or well-developed vasa-vasorum (2,14).

However, those data are related to the composition and organization of the plaque,



Page 24 /62

not mechanical forces. Therefore, adding information on the hemodynamic forces

acting on those plaques may provide better risk stratification and treatment strategy.

Among the external hemodynamic forces, WSS has, to date, provided
important clues for understanding the mechanisms of the initiation and eventual
rupture of atherosclerotic plaque (12). WSS is hypothesized to recruit inflammatory
cells, and cause vasoconstriction and change in endothelial cell morphology. In this
respect, WSS has a particular role in representing the substrate that may contribute

to plague rupture or erosion.

Our study focused on the potential role of APS in plaque rupture and its
relationship with lesion geometry. APS could uniquely characterize the stenotic
segment and differentiate forces acting on upstream and downstream segments of a
plaque. Tanaka, et al. reported that the incidence of downstream plaque rupture was
up to 36.1% among all rupture cases (7). Our study found that APS could be higher
at the downstream than upstream segment in some lesions. In contrast, WSS and the
changes in pressure and FFR were consistently higher in upstream than in

downstream segment.

Relationship of APS with Lesion Characteristics

The relationship of APS with lesion severity showed different
characteristics depending upon the sub-locations — upstream and downstream

segments. Upstream APS linearly increased as lesion severity increased, whereas
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downstream APS exhibited a concave shape. This result suggests that the risk of
downstream rupture can be lower in severe stenosis (> 60-70% diameter stenosis in
our study) as a result of decreased downstream pressure. This phenomenon may
explain the reason why TIMI 0 flow was less frequently observed in the
downstream rupture cases (7). The significant negative correlation between APS
and lesion length in our study provides the explanation for higher incidence of
plaque rupture in short and focal lesions than in diffuse ones. When the lesions were
divided into upstream-dominant and downstream-dominant lesions, the distribution
of APS was significantly different between the two groups despite no significant
differences in FFR, % diameter stenosis, and WSS pattern in both groups. Therefore,
consideration of APS in addition to current plague evaluation can provide more
comprehensive mechanistic explanations for the plaque rupture including the

counterintuitive phenomenon of downstream rupture.

Quantitative Geometric Index: RG and analytic RG

We proposed two methods for measuring RG: The first method, denoted as
‘RG’, is a simplified definition based on the radius measurements of two discrete
locations (starting or ending point, and MLA); the second method, denoted as
‘analytic RG’, is based on the average of radius change over infinitesimal intervals.
The two definitions of RG showed an excellent correlation with each other and also

showed excellent correlations with APS in both idealized and patient-specific model.
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The two methods may be selectively applied according to the complexity of the
plaque morphology. If the radius change varies significantly along the length,

analytic RG would be more suitable to reflect plaque asymmetry.

Potential Implications of APS in Clinical Practice

It is well-known that a discrepancy exists between anatomic severity and
rupture risk of a plaque (2,15). This discrepancy has provided the impetus for many
studies to find high risk features for plaque rupture in patients with coronary artery

disease, with emphases on plaque morphology and coronary hemodynamics.

In this study, we explored the potential role of APS in plaque rupture. Our
study provided three major perspectives distinct from previous studies. First, APS
uniquely characterized the differences in stress acting on upstream and downstream
segments of a plaque in contrast with the WSS and pressure changes which were
consistently higher in the upstream segments. Further, APS revealed the different
pattern of force distribution on the upstream and downstream segments according to
the severity of stenosis. Second, the dominance of APS varied according to lesion
geometry and this finding can potentially provide an explanation for how plagques
can rupture at the downstream segment and why rupture is more frequent in focal
lesions than in diffuse ones. Third, APS was different even among the plaques with

the same degree of stenosis and same degree of pressure drop, based on the RG.

Although the current study has focused on characterizing the external
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hemodynamic forces acting on plaques, it should be remembered that coronary
plaque rupture is a complex process that is influenced by diverse factors including
cardiac contractility, aortic blood pressure, pulse pressure, coronary spasm and
endothelial dysfunction. In addition, inter-patient variations of microcirculatory
resistance originated from structural changes of the myocardium or primary
microvascular dysfunction might influence the prediction of the total hemodynamic
forces acting on plaque. The role of these diverse potential factors still warrant
further investigations in addition to the analysis of hemodynamic forces presented

herein.

Considering the complex nature of plaque rupture, the following three
essential elements should be integrated in order to understand the fundamental
mechanism of rupture: composition and organization of plaques including plaque
vulnerability; lesion geometry including stenosis severity, segmental lesion length,
and RG; and external hemodynamic forces including APS. As noted, plagues can
rupture when the stress within the plague exceeds the strength of the plaque.
Although we focused on characterizing the external force acting on the plaque,
represented by APS, the external hemodynamic force and lesion geometry would
influence the stress within the plaque since the external force and the stress within
the plaque should be balanced. Moreover, the lesion geometry as well as
composition and organization of plaques would determine the strength of plaques.
Therefore, patient-specific evaluation of APS and RG will provide additive

information in detecting high-risk plaques, and predicting the potential rupture
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location and subsequent clinical significance of the rupture event for specific

plaques.

Limitations

Some limitations of this study should be noted. First, although we suggested
that APS could provide more reasonable explanations for plaque rupture than other
parameters previously reported, we did not present a direct longitudinal causal
relationship between the APS and subsequent plaque rupture at the location of high
APS. A multicenter clinical study is on-going to investigate the causal relationship.
Second, we focused on the hemodynamic and geometric parameters potentially
related to plaque rupture, but did not investigate the material properties of plaques
(i.e. plaque wulnerability). Third, the present study did not consider the abrupt
change in physiologic condition and the impact of mechanical stresses caused by
cardiac contraction and relaxation. Further studies using fluid-structure interaction
simulation methods incorporating plaque properties and cardiac motion with
dynamic changes in heart rate will provide more comprehensive information on the
risk of plaque rupture. Lastly, the CFD analysis was based on hyperemic static
simulation under assumption of laminar flow and without consideration of pulsatile
nature of coronary flow. Therefore, further investigation using pulsatile simulation

is warranted.
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Conclusion

APS uniquely characterizes the stenotic segment and has a strong correlation with
lesion geometry. Clinical application of these hemodynamic and geometric indices
may be helpful to assess the future risk of plaque rupture and to determine the

treatment strategy for patients with coronary artery disease.
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ZHAHS OIS (coronary artery disease); 5% METHE (axial plaque stress);
HECHE (wall shear stress); &= (pressure); & MZA3tEE (coronary plaque);
MAQH S (computational fluid  dynamics); ZAE  EFH CT

- O =

(coronary computed tomography angiography).
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Figure Legends

Figure 1. Axial Plaque Stress and Other Hemodynamic Parameters

The axial plague stress (APS) was computed by extracting the axial component of
traction acting on the lumen or plague. Although the magnitudes of traction and
FFR decreased along the vessel length, APS uniquely characterized the elevation of
hemodynamic stress at upstream and downstream obstructive segments. Note that

the magnitude of APS was significantly greater than that of wall shear stress.

Abbreviations: APS, axial plaque stress; FFR, fractional flow reserve; WSS, wall

shear stress

Figure 2. Derivation and Definition of Two Different Metrics of Radius

Gradient

(A) Definition of the radius gradient (RG). The RG was defined by the radius
change over lesion length, where radius change refers to the difference between
lesion starting (or ending) point radius and the radius at the location of minimal
lumen area (MLA), and lesion length is defined by the length from the lesion
starting (or ending) point to MLA location (B) Definition of analytic RG. Since
there may be substantial variations in each lesion, RG was also analytically
computed — analytic RG — by the awverage of the radius change over infinitesimal

intervals.
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Figure 3. Distribution of Axial Plague Stress in Idealized Stenosis Models and

Patients Lesions

The distribution of the axial plaque stress in the idealized stenosis model (A) and

the patient’s lesions (B) are presented.

Figure 4. Distribution of Wall Shear Stress

The distribution of wall shear stress in patient lesions is presented.

Figure 5. Relationship of Axial Plaque Stress with Pressure Gradient

A linear correlation was observed between axial plaque stress and pressure gradient
in upstream segments but not in downstream segments due to minimal pressure

drop in downstream.

Figure 6. Influence of Lesion Severity and Lesion Length on Axial Plaque

Stress

(A) The changes in APS according to the lesion severity (percent diameter stenosis)

were presented in the patient’s lesions. The upstream APS increased as the stenosis
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severity increased while the downstream APS reached maximum at approximately
60% diameter stenosis and decreased as the lesion severity increased. (B) APS
increased as the segmental length decreased. In addition, APS was also higher when

the stenosis severity increased in any given lesion length.

Abbreviations: APS, axial plaque stress; %DS, percent diameter stenosis.

Figure 7. Influence of Lesion Geometry on Hemodynamic Parameters

When upstream-dominant and down-stream dominant lesions were compared, there
were no significant differences in FFRcr and % diameter stenosis. However, APS
exhibited significant changes according to the lesion geometry. In upstream
segments, APS of upstream-dominant lesions was significantly higher than that of
downstream-dominant lesions. In downstream segments, APS of downstream-

dominant lesions were significantly higher than that of upstream-dominant lesions.

Abbreviations: APS, axial plaque stress; FFRcr, coronary CT angiography-derived

fractional flow reserve; WSS, wall shear stress.

Figure 8. Representative Case of Upstream-dominant Lesion

(A) This patient had undergone coronary CT-angiography as routine health care

check-up. At that time the patient did not have any symptoms. (B) The coronary CT-
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angiography showed upstream-dominant lesion (upstream RG > downstream RG) in
mid-LAD, and the upstream APS was significantly higher than downstream APS.
(C) About 1 year later, he developed acute myocardial infarction, and 1VUS showed
plaque rupture at the same location of highest APS in upstream segment of the

plague.

Abbreviations: APS, axial plague stress; WSS, wall shear stress

Figure 9. Correlation of Axial Plaque Stress with Two Different Metrics of

Radius Gradient

(A) The correlation between axial plague stress and radius gradient in the patients
lesions. (B) The correlation between axial plaque stress and analytic radius gradient
in the patients’ lesions. There were strong correlations between axial plaque stress
and two different radius gradient metrics in patients’ lesions. (C) The correlation of
radius gradient and analytic radius gradient in the patient lesions. The Pearson’s
correlation coefficient was 0.99 (p<0.001) with the average absolute difference of

0.0036 +0.0115 (p=0.677), and interclass correlation was 0.993 (p<0.001).

Abbreviations: RG, radius gradient.

Figure 10. Demonstration of Hemodynamic Parameter Changes According to

Lesion Severity and Shape in Idealized Models
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(A) Lesion severity influenced the APS as well as the other hemodynamic
parameters (FFR and WSS). As the lesion severity increased, the upstream APS
proportionally increased while downstream APS decreased from 70% diameter
stenosis due to decreased pressure in the downstream segment. The magnitude of

APS was significantly greater than that of WSS, regardless of the lesion severity.

(B) Lesion shape influenced the APS despite no significant changes in FFRCT and
WSS. Due to the same lesion severity (50% DS), no significant changes were
observed in FFRCT and WSS. However, the mode | with highest upstream RG (left)
showed the highest upstream APS while the model with highest downstream RG
(right) showed the highest downstream APS. Note that upstream APS of
downstream-dominant model (right) was similar to upstream APS of symmetric
mode | (middle) since both segments had the same RG values (i.e., 0.146). Likewise,
downstream APS of upstream-dominant model (left) was similar to downstream

APS of symmetric model (middle) due to the same RG values (i.e., 0.146)

Abbreviations: APS, axial plaque stress; FFRCT, coronary CT angiography-derived

fractional flow reserve; %DS, percent diameter stenosis; WSS, wall shear stress

Figure 11. Influence of Stenosis Severity and Lesion Length on Axial Plaque

Stress in ldealized Stenosis Models

(A) Impact of Stenosis Severity on APS. The changes in APS according to the
lesion severity (percent diameter stenosis) were presented in the idealized model.

7]

—
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The upstream APS increased as the stenosis severity increased while the
downstream APS reached maximum at approximately 60% diameter stenosis and
decreased as the lesion severity increased. (B) Impact of Lesion Length on APS.
APS increased as the segmental length decreased. In addition, APS was also higher

when the stenosis severity increased in any given segmental lesion length.

Abbreviations: APS, axial plaque stress; %DS, percent diameter stenosis.
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Tables

Table 1. Baseline characteristics of the patients

Patients (n = 81)

Age, years 63.76 +9.02
Female gender 12 (15.0%)
Body mass index, kg/n? 2454207
Median interval between cCTA and ICA, days 29

Lesion characteristics (n = 114)

Lesion location

Left main to LAD 72 (64.0%)
LCX 19 (16.7%)
RCA 22 (19.3%)
cCTA
Minimal lumen area, mm? 2.04£0.94
% area stenosis 61.98 £13.14
Distance from coronary ostiumto MLA, mm 40.39 £16.77
Lesion length, mm 1425+552
FFRct 0.78 £0.12
Invasive FFR 0.79+0.11

Values given as mean + standard deviation or number (percentage), unless otherwise indicated.

Abbreviaions: cCTA, coronary computed tomography angiography; FFRcr, coronary CT angiography-derived fractional flow
reserve; FFR, fractional flow reserve; ICA, invasive coronary angiography; LAD, left anterior descending coronary artery; LCX,

left circumflex artery; RCA, right coronary artery.

e
r
i
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Table 2. Distribution of hemodynamic parameters according to the net balance

of radius gradient of the lesions in patients with coronary artery disease

Patients model

Upstream-dominant lesions (N=56, 49.1%)

Downstream-dominant lesions (N=58, 50.9%)

(Total N=114) p
Upstream Downstream Upstream Downstream p value
value
Radius gradient 0.11+0.05 0.06 +0.03 <0.001 0.07+£0.03 0.12+0.05 <0.001
Radius gradient, analytic 0.10+0.04 0.06 +0.03 <0.001 0.07+0.03 0.12+0.06 <0.001
Apressure, mmHg 9.75+8.84 0.18+2.25 <0.001 11.51 £8.62 0.69+1.15 <0.001
AFFRcr 0.10 £0.09 0.002 £0.02 <0.001 0.12 +0.09 0.01+0.01 <0.001
Pressure gradient,
14.72 +15.48 0.47 +£1.83 <0.001 11.62 £9.26 1.26 +2.50 <0.001
mmHg/em?
WSS, dyne/cm? 273.49 +181.38 147.77 +91.84 <0.001 270.90 +124.21 153.66 +104.89 <0.001
APS, dyne/cm? 11371.96 +5575.14 6878.14 +4319.51 <0.001 7681.12 + 4556.99 11990.55 + 5556.64 <0.001

Values given as mean + standard deviation.

Abbreviations:APS, axial plaque stress; FFRcr, coronary CT angiography-derived fractional flow reserve; WSS, wall shear stress.
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Table 3. Lesion shape and hemodynamic parameters according to the net

balance of radius gradient in lesions with % diameter stenosis more than 40%

Upsfream-dominant stenosis (N=28, 52.8% ) Downstream-gominant stenosis (N=25, 47.2% )
Patients model
p p
_ Upstream Downstream Upstream Downstream
(Total N=53) value value

. . 0.13+0.05 0.07 £0.024 <0.001 0.08 +0.04 0.13+0.05 <0.001
Radius gradient

. . . 0.12+0.04 0.07 £0.024 <0.001 0.08 £0.04 0.13 +0.05 <0.001
Radius gradient, analytic
Apressure, mmHg 12.85+10.32 0.10+3.01 <0.001 17.46 £9.03 1.26+1.32 <0.001
AFFRcr 0.13+0.09 0.002 +0.030 <0.001 0.18+0.10 0.01+0.01 <0.001
Pressure gradient,

17.79 £17.30 0.40 £2.168 <0.001 14,97 £11.70 2.01+2.59 <0.001

mmHg/cm?
WSS, dyne/cm? 296.14 +183.45 159.03 £94.02 <0.001 291.66 +£136.77 162.24 +£126.23 <0.001
APS, dyne/cm? 14157.72 + 6086.81 7553.40 +3063.96 <0.001 8897.97 +4256.20 12870.89 +5008.30 <0.001

Values given as mean + standard deviation.

Abbreviations: AP S, axial plague stress; FFRcr, coronary CT angiography-derived fractional flow reserve; WSS, wall shear stress.
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Table 4. Distribution of hemodynamic parameters according to the classifications of net balance in radius gradient of the —

lesions in patients with coronary artery disease Al
=1
e
e -
. Upstream-dominant lesions (N=39, 34.2%) Symmetric lesions (N=38, 33.3%) Downstream-dominant lesions (N=37, 32.5%) .
Patients model
(Total N=114)
Upstream Downstream p value Upstream Downstream p value Upstream Downstream p value
Radius gradient 0.12 £0.05 0.05 +0.02 <0.001 0.08 +0.03 0.08 £0.04 0.617 0.06 +0.03 0.13 +0.06 <0.001
Radius gradient, analytic 0.11+£0.04 0.05+0.03 <0.001 0.08 +£0.03 0.08 +£0.04 0.141 0.06 +£0.03 0.13 £0.06 <0.001
Apressure, nmHg 10.74 £9.43 0.12+2.61 <0.001 9.30 £6.81 0.59 +£1.07 <0.001 11.93 £9.69 0.63+1.23 <0.001
AFFRcr 0.11 +0.09 0.002 +0.03 <0.001 0.10 £0.07 0.01+0.01 <0.001 0.12 +0.09 0.01+0.01 <0.001
Pressure gradient,
17.30+17.61 1.40 +1.59 <0.001 10.37 £6.37 1.37+0.95 <0.001 11.66 +10.48 2.11+£237 <0.001
mmHg/lcm?
WSS, dyne/cm? 299.58 +201.10 157.06 +99.69 <0.001 247.03 +110.52 140.85 + 83.46 <0.001 269.11 +134.01 154.31 £111.91 <0.001
APS, dyne/cm? 12532.31 +5895.62 6271.49 +3731.99 <0.001 8700.48 +3820.97 9716.16 +5476.64 0.160 7106.92 + 4788.62 12616.89 +5587.94 <0.001

Values given as mean + standard deviation.

Abbrevi

ions:APS, axial plaque stress; FFRcr, coronary CT angiography-derived fractional flow reserve; WSS, wall shear stress.
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Table 5. Baseline lesion characteristics of the idealized model

Total number 264

Geometric parameters

Reference diameter, mm 3.25+0.56
Minimum lumen diameter, mm 146 +0.62
Diameter stenosis, % 55.03+17.15
Area stenosis, % 76.84 +£15.63
Lesion length, mm 18.55+7.23

Hemodynamic parameters

FFR 0.71%0.25

Apressure, mmHg 22.68+21.01
Pressure gradient, mmHg/cn? 7.05+6.09
AFFR 0.27+0.25
Abbreviations: FFRcr, coronary CT angiography-derived fractional flow reserve.
A 2 1)
|
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Table 6. Lesion geometry and hemodynamic parameters in the idealized model

Upstream-dominant stenosis (N=120, 45.5% )

Downstream-dominant stenosis (N=120, 45.5% )

Upstream Downstream p value Upstream Downstream p value
. . 0.18 £0.09 0.08 +0.05 <0.001 0.08 +0.05 0.18 +£0.09 <0.001
Radius gradient
0.18 £0.09 0.08 +0.05 <0.001 0.08 +0.05 0.18 £0.09 <0.001
Radius gradient, analytic
Apressure, nmHg 26.43+25.21 4.82 £5.05 <0.001 27.74 +25.05 3.84+358 <0.001
AFFRcr 0.31+0.30 0.06 +0.06 <0.001 0.33+0.30 0.05+0.04 <0.001
Pressure gradient,
25.81+21.22 291+284 <0.001 1326 +11.73 4.13+3.16 <0.001
mmHg/cm?
WSS, dyne/cm? 27439 £129.44 28.51+21.67 <0.001 196.25 +£97.70 11.39+11.77 <0.001
APS, dyne/cm? 17380.43 +8093.02 5835.71 + 3758.82 <0.001 8143.16 +4973.74 11991.89 +6255.90 <0.001

Values given as mean * standard deviation.

Abbreviations: APS, axial plaque stress; FFRcr, coronary CT angiography-derived fractional flow reserve; WSS, wall shear stress.
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Figure 1. Axial Plaque Stress and Other Hemodynamic Parameters
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Figure 2. Derivation and Definition of Two Different Metrics of
Radius Gradient

A. Definition of Radius Gradient

R (vessel radius)

0 - \_, Minimal lumen area

S (vessel length)

RG = ﬁ
B. Definition of Analytic Radius Gradient

R (vessel radius)

1 (N intervals) S (vessel length)

N
1 Dwam

N LuAs;
i=1

analytic RG =
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Figure 3. Distribution of Axial Plaque Stress in Idealized Stenosis Models and Patient
Lesions

A.

Idealized Model

30 | Upstream segment

m Downstream segment

20

Counts

10

0
-30000 -20000 -10000 0 10000 20000 30000

Axial Plague Stress (dyne/em?)

Patient Lesions

40 m Upstream segment
B Downstream segment

30
“
2
E
3 20
[v]

10

o | =il
-30000 -20000 -10000 0 10000 20000 30000

Axial Plaque Stress (dyne/cm?)



Page 55/ 62

Figure 4. Distribution of Wall shear stress
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Figure 5. Relationship of Axial Plaque Stress with Pressure Gradient
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Figure 6. Influence of Stenosis Severity and Lesion Length on APS

A. Impact of Stenosis Severity on APS
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Figure 7. Influence of Lesion Geometry on Hemodynamic Parameters
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Figure 8. Representative Case of Upstream-dominant Lesion
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Figure 9. Correlation of Axial Plaque Stress with Two Different Metrics of RG
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Figure 10. Demonstration of Hemodynamic Parameter Changes According to Lesion
Severity and Shape in Idealized Models
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Figure 11. Influence of Stenosis Severity and Lesion Length on APS in Idealized Stenosis
Models
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