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The impact of the anatomic characteristics of coronary stenoses on the development of
future coronary thrombosis has been controversial. This study aimed at identifying the
anatomic and flow characteristics of left anterior descending (LAD) coronary artery steno-
ses that predispose to myocardial infarction, by examining angiograms obtained before
the index event. We identified 90 patients with anterior ST-elevation myocardial infarction
(STEMI) for whom coronary angiograms and their reconstruction in the three-dimen-
sional space were available at 6 to 12 months before the STEMI, and at the revasculariza-
tion procedure. The majority of culprit lesions responsible for STEMI occurred between
20 and 40 mm from the LAD ostium, whereas the majority of stable lesions not associated
with STEMI were found in distances >60 mm (p < 0.001). Culprit lesions were signifi-
cantly more stenosed (diameter stenosis 68.6 § 14.2% vs 44.0 § 10.4%, p < 0.001), and
significantly longer than stable ones (15.3 § 5.4 mm vs 9.2 § 2.5 mm, p < 0.001). Bifurca-
tions at culprit lesions were significantly more frequent (88.8%) compared with stable
lesions (34.4%, p < 0.001). Computational fluid dynamics simulations demonstrated that
hemodynamic conditions in the vicinity of culprit lesions promote coronary thrombosis
due to flow recirculation. A multiple logistic regression model with diameter stenosis,
lesion length, distance from the LAD ostium, distance from bifurcation, and lesion symme-
try, showed excellent accuracy in predicting the development of a culprit lesion (AUC:
0.993 [95% CI: 0.969 to 1.000], p < 0.0001). In conclusion, specific anatomic and hemody-
namic characteristics of LAD stenoses identified on coronary angiograms may assist risk
stratification of patients by predicting sites of future myocardial infarction. © 2020 Pub-
lished by Elsevier Inc. (Am J Cardiol 2021;141:7−15)
ital, Athens, Greece; bMassachusetts General Hospital,

School, Boston, Massachusetts; cDeutsches Herzzen-

Germany; dBrigham and Women’s Hospital, Harvard

oston, Massachusetts; and eBeth Israel Deaconess Medi-

rd Medical School, Boston, Massachusetts. Manuscript

r 28, 2020; revised manuscript received and accepted

.

flict of interest for any author to be declared.

g author: Tel: +306944845505

s: dkatrits@dgkatritsis.gr (D.G. Katritsis).

www.ajconline.orgPublished by Elsevier Inc.

1016/j.amjcard.2020.11.012
The impact of coronary stenosis severity on the develop-
ment of plaque rupture and thrombosis, and subsequent
myocardial infarction (MI), has been controversial. MIs
have been shown to frequently occur at sites of mild-to-
moderate stenosis.1−3 Postmortem and older angiographic
data, however, have demonstrated that ruptured plaques
leading to thrombosis more likely occur within the segment
of complex lesions with significant (>50%) stenoses.4−8

Apart from lesion severity, the anatomical distribution and
characteristics of coronary segments prone to thrombosis
and subsequent MI in the coronary tree, have also been
studied. Angiography,9 intravascular ultrasound,10 com-
puted tomography,11 and pathology12 studies have demon-
strated that culprit lesions are not uniformly distributed at
the coronary tree, but rather tend to cluster at specific
anatomic regions. We have previously reported on the ana-
tomic relationships of the site of culprit lesions that resulted
in acute ST-elevation myocardial infarction (STEMI) on
three-dimensional (3D) reconstructed angiograms,13 and
have also compared the anatomic characteristics of recanal-
ized left anterior descending (LAD) arteries following an
anterior MI with stable lesions identified in the LAD of the
same patient.14 However, these results were limited by the
fact that only recanalized LADs that were analyzed after
the STEMI, could be studied. Furthermore, culprit and sta-
ble lesions were derived from different patients; therefore,
pathophysiology background may not have been similar.

In the current serial angiographic study on coronary
angiograms that were available at 6 to 12 months before, and
at the time of, and at the time of the acute event, we sought
to study the anatomic and hemodynamic characteristics of
coronary stenoses that evolve to culprit lesions leading to MI
versus those that remain stable, in the same patient. We also
analysed reconstructed LAD 3D models of patients with
STEMI-related culprit lesions and stable lesions, and
employed computational fluid dynamics (CFD) simulations
for assessment of hemodynamic conditions which predispose
to development of occlusive thrombus formation.15 To the
best of our knowledge, this is the first human study to con-
duct such an analysis on coronary angiograms obtained
before and after an acute thrombotic event.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.amjcard.2020.11.012&domain=pdf
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Methods

We identified 90 patients from three Cardiology Depart-
ments with anterior STEMI and coronary angiograms avail-
able both at 6 to 12 months before revascularization (first
angiogram), and at the revascularization procedure (second
angiogram) (Table 1). STEMI was defined according to the
third universal definition of the Joint ESC/ACCF/AHA/
WHF task force. In each angiogram we identified the culprit
lesions associated with the STEMI, and stable lesions at the
LAD which had not evolved into thrombosis. The patient
population was randomly divided into a derivation cohort
of 61 patients with 200 lesions available for analysis and a
validation cohort of 29 patients with 95 lesions available
for analysis. The study was ethically approved by our insti-
tutional review boards.

The lesion responsible for STEMI was defined as the
culprit lesion at first angiogram. Detectable (before or after
recanalization, and regardless of diameter % stenosis)
lesions on the LAD that did not evolve to MI between the
first and second angiogram, were considered as stable
lesions. Each culprit lesion of an individual patient was
compared with every other stable lesion that was identified
in the LAD of the same patient.

Three-dimensional reconstruction was accomplished
with the use of a reconstruction algorithm developed by our
group.16,17 Angiograms were analysed by the same investi-
gators in the study core laboratory (Coronary Flow
Research Unit at Hygeia Hospital, Athens). From the 3D
model of the reconstructed coronary tree, the following fea-
tures were extracted for each lesion: (1) the distance from
the ostium of LAD to the point of minimal luminal diameter
within the lesion, (2) the lesion length, considered as the
distance from the proximal to the distal lesion point not
affected by atherosclerosis, (3) the number of side branches
with orifices on the lesion before the site of minimal lumi-
nal diameter, and the number of side branches with orifices
on the lesion after the site of minimal luminal diameter, (4)
the distance of the lesion from side branches measured in
respect to the point of minimal luminal diameter within the
lesion, (5) The local curvature of the LAD at the site of the
lesion which was measured selecting 3 points on the 3D
model, 1 at the apex of the observed curvature and the other
2 at noncurved parts of the vessel proximal and distal to the
lesion. Local curvature was defined as the angle specified
by these points with the angle apex set on the stenosis, (6)
Table 1

Clinical characteristics of patients

Total (n = 90)

Age (years) 57.4 § 11.3

Men 76 (84%)

Diabetes Mellitus 18 (20%)

Hypertension 57 (63%)

Hypercholesterolemia 69 (77%)

Family history of coronary artery disease 30 (33%)

Smoker 32 (36%)

Interval between 1st − 2nd angiogram

(months)

7.2§4.1

Culprit/stable lesions per patient 1(n = 90) / 2.3 § 0.8 (n = 205)
the position of the lesion in respect to the local vessel curva-
ture. This was assessed by identifying whether the lesion
resided in the inner or the outer vessel wall in respect to the
local vessel curvature. In the cases that both vessel walls
were affected by atherosclerosis, the lesion was character-
ized as "symmetrical". Thus, the position of each lesion
was characterized as "in," "out," or "symmetrical".

The execution of CFD simulations require the vessel
model which is recreated as a 3D digital model, and the
Navier-Stokes equations that describe the laminar or turbu-
lent motion of fluids are numerically solved using numeri-
cal grids.15,18

The normality of continuous variables was assessed by
the Shapiro-Wilk test. Continuous variables are presented
as mean value § standard deviation, and categorical varia-
bles as absolute (n) and relative frequencies (%). Associa-
tion between the type of lesion (i.e., culprit or stable) and
continuous variables were evaluated using Student’s t test,
and Mann-Whitney test when continuous variables were
normally distributed and skewed, respectively. The associa-
tion between categorical variables was evaluated through
chi-square test without the correction of continuity. The
predictive (or discriminating) ability of the anatomic lesion
characteristics and the proposed index in predicting culprit
lesions compared with stable ones was assessed by using
the area under the receiver operating characteristic (ROC)
curve (AUC). The optimal cut-off value for each anatomic
characteristic and the proposed lesion score was determined
with the estimation of its corresponding Youden index.
Multiple logistic regression analysis was performed includ-
ing the anatomic characteristics that were found to be sig-
nificantly associated with the type of lesion (i.e., culprit or
stable) in the univariate analysis as independent categorical
variables, according to the determined optimal cut-off val-
ues, and the type of lesion as dependent variable. A scoring
system was developed by rounding the values of the coeffi-
cients of the multiple logistic regression model to the near-
est integer. Finally, univariate logistic regression was used
to calculate the predicted probability of evolution to culprit
lesion based on the proposed score. A 2-sided p-value
<0.05 was considered statistically significant. All ROC
curve analyses were performed with MedCalc Statistical
Software version 14.8.1 (MedCalcSoftware bvba, Ostend,
Belgium). All other statistical calculations were performed
using IBM SPSS Statistics, version 23.0 (IBM Corp.,
Armonk, New York).
Results

Table 1 presents clinical characteristics of patients who
were studied. The derivation cohort consisted of 61 patients
with 61 culprit lesions and 139 stable lesions, whereas the
validation cohort consisted of 29 patients with 29 culprit
and 66 stable lesions.

Table 2 illustrates the anatomic characteristics and rela-
tionships of culprit and stable lesions.

Culprit lesions were significantly more stenosed than sta-
ble ones at the first angiogram (Table 2 and Figure 1).
Lesion length was greater in culprit than stable lesions at
the first angiogram (Table 2). The ROC curve analysis
revealed that the discriminating ability of diameter stenosis

www.ajconline.org


Table 2

LAD anatomic characteristics of culprit and stable lesions in the 1st angiogram

Anatomic parameter Culprit lesions (n = 90) Stable lesions (n = 205) p

% diameter stenosis 68.6 § 14.2 45.7 § 11.2 <0.001
Distance from the ostium (mm) 33.3 § 13.3 66.8 § 20.3 <0.001
Lesion length (mm) 15.3 § 5.4 9.2 § 2.5 <0.001
LAD reference diameter (mm) 3.0 § 0.4 2.4 § 0.4 0.020

Bifurcation on-lesion (y/n)

No bifurcation on-lesion 10 (11.2%) 134 (65.6%)

<0.001
Before the point of max stenosis 20 (22.5%) 32 (15.5%)

After the point of max stenosis 27 (30.2%) 25 (12.1%)

Both before and after the point of max stenosis 33 (36.1%) 14 (6.9%)

Distance of lesion from side branch 9.6 § 7.4mm 15.3 § 4.4mm 0.02

Lesion position in respect to local curvature

In 22 (24.2%) 63 (30.8%) 0.08

Out 24 (26.2%) 62 (30.2%) 0.10

Symmetrical 44 (49.6%) 80 (39.0%) 0.02

Lesion curvature in diastole in 3D (degrees) 160.8 § 13.9 170.9 § 10.7 0.01

Coronary Artery Disease/LAD Lesions Predisposing to STEMI 9
to predict a lesion evolving into a culprit lesion was high
(AUC: 0.933 [95% CI: 0.888 to 0.964), p < 0.0001). The
cut-off point analysis showed that diameter stenosis >55%
constitutes the optimal threshold to discriminate between
stable lesions and lesions evolving into culprit lesions (sen-
sitivity: 83.61% and specificity: 93.28%). According to
ROC curve analysis, lesion length had moderate discrimi-
nating ability to identify lesions evolving into culprit
(AUC:0.862 [95% CI: 0.807 to 0.907], p < 0.0001). A cut-
off value of lesion length >10.4 mm was identified as the
optimal threshold to discriminate between stable lesions
and lesions evolving into culprit with a sensitivity of
81.97% and a specificity of 79.86%.
Figure 1. Distribution of % diameter stenosis for
The distance of the lesion from the ostium of the LAD
was statistically significantly longer in stable lesions com-
pared with culprit lesions (Table 2 and Figure 2). According
to ROC curve analysis, distance from LAD ostium had high
discriminating ability to identify lesions evolving into cul-
prit (AUC:0.912 [95% CI: 0.864 to 0.948], p < 0.0001).
The cut-off point analysis showed that distance from LAD
ostium ≤49 mm constitutes an optimal threshold to discrim-
inate between stable lesions and lesions evolving into cul-
prit lesions (sensitivity: 90.16% and specificity: 80.43%).

According to ROC curve analysis, distance between the
lesion and a bifurcation proximal to the lesion as well as
distance between the lesion and a bifurcation distal to the
culprit (1st angiogram) and stable lesions.



Figure 2. Lesion distribution along the LAD.
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lesion have moderate discriminatory ability to identify
lesions evolving into culprit (AUC: 0.797 [95% CI: 0.734
to 0.850], p < 0.0001; AUC:0.806 [95% CI: 0.745 to
0.859], p < 0.0001; respectively).

There was no statistically significant difference in the
frequency that culprit and stable lesions resided at the inner
or outer vessel wall in respect to the local vessel curvature.
However, culprit lesions were more frequently symmetrical
than stable lesions, that is, affecting both aspects of the ves-
sel wall (Table 2). Vessel angulation at the lesion site was
significantly sharper in culprit lesions as compared with sta-
ble ones (Table 2), but according to ROC curve analysis,
vessel angulation had moderate discriminatory ability to
identify lesions evolving into culprit (AUC: 0.720 [95% CI:
0.647 to 0.786], p < 0.0001).

Using the above-mentioned cut-off values, we con-
structed a multiple logistic regression model with diameter
stenosis, lesion length, distance from the LAD ostium, dis-
tance from bifurcation, lesion symmetry, and vessel angula-
tion included as independent categorical variables. All
variables, except vessel angulation, were independently
Table 3

Multivariate logistic regression model for lesion evolution into a culprit lesion acc

Multivariate anal

Predictor variable OR 95%CI

Diameter Stenosis ≥55% 98.79 11.18-873.22

Lesion length ≥10.4 mm 62.83 6.27-629.17

Distance from Ostium ≤49 mm 111.03 10.31-1195.95

Proximity to Bifurcation* 105.01 1.83-6012.08

Symmetrical lesion 11.15 1.50-82.95

Lesion score calculation: Score is calculated by adding the assigned points for e

*Distance ≤12.5 mm between the lesion and a bifurcation proximal to the lesion
associated with the presence of a lesion identified as the cul-
prit lesion in the second angiogram (Table 3). Using ROC
curve analysis, the resulting model incorporating diameter
stenosis, lesion length, distance from the LAD ostium, dis-
tance from bifurcation, and lesion symmetry, showed excel-
lent accuracy in predicting the development of a culprit
lesion (AUC: 0.993 [95% CI: 0.969 to 1.000], p < 0.0001).
According to their regression coefficients, each anatomic
characteristic was assigned with a weight corresponding to
specific points and the sum of all assigned points is used to
calculate a lesion specific score ranging from 2 to 21
(Table 3). The resulting lesion score had high predictive
ability in the derivation cohort, identical to the full model
(AUC:0.993 [95% CI :0.968 to 1.000], p < 0.0001). In cut-
off analysis, the optimal threshold to discriminate lesions
evolving into culprit in the second angiogram is a lesion
score >10, with a sensitivity of 96.72% and a specificity of
95.49%) (Figure 3). In the validation cohort, the AUC of
the proposed lesion score was 0.992 (95% CI: 0.947 to
1.000). Using the >10 cut-off value, the lesion score in the
validation cohort achieved a sensitivity of 100% and a
ording to anatomic characteristics

ysis Assigned points per predictor variable

p Value

<0.0001 5

<0.0001 4

<0.0001 5

0.024 5

0.019 2

ach one of the five anatomic characteristics.

or ≤9.9mm between the lesion and a bifurcation distal to the lesion.

www.ajconline.org


Figure 3. Receiver operating characteristic curve of the diagnostic ability

of the proposed lesion score for the detection of a lesion evolving into cul-

prit.

Table 4

Progression of stable lesions between the 1st and 2nd angiogram

Anatomic parameter

% diameter stenosis p Lesion length (mm) p

1st angiogram (n = 201) 44.0 § 10.4
0.09

9.2 § 2.5
0.2

2nd angiogram (n = 205) 45.7 § 11.2 9.5 § 2.4

Coronary Artery Disease/LAD Lesions Predisposing to STEMI 11
specificity of 85.07%. The predicted probabilities for the
evolution into a culprit lesion in the second angiogram
Figure 4. Predicted probabilities for the evolution into a culprit lesion
according to our proposed lesion score are presented in
Figure 4.

The total number of stable lesions did not change signifi-
cantly with time since only in 4 patients (2.2%) new lesions
were detected, and all new lesions caused mild arterial con-
striction (<30%) (Table 4).

Based on the analysis of the anatomic features of culprit
and stable coronary lesions, we derived the coronary seg-
ments associated with MI and stable lesions, and recon-
structed these segments as vessel models with lesions of
percent diameter stenosis of 50% and 90% that represented
borderline and definitively significant disease. We studied
flow distribution, and particularly flow recirculation and
vortex formation at the vicinity of the lesion (Figures 5 and
6). Figure 5 shows that in the culprit lesion model, a 50%
diameter stenosis induces flow recirculation at the orifice of
in the second angiogram according to our proposed lesion score.



Figure 5. Flow distribution in the culprit lesion model with 90% and 50% diameter stenosis.
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the poststenotic side branch. Restricting the flow down-
stream of the bifurcation point results in the formation of a
strong recirculation zone at the ostium of the side branch.
Such vortex formation is not present in the stable lesion
model (Figure 6). Analysis of the flow lines over the whole
cardiac cycle indicates that for most of the cardiac cycle,
the flow is not significantly affected. This is fundamentally
different from the flow distribution developing within the
culprit lesion model. Figure 5 shows that for a severe (90%)
stenosis in the culprit lesion model flow is practically
blocked not only to the poststenotic branch, but also just
downstream of the stenosis along the main branch. The
90% stenosis causes severe flow recirculation not only in
the culprit lesion model but also in the poststenotic lumen
of the stable lesion model (Figure 6). For the quantification
of flow recirculation and deviations in cases we also investi-
gated the temporal variation of area blockage percentage of
each branch for all considered models.
Discussion

Our data indicate that specific anatomic and fluid
dynamics characteristics are associated with subsequent
coronary occlusion and increase the potential of a coronary
lesion to result in an acute coronary event. Thus, detailed
examination of coronary anatomy and associated hemody-
namic characteristics are useful both for defining the extent
of atherosclerotic disease, as well as for predicting the risk
of individual lesions to result in a future infarction.
The prognostic significance of the severity of individual
lesions has been a matter of controversy. In the PROSPECT
trial on patients with acute coronary syndromes treated by cor-
onary intervention, 3-year recurrence rates were 20%. Half of
them occurred in angiographically mild (<70% stenosis), non-
culprit lesions. However, predictors of recurrent events were
both a luminal area ≤ 4 mm2, and the presence of thin-cap
fibroatheroma.19 In the SCOT-HEART trial, low-attenuation
plaque was the strongest predictor of fatal or nonfatal MI,
exceeding other markers such as coronary artery stenosis.3

Our results indicate that coronary thrombosis is more likely to
occur at coronary lesions with significant rather than low
diameter % stenosis. These observations are in keeping with
data from other contemporary studies. An analysis of the data
of the COURAGE trial has also shown that MIs are not likely
to occur from mild coronary lesions compared with moderate
or severe ones; the number of non-revascularized lesions
>=50% was the only angiographic predictor or an acute coro-
nary syndrome.20 In the ROMICAT trials, lesions with
>=50% stenosis were detected in 78% of patients with
ACS.21 Data from a large retrospective cohort study of
patients undergoing elective coronary angiography, have also
demonstrated that obstructive (stenoses>=70%) CAD were
associated with worse outcomes such as MI and death.
Patients with nonobstructive CAD were at increased risk com-
pared with those with no apparent CAD.8 The recent Interna-
tional Study of Comparative Health Effectiveness With
Medical and Invasive Approaches (ISCHEMIA) trial provides
clear evidence that the extent of CAD is associated with

www.ajconline.org


Figure 6. Flow distribution in the stable lesion model with 90% and 50% diameter stenosis.
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increased incidence of adverse cardiac events, but that the
severe flow-limiting coronary stenoses are not the responsible
culprit site.2 Our results add evidence to indicate that signifi-
cant coronary stenoses constitute an important risk factor for
the development of MI, and the associated CFD characteris-
tics provide the rationale for this effect. The strength of our
study represents the first human study to conduct such a com-
prehensive assessment of the evolution of coronary lesions
leading to an acute STEMI in the same patient.

Lesion distribution and vulnerability have been associ-
ated with the distribution of wall shear stress (WSS), along
the coronary tree.22 Arterial regions exposed to low time-
averaged WSS, or to patterns of shear stress that change
direction, seem prone to atherosclerosis, whereas regions
exposed to shear stress with higher magnitude and uniform
direction are protected.23 Previous studies showed that low
WSS regions occur at bifurcations in regions opposite the
flow dividers and also low shear stress values appear in the
proximal regions of the LAD if there is a local branch or
tortuosity there or up- or down-stream from a focal obstruc-
tion.22 In keeping with these findings, our data suggest that
culprit lesions are more frequently located close to side
branches and at the proximal regions of LAD. Additionally,
the distance from the coronary ostium has been identified
as an independent determinant of lipid content, with lesions
located at the proximal coronary segments being associated
with higher lipid content and plaque vulnerability.24 The
presence of bifurcations also denotes an increased risk of
plaque rupture and, more importantly, subsequent thrombo-
sis. Bifurcations have also been associated with the poten-
tial for ruptured plaques.10,13 Very high shear stress does
not predispose to atheroma formation, but may promote
plaque rupture.14 A highly localized circumferential wall
stress concentration of approximately 9 to 14 times the
proximal circumferential wall stress occurs at bifurcation
sites,25 which, in addition, undergo a larger deformation
during cyclic flexion of the coronary artery, yielding a
higher circumferential stress.26

Plaque formation at a particular coronary site and its
subsequent rupture may not necessarily lead to ACS.27,28

Multiple plaque ruptures remote from the culprit lesion in
patients with ACS have been demonstrated, and plaque rup-
tures have also been identified in patients with stable angina
or asymptomatic ischemia.28 Therefore, not all ruptured
plaques have the same potential for subsequent thrombosis
and development of MI. Fluid dynamics parameters also
appear to play a significant role in this process. Pulsating
flow conditions as those of coronary circulation result in
oscillatory and vorticity-stream flow patterns at sites of
bifurcations, with demonstration of back-flow in the pres-
ence of even minimal atherosclerosis.29 The development
of recirculation zones might facilitate the accumulation of
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blood thrombogenic factors close to the wall,30 and thus
favour occlusive thrombus formation following plaque rup-
ture.

A limitation of our study is that lesions that did not form
a thrombosis between the first and second angiogram for a
time interval of 7.2 § 4.1months were considered stable,
but we cannot confirm their stability over a longer period of
time. However, even during this time the difference in the
evolution of culprit vs stable lesions was remarkable. Sec-
ond, conventional angiograms used in this study do not pro-
vide as precise detail of coronary artery wall and plaque
borders as the gold-standard invasive imaging (OCT and
IVUS), and the 3D lumen reconstruction and CFD analysis
may not be as accurate as invasive imaging. The 3D recon-
struction methods force the lumen to be a circle, and this
forced geometry loses much of the critical micro geometry
that results from an eccentric and heterogeneous plaque
protruding into the lumen. Still, detected flow patterns pro-
vided the rationale for observed angiographic and clinical
outcomes. Finally, we have not used intravascular ultra-
sound or optical coherence tomography to assess additional
parameters of lesion histology that could affect the possibil-
ity of plaque rupture and thrombosis. Our study is based on
purely conventional angiography which, however, still rep-
resents the most often used imaging variety in catheter labs
worldwide.

In conclusion, our data indicate that not all coronary pla-
ques evolve equally in the same patient. Specific anatomic
and hemodynamic characteristics of LAD segments and ste-
noses associated with STEMI can be identified on coronary
angiograms and assist the risk stratification of patients by
means of predicting potential sites of producing MI.
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