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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 plague 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 (FFR¢T) and local hemodynamic
parameters including wall shear stress (WSS), axial plaque stress (APS), pressure
gradient (PG) across the lesion, and delta FFRgT across the lesion (AFFRgt) 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 AFFRgt 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.
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Local Hemodynamics and Acute Coronary Syndrome

In discrimination of culprit lesions causing ACS from non-culprit lesions, WSS, PG, APS,
and AFFRqt were independent predictors after adjustment for lesion characteristics,
high-risk plaque, and FFRgT <0.80; and all local hemodynamic parameters significantly
improved the predictive value for culprit lesions of high-risk plaque and FFRgst <0.80
(all p < 0.05). The risk prediction model for culprit lesions with FFRct <0.80, high-risk
plaque, and AFFRcT 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

Conclusions: Local hemodynamic indices were significantly intercorrelated, and all
indices similarly provided additive and independent predictive values for ACS risk over

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

Yang et al.
into AFFRgT did not improve the model performance.
high-risk plaque and impaired FFRcT.
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.
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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 FFRcrt, change in FFRcr across the
lesion (AFFRct), 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. AFFRcT was
calculated as the difference between the FFRct value at a lesion
start point (i.e., proximal FFRcr) and the FFRcr value at a
lesion endpoint (i.e., distal FFRct). Sampling points for AFFRct
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 AFFRcr 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/cm?), high APS
(>1,606.6 dyn/cm?), high AFFRct (>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), FFRcr <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
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FIGURE 1 | Distribution of local hemodynamic parameters. APS, axial plaque stress; FFRcr, coronary computed tomographic angiography-derived fractional flow
reserve; WSS, wall shear stress.

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 £ 7.4mm vs. 15.8
£ 8.4mm, 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 AFFRCT.

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 = 0917, 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). AFFRcT was significantly correlated
with WSS, APS, and PG (r = 0.581, p < 0.001 for WSS and
AFFRcT; r = 0.331, p < 0.001 for APS and AFFRcr; and r =
0.752, p < 0.001 for PG and AFFRcr) (Figure 2). In regression
of WSS, APS, or PG, the correlation coefficient of FFRcr
was lower than that of AFFRct with WSS, APS, or PG (r =
—0.349, p < 0.001 for WSS and FFRct; r = —0.131, p < 0.001
for APS and FFRcr; 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
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TABLE 1 | Local hemodynamics according to lesion characteristics.

WSS (dyn/cm?) P-value APS (dyn/cm?) P-value PG (mmHg/cm) P-value AFFRcT P-value
Total 168.8 + 102.1 - 1,994.8 £+ 2,095.5 - 83+79 - 0.09 +£0.12 -
Vessel location <0.001 0.017 <0.001 0.016
LAD (n = 87) 208.8 £ 105.8 2,341.9 +£ 2,266.9 10.9 £ 8.1 0.12+0.13
LCX (n = 48) 1568.6 £ 99.6 2,083.2 4+ 2,056.6 8.2+94 0.08 + 0.11
RCA (n = 81) 131.9 £ 83.6 1,669.6 + 1,863.7 56 +5.6 0.07 £+ 0.11
Lesion location <0.001 0.033 <0.001 0.006
Proximal (n = 98) 201.9 +£113.3 2,453.6 +2,418.2 10.5+9.2 0.12+0.14
Middle (n = 81) 150.5 + 90.0 1,482.6 + 1,597.1 71 +£6.7 0.08 + 0.01
Distal (n = 37) 121.2 £59.7 1,900.8 + 1,904.5 53+4.7 0.06 + 0.08
% Diameter stenosis <0.001 0.001 <0.001 <0.001
>50% (n = 84) 206.2 £121.7 2,656.8 + 2,598.5 11.9 £ 101 0.15+£0.17
<50% (n = 132) 145.0 £ 791 1,673.5 £1,671.2 6.0+ 4.9 0.05+£0.05
High-risk plaque 0.003 0.042 0.002 <0.001
Yes (n = 60) 201.4 £102.4 2,647.2+2,641.4 11.3+9.2 0.16 £ 0.18
No (n = 156) 156.3 £ 99.5 1,782.3 + 1,808.7 72+£7.0 0.07 £+ 0.08
FFRcr <0.001 0.097 <0.001 <0.001
<0.80 (n = 66) 227.7 £1271 2,351.8 +2,242.8 14.1+£10.5 0.19+0.18
>0.80 (n = 150) 142.9 £ 76.1 1,837.7 £ 2,015.0 58+45 0.05 £+ 0.04
Number of lesions in a vessel 0.245 0.009 0.101 0.200
1(n = 86) 1568.9 + 95.1 1,677.8 £ 1,482.9 73+64 0.08 + 0.09
> 2 (n =130) 175.4 +106.4 2,270.6 + 2,382.6 9.0+8.7 0.10+£0.14

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; FFRcr, 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, positive remodeling; RCA, right coronary artery; WSS, wall shear stress.

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 AFFRcT with WSS, APS,
or PG in overall lesion types (Supplementary Table1). 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).

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 AFFRct 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 AFFRcr) (Table 3). With FFRcr
<0.80 as a baseline model in prediction of culprit lesions, the
presence of high-risk plaque had incremental predictability over
FFRcr <0.80; and high WSS, high APS, high PG, or high
AFFRcr 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 AFFRcr was similar in their ability to
discriminate culprit lesions from non-culprit lesions in lesions
with and without FFRcr <0.80 and high-risk plaque (Figure 4).
The discrimination ability for culprit lesions of the model with
FFRcr <0.80, high-risk plaque, and AFFRcT 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 AFFRct 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.

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 AFFRcr)
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 FFRcr <0.80. Third, AFFRcr showed a comparable
predictive value for culprit lesions with that of WSS, APS,
and PG.
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FIGURE 2 | Association among local hemodynamic parameters. Correlation among WSS, APS, PG, and AFFRcr is presented. All local hemodynamic parameters
were significantly correlated with each other. APS, axial plaque stress; FFRcr, coronary computed tomographic angiography-derived fractional flow reserve; WSS, wall
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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 AFFRcr as a clinically
applicable marker derived from CFD analyses applied to CCTA
taken prior to ACS events.

We demonstrated that WSS, APS, PG, and AFFRcr 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, AFFRcT 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 FFRcr with local hemodynamics
was lower than that of AFFRcr, suggesting the importance
of lesion-specific hemodynamic assessment than vessel-specific
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TABLE 2 | Correlation among local hemodynamic parameters in various lesion subtypes.

‘e 18 Bue

Subgroups Correlation P-value Correlation P-value Correlation P-value Correlation P-value Correlation P-value Correlation P-value
between WSS between APS between WSS between AFFRcT between AFFRct between AFFRct
and PG and PG and APS and WSS and APS and PG
(coefficient, r) (coefficient, r) (coefficient, r) (coefficient, r) (coefficient, r) (coefficient, r)

Vessel location

LAD (n = 81) 0.906 <0.001 0.287 0.007 0.159 0.142 0.541 <0.001 0.290 <0.001 0.762 <0.001

LCX (n = 48) 0.915 <0.001 0.596 <0.001 0.400 0.005 0.653 <0.001 0.621 <0.001 0.811 <0.001

RCA (n = 81) 0.941 <0.001 0.245 0.028 0.225 0.044 0.543 <0.001 0.152 0.177 0.703 <0.001
Lesion location

Proximal (n = 98) 0.915 <0.001 0.299 0.003 0.173 0.088 0.548 <0.001 0.186 0.067 0.712 <0.001

Mid (n = 81) 0.910 <0.001 0.423 <0.001 0.306 0.006 0.566 <0.001 0.532 <0.001 0.777 <0.001

Distal (n = 37) 0.890 <0.001 0.638 <0.001 0.444 0.006 0.637 <0.001 0.579 <0.001 0.866 <0.001
% diameter stenosis

>50% (n = 84) 0.905 <0.001 0.453 <0.001 0.319 0.003 0.493 <0.001 0.377 <0.001 0.699 <0.001

<50% (n = 132) 0.948 <0.001 0.052 0.558 0.035 0.688 0.735 <0.001 —0.072 0.412 0.802 <0.001
High-risk plaque

Yes (n = 60) 0.875 <0.001 0.295 0.022 0.111 0.398 0.492 <0.001 0.293 0.023 0.738 <0.001

No (n = 156) 0.943 <0.001 0.409 <0.001 0.326 <0.001 0.687 <0.001 0.316 <0.001 0.781 <0.001
FFRcT

<0.80 (n = 66) 0.903 <0.001 0.559 <0.001 0.352 0.004 0.458 <0.001 0.544 <0.001 0.662 <0.001

>0.80 (n = 150) 0.941 <0.001 0.232 0.004 0.168 0.040 0.788 <0.001 0.073 0.374 0.819 <0.001
Number of lesions in a vessel

1(n=86) 0.961 <0.001 0.128 0.242 0.058 0.596 0.735 <0.001 0.184 0.089 0.831 <0.001

>2 (n =130) 0.903 <0.001 0.449 <0.001 0.338 <0.001 0.526 <0.001 0.361 <0.001 0.725 <0.001

The definition of high-risk plaque was the same as in Table 1.
APS, axial plaque stress; FFRcr, 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,
positive remodeling; RCA, right coronary artery; WSS, wall shear stress.
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TABLE 3 | Univariate and multivariate analyses of local hemodynamics in prediction of culprit lesions causing acute coronary syndrome.
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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.

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 FFRcr <0.80. High WSS, high APS,
high PG, and high AFFRct were independent predictors for
culprit lesions after adjustment for high-risk plaque and FFRcr
<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 AFFRcr 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.

AFFR 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
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FIGURE 3 | Incremental predictive value of high WSS, high APS, high PG, or high AFFRt over high-risk plaque and FFRcr. The predictability for culprit lesions
causing ACS is compared with the model with FFRgt <0.80; the model with FFRct <0.80 and high-risk plaque; and the model with FFRgt <0.80, high-risk plaque,
and local hemodynamic parameters. High WSS, high APS, high PG, or high AFFRct similarly improved the predictability for culprit lesions causing ACS of high-risk
plaque and FFRct <0.80. High-risk plague was defined as a plague with >2 of low-attenuation plagque, positive remodeling, spotty calcification, and napkin-ring sign.
APS, axial plaque stress; FFRcr, coronary computed tomographic angiography-derived fractional flow reserve; PG, pressure gradient; WSS, wall shear stress.

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., AFFR), which are obtained
by pressure-guide wire pullback measurement (35, 36). In
our study, we aimed to compare the clinical implications of
AFFRcr with WSS, APS, and PG in prediction of ACS risk
and demonstrated that AFFRcr 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
FFRcr, high-risk plaque, and AFFRcr. Given that AFFRct can
reflect the level of WSS, APS, or PG from the strong association
among them, our finding postulates that the measurement
of AFFR might provide equivalent prognostic information,

which can be obtained by assessment of WSS, APS, or PG.
Therefore, lesion-specific AFFR 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
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FIGURE 4 | Risk of culprit lesions according to local hemodynamic parameters in the subgroups by high-risk plaque or FFRgr. The risk of culprit lesions according to
(A) high WSS, (B) high APS, (C) high PG, or (D) high AFFRc is shown in lesions with and without high-risk plaque and FFRgt <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 AFFRct, 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.

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. AFFRcT or AFFR, easily measurable
indices in clinical practice, can reflect local hemodynamics
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TABLE 4 | AFFRcr as a representative marker of local hemodynamic parameters
in prediction of culprit lesions causing acute coronary syndrome.

Model AUC P-value
FFRcT < 0.80 + high-risk plaque 0.68 <0.01
FFRoT < 0.80 + high-risk plaque + AFFRcr (ref) 0.77 NA
FFRcr < 0.80 + high-risk plaque + WSS 0.76 0.37
FFRcT < 0.80 + high-risk plaque + APS 0.71 0.03
FFRcr < 0.80 + high-risk plague + PG 0.77 0.63
FFRcr < 0.80 + high-risk plaque + AFFRcr + WSS 0.78 0.84
FFRcr < 0.80 + high-risk plaque + AFFRcr + APS 0.78 0.58
FFRor < 0.80 + high-risk plaque + AFFRcr + PG 0.78 0.72

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.

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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