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Editorial on the Research Topic
Insights in coronary artery disease: 2022
Atherosclerosis is a multifactorial disease that starts in childhood; inflammation plays a role

at every step of atherogenesis, and risk factors further accelerate the underlying

inflammatory process (1). Atherosclerotic disease affects the entire vessel and may cause

difficulties in determining the significance of the lesion by angiography. Serial lesions can

be a diagnostic challenge, as measuring the level of stenosis using invasive tests is affected

by the complexity of factors (2). The combination of two lipid measures as the ratio of

TG to HDL-C has been shown to be a reliable marker of endothelial damage and

atherosclerosis caused by metabolic syndrome and insulin resistance. In this context, a

high TG/HDL-C ratio, proposed as a marker of atherogenic dyslipidemia, has been

associated with adverse long-term cardiovascular outcomes (3). TG/HDL-cholesterol ratio

is seen as a new risk factor in a recent START study (De Luca et al.).

An acute coronary event due to a thrombosed lesion developing after mechanical

rupture of an atheroma causes sudden death. Various morphology and tissue composition

factors such as the cap thickness, lipid core stiffness, remodeling index, and blood pressure

play a role in its mechanical stability. More recently, the presence of microcalcifications has

also been shown to be an important factor. In a well-designed study, the authors showed

that microcalcifications and cap thickness are the two most alarming biomechanical traits

that govern the risk of mechanical rupture (Corti et al).

It is difficult to decide on coronary revascularization in patients with chest pain

and moderate coronary artery stenosis. Therefore, functional evaluation is essential

besides the anatomical evaluation of the presence of coronary artery. Fractional flow

reserve (FFR) has been accepted as the gold standard for functionality in avoiding

unnecessary interventions in the intermediate stenoses (Lee et al.). Computed tomography

angiography (CTA) is used in a quick and easy way for coronary non-invasive evaluation.

Intravascular ultrasound (IVUS) is used to show the morphological features of the lesion.

Optical coherence tomography (OCT) has been observed to be more effective than IVUS

in accurate anatomical assessment of coronary stenotic lesions with exceptionally high

resolution during angiography (Lee et al.). In addition, computational fluid dynamics

(CFD) have been applied to estimate computational FFR from coronary CTA- or OCT-

based three-dimensional coronary model without using additional pressure guide wires or

hyperemic agents.

Percutaneous coronary intervention (PCI) has a well-established role in revascularization

for CAD. Despite the advances in PCI, the pathological changes that occur within the stent
01 frontiersin.org56
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still remain a mystery (Abouelnour and Gori). Today, we can

evaluate the pathophysiological changes in the coronary vessels

with different techniques. Many biomechanical factors, some

preventable and some not, may cause restenosis after stent

implantation. Intravascular imaging provides unique insights into

the biological and mechanical issues that cause stent restenosis

(Abouelnour and Gori).

Revascularization of chronic total occlusion (CTO) is

considered a complex PCI and carries a higher risk of

procedural failure, complications, and in-stent restenosis than

other PCIs (4). CTO revascularization is among the most

challenging procedures in interventional cardiology and no

significant difference in mortality and morbidity was observed

when compared with optimal medical treatment (Juricic et al.).

Furthermore, comprehensive evaluation and advanced

techniques are important to increase success rates and decrease

complications. Intravascular examinations used during the

procedure increase the success rate in this context. A recent

study concluded that pre-stent IVUS assessment in CTO PCI

provides important information on vessel morphology and size

(Blessing et al.).

In addition to the pathophysiological evaluation before PCI,

FFR is also a recommended method to increase the efficiency of

revascularization (Leone et al.). A TARGET-FFR study found

that FFR values of routine post-PCI physiology guidance can

safely and effectively improve the final FFR values in a significant

number of the worst-affected patients. FFR value ≥0.90 after PCI

was shown to be associated with a reduced risk of adverse

cardiovascular events (5).

In STEMI patients treated with PCI, the evaluation of coronary

microcirculatory resistance index (IMR) may be a potential

prognostic index in patients with multi-vessel disease (MVD) if it

correlates significantly with differences in outcome and LV

remodeling (6). In a recent study, Fineschi et al. (7) showed that

impaired coronary microvascular function is commonly detected

by IMR evaluation in the infarct territory and shows an early

slow recovery over time after reperfusion. Besides, it was found

that post-angioplasty IMR values were negatively correlated with

LVEF only in patients with anterior MI.
Frontiers in Cardiovascular Medicine 0267
The COMPARE II trial (7), a 5-year analysis comparing

biodegradable polymer drug-eluting stents (BP-DES) with

durable polymer DES (DP-DES) in the PCI population found

similar early and late-term safety and efficacy results. However,

BP-DES has been produced against persistent inflammation due

to the presence of polymers, which are stated to be the most

important cause of late stent thrombosis, and Lee and coworkers

demonstrate that it reduces mortality due to late stent

thrombosis compared with DP-DES (Lee et al.).

In conclusion, there have been important developments in the

diagnosis, treatment, and follow-up of CAD. Although there are

significant improvements, some essential problems remain

unsolved in the management of patients with CAD.
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Background: Several studies have reported that the combination of high TG and low

HDL-C, as simplified by the TG/HDL-C ratio, was a predictor of cardiovascular disease

independent of LDL-C level. Nevertheless, poor data are available on the predictive role of

TG/HDL-C ratio in very high risk (VHR) patients with chronic coronary syndromes (CCS).

Methods: Using the data from the STable Coronary Artery Diseases RegisTry (START)

study, an Italian nationwide registry, we assessed the association between the TG/HDL-C

ratio and baseline clinical characteristics, pharmacological treatment, and major adverse

cardio-cerebrovascular events (MACCE) at 1 year in a large cohort of CCS patients

at VHR.

Results: VHR patients with both TG and HDL-C levels available were grouped in tertiles

of TG/HDL-C ratio: low (TG/HDL-C ratio <2, n = 967), middle (TG/HDL-C ratio 2–3.3,

n = 1,071) and high (TG/HDL-C ratio >3.3, n = 1,028). At 1 year from enrolment, 232

(7.6%) patients presented a MACCE, with a higher incidence in the higher tertile, even

though not statistically significant (6.0, 8.2, and 8.4% in the low, middle and high tertile,

respectively; p = 0.08). At multivariable analysis, the TG/HDL-C ratio in tertiles did not

result an independent predictor of the MACCE (p = 0.29) at 1-year follow-up (HR: 1.30;

95% CI: 0.93–1.82; p = 0.12 middle vs. lower tertile, and HR: 1.22; 95% CI: 0.87–1.72;

p = 0.25 higher vs. lower).

Conclusions: In the present large, nationwide cohort of CCS patients at VHR a high

TG/HD ratio did not emerge as independent predictor of MACCE at 1 year. Further

studies with a longer follow-up are needed to better define the prognostic role of TG/HDL

ratio in CCS.
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INTRODUCTION

Recent data suggested that concomitant high triglycerides (TG)
and low high-density lipoprotein cholesterol (HDL-C) levels, as
simplified by the TG/HDL-C ratio, characterize a specific cardio-
metabolic profile known as atherogenic dyslipidemia, a predictor
of coronary artery disease (CAD) development and elevated risk
of cardiovascular adverse events, independent of low-density
lipoprotein cholesterol (LDL-C) levels (1–4). The mechanisms by
which a high TG/HDL-C ratio is associated with an increased
cardiovascular risk seem to be related to metabolic syndrome,
insulin resistance and consequent hyperinsulinemia, and to
direct implications in endothelial damage and atherosclerosis
(5, 6). The role of TG/HDL-C ratio for the long-term prediction
of cardiovascular events has been reported in different clinical
scenarios, such as diabetes mellitus (DM) (7), chronic kidney
disease (CKD) (8), and acute coronary syndromes (ACS) (9).

Nevertheless, poor data are available on the predictive
role of TG/HDL-C ratio in patients with established chronic
coronary syndromes (CCS), particularly in those at very
high risk (VHR). Therefore, using the data from the STable
Coronary Artery Diseases RegisTry (START) study (10, 11),
an Italian nationwide registry, we sought to assess the
association between the TG/HDL-C ratio and baseline clinical
characteristics, pharmacological treatment, and major adverse
cardio-cerebrovascular events (MACCE) at 1 year in a large
cohort of CCS patients at VHR.

METHODS

The design and main results of the START registry have
been published previously (10). Briefly, the START was a
prospective, observational, nationwide study aimed to evaluate
the current presentation, management, treatment and quality
of life of patients with CCS as seen by cardiologists in clinical
practice in Italy, during a 3-month period (10). Enrolment
was made at the end of outpatient or day-hospital visit or at
hospital discharge. Data on baseline characteristics, including
demographics, risk factors and medical history, were collected.
Information on the use of diagnostic cardiac procedures, type
and timing of revascularization therapy (if performed) and
use of pharmacological or non-pharmacological therapies were
recorded on an electronic case report form (CRF) at hospital
discharge or the end of outpatient visit.

The Italian Association of Hospital Cardiologists (ANMCO)
invited to participate all Italian cardiology wards, including
university teaching hospitals, general and regional hospitals,
and private clinics receiving patients with CCS. No specific
protocols or recommendations for evaluation, management,
and/or treatment have been put forth during this observational
study (10).

All patients were informed of the nature and aims of the
study and asked to sign an informed consent for the anonymous
management of their individual data. Local Institutional Review
Boards (IRB) approved the study protocol according to the
current Italian rules.

One-hundred eighty-three cardiology centers included
consecutive patients in the survey in different periods of 3
months between March 2016 and February 2017 (10).

All patients included into the analysis were evaluated for being
at VHR according to the ESC/EAS clinical guidelines for the
management of dyslipidemias [e.g., documented atherosclerotic
cardiovascular disease including previous ACS, coronary
revascularization, stable angina, stroke or transient ischemic
attack, peripheral artery disease (PAD), DM with target organ
damage or type 1 DM of long duration, severe CKD, a SCORE
≥10% for 10-year risk of fatal cardiovascular disease or familial
hypercholesterolemia with atherosclerotic cardiovascular disease
or another major risk factor] (12, 13).

Optimal medical therapy (OMT) has been defined as patients
being prescribed aspirin or thienopyridine, β -blocker and a
statin, at the maximum tolerated dosage (14). To be categorized
as receiving OMT, individual patients must have been either
prescribed or had reported contraindications to all medications
in each category. Data on the use of angiotensin-converting
enzyme inhibitors (ACE-I) or angiotensin II receptor blockers
(ARB) were recorded and could be used to calculate their use
among those patients in whom they were clinically indicated.
Therefore, given that the guidelines for the management of
CCS (14) recommend an ACE-I or ARB for some subgroups of
patients, we also examined OMT including ACE-Is or ARBs, if
indicated by an ejection fraction ≤40%, hypertension, DM or
CKD (eligible patients).

In the present analysis, we considered the VHR patients with
both TG and HDL- C available at enrollment.

Clinical Events and Follow-Up
Patients were followed up by visits or telephone interviews by
investigators at 1 year from enrolment. Interviews included
questions related to the occurrence of events, planned and
unplanned hospitalizations and persistence to pharmacological
therapies prescribed at enrolment.

The primary outcome of the present analysis was the time
to the first occurrence of MACCE, a composite of all-cause
mortality, hospitalization for MI, HF, stroke/TIA or myocardial
revascularization at 1-year follow-up.

Statistical Analysis
The study cohort was stratified according the tertiles of TG/HDL-
C ratio (<2; 2–3.3; >3). Categorical variables are presented
as number and percentages and compared by the Chi-square
test. Continuous variables are presented as mean and standard
deviation (SD), except the TG levels, dosages of prescribed
statins and time from revascularization to enrollment, which
are reported as median and inter-quartile range (IQR) and
were compared by the t-test or analysis of variance, if normally
distributed, or by Mann-Withney U-test test or Kruskall-Wallis,
if not.

A multivariable analysis (Cox regression) was performed in
order to identify the independent predictors of MACCE at 1-
year follow-up. We inserted in the model the TG/HDL-C ratio
tertiles (low tertile as reference), and the following variables
considered of clinical interest as covariates: age (continuous),
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gender, prior ACS, prior revascularization, DM, hypertension,
hypercholesterolemia, history of HF, PAD, history of major
bleeding, CKD, the achievement of LDL-C target according
to ESC/EAS guidelines (13), use of OMT at discharge. When
more than two categories were present, dummy variables were
introduced to define a reference group. Patients without a
MACCE event was censored at their time of last observation.
Kaplan–Meier curves were produced for the MACCE at 1- year
follow-up and compared by log-rank test.

A p < 0.05 was considered statistically significant. All
tests were 2-sided. Analyses were performed with SAS system
software, version 9.4.

RESULTS

From the 5,070 consecutive patients with CCS enrolled in the
registry, 4,751 (94.0%) were classified as VHR. Among this latter
group of patients, 3,066 (64.5%) had both values of TG and HDL-
C at baseline. Patients at VHR with both TG and HDL-C levels
available were younger, less frequently females and more often
active smokers, compared to VHR patients with TG and/or HDL-
C not available, and that were also excluded from the analysis
(Supplementary Table 1).

The TG/HDL ratios were normally distributed in the study
population and the mean value was 3.10± 2.18 mg/dl. Patients at
VHR with both TG and HDL-C levels available were grouped in
tertiles of TG/HDL-C ratio: low (TG/HDL-C ratio <2, n = 967),
middle (TG/HDL-C ratio 2–3.3, n = 1,071) and high (TG/HDL-
C ratio >3.3, n = 1,028). Baseline characteristics of patients
in the three groups are shown in Table 1. Although patients
in the highest tertile, predominantly males, were significantly
younger, they presented more often risk factors such as DM,
smoking, hypertension, CKD and higher levels of glycaemia,
serum uric acid, total and LDL cholesterol compared to patients
in the other tertiles (Table 1). Themedian time between coronary
revascularization and enrolment was 177 (IQR 35-1018) days.

At the time of enrollment, a statin was prescribed in 2,907
(94.8%) patients: 921 (95.2%) in the low, 1,015 (94.8%) in the
middle and 971 (94–5%) in the high tertile of TG/HDL-C ratio (p
= 0.73). Atorvastatin was the most prescribed statin compound
(69.1%), followed by simvastatin (12.1%) and rosuvastatin
(11.6%), without significative differences between the tertiles of
TG/HDL-C ratio. Themedian dosages of statins prescribed in the
3 groups of patients are shown in Supplementary Table 2.

Omega-3 fatty acids were prescribed in 12.5, 11.6, and
22.5% in the low, middle and high tertile of TG/HDL-C ratio,
respectively (p < 0.0001).

The association of statin and ezetimibe was prescribed in
11.9% and statin and omega-3 fatty acids in 12.2% of patients,
with a significantly higher prevalence for the latter among
those in the higher tertile of TG/HDL-C ratio, while other
associations of cholesterol lowering agents were not frequently
employed (Figure 1).

The other pharmacological therapies prescribed in the
three groups are shown in Figure 2. A dual antiplatelet
therapy, ACE-inhibitors or angiotensin II receptor blockers,

beta-blockers, calcium channel antagonists, mineralocorticoid
receptor antagonists and ranolazine were more frequently
prescribed in patients in middle and high compared to low
TG/HDL ratio tertiles.

Notably, an OMT was prescribed in 65.9, 71.4, and 75.6% in
the low, middle and high tertile of TG/HDL-C ratio, respectively
(p < 0.0001).

Clinical Events at 1 Year
Data on follow-up were available for 2,904 (95%) patients
included in the analysis. The persistence to high dose statin at
follow-up was 94.4, 94.2, and 95.6% in the low, middle and high
tertile of TG/HDL-C ratio, respectively (p= 0.41).

At 1 year (median 369; IQR 362–378 days) from enrolment,
MACCE was observed in 232 (7.9%) patients, and a higher
incidence was observed in the higher tertile of TG/HDL ratio (6.0,
8.2, and 8.4% in the low, middle and high tertile, respectively),
even though not statistically significant (p = 0.08). The single
components of the MACCE respect to the 3 tertiles are reported
in Table 2. The Kaplan-Meier curves of MACCE for the three
tertiles are shown in Figure 3.

At multivariable analysis, the TG/HDL-C ratio in tertiles did
not result an independent predictor of the MACCE (p = 0.22) at
1-year follow-up (HR: 1.30; 95% CI: 0.93–1.82; p = 0.12 middle
vs lower tertile, and HR: 1.22; 95% CI: 0.87–1.72; p= 0.25 higher
vs lower), while other variables such as history of HF (HR: 2.11;
95% CI: 1.54–2.88; p < 0.0001), CKD (HR 2.17; 95% CI: 1.56–
3.02; p < 0.0001) and LDL-C target achievement (HR: 0.75; 95%
CI: 0.55–1.01; p = 0.04) resulted as independent predictors of
the MACCE.

DISCUSSION

In a large cohort of CCS patients at VHR enrolled in the START
registry in Italy, we found that patients in the highest tertile
of TG/HDL-C ratio were predominantly males and significantly
younger, and presented more often risk factors such as DM,
smoking, hypertension, CKD and higher levels of glycaemia,
serum uric acid, total and LDL cholesterol compared to patients
in the lower tertiles, i.e., low and middle. At 1 year from
enrolment, the incidence of MACCE did not statistically differ
between the 3 groups though it was higher in the high tertile
compared to the low and middle one. At multivariable analysis,
the TG/HDL-C ratio in tertiles did not emerge an independent
predictor of the MACCE at 1-year follow-up.

Several studies have reported that the combination of high TG
and low HDL-C level was a predictor of cardiovascular disease
independent of LDL-C level (1–4, 15). Moreover, combining the
two lipid measures into one as the ratio of TG to HDL-C has
been proved to be a reliable indicator for metabolic syndrome,
insulin resistance, with direct implications in endothelial damage
and atherosclerosis (5, 6, 16, 17). Reference values for TG/HDL-C
ratio and its association with cardiometabolic diseases in a mixed
adult population were also recently identified (18).

In addition, an elevated TG/HDL-C ratio, which has
been proposed as an easily obtainable marker of atherogenic
dyslipidemia, has been associated with adverse long-term
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TABLE 1 | Baseline clinical characteristics of VHR patients with TG and HDL-C available.

Overall n = 3,066 Tertiles of TG/HDL-C ratio P

Low (<2)

n = 967

Middle (2–3.3)

n = 1071

High (>3.3)

n = 1028

Age (years), mean ± SD 67 ± 10 68 ± 10 68 ± 10 66 ± 10 <0.0001

Females, n (%) 555 (18.1) 214 (22.1) 183 (17.1) 158 (15.4) 0.0003

BMI (kg/m2 ), mean ± SD 27.4 ± 4.0 26.3 ± 3.6 27.4 ± 3.9 28.4 ± 4.1 <0.0001

Risk factors and comorbidities, n (%)

Active smokers 572 (18.7) 143 (14.8) 190 (17.7) 239 (23.3) <0.0001

Hypercholesterolaemia 2,370 (77.3) 725 (75.0) 806 (75.3) 839 (81.6) 0.0003

Diabetes mellitus 1,025 (33.4) 247 (25.5) 342 (31.9) 436 (42.4) <0.0001

Hypertension 2,430 (79.3) 736 (76.1) 844 (78.8) 850 (82.7) 0.001

Chronic renal dysfunction* 365 (11.9) 87 (9.0) 114 (10.6) 164 (16.0) <0.0001

Peripheral artery disease 309 (10.1) 96 (9.9) 103 (9.6) 110 (10.7) 0.70

COPD 359 (11.7) 115 (11.9) 113 (10.6) 131 (12.7) 0.29

Malignancy 186 (6.1) 67 (6.9) 59 (5.5) 60 (5.8) 0.38

Cardiovascular history, n (%)

Previous stroke/TIA 180 (5.9) 55 (5.7) 57 (5.3) 68 (6.6) 0.43

History of major bleeding 61 (2.0) 14 (1.5) 24 (2.2) 23 (2.2) 0.35

Atrial fibrillation 418 (13.6) 139 (14.4) 157 (14.7) 122 (11.9) 0.13

History of heart failure 415 (13.5) 117 (12.1) 138 (12.9) 160 (15.6) 0.06

Prior MI 2,190 (71.4) 698 (72.2) 774 (72.3) 718 (69.8) 0.39

Previous PCI/CABG 2,582 (84.2) 798 (82.5) 905 (84.5) 879 (85.5) 0.18

Haemodynamic parameters, mean ± SD; median (IQR)

LVEF, % (n = 2,891) 50.0 ± 10.0 54.5 ± 9.8 54.0 ± 10.1 53.5 ± 9.9 0.10

SBP, mmHg 130 ± 16 130 ± 17 130 ± 16 130 ± 16 0.68

DBP, mmHg 76 ± 9 76 ± 9 76 ± 9 77 ± 9 0.03

HR, bpm 66 ± 11 65 ± 10 66 ± 12 67 ± 11 <0.0001

Hb, g/dL (n = 2,896) 13.6 ± 1.7 13.7 ± 1.6 13.6 ± 1.6 13.6 ± 1.8 0.87

Creatinine, mg/dL (n = 2,886) 1.1 ± 0.5 1.0 ± 0.4 1.0 ± 0.6 1.1 ± 0.6 <0,.0001

Total cholesterol, mg/dL (n = 3,033) 153.0 ± 38.4 150.4 ± 34.2 150.7 ± 37.4 158.0 ± 42.5 <0.0001

LDL cholesterol, mg/dL (n = 2,676) 86.0 ± 33.7 81.0 ± 30.2 86.0 ± 32.6 90.6 ± 37.1 <0.0001

LDL cholesterol ≤70 mg/dl, n (%) 901 (33.7) 316 (37.9) 310 (32.7) 275 (30.7) 0.005

LDL cholesterol ≤55 mg/dl, n (%) 395 (14.8) 141 (16.9) 128 (13.5) 126 (14.1) 0.10

LDL cholesterol ≤40 mg/dl, n (%) 107 (4.0) 33 (4.0) 40 (4.2) 34 (3.8) 0.89

HDL cholesterol, mg/dL 45.5 ± 13.6 56.6 ± 14.9 44.4 ± 8.9 36.3 ± 7.8 <0.0001

Triglycerides, mg/dL 112 (85-152) 76 (63-89) 110 (96-129) 170 (144-204) <0.0001

Glycaemia, mg/dL (n = 2,742) 114.3 ± 36.0 109.3 ± 31.9 113.3 ± 35.4 120.3 ± 39.2 <0.0001

Uric acid, mg/dL (n = 1,968) 5.7 ± 1.7 5.4 ± 1.6 5.7 ± 1.6 6.1 ± 1.6 <0.0001

BMI, body mass index; CABG, coronary artery by-pass grafting; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; Hb, hemoglobin; HDL, high density

lipoprotein; HR, heart rate; LDL, low density lipoprotein; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; SBP, systolic blood

pressure; TIA, transient ischemic attack.

*Dialysis, history of renal transplant or creatinine levels >1.5 mg/dL.

cardiovascular outcomes and all-cause mortality in secondary
prevention studies performed in gender-specific with suspected
myocardial ischemia (4) or small country-specific (19) high-risk
patients, as well as in patients presenting with ACS (9, 20). Poor
data were available on the predictive role of TG/HDL-C ratio in
patients with established CCS, particularly in those at VHR.

Recently, in a prospective, multicenter study enrolling 355
patients with stable angina at intermediate-low risk referred
to coronary computed tomography angiography (CTA) and
followed for 4.5 years, patients with a higher TG/HDL-C ratio

presented a higher coronary atherosclerosis burden (21). In
addition, both a higher TG/HDL-C ratio and the coronary
CTA score were additional predictors of worse outcome,
independently of other cardiovascular risk factors, the presence
of obstructive CAD or ischemia (21). In contrast to these
controlled studies, VHR CCS patients included in our registry
were undertreated with statin therapies and were followed up
for a short period of time. This may partly explain the lack of
prognostic predictive value of the TG / HDL-C ratio observed in
our analysis.
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FIGURE 1 | Associations of lipid lowering strategies according to tertiles of TG/HDL ratio. Other possible combinations not shown were used in <0.5% of cases.

FIGURE 2 | Pharmacological treatment at enrolment in patients included the three TG/HDL-C tertiles. ACE-I, angiotensin converting enzyme inhibitors; ARB,

angiotensin receptor blockers; ASA, acetylsalicylic acid; CCA, calcium channels antagonists; MRA, mineralocorticoid receptor antagonist; OAT, oral anticoagulant

therapy. *p < 0.05; **p < 0.0001.

In fact, though the incidence of patients with MACCE was
higher in the high tertile as compared to the low and middle
one, a significative difference among the tertiles was not observed,
and, at multivariable analysis, only history of HF and CKD
resulted as independent predictors of the MACCE. However,

it should be noted that a large majority of our study patients
(71.1%) were receiving an OMT: 65.9%, 71.4 and 75.6% (p <

0.0001) in the low, middle and high tertile of TG/HDL-C ratio,
respectively. Thus, the more widely represented OMT in the high
tertile of TG/HDL-C ratio may partly account for the results.
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TABLE 2 | Single components of MACCE at 1 year.

Events, n (%) Overall n = 3,066 Tertiles of TG/HDL-C ratio p value

Low n = 967 Middle n = 1,071 High n = 1,028

All-cause death 47 (1.5) 10 (1.0) 19 (1.8) 18 (1.8) 0.31

Myocardial Infarction 24 (0.8) 6 (0.6) 9 (0.8) 9 (0.9) 0.78

Heart Failure 48 (1.6) 11 (1.1) 23 (2.2) 14 (1.4) 0.15

Stroke 13 (0.4) 5 (0.5) 2 (0.2) 6 (0.6) 0.33

Myocardial revascularization 135 (4.4) 34 (3.5) 48 (4.5) 53 (5.2) 0.20

FIGURE 3 | Kaplan-Meier curves for time to MACCE among the three subgroups of CCS patients at VHR stratified by TG/HDL-C tertiles.

Moreover, the follow-up at 1 year was probably too short to
observe a significant impact of TG/HDL-C ratio on clinical
outcome. Indeed, even in a recent study in ACS patients with
STEMI (9) a high TG/HDL-C ratio did not impact on 30-day
and 1-year outcomes suggesting that a longer period is needed to
reveal significant differences, as has been shown in other previous
studies (15, 16, 19, 20).

Study Limitations
Our study must be evaluated in the light of some limitations.
First, data reported in the present analysis are limited to the time
of enrolment and we do not have data on long-term persistence
to prescribed therapies, their changes and relative outcomes.
Nevertheless, a clinical follow-up at 1 year from enrolment in the
START study showed a persistence to OMT therapy higher than
90% (11). In addition, we considered values of TG and HDL-C
at enrolment. Therefore, changes in statins regimen and dosing
could have occurred later influencing the subsequent TG/HDL-
C ratios. Finally, even if the participating centers were asked to

include in the registry all consecutive patients with SCC, we were
not able to verify the enrolment process, due to the absence of
administrative auditing.

CONCLUSIONS

In the present large, nationwide cohort of consecutive CCS
patients at VHR, a high TG/HD ratio did not emerge as
independent predictor of cardio-cerebrovascular events at 1 year.
Further larger studies with a longer follow-up period are needed
to better define the clinical and prognostic role of TG/HDL ratio
in CCS.
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Between Biodegradable and Durable
Polymer Drug-Eluting Stents:
A Nationwide Cohort Study
Seung-Jun Lee 1†, Dong-Woo Choi 2,3†, Yongsung Suh 4, Sung-Jin Hong 1, Chul-Min Ahn 1,

Jung-Sun Kim 1, Byeong-Keuk Kim 1, Young-Guk Ko 1, Donghoon Choi 1, Eun-Cheol Park 2,

Yangsoo Jang 1, Chung-Mo Nam 2* and Myeong-Ki Hong 1*

1 Severance Cardiovascular Hospital, Yonsei University College of Medicine, Seoul, South Korea, 2Department of Preventive

Medicine, Yonsei University College of Medicine, Seoul, South Korea, 3Cancer Big Data Center, National Cancer Control

Institute, National Cancer Center, Goyang, South Korea, 4Myongji Hospital, Hanyang University College of Medicine,

Goyang, South Korea

Background: Despite the theoretical benefits of biodegradable polymer drug-eluting

stents (BP-DES), clinical benefits of BP-DES over durable polymer DES (DP-DES) have

not been clearly demonstrated. Using data from a large-volume nationwide cohort, we

compared long-term clinical outcomes between BP-DES- and DP-DES-treated patients.

Methods: A retrospective cohort study that enrolled all patients who underwent

percutaneous coronary intervention (PCI) with new-generation DES between 2010 and

2016 in Korea was conducted by using the National Health Insurance Service database.

The outcomes of interest were all-cause death, cardiovascular death, and myocardial

infarction (MI).

Results: A total of 127,731 patients treated with new-generation DES with thin struts

(<90µm) were enrolled for this analysis. After stabilized inverse probability of treatment

weighting, the incidence of all-cause death was significantly lower in patients treated

with BP-DES (n = 19,521) at 5 years after PCI (11.3 vs. 13.0% in those treated with

DP-DES [n = 108,067], hazard ratio [HR] 0.92, 95% confidence interval [CI], 0.88–0.96,

p< 0.001), while showing no statistically significant difference at 2 years after PCI (5.7 vs.

6.0%, respectively, HR 0.95, 95% CI, 0.89–1.01, p = 0.238). Similarly, use of BP-DES

was associated with a lower incidence of cardiovascular death (7.4 vs. 9.6% in those

treated with DP-DES, HR 0.82, 95% CI, 0.77–0.87, p < 0.001), and MI (7.4 vs. 8.7%,

respectively, HR 0.90, 95% CI, 0.86–0.94, p = 0.006) at 5 years after PCI. There was no

statistically significant difference of cardiovascular death (4.6 vs. 4.9%, respectively, HR

0.93, 95% CI, 0.85–1.01, p = 0.120) and MI (5.0 vs. 5.1%, respectively, HR 0.98, 95%

CI, 0.92–1.05, p = 0.461) at 2 years after PCI.

Conclusions: Implantation of BP-DES was associated with a lower risk of all-cause

death, cardiovascular death, andMI comparedwith DP-DES implantation. This difference

was clearly apparent at 5 years after DES implantation.

Clinical Trial Registration: ClinicalTrial.gov, NCT04715594.

Keywords: coronary artery disease, drug-eluting stent, percutaneous coronary intervention, treatment outcome,

stents
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INTRODUCTION

Compared with first-generation drug-eluting stents (DES) that
harbored the risk of stent thrombosis, new-generation DES with
durable polymers (DP-DES) have successfully lowered the risk
of stent thrombosis while maintaining the lower rate of in-stent
restenosis, compared with bare-metal stents (1, 2). In addition,
advances in stent manufacturing technology enabled the
reduction of stent strut thickness while securing sufficient radial
force, and the development of a biocompatible polymer that
allows stable release of anti-proliferative drugs has significantly
reduced the frequency of stent failure (3). Despite these advances
in technology, very late stent thrombosis and neoatherosclerosis
still contribute to late fatal clinical outcomes in some subjects
who successfully underwent percutaneous coronary intervention
(PCI) with new-generation DES (4). As a plausible explanation,
persistence of polymer in the stent platform could continuously
evoke chronic inflammation, delay endothelial healing, and
accelerate neoatherosclerosis (4, 5). However, if the polymer
disappears by gradual biodegradation within a certain period
after PCI, additional polymer-related complications may not
occur. Therefore, DESs with biodegradable polymers (BP-DES)
have been developed and are currently being actively utilized
in contemporary clinical practice (6). Despite the theoretical
superiority of BP-DES over DP-DES, prior reports, including
randomized trials that enabled the use of BP-DES in clinical
practice, mostly failed to demonstrate the superiority of BP-
DES compared with DP-DES in short-term periods (around 1-
year follow-up) with a relatively insufficient number of study
participants, considering the low rates of cardiac events after
implantation of new-generation DES (7–10). To date, the
clinical benefits of BP-DES over DP-DES are controversial
(1, 7–11). In this regard, we sought to investigate the long-
term clinical impact of BP-DES compared with DP-DES
utilizing the large-volume nationwide cohort that covers the
entire populations who received first- and new-generation DES
implantation for coronary artery disease in Korea (CONNECT
DES cohort registry).

MATERIALS AND METHODS

Study Design and Data
This study was a retrospective analysis of the national health
claims database established by the National Health Insurance
Service (NHIS) of Korea. This database contains claimed medical
cost, detailed information of prescribed drugs including the
number of pills and drug dosage, and medical history presented
as International Classification of Diseases, Tenth Revision (ICD-
10) codes. Most of the Korean population (97.1%) are forced
to subscribe to the NHIS, which is a sole insurer managed
by the Korean government. Given that NHIS also covers
information for the remaining population (2.9%) categorized

Abbreviations: CI, confidence interval; DES, drug-eluting stent; BP-DES, DES

with biodegradable polymers; DP-DES, DES with durable polymers; HR, hazard

ratio; IPTW, inversed probability of treatment weighting; MI, myocardial

infarction; HIS, National Health Insurance Service; PCI, percutaneous coronary

intervention; SMD, standardized mean difference.

as medical aid subjects, this cohort is considered to represent
the entire Korean population (12). We were also provided with
the death certificates with ICD-10 codes from the National
Institute of Statistics of Korea. This study was approved by the
Institutional Review Board of our institute. Informed consent was
waived because personal information was masked after cohort
generation according to strict confidentiality guidelines of the
Korean Health Insurance Review and Assessment Service. This
study is registered at ClinicalTrial.gov (NCT04715594).

Study Population and Covariates
Among about 51.5 million inhabitants included in the Korean
NHIS database, we recruited 273,670 patients (≥20 years old)
who were treated with DES between January 2005 and December
2016 in Korea (CONNECT DES cohort registry). First-
generation DES implantation was more frequently performed
between 2005 and 2009. New-generation DESs were more
frequently implanted between 2010 and 2016. According to
the stringent policy of the NHIS database to protect personal
information, type of polymer, generation of DES, strut thickness
and type of eluted drugs were only provided without the DES
product names. Figure 1 shows the study flow. DES implantation
was performed in 273,670 patients between 2005 and 2016.
Among 273,670 patients, 95,878 patients were excluded from this
study: patients who were implanted with first-generation DES
(n = 69,316); those who had a prior history of PCI or coronary
artery bypass surgery (n = 5,517) because clinical events during
follow-up cannot be discriminated whether those were caused by
a prior PCI (coronary artery bypass surgery) or index PCI; those
who died within 7 days after index PCI (n= 4,823) because these
early death might be not due to different DESs but to clinical
characteristic of the patients; those with four or more stents
implanted (n = 936); those who were implanted with both types
of DES (n = 9,751); and those with missing medical information
(n = 5,535). Therefore, 177,792 patients who were treated with
new-generation DES remained. Among these patients, those
implanted with new-generation DES with thick struts (≥90µm
thickness) (n = 41,550) or struts not commonly used worldwide
(n = 8,511) were further excluded. Consequently, the remaining
127,731 patients who were treated with new-generation DES
with thin struts (BP-DES, 19,683 patients and DP-DES, 108,048
patients) were finally included in the analysis of this study
(Figure 1). The list of included or excluded new-generation DES
are presented in Supplementary Table 1.

Study Procedures and Outcomes
We utilized the ICD-10 codes, fee-for-service, and prescribed
drug codes that were claimed during the study period provided by
NHIS database, and death-certificates provided by the National
Statistical Office. The NHIS database was reviewed and evaluated
for the appropriateness of medication prescriptions across the
country, which enabled accurate monitoring of drug compliance
and prescription status (13, 14). The clinical outcomes of interest
were all-cause death, cardiovascular death, and myocardial
infarction (MI). Cardiovascular death was ascertained from the
National Statistical Office of Korea, which provided the death
certificates with an accuracy of 92% for specific cause of death
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FIGURE 1 | A flowchart of study population. DES, drug-eluting stent; BP-DES, biodegradable polymer drug-eluting stent; CABG, coronary artery bypass graft;

DP-DES, durable polymer drug-eluting stent; PCI, percutaneous coronary intervention.

(12, 15). Cardiovascular death was identified by a death certificate
with at least one cardiovascular-related diagnosis (acute MI,
stroke, heart failure or sudden cardiac death) (16). MI was
defined by the ICD-10 codes corresponding to acute MI (14), and
satisfying one ormore of the following conditions: (1) concurrent
presence of claims for coronary angiography, (2) admission via
emergency department, or (3) performance of cardiac biomarker
testing more than 4 times. Additionally, we included baseline
comorbidities and drug prescription status before PCI for the
propensity score calculation, and inverse probability treatment of
weighting (IPTW) was used to account for differences in baseline
characteristics, medical history and confounding bias (13, 16).
Details regarding covariates included in the propensity score
calculation are described in Supplementary Table 2.

Sensitivity Analysis
In order to assess the consistency of our analyses, we performed
subgroup analyses for all-cause death, cardiovascular death,
or MI stratified by age, sex, hypertension, diabetes mellitus,
presentation as acuteMI, chronic kidney disease with severe renal
impairment, and prior cerebrovascular accidents.

Statistical Analysis
Continuous variables are reported as mean and standard
deviation, while dichotomous variables are presented as
frequencies and their percentages. To minimize the effect of
confounding bias, we calculated the inverse probability of
treatment weights (IPTW) by the propensity score, which was

calculated by logistic regression with covariates including age,
sex, history of comorbidities and medications, and year of PCI
(Supplementary Table 2). We also stabilized the weights by
multiplying IPTW by the marginal probability of receiving
treatment. The effect size difference between the two groups
for all comorbidities and medications was calculated using the
standardized mean difference (SMD) and Kernel density plots.
SMD values above 0.2 were regarded as potential imbalance
between the two groups. Cumulative incidence curves and
the rate of the clinical outcomes of interest during follow-up
were plotted using the Kaplan–Meier method. The adjusted
hazard ratio (HR) for each clinical outcome of interest was
calculated using a Cox proportional hazard regression model.
Cause-specific hazard model was used to consider death as a
competing risk when comparing the incidences of cardiovascular
death or MI. The variables that were not balanced between
the groups after IPTW-adjustment such as “year of PCI”
and “duration of DAPT” were incorporated as covariates for
multivariable regression analyses. A two-sided p-values of <0.05
were considered significant. Statistical analyses were conducted
using SAS version 9.4 (SAS Institute, Cary, NC, USA) and R
version 3.6 (The R Foundation, www.R-project.org).

RESULTS

Baseline clinical characteristics and medical history of the
whole cohort population before and after stabilized IPTW are
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TABLE 1 | Baseline characteristics and medications at discharge after index PCI.

Before stabilized IPTW (N = 127,731) After stabilized IPTW (N = 127,588)

BP-DES

(N = 19,683)

DP-DES

(N = 108,048)

SMD BP-DES

(N = 19,521)

DP-DES

(N = 108,067)

SMD

Age, years 64.8 ± 11.7 64.7 ± 11.5 0.013 64.6 ± 11.6 64.7 ± 11.5 0.005

Women 5,405 (27.5) 31,494 (29.1) 0.037 5,590 (28.6) 31,211 (28.9) 0.005

Comorbidity

Hypertension 12,301 (62.5) 70,798 (65.5) 0.063 12,750 (65.3) 70,265 (65.0) 0.006

Dyslipidemia 8,573 (43.6) 42,647 (39.5) 0.083 7,852 (40.2) 43,375 (40.1) 0.002

Diabetes mellitus 6,902 (35.1) 37,518 (34.7) 0.007 6,855 (35.1) 37,532 (34.7) 0.008

Chronic kidney disease with severe renal impairment* 1,334 (6.8) 6,861 (6.3) 0.017 1,218 (6.2) 6,924 (6.4) 0.007

Heart failure 2,680 (13.6) 14,960 (13.8) 0.007 2,666 (13.7) 14,925 (13.8) 0.004

Chronic liver disease 1,820 (9.2) 10,340 (9.6) 0.011 1,835 (9.4) 10,284 (9.5) 0.004

Chronic pulmonary disease 1,292 (6.6) 7,823 (7.2) 0.027 1,358 (7.0) 7,707 (7.1) 0.007

Peripheral arterial occlusive disease 731 (3.7) 4,028 (3.7) 0.001 734 (3.8) 4,020 (3.7) 0.002

Atrial fibrillation or flutter 734 (3.7) 3,802 (3.5) 0.011 708 (3.6) 3,835 (3.5) 0.004

Prior malignancy 1,052 (5.3) 4,895 (4.5) 0.038 917 (4.7) 5,028 (4.7) 0.002

Prior stroke or TIA 1,761 (8.9) 10,636 (9.8) 0.031 1,840 (9.4) 10,481 (9.7) 0.009

Prior ICH 114 (0.6) 550 (0.5) 0.010 92 (0.5) 557 (0.5) 0.006

Presentation as AMI 3,719 (18.9) 19,037 (17.6) 0.033 3,514 (18.0) 19,343 (17.9) 0.011

Thyroid disorder 530 (2.7) 2,923 (2.7) 0.001 551 (2.8) 2,924 (2.7) 0.007

Osteoporosis 1,296 (6.6) 7,574 (7.0) 0.017 1,364 (7.0) 7,492 (6.9) 0.002

Medication prior to PCI

Anticoagulant 763 (3.9) 3,590 (3.3) 0.030 693 (3.5) 3,680 (3.4) 0.008

Anti-platelet agent 9,311 (47.3) 54,635 (50.6) 0.065 9,721 (49.8) 54,102 (50.1) 0.020

BP-lowering agents
†

12,625 (64.1) 69,117 (64.0) 0.004 12,510 (64.1) 69,118 (64.0) 0.002

β-Blockers 13,559 (68.9) 78,945 (73.1) 0.092 14,148 (72.5) 78,217 (72.4) 0.002

RAAS blockade 12,414 (63.1) 72,293 (66.9) 0.081 12,619 (64.6) 71,577 (66.2) 0.013

Statin 18,681 (94.9) 102,711 (95.1) 0.007 18,584 (95.2) 102,664 (95.0) 0.007

Duration of DAPT after PCI

<12 months 6,349 (32.1) 26,904 (24.9) 0.175 5,845 (30.5) 27,827 (25.7) 0.104

≥12 months 13,334 (67.9) 81, 144 (75.1) 13,676 (69.5) 80,240 (74.3)

Year of PCI

2010 145 (0.7) 14,861 (13.8) 1.178 212 (1.1) 14,702 (13.6) 1.190

2011 171 (0.9) 11,721 (10.8) 252 (1.3) 11,630 (10.8)

2012 220 (1.1) 10,054 (9.3) 291 (1.5) 9,962 (9.2)

2013 417 (2.1) 9,339 (8.6) 404 (2.1) 9,306 (8.6)

2014 2,557 (13.0) 18,583 (17.2) 2,041 (10.5) 18,553 (17.2)

2015 4,332 (22.0) 22,011 (20.4) 3,815 (19.5) 22,193 (20.5)

2016 11,841 (60.2) 21,479 (19.9) 12,506 (64.1) 21,721 (20.1)

Values are the mean ± standard deviation or n (%). AMI, acute myocardial infarction; BP-DES, biodegradable polymer drug-eluting stent; BP, blood pressure; DP-DES, durable polymer

drug-eluting stent; ICH, intracranial hemorrhage; IPTW, inverse probability of treatment weighting; PCI, percutaneous coronary intervention; RAAS, renin-angiotensin-aldosterone-system;

SMD, standardized mean difference; TIA, transient ischemic attack; DAPT, dual antiplatelet therapy. *Chronic kidney disease with advanced stage requiring intensive medical therapy

and financial assistance from health insurance.
†
Alpha receptor antagonists, calcium-channel blocker or diuretics.

presented in Table 1. After stabilized IPTW, there was no
evidence of inequality in the baseline clinical characteristics
and medications between the two groups (all SMD < 0.1,
Supplementary Figures 1, 2), except for the duration of dual
antiplatelet therapy (DAPT) and year of index PCI. The incidence
and relative hazards for the clinical outcomes of interest between
the two groups after stabilized IPTW are presented in Table 2.
At 5 years after index PCI, the incidence of all-cause death
was significantly lower in patients treated with BP-DES (11.3 vs.

13.0% in those treated with DP-DES, HR 0.92, 95% CI, 0.88–0.96,
p < 0.001; Figure 2A), while showing no statistically significant
difference at 2 years after PCI (5.7 vs. 6.0%, respectively, HR
0.95, 95% CI, 0.89–1.01, p = 0.238). Statistical significance of
reduced all-cause death was achieved in the BP-DES group at
3 years after index PCI (7.7 vs. 8.4% in DP-DES group, HR
0.93, 95% CI, 0.87–0.99, p = 0.015). Similarly, use of BP-DES
was associated with a lower incidence of cardiovascular death
(7.4 vs. 9.6% in those treated with DP-DES, HR 0.82, 95%
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TABLE 2 | Risk of clinical outcome between biodegradable and durable polymer DES after stabilized inverse probability of treatment weighting.

Follow-up time BP-DES (N = 19,521) DP-DES (N = 108,067) R0isk difference (95% CI)* Hazard ratio (95% CI)
†

P-value

All-cause death 1 year 644 (3.3%) 3,795 (3.5%) −0.2 (−0.5 to 0.1) 0.94 (0.86 to 1.02) 0.322

2 year 1,113 (5.7%) 6,484 (6.0%) −0.3 (−0.7 to 0.1) 0.95 (0.89 to 1.01) 0.238

3 year 1,496 (7.7%) 9,040 (8.4%) −0.7 (−1.1 to −0.3) 0.93 (0.87 to 0.99) 0.015

4 year 1,989 (10.2%) 11,810 (10.9%) −0.7 (−1.2 to −0.2) 0.92 (0.87 to 0.97) <0.001

5 year 2,211 (11.3%) 14,092 (13.0%) −1.7 (−2.2 to −1.2) 0.92 (0.88 to 0.96) <0.001

Cardiovascular death 1 year 547 (2.8%) 3,242 (3.0%) −0.2 (−0.5 to 0.1) 0.93 (0.85 to 1.02) 0.137

2 year 898 (4.6%) 5,295 (4.9%) −0.3 (−0.6 to 0.0) 0.93 (0.85 to 1.01) 0.120

3 year 1,146 (5.9%) 7,262 (6.7%) −0.8 (−1.2 to −0.4) 0.87 (0.82 to 0.93) <0.001

4 year 1,357 (7.0%) 9,045 (8.4%) −1.4 (−1.9 to −0.9) 0.83 (0.78 to 0.88) <0.001

5 year 1,450 (7.4%) 10,414 (9.6%) −2.2 (−2.7 to −1.7) 0.82 (0.77 to 0.87) <0.001

Myocardial infarction 1 year 599 (3.1%) 3,476 (3.2%) −0.1 (−0.4 to 0.1) 0.96 (0.88 to 1.05) 0.783

2 year 967 (5.0%) 5,479 (5.1%) −0.1 (−0.4 to 0.2) 0.98 (0.92 to 1.05) 0.461

3 year 1,179 (6.0%) 7,012 (6.5%) −0.4 (−0.8 to 0.0) 0.94 (0.88 to 1.00) 0.394

4 year 1,378 (7.1%) 8,405 (7.8%) −0.7 (−1.1 to −0.3) 0.92 (0.87 to 0.97) 0.037

5 year 1,447 (7.4%) 9,435 (8.7%) −1.3 (−1.7 to −0.9) 0.90 (0.86 to 0.94) 0.006

BP-DES, biodegradable polymer drug-eluting stents; DP-DES, durable polymer drug-eluting stent; CI, confidence interval. Number in parentheses represent the percentage. *Risk

difference (95% CI) were calculated by Poisson regression with identity link.
†
Hazard ratios (95% CI) were calculated by Cox proportional hazard model.

CI, 0.77–0.87, p < 0.001; Figure 2B), and MI (7.4 vs. 8.7% in
those treated with DP-DES, HR 0.90, 95% CI, 0.86–0.94, p =

0.006; Figure 2C) at 5 years after index PCI, while showing no
statistically significant difference at 2 years after index PCI (4.6
vs. 4.9%, respectively, HR 0.93, 95% CI, 0.85–1.01, p = 0.120 for
cardiovascular death; 5.0 vs. 5.1%, respectively, HR 0.98, 95%
CI, 0.92–1.05, p = 0.461 for MI). The incidence and relative
hazards for the outcomes of interest between the two groups
before stabilized IPTW are presented in Supplementary Table 3.
In a landmark analysis between 2 and 5 years after index
PCI, the use of BP-DES was distinctly associated with reduced
occurrence of all-cause death (5.9 vs. 7.4% in patients treated with
DP-DES, HR 0.91, 95% CI, 0.86–0.96, p < 0.001; Figure 2D),
cardiovascular death (3.1 vs. 4.9%, respectively, HR 0.73, 95%
CI, 0.67–0.80, p < 0.001; Figure 2E) and MI (2.7 vs. 3.9%,
respectively, HR 0.79, 95% CI, 0.72–0.87, p < 0.001; Figure 2F)
(Supplementary Table 4). Multivariable regression analysis also
revealed consistent favorable impact of BP-DES compared with
DP-DES on all-cause or cardiovascular death at 5-years after PCI
(Supplementary Tables 5, 6). A subgroup analysis showed that
BP-DES had a consistent beneficial effect on the 5-year incidence
of all-cause death (Figure 3), cardiovascular death (Figure 4), or
MI (Supplementary Figure 3) across subgroups.

DISCUSSION

To the best of our knowledge, the results of our analyses
were derived from a nationwide cohort with the largest study
population ever published. Of note, a major strength of our
study was inclusion of all patients treated with thin-strut DESs
that are commonly used world-wide in daily clinical practice.
Therefore, very-high-risk patients who were usually excluded in
prior randomized studies were entirely included in this study. In

addition, there was completeness in monitoring for demographic
characteristics, comorbidities, medication history, occurrence of
clinical events requiring hospitalization, and prescription status
of essential cardiac medications such as anti-platelet agents
during 5-year follow-up after index PCI. Through analysis of
the death certificates provided by the National Statistical Office,
we could discriminate cardiovascular death from all-cause death.
Therefore, we could investigate the impact of remnant polymer
in new-generation DES on cardiovascular death. The principal
findings of our study are as follows: (1) In the early term
period, the rates for the clinical outcomes of interest were not
significantly different between BP- and DP-DES-treated patients;
however, (2) the cumulative incidence of clinical events was
gradually different between the two groups as time passed after
index PCI. Favorable results for the clinical outcomes of interest
were distinctly apparent at 5 years after index PCI in BP-DES-
treated patients.

It has been suggested that anti-proliferative drugs per se and
their polymer carriers in the coronary arterial bed continuously
evoke chronic vascular inflammation (4, 5) that leads to delayed
vascular healing and incomplete endothelial strut coverage and
potentially contributes to clinical presentation of very late stent
thrombosis and MI (17). Autopsy studies elucidated a more
robust extra-cellular matrix deposition in the re-stenotic lesions
of implanted DP-DES compared with bare-metal stents (18),
which are considered to play a crucial role in the development
of neoatherosclerosis and consequent stent failure (4).

Prior randomized clinical trials and meta-analyses comparing
BP- and DP-DES have demonstrated confounding results (6–
9, 11). The BIOFLOW V randomized trial showed a significant
clinical benefit of biodegradable polymer sirolimus-eluting stents
(n = 884 patients) over the durable polymer everolimus-
eluting stents (n = 450 patients) by reducing 1-year incidence
rate of target-lesion failure (11). However, the Bio-RESORT
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FIGURE 2 | Time-to-event curves for the clinical outcome of interest and landmark analysis between 2 and 5 years after PCI. The cumulative incidence of (A)

all-cause death, (B) cardiovascular death, and (C) myocardial infarction for 5 years after new-generation drug-eluting stent implantation. Landmark analyses between

2 and 5 years after index percutaneous coronary intervention for the cumulative incidence of (D) all-cause death, (E) cardiovascular death, and (F) myocardial

infarction are presented. BP-DES, biodegradable polymer drug-eluting stent; DES, drug-eluting stent; DP-DES, durable polymer drug-eluting stent; HR, hazard ratio.
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FIGURE 3 | Subgroup analyses for all-cause death. Numbers and percentages show the number of patients at risk, those who died with any cause of death, and the

all-cause mortality rate at 5 years after drug-eluting stent implantation. CI, confidence interval; CVA, cerebrovascular accidents; BP-DES, biodegradable polymer

drug-eluting stent; DP-DES, durable polymer drug-eluting stent; MI, myocardial infarction.

FIGURE 4 | Subgroup analyses for cardiovascular death. Numbers and percentages show the number of patients at risk, those who died with cardiovascular disease,

and the cardiovascular mortality rate at 5 years after drug-eluting stent implantation. CI, confidence interval; CVA, cerebrovascular accidents; BP-DES, biodegradable

polymer drug-eluting stent; DP-DES, durable polymer drug-eluting stent; MI, myocardial infarction.
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randomized trial showed no statistically significant difference of
primary endpoint at 12 months between biodegradable polymer
everolimus-eluting (n = 1,172 patients) and sirolimus-eluting
stents (n = 1,173 patients) vs. durable polymer zotarolimus-
eluting stents (n = 1,169) (9). A meta-analysis that included
19,886 patients derived from 16 randomized clinical trials found
no statistically distinct benefit of BP-DES over DP-DES during
a mean follow-up duration of 26 months (6). It might be
inappropriate to prove the clinical benefits of BP-DES over DP-
DES within 12 months after index PCI. Because DAPT for
about 12 months was usually recommended in most studies,
the complications or clinical presentations caused by persistent
polymer in DP-DES might be masked by DAPT.

Neoatherosclerosis is one of the main mechanisms of very
late stent thrombosis after DES implantation (19). Persistence
of polymer of DP-DES in the coronary vascular bed may
also provoke chronic inflammation characterized by infiltration
of inflammatory cells such as macrophage or lymphocytes,
playing a central role in the progression of neoatherosclerosis
(4). And, the development of neoatherosclerosis is a time-
dependent phenomenon; the frequency of neoatherosclerosis
increases with the stent age. Our prior intracoronary optical
coherence tomography study showed that neoatherosclerosis was
observed in 45.7% of patients between 3 and 5 years, 61.5%
between 5 and 7 years and 73.9% more than 7 years after
DES implantation (20). Therefore, neoatherosclerosis observed
at the very late period was significantly associated with very late
stent thrombosis. Furthermore, since the polymer degradation
are generally known to take about 6–24 months (21, 22), it
could be difficult to detect a statistical difference in clinical
outcomes according to the polymer properties in early period.
These prior findings may provide a plausible explanation for the
beneficial effects of BP-DES that appear after a certain period of
time post-new generation DES implantation. Indeed, in a prior
large nationwide cohort that compared the effect of BP- and
DP-DES in real-world practice (total 57,487 patients; BP-DES-
treated patients, 10,032 and DP-DES-treated patients, 47,455),
there was no significant difference in the occurrence of all-
cause mortality or myocardial infarction for 2 years after index
PCI (10). Similarly, our analysis also revealed no statistically
significant difference in the occurrence of the outcomes of
interest at 2 years after new-generation DES implantation;
however, significant differences were gradually observed at 3
years post-DES implantation, favoring BP-DES. Based on our
prior optical coherence tomography analysis and this newly
acquired nationwide claims data analysis, we may postulate
that the adverse effects of permanent remnant polymer in the
coronary artery start to appear at about 3 years post-PCI and
become distinct at about 5 years post-PCI. In addition, the
increase in risk of cardiovascular events due to permanent
remnant polymer is statistically clear, but the degree is somewhat
modest, so it may be necessary to analyze a very large number
of patients in order to identify statistically clear differences.
The BIOSCIENCE randomized trial reported that 5-year risk
of target lesion failure was similar between biodegradable
polymer sirolimus-eluting stent (n = 1,063 patients) vs. durable
polymer everolimus-eluting stent (n = 1,056 patients) (23). The

ISAR-TEST 4 randomized trial recently reported that the 10-year
incidence of major adverse cardiac events was not statistically
different between biodegradable polymer sirolimus-eluting stents
(n = 1,299 patients) vs. durable polymer everolimus-eluting
stents (n = 652 patients) (24). These studies did not show
a clinical benefit of BP-DES over DP-DES at 5- or 10-year
follow-up (23, 24). The main reason for failure to demonstrate
the theoretical benefits of BP-DES over DP-DES in these
clinical studies might be inappropriately small number of study
populations. With the number of all-cause deaths during 5-year
follow-up and a total sample size of 127,731, our study had about
82.1% power to detect an HR of 0.80 in the comparison of the
BP-DES group with the DP-DES group at a two-tailed alpha
level of 5.0%. Further, because in contrast to usual design of
randomized controlled trials, we did not exclude the very high-
risk patients, the incorporation of very high-risk patients could
have attributed to demonstrating a clinical benefit of BP-DES that
become distinct over time.

LIMITATIONS

This study has several limitations. First, the findings from
this observational study cannot be applied to establish causal
relationships and persistent residual confounding factors should
be considered in the interpretation of our results, although
we tried to minimize the bias through IPTW. Furthermore,
as the NHIS database does not contain laboratory parameters
or clinical information except for the diagnostic codes,
unmeasured variables could have affected the results of our
analyses. Second, because this database does not include
angiographic or procedural information, including the extent
and complexity of coronary artery disease, the impact of high-
risk procedural characteristics was not fully considered in the
interpretation of our analyses. Furthermore, since the result
of electrocardiography was not available in this database, the
impact of clinical presentation such as ST-elevation MI or
non-ST elevation MI was not considered in statistical analyses.
Third, to protect patients’ personal information and avoid
unnecessary conflict with the device manufacturer, the NHIS
database provides information of DESs after sufficient encryption
work, which includes DES generation, polymer degradability,
and strut thickness. Finally, the temporal difference between
the groups still remained even after IPTW-adjustment. Thus,
care should be taken in interpretation of our result, although
we adjusted the temporal difference in all regression analyses.
Therefore, further analyses such as impact of the eluted drug or
stent material was not performed, which should be carried out
through following research.

CONCLUSIONS

In this nationwide cohort of all patients treated with new-
generation DES in Korea, BP-DES implantation was associated
with a lower risk of all-cause death, cardiovascular death or MI.
This difference appeared around 3 years after DES implantation
and became more distinct with time.
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Cardiovascular disease, in particular ischemic heart disease is a major cause of morbidity

and mortality worldwide. Primary aldosteronism is the leading cause of secondary

hypertension, yet commonly under diagnosed, and represents a major preventable

risk factor. In contrast to historical teaching, recent studies have shown that excess

aldosterone production is associated with increased burden of ischemic heart disease

disproportionate to the effects caused by hypertension alone. Aldosterone through its

genomic and non-genomic actions exerts various detrimental cardiovascular changes

contributing to this elevated risk. Recognition of primary hyperaldosteronism and

understanding the distinctive pathophysiology of ischemic heart disease in primary

aldosteronism is crucial to develop strategies to improve outcomes.

Keywords: primary hyperaldosteronism (PA), ischemic heart disease, atherosclerosis, secondary hypertension,

coronary artery disease

INTRODUCTION

Cardiovascular diseases (CVDs), consisting of ischemic heart disease, heart failure, peripheral
arterial disease, and several other cardiac and vascular conditions, constitute the leading cause
of global mortality and are a major contributor to reduced quality of life (1). Amongst CVDs,
ischemic heart disease (IHD) is the main global cause of death, accounting for more than
9 million deaths in 2016 according to the World Health Organization (WHO) estimates.
Although IHD rates are decreasing globally, risk factor prevalence is rising (2). Hypertension
is a major modifiable risk factor for ischemic heart disease with nearly 1.39 billion adults
affected worldwide in 2010 (3). It is estimated that risk of a fatal coronary event doubles
with an increase in systolic blood pressure of 20mm Hg or each 10-mm Hg increase in
diastolic blood pressure (4). Aldosterone, a steroid hormone secreted by the adrenal gland, is
an important regulator of blood pressure and primary hypersecretion of this hormone leads
to dysregulation of homeostatic control mechanisms. Moreover, normotensive individuals with
higher plasma aldosterone levels within physiological range are at an increased risk of subsequent
rise in blood pressure and development of incident hypertension (5). The effect of excess
production of aldosterone has traditionally been conceptualized as a result of its action on renal
collecting duct principal cells, via mineralocorticoid receptors (MR), to induce sodium and water
reabsorption and potassium excretion clinically culminating in hypertension associated with low
or low-normal serum potassium levels. Historically, primary aldosteronism was considered an
uncommon disease, however, with advances in diagnostic technology, primary aldosteronism
(PA) is now identified as the most common endocrinological cause of secondary hypertension,
with aldosterone producing adenoma (APA) and bilateral adrenal hyperplasia (BAH, idiopathic
hyperaldosteronism) accounting for vast majority of cases (6). Recent evidence has linked primary
aldosteronism with increased cardiovascular morbidity and mortality, out of proportion to the
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adverse effects caused solely by elevated blood pressure,
underscoring its pleiotropic effect and multifaceted role in
cardiovascular pathophysiology (7–9). In this review, we aim to
focus on the prevalence and pathophysiologic mechanisms of
IHD in primary aldosteronism.

PREVALENCE OF ISCHEMIC HEART
DISEASE IN PRIMARY ALDOSTERONISM

The true prevalence of PA is underestimated, with current
studies reporting a prevalence of 3–13% in primary care setting
and up to 30% in referral centers (6). The prevalence of IHD
and MI in patients with primary aldosteronism is variable
depending on the study design and diagnostic criteria ranging
from 1.7 to 20% and 0.9 to 4.4%, respectively. The pooled
prevalence of IHD and MI in PA were estimated to be 3.4
and 1.7% respectively (Table 1). Various epidemiological studies
clearly demonstrate that individuals with primary aldosteronism
experience higher burden of IHD compared to individuals
with essential hypertension with comparable demographic and
cardiovascular risk factor profile (8, 10, 11). Individuals with
PA presenting with unilateral subtype, or plasma aldosterone
concentration ≥125 pg/ml are at a greater risk of CVD (10).
It has also been observed that hypokalemic variant of primary
aldosteronism is associated with excessive burden of ischemic
heart disease compared to normokalaemia variant, possibly
due to effects of higher concentration of aldosterone exposure
(12). Additionally, patients with primary hyperaldosteronism
are more likely to have experienced an ischemic cardiovascular
complication (non-fatal myocardial infarction or angina) at
the time of diagnosis of PA than otherwise similar patients

TABLE 1 | Prevalence of ischemic heart disease in primary aldosteronism.

Study Age (years) Gender (men %) SBP (mmHg) DBP (mmHg) IHD (%) MI (%)

Ohno et al. (10) (Japan)

(N = 2,582)

53.2 ± 11.3 47.1 141.4 ± 18.2 86.5 ± 12.8 2.1 0.9

Mulatero et al. (49) (Italy)

(N = 270)

44 ± 8.5 59.6 155 ± 21 96 ± 12 2.6 4.0

Savard et al. (11) (France)

(N = 459)

51.1 ± 10.2 67 151 ± 24.4 87.7 ± 13.1 5.7 4.4

Reincke et al. (50) (Germany)

(N = 300)

50.0 61 168 ± 25 99 ± 16 4 -

Milliez et al. (51) (France)

(N = 124)

52 ± 10 67 176 ± 23 107 ± 14 - 4

Choi et al. (52) (South Korea)

(N = 85)

46.1 ± 10.3 43.5 173.8 ± 33.6 106.1 ± 19.2 20 -

Nishimura et al. (53) (Japan)

(N = 58)

45 ± 9 53.4 166 ± 30 96.5 ± 18 1.7 -

Catena et al. (8) (Italy)

(N = 54)

53 ± 12 70.4 167 ± 16 103 ± 9 20 -

Pooled prevalence

IHD/MI (N = 3,808/3,435)

3.4 1.7

SBP, systolic blood pressure; DBP, diastolic blood pressure; IHD, ischemic heart disease; MI, myocardial infarction.

with essential hypertension (11). These data should draw the
clinician’s attention to broaden the scope to suspect PA, especially
when severity of IHD or CVD morbidity is considered out of
proportion to that effectuated by essential hypertension.

PATHOPHYSIOLOGY OF ISCHEMIC HEART
DISEASE IN PRIMARY ALDOSTERONISM

IHD occurs due to an imbalance between myocardial blood
supply and myocardial demand, either at rest or exertion.
Atherosclerosis is the major pathophysiological process involved
in development of IHD. IHD can be silent, termed as silent
myocardial ischemia, or manifest clinically either as acute
coronary syndrome, secondary to plaque rupture and coronary
thrombosis, or as stable angina, due to fixed narrowing of
the coronary arteries from plaque buildup in the vessel wall
and luminal narrowing. Conventional risk factors for IHD
include increased age, hypertension, diabetes mellitus, smoking,
hyperlipidemia, and family history of IHD. Excess aldosterone
not only adversely affects the vasculature and cardiac muscle, but
also influences cardiovascular risk factors via various biochemical
pathways, uniquely contributing to the development of
IHD (Figure 1).

Effect of Hyperaldosteronism on Blood
Pressure and Left Ventricle
It is well known that elevated aldosterone levels raise
blood pressure via its genomic action mediated through
mineralocorticoid receptor (MR) to absorb sodium and water
in the renal collecting ducts causing volume expansion.
Additionally, hyperaldosteronism increases blood pressure
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FIGURE 1 | Pathways through which primary aldosteronism plays a role in the development of ischemic heart disease.

mediated via its harmful effect on vascular remodeling.
Hypertension due to PA is often undiagnosed and chronic
exposure to elevated blood pressure, results in compensatory left
ventricular (LV) hypertrophy. In addition, long term exposure
of cardiac myocyte to elevated aldosterone levels leads to
myocyte hypertrophy by increasing myocardial expression of
cardiotrophin-1 (CT-1), a cytokine that induces expression of
myosin light chain and skeletal α-actin and enhances myosin
light chain phosphorylation (13). In addition, exposure to
aldosterone causes increased mRNA levels of α- and β-myosin
heavy chain via activation of mineralocorticoid receptors
(MRs), extracellular signal-regulated kinase (ERK), c-Jun

N-terminal kinase and protein kinase C-α (14). Remodeling
of left ventricle in PA not only occurs via cardiac myocyte
hypertrophy but also simultaneously via cardiac fibrosis through

chronic inflammation, and dysregulation of extra cellular matrix
metabolism (15). This results in stiffening of the LV with

subsequent elevation in LV end-diastolic pressure (LVEDP).
High LVEDP compromises diastolic coronary blood flow (CBF)

by decreasing the coronary perfusion pressure (CPP) leading to

decreased myocardial oxygen supply (16, 17). A combination
of increased LV mass and diminished diastolic CBF causes

supply-demand mismatch resulting in myocardial ischemia.

Effect of Hyperaldosteronism on
Vasculature
Elevated serum aldosterone levels in PA patients lead to
detrimental effects on the endothelium via genomic and
nongenomic mechanisms via mineralocorticoid receptor-
dependent and independent manners. Excess generation of
reactive oxygen species (ROS) via increased NADPH oxidase
production, decreased endothelial expression of G6PD, and
mitochondrial ROS generation in the electron transport chain
and release result in oxidative stress and amplify vascular
inflammation. These processes are thought to be mediated
via MR-independent (via extracellular-signal-regulated kinase
(ERK) 1/2, c-Jun N-terminal kinase (JNK) and GPER pathways)
and MR-dependent pathways. Aldosterone also increases
the expressions of adhesion molecules, namely ICAM1 and
VCAM-1, and inflammatory markers, such as COX-2 and
MCP-1 in the endothelium, which induces monocytes and
macrophage infiltration. The infiltrated monocyte-derived
macrophages which are rich in NADPH oxidase further augment
the generation of ROS and worsen vascular inflammation. The
infiltrated macrophages ingest oxidized low-density lipoproteins
and become foam cells, which potentiate the formation of
atherosclerotic plaque. Aldosterone promotes inflammatory
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plaque formation via placental growth factor (PlGF) which binds
to VEGF type 1 receptors on endothelial and inflammatory
cells, and further promotes vascular smooth cell proliferation
and monocyte chemotaxis, which are fundamental processes
of atherosclerosis. Aldosterone also increases the formation of
vasoconstrictors and decreases production and bioavailability
of nitric oxide causing impairment of vascular relaxation.
Aldosterone via MR-dependent pathways in the endothelium
and vascular smooth muscle cells induces vascular fibrosis
contributing to vascular stiffness and remodeling (18, 19).

Effect of Hyperaldosteronism on Obesity,
Diabetes, and Metabolic Syndrome
Diabetes is a well-established risk factor for IHD and is
considered a coronary artery disease equivalent (20). PA is
linked to increased risk of diabetes and metabolic syndrome.
Clustering of hypertension, abdominal obesity, dyslipidemia and
impaired glucose metabolism, is more commonly encountered in
PA patients than individuals with essential hypertension (21, 22).
Hyperaldosteronism is thought to cause increase in fat mass
through mineralocorticoid receptor activation in adipocytes,
which in turn induce excess aldosterone production through
the actions of adipocytokines (CTRP1, leptin, and resistin) and
activation of the sympathetic nervous system, which turns on
the renin-angiotensin-aldosterone system, thereby creating a
vicious cycle (23, 24). Deranged glucose metabolism occurs
through aldosterone mediated impaired insulin sensitivity in
skeletal muscle and adipose tissue via the MR receptor, and
impaired insulin secretion, albeit the underlying mechanisms
leading to decreased insulin secretion are poorly understood (25).
In addition, blockade of MR has shown to improve coronary
flow reserve on cardiac PET scan among individuals with type
2 diabetes without clinical evidence of ischemic heart disease,
suggesting that excess MR activation in diabetes contributes to
coronary microvascular dysfunction (26).

Effect of Hyperaldosteronism on Kidneys
Primary aldosteronism causes renal dysfunction, independent of
blood pressure, by inducing renal fibrosis, vascular remodeling,
and podocyte injury viaMR stimulation from excess aldosterone
production (27). Chronic kidney disease is an independent
risk factor for development of ischemic heart disease (28).
Renal dysfunction increases oxidative stress, imparts endothelial
dysfunction, and promotes systemic inflammation which
accelerates atherosclerosis.

ROLE OF HYPERCORTISOLISM IN
PRIMARY HYPERALDOSTERONISM

Individuals with PA frequently have excess cortisol co-secretion,
which can further worsen cardio-metabolic risk through their
synergistic effects (29, 30). Cortisol is normally converted
to an inactive metabolite, cortisone, by the action of 11β-
hydroxysteroid dehydrogenase type 2(11β-HSD2). However, in
hypercortisolism the activity of this enzyme is decreased, albeit
due to unclear reasons (31). Loss of 11β-HSD2 has been shown

to promote atherogenesis via activation of MR stimulating
pro-inflammatory processes in the endothelium of knock-out
murine models (32). Likewise, individuals with hypercortisolism
demonstrate an increased burden of coronary calcification and
noncalcified coronary plaque. Additionally, hypercortisolism
promotes a prothrombotic state (33). This phenotype of PA
and glucocorticoid co-secretion underscores the importance of
additional screening for hypercortisolism due to therapeutic and
prognostic implications (34).

ROLE OF ALDOSTERONE EXCESS
POST-ACUTE MYOCARDIAL INFARCTION

After acute myocardial infarction (MI) circulating levels of serum
aldosterone are elevated as a consequence of neurohormonal
activation (35). Hyperaldosteronism after acute MI effectuates
a myriad of maladaptive changes in the post-MI heart
which increase morbidity and mortality (36, 37). Post-MI
hyperaldosteronism contributes to ventricular remodeling that
involves both infarcted and non-infarcted zones, which at
a cellular level occurs through myocyte apoptosis, myocyte
hypertrophy, macrophage/monocyte infiltration, and collagen
deposition via fibroblast activation and proliferation. Excess
aldosterone also induces endothelial dysfunction by reducing
nitric oxide generation and increasing formation of reactive
oxygen species (38). Moreover, elevated aldosterone leads to
electrical remodeling, lengthened action potential duration,
increase in Ca2+ current (ICa) and a decrease in K+ transient
outward current (Ito), even before morphological remodeling
occurs, creating a pro-arrhythmogenic milieu (39).

The Eplerenone Post-Acute Myocardial Infarction Heart
Failure Efficacy and Survival Study (EPHESUS) showed beneficial
effect of MR antagonists when utilized in the early post-MI
period, namely by decreasing the incidence of sudden cardiac
death and heart failure hospitalizations (40). Current guidelines
recommend treatment with MR antagonists in patients with
acute MI with ejection fraction <40% and clinical heart
failure or diabetes (41, 42). Given the unfavorable effects of
hyperaldosteronism in the post-MI setting, and the positive
impact of aldosterone antagonists among patients with post
MI systolic heart failure, the role aldosterone antagonists in
improving outcomes in post-MI patients without systolic heart
failure has garnered incredible clinical interest. A recent pilot
study showedMR antagonists when initiated prior to reperfusion
in STEMI patients resulted in improvement in ventricular
remodeling at the end of 3 months, however, no impact on
reducing MI size was seen (43). Despite abundant preclinical
and mechanistic data supporting the concept, no clinically
meaningful benefit, i.e., reduction in overall or cardiovascular
mortality, ventricular arrhythmia, or rehospitalization, with use
of MR antagonists in early post-MI patients without evidence
of heart failure has been demonstrated in major prospective
randomized clinical trials (44, 45). This underscores the need
for more adequately powered prospective randomized trials
evaluating the safety and efficacy of MRA administration in early
post-MI patients without evidence of HF.
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EFFECT OF PRIMARY ALDOSTERONISM
TREATMENT ON ISCHEMIC HEART
DISEASE

If diagnosed, patients with PA can be offered targeted treatment,
either in the form of unilateral adrenalectomy for APA, or
mineralocorticoid receptor antagonists, typically used for BAH,
and sometimes for APA who are unable or unwilling to
undergo adrenalectomy. Despite the presence of increased
cardiovascular morbidity in PA patients at the time of diagnosis,
administration of appropriate treatment results in improved
cardiovascular outcome, when the effects of excess aldosterone
are permanently removed. Younger age and shorter duration
of hypertension independently predict beneficial cardiovascular
outcomes, underscoring the importance of a timely correction of
this disorder (8). Surgical adrenalectomy appears to be superior
in mitigating adverse cardiovascular events compared to medical
therapy in unilateral PA (46). PA patients on MR antagonist
therapy with unsuppressed plasma renin activity (PRA) ≥ 1
ng/ml/h, a marker of effective MR blockade, seem to have
comparable cardiovascular outcomes to those with essential
hypertension. In contrast, patients with suppressed PRA <

1 ng/ml/h experience poorer cardiovascular outcomes despite
similar blood pressure control (47). Future prospective studies
are necessary to determine treatment approaches in patients with

PA to optimize cardiovascular outcomes. Given the reversal of
this increased cardiovascular risk through therapy, a robust effort
to diagnose and effectively treat PA, undoubtedly reduces health
costs and improves quality of life (48).

CONCLUSION

Primary aldosteronism is common, with true prevalence
expected to be higher than current estimates. Furthermore, it
carries a significantly worse cardiovascular prognosis compared
to individuals with essential hypertension. Early detection of this
entity could not only improve outcomes for patients but also
potentially be cost saving for the healthcare system.
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Aims: As part of efforts to identify candidates for patient education aimed at

decreasing mortality from acute myocardial infarction, we investigated the prevalence

of pre-infarction angina and its predictors among comorbidities in patients who were

hospitalized with acute myocardial infarction (MI).

Methods: We conducted a prospective multicenter observational registry of MI patients

from 1998 to 2014 (N = 12,093). The present study investigated the prevalence of

pre-infarction angina and its predictors among comorbidities with a logistic regression

model. Pre-infarction angina was defined as chest pain/oppression observed within 1

month before the onset of MI but which lasted <30 min.

Results: After excluding 976 (8.1%) patients with missing data on pre-infarction angina,

11,117 patients [66.4 ± 12.0 years, 9,096 (75.2%) male] were analyzed. Of these, 5,428

patients (48.8%) experienced pre-infarction angina before the onset of MI, while 5,689

(51.2%) experienced sudden onset of acute MI. Most patients experienced the first

episode of angina >6 h before the onset of MI, while 15% did so ≤6 h before. Patients

with hypertension, diabetes, dyslipidemia, or a family history of MI had a higher probability

of pre-infarction angina than those without. Elderly patients and those with a history of

cerebrovascular disease were less likely to experience pre-infarction angina.

Conclusions: Almost half of MI patients in our registry experienced pre-infarction angina

before MI onset. Patients with hypertension, diabetes, dyslipidemia, or a family history of

MI had a higher probability of experiencing pre-infarction angina than those without.
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INTRODUCTION

The in-hospital mortality rate of patients with acute myocardial
infarction (MI) has improved to <10% due to advanced
treatment after hospital admission, including primary
percutaneous coronary intervention (1–3). Nevertheless,
many cardiac arrests and deaths occur out-of-hospital, and acute
MI remains a life-threatening condition worldwide (4). Once a
person suffers acute MI, the overall mortality rate is 30%−40%,
and the out-of-hospital mortality rate is 25%−30% (5). Indeed,
as many as 77% of overall deaths from coronary heart disease
occur out of hospital (1). Some MI patients who die before
reaching a hospital likely experience prodrome before the onset
of MI. Appropriate medical contact in this pre-infarction angina
phase may prevent the onset of MI and save lives (5). However,
this requires that patients be able to recognize their symptoms as
pre-infarction angina, which in turn highlights the importance
of public education in encouraging timely medical consultation.
Nevertheless, which MI patients are more likely to experience
pre-infarction angina remains unclear.

Many public campaigns to prevent disease are underway,
including “Know Diabetes by Heart” by the American Heart
Association and American Diabetes Association and the “STOP
MI Campaign” by the Japanese Circulation Society. The scope
and reach of these campaigns will be expanded by the upcoming
internet of things (IoT) technology (6, 7). Examples include
the possibility of detecting ischemia using smart devices (8).
For MI, such campaigns will best be targeted at populations
with a higher probability of pre-infarction angina. However, it
is still unknown which comorbidities are likely to accompany
pre-infarction angina in these patients.

Here, to identify suitable candidates for public education,
we investigated the prevalence of pre-infarction angina and its
predictors among comorbidities.

METHODS

Study Population
We used the Osaka Acute Coronary Insufficiency Study (OACIS)
database (N = 12,093) to investigate (1) the prevalence of pre-
infarction angina, (2) time to onset of MI, and (3) associations
between patients’ comorbidities and pre-infarction angina. The
OACIS was a prospective, multicenter observational study
designed to collect and analyze demographic, procedural, and
outcome data in patients with acute MI at 25 collaborating
hospitals with cardiac emergency units. Patients were enrolled
from 1998 to 2014 and followed until 2019. Written informed
consent was obtained from each patient (9, 10). A diagnosis of
acute MI was made if the patient fulfilled at least two of the
following three criteria: (1) history of central chest pressure,
pain, or tightness lasting ≥30min, (2) typical ECG changes (ie,
ST-segment elevation ≥0.1mV in one standard limb lead or
two precordial leads, ST-segment depression ≥0.1mV in two
leads, abnormal Q waves, or T-wave inversion in two leads), and
(3) a rise in serum creatinine phosphokinase concentration to
more than twice the normal laboratory value (11, 12). All 25

collaborating hospitals were encouraged to enroll consecutive
patients with acute MI.

For the present study, we prospectively collected OACIS data
obtained by research cardiologists and trained research nurses
using a specific reporting form. The OACIS study (and any
subanalyses) are registered with the UMIN-CTR (University
Hospital Medical Information Network Clinical Trials Registry)
in Japan (ID: UMIN000004575). The study protocol complied
with the Helsinki Declaration. The study was approved by
the ethics committee of Osaka University Hospital (approval
number: 14360).

Definition of Pre-infarction Angina and
Onset of MI
Pre-infarction angina was defined as chest pain/oppression
within 1 month before the onset of MI which lasted <30min.
Only typical chest pain was considered as pre-infarction angina;
atypical symptoms such as shortness of breath, diaphoresis,
fatigue, or pain at a site other than the chest were neither
considered as pre-infarction angina nor recorded in this study.
The presence and characteristics of typical chest pain were
actively enquired about during registration. Onset of MI was
defined as the start of chest pain which lasted ≥30min. Time
interval from the first episode of pre-infarction angina to the
onset of MI was prospectively collected.

Statistical Analysis
Eligible patients were stratified by the presence or absence of
pre-infarction angina. Categorical variables are expressed as
counts (percentages) and compared with the Chi-squared test or
Fisher exact test. Continuous variables are expressed as median
(interquartile range) and compared using the Mann–Whitney
U-test. Data are presented by listwise deletion. Serial change
in the prevalence of pre-infarction angina from 1998 to 2014
was evaluated with the Cochran-Armitage trend test. We used a
logistic regression model to investigate the relationship between
patient comorbidities and pre-infarction angina. The following
factors were selected based on clinician consensus and included
in the model: age, sex, hypertension, smoking, prior MI, family
history of MI, cerebrovascular disease, cancer, arteriosclerosis
obliterans (ASO), hemoglobin per 1 g/dl, creatinine per 0.1
mg/dl, low density lipoprotein cholesterol (LDL-C) per 10 mg/dl,
and HbA1c per 1.0%. Because the exclusion of cases with missing
data could have caused bias in this analysis and loss of power
in detecting statistical differences, missing data were imputed
by random forest imputation using the “missForest” package
prior to the logistic regression analysis. All statistical analyses
were performed with R software (version 4.0.5; R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Study Subjects
After excluding 976 patients (8.1%) with missing data on pre-
infarction angina, 11,117 patients [66.4 ± 12.0 years, 9,096
(75.2%) male] were analyzed (Figure 1). Baseline characteristics
of patients excluded vs. included in the present analysis are
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FIGURE 1 | Study flowchart.

tabulated in Supplemental Table 1. Patients excluded from the
analysis were older, less likely to be male, and showed a higher
prevalence of diabetes mellitus, hypertension, and chronic kidney
disease and a lower prevalence of dyslipidemia and smoking than
those analyzed. Of the 11,117 patients analyzed, 5,428 patients
(48.8%) experienced pre-infarction angina before the onset of
MI, while 5,689 patients (51.2%) experienced sudden onset of
acute MI. Baseline demographics of patients with and without
pre-infarction angina are tabulated in Table 1. Patients with pre-
infarction angina showed a higher prevalence of dyslipidemia,
more frequently had a family history of MI, and less frequently
had a history of cerebrovascular disease than those without. Peak
CK level was significantly lower in patients with pre-infarction
angina than in those without (13).

Prevalence of Pre-infarction Angina
Serial change in the prevalence of pre-infarction angina is
illustrated in Figure 2. During the study period from 1998 to
2014, prevalence gradually decreased (P for trend < 0.001).
Crude rates of pre-infarction angina in specific patient subgroups
stratified by sex are tabulated in Table 2. The prevalence
in male patients in their 50s, for example, was 52.2%. In
both sexes, patients in their 80s had a lower prevalence
of pre-infarction angina than younger patients. Patients with
dyslipidemia showed a higher prevalence of pre-infarction angina
than those without in both sexes, whereas patients with a
history of cerebrovascular disease showed a lower prevalence
than those without.

Time from the first episode of pre-infarction angina to the
onset of MI is summarized in Figure 3. Time to MI onset was
>6 h for most patients, vs.≤6 h for 15%.

Predictors of Pre-infarction Angina
Patients with hypertension, diabetes, dyslipidemia, or
a family history of MI had a higher probability of
experiencing pre-infarction angina than those without
(Figure 4). Elderly patients and those with a history

of cerebrovascular disease were less likely to experience
pre-infarction angina.

DISCUSSION

In this study, we used data from a large-scale prospective
observational registry to investigate the prevalence of pre-
infarction angina and its related comorbidities. Approximately
half of the MI patients in the registry experienced pre-
infarction angina before the onset of MI. In most patients,
the time from the onset of angina to that of MI was
>6 h, but was ≤6 h in 15%. Patients with hypertension,
diabetes, dyslipidemia, or a family history of MI had a
higher probability of pre-infarction angina than those
without. Further, elderly patients and those with a history
of cerebrovascular disease were less likely to experience
pre-infarction angina.

Prevalence of Pre-infarction Angina and
Time Interval to the Onset of MI
Although a number of studies have reported the prevalence
of pre-infarction angina, most had relatively small cohorts
and a retrospective design (4, 14–18). Results varied from
approximately 30%−55%, presumably because of different
definitions of pre-infarction angina. Our present analysis
provides the first prospective evidence for pre-infarction angina
rates, as collected in the largest cohort with a pre-defined
definition under current practice standards. Approximately half
of the MI patients experienced pre-infarction angina within 1
month before the onset of MI. Of note, this study investigated
the prevalence of pre-infarction angina in patients who were
admitted to hospital for acute MI. This is not strictly the
same as the true prevalence of pre-infarction angina for all MI
patients. As presented in Figure 2, prevalence in our cohort
over time gradually but significantly decreased (P for trend
<0.001). This implies that recent patients with pre-infarction
angina were treated at the unstable angina stage more frequently
than before, assuming that the true prevalence of pre-infarction
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TABLE 1 | Baseline characteristics.

Pre-infarction angina (+) Pre-infarction angina (–) P-Value Missing (%)

Patients, n 5,428 5,689

Age, years 66.00 [57.00, 74.00] 67.00 [59.00, 75.00] <0.001 0

Male sex 4,126 (76.0) 4,316 (75.9) 0.886 0

Body mass index 23.53 [21.51, 25.78] 23.42 [21.30, 25.65] 0.001 6.4

Diabetes mellitus 1,843 (34.7) 1,812 (32.9) 0.043 3.3

Hypertension 3,242 (61.5) 3,315 (60.2) 0.166 3.7

Dyslipidemia 2,393 (46.0) 2,309 (42.5) <0.001 5.1

Smoking 3,415 (64.1) 3,510 (63.7) 0.648 3.3

Chronic kidney disease 384 (7.3) 404 (7.4) 0.921 3.6

Prior myocardial infarction 613 (11.6) 652 (11.7) 0.902 2.8

Family history of MI 526 (14.0) 441 (11.3) 0.001 31.1

Cerebrovascular disease 418 (7.9) 569 (10.4) <0.001 3.6

Cancer 276 (5.2) 346 (6.3) 0.020 3.6

ASO 127 (2.4) 147 (2.7) 0.415 3.6

Hemoglobin, g/dl 14.10 [12.50, 15.30] 13.80 [12.30, 15.10] <0.001 52.0

Creatinine, mg/dl 0.83 [0.70, 1.06] 0.90 [0.70, 1.11] <0.001 30.4

Low density lipoprotein cholesterol, mg/dl 124.00 [100.75, 148.10] 118.00 [94.00, 142.25] <0.001 63.9

HbA1c, % 5.60 [5.20, 6.60] 5.50 [5.10, 6.40] <0.001 27.2

ST-elevation myocardial infarction 4,450 (83.5) 4,847 (86.7) <0.001 1.8

Culprit vessel

Right coronary artery 1,633 (32.4) 1,987 (38.7) <0.001 8.9

Left anterior descending artery 2,564 (50.8) 2,299 (44.8) <0.001 8.9

Left circumflex artery 843 (16.7) 765 (14.9) 0.015 8.9

Left main trunk 135 (2.7) 132 (2.6) 0.798 8.9

Peak CK, IU/L 1,801.00 [828.00, 3,512.50] 2,093.00 [994.25, 4,024.00] <0.001 6.0

Peak CK-MB, IU/L 163.00 [72.00, 315.00] 181.00 [85.17, 356.00] <0.001 14.0

Data are expressed as median [interquartile range] or number (percentage).

ASO, arteriosclerosis obliterans; CK, creatine kinase; CK-MB, creatine kinase myocardial band; MI, myocardial infarction.

FIGURE 2 | Serial change in prevalence of pre-infarction angina. Prevalence of pre-infarction angina slightly but significantly decreased over time (P for trend < 0.001).
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TABLE 2 | Crude rates of pre-infarction angina.

Male Female

N = 8,442 N = 2,674

Overall 4,126/8,442 (48.9) 1,302/2,674 (48.7)

Age

20s−40s 473/921 (51.4) 40/82 (48.8)

50s 1,038/1,989 (52.2) 114/210 (54.3)

60s 1,326/2,744 (48.3) 372/687 (54.1)

70s 993/2,073 (47.9) 470/925 (50.8)

80s- 295/713 (41.4) 306/770 (39.7)

P-value* <0.001 <0.001

Hypertension (–) 1,630/3,404 (47.9) 400/820 (48.8)

Hypertension (+) 2,372/4,782 (49.6) 870/1,774 (49.0)

P-value
†

0.131 0.935

Diabetes mellitus (–) 2,653/5,461 (48.6) 810/1,701 (47.6)

Diabetes mellitus (+) 1,378/2,756 (50.0) 465/899 (51.7)

P-value
†

0.233 0.051

Dyslipidemia (–) 2,178/4,577 (47.6) 629/1,360 (46.2)

Dyslipidemia (+) 1,778/3,509 (50.7) 615/1,192 (51.6)

P-value
†

0.006 0.008

Smoking (–) 996/2,039 (48.8) 915/1,874 (48.8)

Smoking (+) 3,055/6,209 (49.2) 360/715 (50.3)

P-Value
†

0.800 0.516

Family history of MI (–) 2,493/5,152 (48.4) 750/1,542 (48.6)

Family history of MI (+) 412/755 (54.6) 114/212 (53.8)

P-Value
†

0.002 0.184

Cerebrovascular disease (–) 3,688/7,466 (49.4) 1,163/2,307 (50.4)

Cerebrovascular disease (+) 314/706 (44.5) 104/281 (37.0)

P-Value
†

0.014 <0.001

Data are presented as number (percentage).

*P value indicates comparison in different ages. Multiple pairwise comparison with the

Bonferroni correction (P-values <0.005 were considered statistically significant) showed

that (1) in male patients, those in their 80s had a significantly lower prevalence of pre-

infarction angina than those in their 20–40s and 50s; (2) in female patients, those in their

80s had a lower prevalence of pre-infarction angina than those in their 50s, 60s, and 70s.

The other comparisons were not statistically significant.
†
P value indicates comparison between patients with and without the comorbidity.

MI, myocardial infarction.

angina did not change over time. Nevertheless, the decrease
was markedly limited, and improvement with public education
appears likely.

Although time interval from pre-infarction angina to MI
onset has been reported, the study was conducted about five
decades ago (18). Among 99 patients who experienced chest
pain before MI, six patients (6%) experienced warning symptoms
within 24 h of major infarction, while the majority (94%) did
so 1 day or more before. Our study (N = 11,117) showed
that approximately 60% of patients with pre-infarction angina
have sufficient time to see a doctor before MI onset (>24 h).
For the remaining 40%, in contrast, MI occurred within 24 h
after the onset of pre-infarction angina. Of note, 15 percent of
the MI patients had ≤6 h from pre-infarction angina to onset,
which would favor the earliest possible medical contact. It is
likely that the different proportions between the present and
previous finding are attributable to different definitions of pre-
infarction angina.

FIGURE 3 | Time to onset of myocardial infarction. A pie chart indicates the

distribution of time from the onset of pre-infarction angina to the onset of

myocardial infarction.

Possible Mechanisms of Pre-infarction
Angina and Its Predictors
The pathology of MI is likely related to the presence or
absence of pre-infarction angina, although in the present
series we do not have data on the pathology of MI in
individual cases. The presence of pre-infarction angina may
imply that the coronary artery was gradually occluded, whereas
its absence might suggest that the coronary artery was suddenly
occluded. In patients with pre-infarction angina, MI is likely
to develop from severe coronary stenosis via unstable angina
or mild stenosis due to rupture of vulnerable plaque with
gradual thrombus formation. A pathological study indicated
that coronary occlusion is often preceded by a variable period
of plaque instability and thrombus formation, initiated days
or weeks before total occlusion (19). In patients without
pre-infarction angina, MI is likely to develop from mild
stenosis with vulnerable plaque and its rupture or erosion
and subsequent sudden thrombus formation. A pathology
study showed that fresh thrombus (<1 day) was present in
approximately half (49%) of MI patients (19). This is closely
similar to the proportion with pre-infarction angina in the
current study. Gradual occlusion may cause “pre-conditioning”
for ischemia, which may in turn explain the lower peak cardiac
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FIGURE 4 | Predictors of pre-infarction angina. Forest plots showing the odds ratios of having pre-infarction angina with various comorbidities. ASO, arteriosclerosis

obliterans; BMI, body mass index; LDL-C, low density lipoprotein cholesterol; MI, myocardial infarction.

enzyme levels in patients with pre-infarction angina than in
those without.

Patients with a family history of MI, hypertension,
dyslipidemia, or diabetes had a higher probability of pre-
infarction angina than those without. A family history of MI
probably indicates that the patients become well-informed on the
disease and its symptoms. Hypertension and dyslipidemia are
both common risk factors of atherosclerosis. We speculate that
these factors inhibit sudden massive thrombus formation.
However, the precise mechanism is still unknown and
remains to be investigated in future studies. Our finding
for diabetes is particularly notable, because it appears to
contradict previous findings: these indicated that patients
with diabetes mellitus may not report classic ischemic chest
pain but may instead present with dyspnea, nausea, fatigue,
cough, or other non-specific symptoms due to diabetes-
associated cardiovascular autonomic neuropathy (20–22).
In contrast, our study showed that diabetes mellitus was a
predictor of pre-infarction angina. When we divided patients
into those with and without diabetes, diabetic patients more
frequently experienced pre-infarction angina (typical chest
pain) than non-diabetic patients [50.4 vs. 48.3%, P = 0.043].
A number of reasons for this difference can be considered,
including differences in race, medical system, and patient
education level, as well as the up-to-datedness of treatment
for diabetes and lower prevalence of diabetic neuropathy
(23) than previously thought (20, 21). Selection bias might

also play a role—our assessment was limited to MI patients

admitted to hospital, and did not include patients who

died out of hospital. This finding should be confirmed in a

large-scale study.

We also found that elderly patients and those with a history
of cerebrovascular disease were less likely to experience pre-
infarction angina. Both of these risk factors may be associated
with sensory and motor disorders—this may in turn lead to an
increased anginal threshold and lower burden of daily activity,
and consequently to the absence of typical angina.

Clinical Implications and Future
Perspectives
Hypertension, diabetes, dyslipidemia, and a family history
of MI are all well-known risk factors of coronary artery
disease. Nevertheless, our study did show the additional clinical
importance of these comorbidities. Patients with them had a
higher probability of pre-infarction angina, which can act as a
warning of MI before its onset. This point is the novelty of the
present findings. Accordingly, patients should be educated to
easily recognize pre-infarction angina themselves, as a warning
of MI. Atypical symptoms might be difficult to interpret for
patients and even physicians. In our study, half of the MI
patients experienced “typical” anginal symptoms, which are easy
to interpret and therefore a useful aid to prompt diagnosis.
Physicians should never dismiss the chance of prompt diagnosis
of angina and prevention of MI (18). Rapid action by physicians
and patients in the pre-infarction angina phase can prevent the
onset of MI in at least half of MI patients. Public education
efforts such as the Japanese Circulation Society’s “STOP MI
Campaign” are helpful, and indeed likely even more efficient
in reducing the mortality of MI than in-hospital treatment,
given that approximately half of out-of-hospital deaths might be
avoided (5). Mortality of MI in Japan decreased after the launch
of the STOP MI Campaign in 2014 from 31.1% (2014) to 24.8%
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(2020), albeit that the reason for this decrease is multifactorial
(24, 25).

Social media and smart devices may have major potential
in this field (6–8). A public campaign through social media
was shown to be effective in reducing COVID-19 infection in
the United States (7). In the field of ischemic heart disease,
public education through a short message service significantly
shortened the onset-to-door time of MI patients (6). As for
smart devices, the Apple watch can detect atrial fibrillation and
provide patients with an alert (26, 27). We have also noted
the increased use of this technology in our clinical practice,
with more and more patients presenting at our outpatient
clinic with an Apple watch showing an electrocardiogram of
atrial fibrillation. In ischemic heart disease also, the possibility
of detecting ischemia was recently reported (8). Although the
clinical use of this technology in ischemic heart disease has
yet to be validated, we consider that it is only a matter
of time before it is incorporated into daily clinical practice.
Automatic detection of pre-infarction angina and an alert by
a smart device may prevent the onset of MI. Public education
in combination with advanced smart technology and recent
IoT infrastructure must surely be effective. Our present study
suggests that patient subpopulations with hypertension, diabetes,
dyslipidemia, or a family history of MI are suitable candidates
for public education. Such a targeted public campaign in
combination with smart devices and social media might show a
synergistic effect. This research finding should be implemented
in designing future prospective large-scale studies with the
upcoming IoT technology.

Study Limitations
Several limitations of our study should be acknowledged. First,
angina as a symptom is subjective, although the definition was
pre-defined and the data were prospectively collected. Second,
the current population was limited to patients who were admitted
to a hospital due to myocardial infarction, and the present
findings might not therefore be directly applicable to patients
who were not admitted to hospitals, namely out-of-hospital
deaths. Third, patients excluded from the present analysis [N =

976 (8.1%)] showed significantly different baseline characteristics
to those who were analyzed, resulting in a degree of selection
bias. Lastly, the generalizability of the findings to other regions
and ethnicities is limited by racial differences, differing healthcare
systems, etc. in Japan compared with other countries.

In conclusion, we found that half of the MI patients in our
registry experienced pre-infarction angina before the onset of
MI. Most patients with pre-infarction angina had sufficient time
(>6 h) to go to the hospital before MI onset. However, 15% had
only≤6 h, which would favor early medical contact. Patients with

hypertension, diabetes, dyslipidemia, or a family history of MI
had a higher probability of having pre-infarction angina than
those without. This study suggested the need to reappraise these
common coronary risk factors. Promptmedical consultationmay
enable treatment at the pre-infarction angina stage, and thereby
be preventive for MI. This patient sub-population may represent
a good target for public education. Future prospective large-scale
studies with upcoming IoT technology are warranted.
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Juan F. Granada5, Seul-Gee Lee6, Jung-Jae Lee6, Yun-Kyeong Cho7, Hyuck Jun Yoon7,
Jung Hee Lee8, Ung Kim8, Ji-Yong Jang9, Seung-Jin Oh9, Seung-Jun Lee1,
Sung-Jin Hong1, Chul-Min Ahn1, Byeong-Keuk Kim1, Hyuk-Jae Chang1, Young-Guk Ko1,
Donghoon Choi1, Myeong-Ki Hong1, Yangsoo Jang10, Joon Sang Lee2* and
Jung-Sun Kim1*

1 Division of Cardiology, Severance Cardiovascular Hospital, Yonsei University College of Medicine, Seoul, South Korea,
2 Department of Mechanical Engineering, Yonsei University, Seoul, South Korea, 3 Department of Electrical Engineering,
Sejong University, Seoul, South Korea, 4 Department of Cardiovascular, Ospedale Papa Giovanni XXIII, Bergamo, Italy,
5 Cardiovascular Research Foundation, Columbia University Medical Center, New York, NY, United States, 6 Yonsei
Cardiovascular Research Institute, Yonsei University College of Medicine, Seoul, South Korea, 7 Department of Cardiology,
Keimyung University Dongsan Hospital, Daegu, South Korea, 8 Division of Cardiology, Yeungnam University Medical Center,
Yeungnam University College of Medicine, Daegu, South Korea, 9 National Health Insurance Service Ilsan Hospital, Goyang,
South Korea, 10 Division of Cardiology, CHA Bundang Medical Center, CHA University College of Medicine, Seongnam,
South Korea

Background: Coronary computed tomography angiography (CTA) and optical
coherence tomography (OCT) provide additional functional information beyond the
anatomy by applying computational fluid dynamics (CFD). This study sought to evaluate
a novel approach for estimating computational fractional flow reserve (FFR) from
coronary CTA-OCT fusion images.

Methods: Among patients who underwent coronary CTA, 148 patients who underwent
both pressure wire-based FFR measurement and OCT during angiography to evaluate
intermediate stenosis in the left anterior descending artery were included from the
prospective registry. Coronary CTA-OCT fusion images were created, and CFD was
applied to estimate computational FFR. Based on pressure wire-based FFR as a
reference, the diagnostic performance of Fusion-FFR was compared with that of
CT-FFR and OCT-FFR.

Results: Fusion-FFR was strongly correlated with FFR (r = 0.836, P < 0.001).
Correlation between FFR and Fusion-FFR was stronger than that between FFR and
CT-FFR (r = 0.682, P < 0.001; z statistic, 5.42, P < 0.001) and between FFR
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and OCT-FFR (r = 0.705, P < 0.001; z statistic, 4.38, P < 0.001). Area under the
receiver operating characteristics curve to assess functionally significant stenosis was
higher for Fusion-FFR than for CT-FFR (0.90 vs. 0.83, P = 0.024) and OCT-FFR
(0.90 vs. 0.83, P = 0.043). Fusion-FFR exhibited 84.5% accuracy, 84.6% sensitivity,
84.3% specificity, 80.9% positive predictive value, and 87.5% negative predictive value.
Especially accuracy, specificity, and positive predictive value were superior for Fusion-
FFR than for CT-FFR (73.0%, P = 0.007; 61.4%, P < 0.001; 64.0%, P < 0.001) and
OCT-FFR (75.7%, P = 0.021; 73.5%, P = 0.020; 69.9%, P = 0.012).

Conclusion: CFD-based computational FFR from coronary CTA-OCT fusion images
provided more accurate functional information than coronary CTA or OCT alone.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [NCT03298282].

Keywords: fractional flow reserve (FFR), coronary computed tomography angiography (coronary CTA), optical
coherence tomography (OCT), fusion image, computational fluid dynamics (CFD)

INTRODUCTION

Deciding whether to recommend coronary revascularization
to patients with chest pain and intermediate stenosis on
coronary angiography is challenging (1, 2). Therefore, in
addition to the anatomical assessment of coronary stenosis,
functional assessment is essential to evaluate the presence of
myocardial ischemia, particularly in the setting of intermediate
stenosis (1–5). Pressure wire-based fractional flow reserve
(FFR) has been considered the gold standard for functional
assessment of intermediate stenosis; it helps reduce unnecessary
revascularization procedures (6, 7). Coronary computed
tomography angiography (CTA) is a widely used non-invasive
method for visualizing the coronary artery, and intravascular
optical coherence tomography (OCT) has been used for
accurate anatomical assessment of coronary stenotic lesions
during angiography with exceptional higher resolution than
intravascular ultrasound (8–10). In addition, computational fluid
dynamics (CFD) has been applied to estimate computational
FFR from coronary CTA- or OCT-based three-dimensional
coronary model without using additional pressure guide
wires or hyperemic agents (11–14). However, no studies
have heretofore evaluated the usefulness of fusion images
generated from both coronary CTA and OCT in clinical
practice. Since many patients undergo coronary CTA to evaluate
suspected coronary artery disease before being referred for
angiography, it is hypothesized that if not only OCT but also
coronary CTA images are available, the coronary CTA-OCT
fusion images can be created and can provide more reliable
information about coronary stenosis by combining delicate
vessel curvature found in coronary CTA images with accurate
lumen contour found in OCT images (8, 9, 15). Thus, this
study aimed to present a novel approach for estimating CFD-
based computational FFR from coronary CTA-OCT fusion
images (Fusion-FFR). Pressure wire-based FFR was used as
a reference to assess the diagnostic performance of Fusion-
FFR as well as FFR derived from coronary CTA or OCT
alone (CT-FFR or OCT-FFR) in patients with intermediate
coronary stenosis.

MATERIALS AND METHODS

Subjects and Study Design
The Integrated Coronary Multicenter Imaging Registry is a
collaboration between four institutions in South Korea, created
to evaluate the clinical impact of anatomical information from
coronary CTA and OCT, as well as the functional information
from FFR in patients with intermediate coronary stenosis with
clinical follow-up (ClinicalTrials.gov, Identifier: NCT03298282).
This study complied with the principles of the Declaration of
Helsinki, and the Institutional Review Board at each participating
center approved this study protocol. Written informed consent
was obtained from all patients. Briefly, among patients who
underwent coronary CTA for chest pain before being referred
for coronary angiography, a total of 180 patients who had
undergone both pressure wire-based FFR measurement and
OCT examination during angiography to evaluate intermediate
stenosis (40–70%) in any coronary artery were enrolled between
November 2017 and June 2019 (the detailed inclusion and
exclusion criteria are presented in Supplementary Table 1).
Of these, 32 patients were excluded due to no intermediate
stenosis of the left anterior descending artery (LAD) (n = 18),
poor image quality of coronary CTA or OCT (n = 9), and
incomplete OCT coverage (n = 5). Consequently, a total of 148
patients with intermediate stenosis on LAD were included in this
study, and pressure wire-based FFR was used as a reference to
assess the diagnostic performance of CFD- based computational
FFRs (Supplementary Figure 1). The primary outcome was the
correlation between pressure wire-based FFR and computational
FFRs. The secondary outcome was the diagnostic performance of
computational FFRs in assessing functionally significant stenosis.
The correlation and diagnostic performance of Fusion-FFR were
compared to those of CT-FFR and OCT-FFR.

Image Acquisition, Analysis, and
Fractional Flow Reserve Measurement
All subjects underwent coronary CTA before coronary
angiography. Coronary CTA performance and acquisition
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of CTA images (64− or higher detector row scanners with
prospective or retrospective electrocardiographic gating) were
in accordance with the Society of Cardiovascular Computed
Tomography guidelines (16). OCT imaging of the target lesion
was performed using a frequency-domain OCT system (C7-XR
OCT imaging system, LightLab Imaging Inc., St. Jude Medical,
MN, United States). Cross-sectional OCT images were generated
at a rotational speed of 100 frames/s. The fiber probe was
withdrawn at 20 mm/s within the stationary imaging sheath.

All quantitative coronary angiography (QCA) and OCT
analyses were performed at an independent core laboratory
of Cardiovascular Research Center (Seoul, South Korea), and
coronary CTA analysis was performed at Yonsei University
CONNECT-AI Research Center (Seoul, South Korea) by
experienced analysts who were blinded to the patient and
procedure data. QCA analysis was performed using an off-
line quantitative coronary angiographic system (CAAS, Pie
Medical Instruments, Maastricht, Netherlands). Using the
guiding catheter for magnification calibration, minimal lumen
diameter was measured from diastolic frames in a single,
matched view, showing the smallest lumen diameter. Coronary
CTA analysis was performed using semi-automated image
analysis software (QAngio CT RE, Medis Medical Imaging
Systems, Leiden, Netherlands). Coronary CTA stenosis was
evaluated by determining lumen diameter stenosis in each
coronary segment ≥ 2 mm in diameter, using an 18-segment
coronary model (12, 17). OCT analysis was performed using
certified software (QIvus, Medis Medical Imaging Systems,
Leiden, Netherlands). The reference lumen area was the region
within the same segment as the lesion with the largest lumen.
These reference area was proximal or distal to the stenotic
area (usually within 10 mm of the stenosis, without major
intervening branches). The minimal lumen area was identified
at the segment with the smallest lumen area. Area stenosis was
calculated as follows: [(mean reference lumen area - minimal
lumen area) ÷ mean reference lumen area] × 100%. OCT-based
plaque characteristics were also assessed; they are defined in
Supplementary Table 2.

FFR was measured using a 0.014-inch pressure guidewire (St.
Jude Medical, MN, United States). After equalizing process, the
pressure guidewire was positioned distal to the target lesion.
Hyperemia was induced by intravenous adenosine administered
at 140 µg/kg/min via an antecubital vein. FFR was calculated
as follows: mean hyperemic distal coronary pressure/mean
aortic pressure. When FFR was ≤ 0.80, the stenotic lesion was
considered functionally significant.

Three-Dimensional Coronary Model
Reconstruction and Image Fusion With
Coronary Computed Tomography
Angiography and Optical Coherence
Tomography
Coronary CTA lumen contours at 0.25 mm intervals were
manually extracted by experienced experts at the core laboratory.
When coronary CTA lumen contours with side branches
were extracted, the information regarding the direction of the

side branches was also included. To create an OCT-derived
three-dimensional coronary model for blood flow simulation,
OCT lumen contours at 0.2 mm intervals were extracted
using fully automated software (MATLAB, MathWorks, MA,
United States), using the spatial continuity of the arterial walls
in the transverse cross-sectional plane (18). A simple three-
dimensional model was generated by eliminating side branches
at bifurcations of the target lesions; thus, overall lumen contours
were extracted by estimating the mother vessel lumen. The
extracted lumen contour data were then used to create a three-
dimensional model using semi-automated software designed in-
house (Unity, Unity Technologies, CA, United States).

The entire image fusion process was performed as follows.
Bifurcation directions of the coronary CTA and OCT lumens
were identified as references. Coronary CTA lumens were
then exchanged with the corresponding OCT lumens, while
circumferential angulation and correction of the longitudinal
location of the OCT lumens were applied to match the bifurcation
direction of the target coronary CTA lumens. Since the lumen
intervals differed for coronary CTA and OCT, OCT lumens
were interpolated to obtain the same interval as the CTA
lumens. Finally, the sizes of the remaining coronary CTA
lumens were manually adjusted using the corresponding fusion
model as a reference, and the fusion lumen data points were
connected by ray casting to generate a meticulous three-
dimensional coronary model.

Computational Fluid Dynamics-Based
Computational Fractional Flow Reserve
Estimation
CFD-based blood flow simulation of reconstructed three-
dimensional models was performed using the lattice Boltzmann
method, which has been widely used for biofluidics; it uses
lattice grids instead of complicated meshes for complex
three-dimensional models (19, 20). Blood was modeled as
an incompressible non-Newtonian fluid with a density of
1,060 kg/m3 based on the Carreau–Yasuda model (21). The
inlet flow was designated as a steady flow condition based
on the patient’s mean blood pressure assessed during coronary
angiography. For the outlet boundary condition, a resistance
model was used to reflect the circulatory resistance (22).
Moreover, a no-slip boundary condition was used to calculate
the interaction between the vessel wall and blood flow. Detailed
equations and numerical methods used for estimating CFD-
based computational FFR have been described previously (20).
For each patient, Fusion-FFR, CT-FFR, and OCT-FFR were
estimated. In addition, vorticity, helicity, and wall shear stress
were also estimated and compared to support our hypothesis
regarding the impact of vessel curvature of coronary CTA toward
fusion images (23, 24).

Statistical Analyses
Continuous variables were reported as means ± standard
deviations or medians (interquartile ranges), and categorical
variables were reported as numbers (percentages). Continuous
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variables were compared using Student’s t-test or Mann-
Whitney test, as appropriate. Pearson correlation coefficient
was calculated to evaluate the relationships between pressure
wire-based FFR and computational FFRs (Fusion-FFR, CT-FFR,
and OCT-FFR). The Bland–Altman analysis was also performed.
Receiver operating characteristics (ROC) curve analysis was
performed to evaluate the diagnostic performance of the
computational FFRs in assessing functionally significant stenosis.
The comparison between correlation coefficients was performed
using Steiger’s Z-test, and the comparison between ROC curves
was performed using DeLong’s test. The diagnostic accuracy,
sensitivity, specificity, positive predictive value, and negative
predictive values were also calculated as simple proportions with
95% confidence intervals (CIs), and the comparisons of these
parameters were performed using R packages (R foundations for
Statistical Computing, Vienna, Austria), including DTComPair.
Other statistical analyses were performed using IBM SPSS,
version 25.0 (IBM Corp., Armonk, NY, United States), and
MedCalc, version 18.2.1 (MedCalc Software, Ostend, Belgium).
All tests were two-sided, and a P-value < 0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics and
Computational Fractional Flow Reserve
Estimation
The baseline clinical characteristics, coronary angiographic,
coronary CTA, and OCT findings are presented in Tables 1, 2.
The median time between coronary CTA and coronary
angiography with OCT evaluation was 11 days (interquartile
range: 4–18 days). Among 148 patients, 109 patients (73.6%)
were male, and 44 patients (29.7%) presented with acute coronary
syndrome. The LAD was considered as culprit vessel causing
acute coronary syndrome in 21 patients (14.2%). There were
bifurcation lesions with the side branch of ≥ 2.5 mm in
diameter in 39 patients (26.4%). There were no complications
during any of the procedures. The median pressure wire-
based FFR at maximal hyperemia was 0.82 (interquartile range,
0.74–0.87). Functionally significant stenosis was observed in 65
patients (43.9%). The median CT-FFR was 0.78 (interquartile

TABLE 1 | Baseline clinical characteristics.

Variables Total (n = 148)

Age (years) 63.4 ± 8.8

Male 109 (73.6)

Body mass index (kg/m2) 25.0 ± 2.9

Acute coronary syndrome 44 (29.7)

Hypertension 83 (56.1)

Diabetes mellitus 46 (31.1)

Dyslipidemia 72 (48.6)

Current smoker 33 (22.3)

Previous percutaneous coronary intervention 7 (4.7)

Data are presented as the mean ± standard deviation (SD) or number (%).

range, 0.72–0.84), OCT-FFR was 0.80 (interquartile range,
0.75–0.86), and Fusion-FFR was 0.81 (interquartile range,
0.74–0.85). A representative example of the three-dimensional
coronary model reconstruction as well as the coronary CTA-
OCT image fusion is presented in Figure 1. The three-
dimensional model reconstruction for coronary CTA and
OCT was completed within approximately 3 min. The entire
image fusion with corresponding three-dimensional model
reconstruction processes was completed within approximately
3 min, and estimation of Fusion-FFR using CFD was completed
within approximately 15 min for each patient.

Correlation and Diagnostic Performance
of Computational Fractional Flow
Reserves
Fusion-FFR was strongly correlated with FFR (correlation
coefficient, r = 0.836, P < 0.001; mean difference, 0.00 ± 0.06)

TABLE 2 | Lesion characteristics.

Variables Total (n = 148)

Coronary angiography analysis

Reference vessel diameter (mm) 3.0 ± 0.5

Minimal lumen diameter (mm) 1.4 ± 0.5

Diameter stenosis (%) 53.9 ± 16.9

Lesion length (mm) 21.8 ± 9.8

Bifurcation lesions 39 (26.4)

Pressure wire-based FFR measurement

FFR 0.82 (0.74–0.87)

FFR ≤ 0.8 65 (43.9)

Coronary computed tomography angiography analysis

CTA stenosis (%) 61.1 ± 19.3

CTA stenosis ≥ 50% 107 (72.3)

Agatston score 283.7 ± 434.6

Agatston score ≥ 300 42 (28.4)

Optical coherence tomography analysis

Proximal reference segment lumen area (mm2) 7.2 ± 2.6

Distal reference segment lumen area (mm2) 6.5 ± 3.1

Minimal lumen area of target lesion (mm2) 2.3 ± 1.2

Area stenosis (%) 84.3 ± 6.8

Plaque morphology

Fibrous 28 (18.9)

Fibrocalcific 88 (59.5)

Lipid 64 (43.2)

Intimal vasculature 62 (41.9)

Cholesterol crystal 66 (44.6)

Calcific nodule 16 (10.8)

CFD-based computational FFR estimation

Fusion-FFR 0.81 (0.74–0.85)

Fusion-FFR ≤ 0.8 68 (45.9)

CT-FFR 0.78 (0.72–0.84)

CT-FFR ≤ 0.8 89 (60.1)

OCT-FFR 0.80 (0.75–0.86)

OCT-FFR ≤ 0.8 73 (49.3)

Data are presented as the mean ± SD, number (%), or median (interquartile range).
CFD, computational fluid dynamics; CTA, computed tomography angiography;
CT-FFR, computational FFR from coronary CTA; FFR, fractional flow reserve;
Fusion-FFR, computational FFR from coronary CTA-OCT fusion images; OCT,
optical coherence tomography; OCT-FFR, computational FFR from OCT.
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FIGURE 1 | Overview of estimating CFD-based computational FFR from coronary CTA-OCT fusion images in patients with intermediate coronary stenosis. The
current study evaluated a novel approach to estimate CFD-based computational FFR from coronary CTA-OCT fusion images in patients with intermediate coronary
stenosis in the left anterior descending artery. CFD, computational fluid dynamics; CTA, computed tomography angiography; CT-FFR, computational FFR from
coronary CTA; FFR, fractional flow reserve; Fusion-FFR, computational FFR from coronary CTA-OCT fusion images; OCT, optical coherence tomography; OCT-FFR,
computational FFR from OCT.

FIGURE 2 | Relationship between pressure wire-based FFR and Fusion-FFR. Correlation (A) and agreement (B) between pressure wire-based FFR and Fusion-FFR.
FFR, fractional flow reserve; Fusion-FFR, computational FFR from coronary CTA-OCT fusion images.

(Figures 2A,B). Although CT-FFR was well correlated with
FFR (r = 0.682, P < 0.001; mean difference, 0.02 ± 0.08),
the correlation between FFR and Fusion-FFR was stronger
(z statistic, 5.42, P < 0.001) (Figure 3A and Supplementary
Figure 2A). Similarly, although OCT-FFR was well correlated
with FFR (r = 0.705, P < 0.001; mean difference, 0.00 ± 0.07),
the correlation between FFR and Fusion-FFR was stronger
(z statistic, 4.38, P < 0.001) (Figure 3B and Supplementary
Figure 2B). The correlation between FFR and CT-FFR was not
different from that between FFR and OCT-FFR (z statistic, 0.58,
P = 0.562). Anatomic variables were weakly correlated with
FFR (percentage area stenosis on OCT: r = −0.451; percentage
coronary CTA stenosis: r = −0.300).

The area under the ROC curve in assessing functionally
significant stenosis is presented in Figure 4. The area was

higher for Fusion-FFR than for CT-FFR (0.90 [95% CI: 0.84–
0.94] vs. 0.83 [95% CI: 0.76–0.89], P = 0.024) and OCT-
FFR (0.90 [95% CI: 0.84–0.94] vs. 0.83 [95% CI: 0.76–
0.89], P = 0.043). The area was not different between CT-
FFR and OCT-FFR (P = 0.947). The area was also higher
for Fusion-FFR than for anatomic variables (percentage area
stenosis on OCT: 0.78 [95% CI: 0.71–0.85]; percentage coronary
CTA stenosis: 0.70 [95% CI: 0.62–0.77]). The diagnostic
performance of computational FFRs in assessing functionally
significant stenosis is presented in Table 3. Fusion-FFR exhibited
84.5% accuracy, 84.6% sensitivity, 84.3% specificity, 80.9%
positive predictive value, and 87.5% negative predictive value.
The diagnostic performance, especially accuracy, specificity,
and positive predictive value were superior for Fusion-FFR,
compared to those of CT-FFR (73.0%, P = 0.007; 61.4%,
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FIGURE 3 | Correlation between pressure wire-based FFR and CFD-based computational FFR from coronary CTA or OCT images. Correlation between pressure
wire-based FFR and CT-FFR (A), and between FFR and OCT-FFR (B). CFD, computational fluid dynamics; CTA, computed tomography angiography; CT-FFR,
computational FFR from coronary CTA; FFR, fractional flow reserve; OCT, optical coherence tomography; OCT-FFR, computational FFR from OCT.

P < 0.001; 64.0%, P < 0.001) and OCT-FFR (75.7%,
P = 0.021; 73.5%, P = 0.020; 69.9%, P = 0.012). The diagnostic
performance was not different between CT-FFR and OCT-
FFR, except for specificity which was superior for OCT-FFR
(P = 0.041).

DISCUSSION

Main Findings
This study presented a novel approach for estimating CFD-
based computational FFR in patients with intermediate stenosis
in the LAD, which was derived from coronary CTA-OCT fusion
images. The main findings were as follows: (1) Fusion-FFR
was strongly correlated with pressure wire-based FFR; although
CT-FFR and OCT-FFR were also well correlated with FFR,
Fusion-FFR was more strongly correlated; (2) area under the
ROC curve in assessing functionally significant stenosis was
higher for Fusion-FFR than for CT-FFR and OCT-FFR; and (3)
the diagnostic performance, especially accuracy, specificity, and
positive predictive value of Fusion-FFR were superior to those of
CT-FFR and OCT-FFR.

Clinical Implications of Computational
Fractional Flow Reserve From Fusion
Images
Deciding whether to proceed with coronary revascularization
is difficult, and simple angiographic assessment of luminal
narrowing has led to a misdiagnosis rate as high as 40% (1, 2,
25). Therefore, functional assessment of coronary stenosis by
FFR measurement is important to make appropriate decisions
regarding coronary revascularization, especially in patients
with intermediate stenosis (1–7). Although coronary CTA and
OCT were originally developed for anatomical evaluation of
coronary vessels and plaques, recent techniques have applied

CFD to estimate computational FFR from three-dimensional
coronary models derived from these images and demonstrated
favorable results (11–14). In addition, current advances in
image reconstruction techniques have also enabled more precise

FIGURE 4 | Receiver operating characteristics curves in assessing
functionally significant stenosis for CFD-based computational FFRs and
anatomic variables. Receiver operating characteristics (ROC) curves with area
under the curve to assess functionally significant stenosis for Fusion-FFR,
OCT-FFR, CT-FFR, percentage area stenosis on OCT, and percentage
coronary CTA stenosis. CFD, computational fluid dynamics; CTA, computed
tomography angiography; CT-FFR, computational FFR from coronary CTA;
FFR, fractional flow reserve; Fusion-FFR, computational FFR from coronary
CTA-OCT fusion images; OCT, optical coherence tomography; OCT-FFR,
computational FFR from OCT.
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TABLE 3 | Diagnostic performance of CFD-based computational FFRs in assessing functionally significant stenosis.

Fusion-FFR CT-FFR OCT-FFR p-value

Fusion-FFR vs. CT-FFR Fusion-FFR vs. OCT-FFR

Accuracy 84.5 (77.0–89.9) 73.0 (65.2–78.3) 75.7 (67.5–82.3) 0.007 0.021

Sensitivity 84.6 (75.8–93.4) 87.7 (78.9–93.8) 78.5 (68.5–88.5) 0.527 0.248

Specificity 84.3 (76.5–92.2) 61.4 (54.6–66.2) 73.5 (64.0–83.0) <0.001 0.020

Positive predictive value 80.9 (71.5–90.2) 64.0 (57.6–68.5) 69.9 (59.3–80.4) <0.001 0.012

Negative predictive value 87.5 (80.3–94.7) 86.4 (76.7–93.2) 81.3 (72.5–90.2) 0.799 0.120

Values are presented as % (95% confidence interval).
CFD, computational fluid dynamics; CTA, computed tomography angiography; CT-FFR, computational FFR from coronary CTA; FFR, fractional flow reserve; Fusion-FFR,
computational FFR from coronary CTA-OCT fusion images; OCT, optical coherence tomography; OCT-FFR, computational FFR from OCT.

three-dimensional model reconstruction via the fusion of images
from different imaging tools (26). Coronary CTA allows detailed
visualization of vessel curvature but has the disadvantage of
low resolution; in contrast, OCT produces exceptionally high-
resolution images but does not allow sufficient visualization of
vessel curvature (8–10). Therefore, fusing images from both
methods is expected to provide more reliable information about
the coronary stenotic lesions by combining detailed vessel
curvature data from coronary CTA with accurate lumen contour
data from OCT. Since the excellent resolution of OCT is widely
known, we estimated several CFD-based flow characteristics
to support our hypothesis regarding the contribution of vessel
curvature of coronary CTA toward fusion images (10, 13).
Coronary CTA and fusion images showed higher vorticity,
helicity, and wall shear stress than those of OCT with insufficient
visualization of vessel curvatures (Supplementary Figure 3). To
the best of our knowledge, this is the first study to investigate
CFD-based computational FFR using coronary CTA-OCT fusion
images in patients with intermediate stenosis, and our technique
has shown promising results. Fusion-FFR was strongly correlated
with pressure wire-based FFR, had a high area under the ROC
curve in assessing functionally significant stenosis, and exhibited
good diagnostic performance.

Fusion-Fractional Flow Reserve vs.
Coherence Tomography-Fractional Flow
Reserve and Optical Coherence
Tomography-Fractional Flow Reserve
According to the DISCOVER-FLOW (Diagnosis of Ischemia-
Causing Stenoses Obtained Via Non-invasive Fractional Flow
Reserve) study, CT-FFR and pressure wire-based FFR were well
correlated (r = 0.717, P < 0.001), and the area under the ROC
curve for detecting ischemia was higher for CT-FFR than for
coronary CTA stenosis (0.90 vs. 0.75, P = 0.001) (11). Superior
diagnostic performance of CT-FFR vs. coronary CTA stenosis
was also reported in the NXT (Analysis of Coronary Blood Flow
Using CT Angiography: Next Steps) trial with a higher area under
the ROC curve for detecting ischemia (0.90 vs. 0.81, P < 0.001)
(12). However, use of CT-FFR is limited by the low resolution of
coronary CTA images (13, 27). In contrast, OCT provides high-
resolution images, thereby supplying more precise information
regarding coronary arteries and atherosclerotic plaques (10). In

their first study estimating OCT-FFR using CFD, Ha et al. found
that OCT-FFR and pressure wire-based FFR were well correlated
(r = 0.72, P < 0.001), and the area under the ROC curve for
detecting ischemia was high (0.93) (13). Similarly, Yu et al. also
reported that OCT-FFR and pressure wire-based FFR were well
correlated (r = 0.70, P < 0.001), and the area under the ROC
curve for detecting ischemia was higher for OCT-FFR than for
area stenosis on OCT (0.93 vs. 0.80, P = 0.002) (14).

Although previous approaches for estimating computational
FFR from coronary CTA or OCT were innovative, they used
only a single tool. Currently, OCT is widely used to visualize
the microstructures of coronary stenotic lesions and plaques,
and many patients undergo coronary CTA to assess suspected
coronary artery disease before being referred for angiography
(9, 10, 15). Thus, we hypothesized that if we encounter
intermediate stenosis during angiography, which needs further
anatomical or functional assessment, OCT can provide not
only precise anatomical information based on high resolutions
but also functional information based on CFD (OCT-FFR)
without using additional guide wires or hyperemic agents.
In addition, if the patients have already undergone coronary
CTA for evaluation of chest pain before angiography, we
might be able to fuse the coronary CTA and OCT images to
obtain more reliable, functional information regarding coronary
stenosis (Fusion-FFR). In this study, although computational
FFR estimated from the single modality of coronary CTA
or OCT was well correlated with FFR, Fusion-FFR showed
a stronger correlation with FFR and exhibited a significantly
higher area under the ROC curve in assessing functionally
significant stenosis. Likewise, the diagnostic performance,
especially accuracy, specificity, and positive predictive value
of Fusion-FFR, were superior to those of CT-FFR and OCT-
FFR. Our findings regarding the benefits of fusing images from
different imaging tools are reflective of improved lumen size
determination and hemodynamic assessment using a three-
dimensional fusion model of three-dimensional QCA and OCT,
compared with three-dimensional QCA alone (26). Thus, our
findings suggest that computational FFR from fusion images of
two different imaging tools, coronary CTA and OCT, may be
more valuable than computational FFR based on a single tool
in the setting of intermediate coronary stenosis, especially for
excluding functionally non-significant stenosis and consequently
for reducing unnecessary revascularization procedures.
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Further Applications of Coronary Optical
Coherence Tomography—Optical
Coherence Tomography Fusion Images
To overcome the limitations of CFD, previous studies have
demonstrated the possibility of on-site application of CT-FFR
based on machine learning with the advantage of high processing
speed. However, its performance was limited by the image quality
or calcium burden (28, 29). In this regard, in patients with
both coronary CTA and OCT images, machine learning may
be applied to coronary CTA-OCT fusion images, which contain
data not only from coronary CTA but also from OCT with
high-resolution images, to overcome the limitations of machine
learning-based CT-FFR and enhance the on-site application of
Fusion-FFR technique in real-world clinical practice. In addition,
recent studies have shown that machine learning algorithms
can accurately detect anatomical features on OCT, such as
thin-cap fibroatheroma, as well as identify relevant anatomical
features on coronary CTA, which are associated with present
and future ischemic events (30, 31). Efficiency and cost savings
are improved in clinical practice by making full use of available
diagnostic modalities. Thus, future studies based on machine
learning to explore the effect of anatomical and functional
information from coronary CTA-OCT fusion images to identify
current myocardial ischemia and predict future cardiovascular
events are expected.

Study Limitations
This study has some limitations. First, as a retrospective analysis
of a prospectively enrolled registry, it has the inherent limitations
of the current study design. Furthermore, although statistical
significance was found for superior diagnostic performance of
Fusion-FFR vs. CT-FFR and OCT-FFR, the study population
was relatively small. Second, we assessed FFR alone in LAD
lesions to reduce possible confounding factors. Besides, we chose
this artery due to its clinical importance, and the correlation
between anatomical and functional indices is better for the LAD
than for other coronary arteries (13, 32). Third, we removed
the side branches while reconstructing the three-dimensional
coronary model to simplify the process for CFD. Although
this study focused on combining detailed vessel curvature from
coronary CTA with accurate lumen contour from OCT and
demonstrated promising results, the effects of side branches
on computational FFR require further investigation. Fourth, in
total, 14 patients (7.8%) were excluded due to poor quality of
coronary images or incomplete OCT coverage. Fifth, the cut-
off value ≤ 0.80 was used not only for pressure wire-based
FFR but also computational FFRs in non-hyperemic condition
to define functionally significant stenosis. Sixth, microvascular
resistance was not assessed in this study, therefore, the effect of
microvascular dysfunction on functional assessment of coronary
stenosis could not be evaluated. Nevertheless, the current study
results are innovative and warrant further larger population-
based prospective studies, including all coronary vessels and
side branches, to assess the real-world clinical applicability
of the Fusion-FFR technique in patients with both coronary
CTA and OCT images. In addition, machine learning may

be applied to coronary CTA-OCT fusion images to enhance
the on-site application of Fusion-FFR technique during the
angiographic procedure.

CONCLUSION

A novel approach of estimating computational FFR from
coronary CTA-OCT fusion images provided more accurate
functional information than FFR computed from coronary
CTA or OCT alone.
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Percutaneous treatment of a
CTO in an anomalous right
coronary artery: A rupture paved
the way for new insights

Nino Cocco1*, Rosalinda Madonna2, Valeria Cammalleri1,

Giulio Cocco3, Domenico De Stefano1, Danilo Ricciardi1,

Francesco Grigioni1 and Gian Paolo Ussia1

1Department of Cardiovascular Sciences, Campus Bio-Medico University of Rome, Rome, Italy,
2Cardiology Division, Department of Surgical, Medical, Molecular Pathology and Critical Care,
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An anomalous aortic origin of a coronary artery (AAOCA) from the opposite

sinus, with an interarterial course, has been associated with an increased

risk of myocardial ischemia and sudden death. As the exact pathophysiology

of AAOCA is not well understood, the clinical management is also not well

defined. With increased use of non-invasive imaging, the diagnosis of AAOCA

is increasing and the association of anomalous origin and atherosclerotic

disease is becoming a more important topic. We report a rare case of

AAOCA chronic total occlusion (CTO). A 40-year-old Caucasian man was

referred for invasive coronary angiography (ICA) due to typical chest pain and

positivemyocardial scintigraphy. ICA demonstratedCTOof an anomalous right

coronary artery (ARCA) originating from the left side of the ascending aorta

with an interarterial course. There was no lesion in the left coronary artery.

During the procedure, unexpected rupture of the coronary artery occurred

after dilatation with a small balloon at low pressure. The complication in this

case was handled with good procedural final result but was an occasion for

a food for thought. Coronary artery perforations are rare but life-threatening

procedural complications that are usually caused by predisposing anatomical

and procedural factors. We issue a warning on the risk of complications

during complex percutaneous coronary intervention of these arteries, and we

reconsidered the pathophysiology of the anomaly in a way that could change

the approach to the disease. Based on this complication, we hypothesized

that the wall of the artery could be fragile due to histopathological alterations,

which could have a role in the pathophysiology of coronarymalignancy. Future

autopsy studies should be focused on the analysis of the arterial wall of the

patient a�ected by sudden death with this anomaly.
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Introduction

An anomalous aortic origin of a coronary artery (AAOCA)

from the opposite sinus, with an interarterial course between

the pulmonary artery and aorta, has been associated with an

increased risk of myocardial ischemia and sudden cardiac death

(SCD) (1–4). The degree of risk (5, 6) and the pathophysiology

of myocardial ischemia (7, 8) are debatable. Guidelines are

limited and recommendations are mainly based on expert

opinions (9, 10). Moreover, with increased use of non-invasive

imaging to evaluate coronary artery disease, an increase in the

absolute numbers of AAOCA is expected, with a concomitant

increase in the prevalence of coronary artery disease. The

management of patients affected by anomalous origin and

atherosclerotic disease is becoming a more important topic

in the field of coronary artery disease (11). We report a

rare case of an anomalous right coronary artery (ARCA)

originating from the left side of the ascending aorta with

symptomatic chronic total occlusion (CTO). An unexpected

complication led us to reconsider the pathophysiological basis

of ARCA and to suspect histological involvement of the

arterial wall.

The goals of this paper are three-fold: (1) to attempt an

estimation of SCD specific for right AAOCA (ARCA) based on

extrapolations of incidence numbers of SCD in the population

and report the prevalence of right AAOCA, (2) to review the

presumed pathophysiology of SCD in ARCA and present new

insights, and (3) to issue a warning on the risk of complications

during percutaneous coronary intervention (PCI) for

ARCA CTO.

Case description

A 40-year-old Caucasian man, without any remarkable

risk factors, was hospitalized for investigation and treatment

of a several-month-history of class II angina. Myocardial

scintigraphy, three weeks prior, showed moderate reversible

perfusion defects involving the inferoposterior wall area.

The patient was previously healthy and participated in non-

competitive soccer. A 12-lead electrocardiogram and baseline

echocardiography showed no abnormal wall motion and well-

functioning valves. A baseline angiogram was performed from

the right radial artery. The left coronary artery, originating

from the left sinus, did not exhibit significant stenosis. There

was Rentrop III collaterality towards the right coronary artery

Abbreviations: AAOCA, Anomalous aortic origin of a coronary

artery; ALCA, Anomalous left coronary artery; ARCA, Anomalous

right coronary artery; CTO, Chronic total occlusion; ICA, Invasive

coronary angiography; PCI, Percutaneous coronary intervention;

RCA, Right coronary artery; SD, Sudden death; SCD, Sudden

cardiac death.

(RCA). The RCA, originating high and anteriorly over the

left sinus, showed CTO in the middle tract (Figure 1). A

Jr4 guide-catheter was chosen and a 1,5 × 8mm anchoring

balloon was placed in the conus artery. The occlusion

was smoothly crossed with a tapered polymeric guidewire

supported by a 1.8 Fr microcatheter. The attempt to bring

the microcatheter beyond the occlusion failed because of

the friction encountered, so we performed a predilatation

with 1.5 × 12mm compliant balloon. Good anterograde flow

was restored (Figure 2). A second dilatation with a 2 ×

15mm balloon at 10 atm was performed to better prepare

the lesion. A few seconds after this dilatation, the patient

experienced chest pain. Angiography revealed a type II Ellis

perforation in the midline and an extensive type D dissection

distally to the ostium (Figure 3; Supplementary Video 1).

A 3 × 26mm zotarolimus eluting stent was implanted

with long inflation (5min). After deployment, the effusion

disappeared. Four additional stents were implanted to cover

FIGURE 1

Coronary angiography of the left system showed left coronary

artery normally positioned without atherosclerotic disease with

rentrop III heterocoronary collateral circulation toward the right

coronary artery, which has an anomalous origin on the left side

of the ascending aorta and chronic occlusion in the proximal

atrioventricular tract.
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FIGURE 2

CTO treatment procedure: The occlusion was crossed with a

tapered polymeric guidewire supported by microcatheter. The

flow was restored after a dilatation of the occlusion with 1.5 x 12

balloon. Than a dilatation with a 2 x 15 balloon at 10 atm was

performed.

the dissection. The final angiography showed a good result

(Figure 4; Supplementary Video 2). Echocardiography showed

negligible pericardial effusion. The patient was clinically stable

and asymptomatic. Troponin levels remained stable on two

occasions. A coronary computed tomography scan (CTA)

confirmed the anomalous antero-left high origin of the RCA

17mm from the sinotubular junction, and showed the angled

ostium and interarterial course, about 2 cm between the aorta

and pulmonary trunk (Figure 5), with modest effusion (10mm)

on CTA.

Discussion

Prevalence of ARCA and risk of sudden
death

Coronary artery anomalies have been reported as the second

most frequent cause of SCD in young athletes, accounting

for 12% of deaths (12, 13). Coronary artery anomalies arising

FIGURE 3

Procedural complication: The angiography after CTO dilatation

with compliant 2 x 15mm balloon at 10 atm showed coronary

Ellis II perforation (white arrow) and di�use type D dissection.

FIGURE 4

Post PCI final result: A first stent was implanted in the ruptured

tract with long inflation (5min). After the deployment the

e�usion disappeared. Four additional stents were implanted to

cover the dissection. The final angiography showed a good

result.

from the pulmonary artery or the wrong sinus with an

interarterial course between the pulmonary artery and aorta,

referred to as AAOCA, are more often related to sudden

death (SD) (14, 15). The most common subtype is an ARCA

arising from the left side (prevalence 0.23%), followed by

an anomalous left coronary artery (ALCA) arising from

the right side (prevalence 0.03%) (1, 16). ALCA from the

pulmonary artery is extremely rare (11, 15). Although evidence

demonstrates that interarterial ALCA and ARCA are associated
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FIGURE 5

Coronary TC: The coronary TC confirmed the anomalous origin

from opposite site of ascending aorta 17mm from the

sinotubular junction, with interarterial course. Modest e�usion

(10mm).

with an increased risk of SCD, their absolute risk in the

general population is unknown. Thus, controversy remains

regarding the optimal approach to risk stratify and manage

these patients. With increased use of non-invasive imaging, the

prevalence is increasing (1, 16) and could become a serious

public health hazard.

The first data on the rates of SCD in AAOCA came

almost exclusively from autopsy series, which reported high, yet

discrepant, mortality rates between studies (0-50% for ARCA

and 30-100% for ALCA) (1, 4, 12). In the first series, 50% of SD

cases had anomalous coronary arteries (30% right and 80% left)

(1, 4, 12). From this data, the estimated risk of SCD in AAOCA

was very high (50% for ALCA and 25% for ARCA) (17, 18) and

many authors agreed that surgical correction should have been

the first line of therapy in these patients (19–22). However, this

autopsy statistic report has been proven wrong. It reported on

the chance of a person who dies suddenly having an anomalous

coronary artery, not the risk of SD from an anomalous coronary

artery, only reflecting the prevalence of AAOCA in those who

died. Subsequent studies indicated that the risk of SD was

far lower, but discrepancy in the data remains. The rate of

death from AAOCA has been reported as being between 0.07

and 0.61 per 100,000 person years (5, 12, 16, 20, 22). From

this data, it was determined that the cumulative risk of death

over a 20-year period from the age of 15–34 years in patients

with AAOCA was 6.3% for ALCA and 0.2% for ARCA (23).

Assuming the prevalence of AAOCA is 0.1-0.2% (24–27), the

risk of death for AAOCA is 0.12–0.15% (1:860–1:652), involving

above all young people engaged in frequent vigorous exercise

and patients with ALCA (5, 28). A more recent review of a

database of 5,100 cases of SCD referred to a specialist cardiac

pathology center between January 1994 and March 2017, and

identified a subgroup of 30 cases (0.6%) with AAOCA (15).

The number of SCD from ARCA and ALCA were compared,

and, although ALCA is considered more malignant, the SCD

numbers for ARCA were slightly higher (11 patients, 37%

vs. 10 patients 37%, respectively). ALCA from the pulmonary

artery occurred in seven cases (23%). Exercise-induced SCD

was associated more frequently with ALCA than ARCA, where

death occurred often at rest or during sleep. The mean age

was much higher, compared to previous studies (28+/−17

years); there were patients in the fifth and sixth decades of life,

most with ARCA.

The risk of SCD in patients with AAOCA are inconclusive

due to the conflicting results. We believe this discrepancy

could have stemmed from the fact that ARCA and ALCA have

different clinical features and the identification of a unique risk

of AAOCA (29) could have been the original reason for the

conflicting results in the literature. SCD was more likely to

occur in ALCA than ARCA; in fact, SCD in young, trained

patients are mainly caused by ALCA. But, when we consider

the populations of each age group, the number of SCD cases

were equivalent or even greater for ARCA (15), since ARCA

was more prevalent (0.23 vs. 0.03%) (6, 11, 30). In patients of

older age, death often occurs at rest or during sleep (15). Thus,

ARCA is not a minor disease but a different disease, most likely

with a different pathophysiological pathway as well. The risk

of SD in a patient with ARCA has not been properly analyzed.

We attempted to estimate the risk of SD based on the data

from previous studies.

The age-adjusted national incidence of SCD is 60 per 100,000

(95% confidence interval; 54–66 per 100,000) (31, 32) and 0.6%

thereof are caused by AAOCA (15), translating to an incidence

of 3,6 per 1,000,000 per year. ARCA are found in 36% of

SCD caused by AAOCA (15), translating to an incidence of

1,3 per 1,000,000 per year. Since the prevalence of ARCA is

0.23%, we can derive that 1,3 per 2300 persons a year with

ARCA experience SCD. Therefore, the incidence of SD in a

patient with ARCA is about 1:1800. This is the first attempt

to estimate the incidence of SCD in a patient specifically

affected by ARCA.
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TABLE 1 ARCA CTO procedures reported in the literature.

Cases Age/sex Technique used Origin of the RCA Site of occlusion Complications

Kaneda et al. (45) 66 y/M Antegrade Left sinus Proximal atrioventricular tract None

Fang et al. (47) 74 y/M Antegrade High anterior Proximal atrioventricular tract Cusp dissection

Abdou and Wu (27) 58 y/M Antegrade Left sinus Proximal atrioventricular tract Aorto-coronary dissection

Porwal et al. (44) 71 y/F Antegrade Left sinus Proximal atrioventricular tract None

Senguttuvan et al. (43) 49 y/M Antegrade Left sinus Proximal atrioventricular tract None

Gasparini et al. (46) 65 y/M Retrograde Left sinus Proximal atrioventricular tract None

Yamada et al. (42) 43 y/M Retrograde Left sinus Ostial None

Young et al. (48) 68 y/M Antegrade Left sinus Proximal atrioventricular tract None

Patra et al. (26) 58 y/M Antegrade Left sinus Proximal atrioventricular tract None

Our case 40 y/M Antegrade High anterior left aorta Proximal atrioventricular tract Dissection and perforation

Anomalous origin of a coronary artery
from the opposite sinus pathophysiology:
The enigma of the true denominator

Assuming the pathophysiological understanding of the

disease is key to predict the risk of SCD in AAOCA; several

studies have attempted to isolate a key primary factor, but

no single anatomical component of the coronary artery has

been isolated. Several studies have been done to find a true

“denominator” causing ischemia and SCD. Several putative

mechanisms have been proposed to account for the association

between SCD and an anomalous origin of a coronary artery

from the opposite sinus. The downstream event is presumed to

be ischemia (8, 33–37). Historically, the interarterial course was

thought to be the crucial abnormality, assuming a scissor-like

mechanism created by the close proximity of the aorta and

pulmonary artery, especially during exertion (1, 2, 8). However,

the pulmonary artery is unlikely to exert sufficient pressure

to occlude a coronary artery in the absence of pulmonary

hypertension. Therefore, the interarterial course may act only

as a surrogate for other anatomical high-risk features, including

a slit-like ostium, acute take off angle, and proximal narrowing

(also referred to as hypoplasia) with an elliptical vessel shape

and intramural course. The anatomical high-risk feature of a

slit-like ostium at the ectopic origin is defined as a ≥50%

reduction in the minimal lumen diameter compared to the

normal distal reference diameter (34). Thus, the deformed

coronary ostium with a decreased cross-sectional area acts as

an ostial stenosis. Due to the slit-like ostium opening, during

exercise and systolic expansion of the aortic root, the orifice

can collapse in a valve-like manner (34, 35). An acute take-off

angle (less than 45◦) is defined as an axial course of the

proximal segment tangential to the great vessel circumference.

Kinking of an anomalous coronary artery during exercise was

proposed as a contributing ischemia-inducing mechanism (8,

34). The intramural course length is considered the most

relevant feature in terms of hemodynamic repercussion (6,

35–37). The intramural coronary artery is slit-like and is

characterized by thin inner and outer aortic wall layers and

lateral luminal compression that undergoes phasic increases

with each systole (38). This anatomical feature is considered

by many authors as being related to SCD, especially if

associated with the other features mentioned above (37).

Unfortunately, in clinical practice, none of these have been

shown to be useful in the prognostic assessment of SD

and there are no prognostically distinguishing pathological

features that could be prospectively defined (7–10). Finally,

another theory postulates that compression and kinking of

the anomalous artery could cause intimal damage and a

propensity to spasm and ischemia (39, 40), which was described

more than 20 years ago, but considered implausible by

the majority (8, 41).

We describe a rare case of anterograde CTO of the RCA

with anomalous origin from the opposite side of the ascending

aorta. Data regarding complex PCI, especially for CTO, in this

setting are very limited (24, 26, 27, 42–48). The procedure was

unexpectedly complicated by perforation and extensive type

D dissection after predilatation with a small balloon at low

pressure. Coronary perforation is a rare, but life-threatening,

complication. It is usually due to high pressure balloon dilatation

or the use of an oversized balloon in the context of predisposing

factors such as tortuosity, calcification, old age, CTO, or small

vessel caliber (24). The myocardial bridge is also an important

predisposing factor (25). A 2mm diameter balloon inflated at 10

atm in a 3.5mm diameter artery causing perforation is almost

inexplicable, even in a CTO procedure. The rupture could be

explained by structural fragility of the artery. An anomalous

course with acute angulation may favor the complication but

there could also be a histopathological explanation. In the

myocardial bridge, for example, the anomalous course of the

artery is associated with intimal and endothelial differences in

the tunneled artery that predispose to a greater risk of rupture

during PCI. The intimal layer is thinner, and the endothelial
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FIGURE 6

ARCA presumed ischemia pathophysiology: The downstream event in the pathophysiology of ARCA malignancy in the contest of SCD is

presumed to be ischemic. The anatomical feature like the interarterial passage causing compression in a scissor-like mechanism, the slit-like

ostium acting as an ostial stenosis, the acute take-o� angle causing kinking, and the intramural course causing compression, are historically

considered involved in the pathogenesis of ischemia. Unfortunately, in clinical practice none of these have been shown to be useful in the

prognostic assessment of SD. The higher incidence of procedural complications in the context of ARCA CTO treatment, the presence of a

specific tract of the artery involved by the disease (90% of the case reported in literature), and the intraoperative detection of histological

alteration of the anomalous artery wall in a patient who su�ered from a SCA call us to reconsider the histopathological alteration in the

pathogenesis of ischemia and ARCA malignancy. ARCA, anomalous right anomalous coronary originating from the left side; CTO, chronic total

occlusion; SCD, sudden cardiac death.

cells are spindle shaped. This alteration and compression

carry a major risk for perforation (25). Bunji et al. (39)

hypothesized that the RCA located between the aorta and

the pulmonary artery is prone to compression or kinking

phenomena, resulting in intimal disruption and subsequent

predisposition to vasospasm that correlates with ischemia and

SCD. The histopathological alteration causing wall fragility

could also be an explanation for the complication in our case.

PCI in an anomalous coronary artery is difficult, particularly

with CTO, due to technical complexities, from engaging

the coronary ostium to delivery of hardware through the

vessel. Only a few cases have been reported in the literature

(24, 26, 27, 42–48) (Table 1).

Nine cases of ARCA CTO have been reported in the

literature. Three major complications, two of which were not

related to catheter manipulation, were mentioned. A case of

aorto-coronary dissection due to balloon dilatation and rupture

was described by Abdou and Wu (27). In this case, the type

D dissection started from the proximal ARCA and extended

retrograde, involving the aorta. Estimation of the risk of

complication is not the purpose of this paper, considering the

small number of patients, but this trend is unusual. Furthermore,

analysis of the cases showed a common tract of occlusion

in most cases. Nine out of ten cases involved the proximal

atrioventricular part of the artery, in the area between the cone

branch and the first branch for the acutemargin (27, 42–48). Due

to the difference in anatomy of the anomalous artery, we divided

it into four segments. We considered the proximal segment

to be the tract from the origin to the origin of the conus or

sinoatrial branches, the proximal atrioventricular segment the

tract from the conus branch to halfway to the acute margin,

the middle segment the tract from this halfway point to the

acute margin, and a distal segment from the acute margin to

the base of the heart at the junction of the atrial and ventricular
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septum. Analyzing the non-CTO PCI cases in the literature, we

confirmed that the tract of disease in ARCA was almost always

the proximal atrioventricular segment. A review of 18 cases with

imaging showed that 16 had proximal atrioventricular segment

involvement (49–62), five of six had SCA- STEMI (58–62), and

11 of 12 had chronic critical stenosis (49–58). Furthermore,

Bruls et al. (63) described a case of resuscitated SD in a 37-

year-old man with ARCA in whom they performed coronary

artery bypass grafting. After surgical examination of the artery,

several initial branches in its first segment (infundibular branch

or the sinus nodal artery) and a fibrously thickened wall were

noted. These data suggest that histological alteration may play

an important role in ARCA malignancy (Figure 6).

There is no greater tragedy in medicine than SD in an

apparently healthy person. AAOCA is the second leading cause

of SCD in athletes, and with increased use of non-invasive

imaging, the prevalence is expected to increase. The interarterial

course is believed to be the factor of malignancy in this context

and a lot of effort has been made to find a true denominator in

understanding the pathophysiological pathway. After almost 50

years, none of the suspected anatomical factors have been shown

to be useful in the prognostic assessment of SD and there are

no prognostically distinguishing pathological features that could

be prospectively defined. Therefore, the clinical management is

still not defined. The strategy of the common pathway causing

malignancy has failed, thus, the interarterial course may act only

as a surrogate. ARCA and ALCA have very different clinical

features. ALCA is rare but more malignant and, among AAOCA

patients, causes most SD cases in young patients. ARCA is

relatively common and less malignant, but when populations

of each age group are evaluated, the number of SCDs it

causes are equal, or even greater than ALCA. These patients

are older, and deaths often occur at rest. Therefore, ARCA

is not a minor disease, but a different disease. Based on this

assumption, the pathophysiological basis of malignancy could

also be different. In our case, an unexpected complication led

to reconsideration of a possible parietal structural involvement

in ARCA malignancy. The theory of histological alteration of

the arterial wall playing a role in the pathophysiology of ARCA

malignancy is plausible based on three observations: (1) the

higher incidence of coronary periprocedural major dissection;

(2) the evidence of a specific tract of the artery being affected

by disease (90% of the cases reported), which may render

it particularly prone to stress, torsion, or kinking, and thus

more prone to histological alteration; and (3) the intraoperative

detection of wall alteration of the anomalous artery that was

demonstrated during surgical examination of the first tract of

ARCA in a 36-year-old patient.

The istologyical alteration causing spasm and ischemia,

suspected by some authors but considered implausible by

the community, especially after studies performed with

intracoronary acetylcholine, would seem to disprove this

hypothesis. We hypothesized that this alteration could involve

ARCA in specific segments and that spasm may not be

the only factor for ischemia. This alteration could render

arteries more prone to compression, kinking, atherosclerosis,

or thrombus. We also hypothesized that each patient may have

a different involvement and that the few patients with more

important histological distortion could be those at most risk.

The histological pattern of the anomalous arterial wall was

never evaluated.

In conclusion, 50 years since the identification of the

relationship between SCD and AAOCA, the risk of SCD

in a carrier patient has still not been defined and the

pathophysiological causes of the disease are unclear. For

the first time in the literature, we issue a warning on

the risk of complications during percutaneous treatment

of a CTO in an anomalous right coronary artery and

we reconsidered the pathophysiological basis of the

anomaly in a way that could change the approach to

the disease.
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for Cardiovascular Research (DZHK), Mainz Partner Site Rhine-Main, Mainz, Germany, 5Division of
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Aim: The aim of this study is to provide evidence on how use of standardized

intravascular ultrasound (IVUS) use impacts stent size choice in the setting

of chronic total occlusion (CTO) percutaneous coronary intervention (PCI)

compared to visual estimation.

Methods and results: Data of 82 consecutive patients who had successfully

undergone IVUS-guided revascularization of CTO at the University Medical

Center Mainz were analyzed. Angiography-based stent size prediction for the

proximal and distal vessels was compared to the implanted stent diameter

after IVUS assessment. Angiography-based stent size prediction for the

proximal vessel was 3.09 ± 0.41, whereas IVUS use demonstrated larger vessel

diameter, resulting in larger implanted stent diameter (3.24 ± 0.45, p < 0.001).

Proximal vessel stent size prediction was underestimated in the majority of

patients by angiographic estimation. Angiography-based stent size prediction

for the distal vessel was 2.79 ± 0.38, whereas IVUS use demonstrated larger

vessel diameter, resulting in larger implanted stent diameter (2.92 ± 0.39,

p < 0.001).

Conclusion: Pre-stent IVUS assessment in CTO PCI provides important

information on vessel morphology and size. Angiography-based stent size

prediction for the proximal and distal vessels was frequently underestimated,

IVUS use demonstrated larger vessel diameter, resulting in significantly larger

implanted stent diameter.

KEYWORDS

intravascular ultrasound (IVUS), percutaneous coronary intervention (PCI), CTO
percutaneous coronary intervention, coronary artery disease, complex PCI
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Introduction

Revascularization of a chronic total occlusion (CTO) of
a coronary artery considered as a complex percutaneous
coronary intervention (PCI), with higher rates of procedural
failure (1), complications (2, 3), and in-stent restenosis than
less complex PCIs (4, 5). Advances in catheter techniques,
materials, and treatment algorithms have increased the success
rate of CTO PCI.

In addition to these technical advances, intracoronary
imaging, particularly intravascular ultrasound (IVUS), has been
proposed as a tool to optimize CTO recanalization procedures
(1, 6, 7).

Currently, the use of IVUS is recommended for positioning
and crossing of the guidewire with the Global Chronic Total
Occlusion Crossing Algorithm (e.g., for penetrating of the cap,
confirming true lumen positioning after antegrade dissection
and re-entry, ADR, and controlled antegrade and retrograde
tracking, CART) and increases the safety and efficiency of CTO
PCIs (6–10).

Besides information for wire placement, IVUS also
provides information about lesion length, morphology,
and vessel diameter (11), allowing for optimization of
stent selection, expansion, and apposition (12–14). The
correct choice of stent length and diameter is a mandatory
step to avoid strut malapposition due to undersizing
and incomplete coverage of the lesion. In fact, in the
CTO scenario, correct stent choice by visual/angiographic
assessment is challenging even for experienced operators,
as the distal vessel is often narrow, diffusely diseased, and
degenerated because of chronic hypoperfusion (15–17).
Therefore CTO PCIs result in high occurrence of stent-vessel
mismatch due to difficult visual estimation of vessel size in
the CTO context.

The aim of this study was to investigate the difference
between angiography- and IVUS-assessed vessel diameter
in patients undergoing CTO PCI and to show that IVUS
assessment is a mandatory step not only for guidewire
positioning and post-stent control but also delivers important
information before stent implantation.

Materials and methods

Study design and study population

The study was prospectively conducted from July
2019 to July 2021. Data from 82 consecutive patients
(≥18 years) who had successfully undergone IVUS-guided
revascularization of CTO at the University Medical Center
Mainz were analyzed. CTO was defined as a lesion with
100% stenosis and Thrombolysis In Myocardial Infarction
(TIMI) flow grade 0 that exists for more than 3 months.

The duration of occlusion was determined either based
on the clinical record of previous coronary angiograms or
clinical (onset of symptoms) or angiographic probability
(e.g., collateralization). In-stent CTOs were considered as an
exclusion criterion.

Coronary angiography and subsequent PCI were
performed by an experienced operator in the CTO
field and intracoronary imaging. The CTO hybrid
algorithm (18, 19) was used in all the cases, starting with
antegrade approaches and, in case of failure, escalation in
retrograde approach. IVUS studies were performed using a
commercially available system (PHILIPS Volcano; Cambridge,
MA, United States).

Once the coronary wire crossed the CTO body and
reached the distal true lumen, by protocol, the entire diseased
vessel was be predilatated with a 2-mm noncompliant (NC)
balloon in order to allow perfusion and vessel diameter
assessment. All estimations were conducted by the same
4 experienced interventional cardiologists who assessed
all the 82 lesions.

The CTO operator (who performed the procedure) and
the three experienced interventional cardiologists were asked to
choose the size of the stent(s) on the basis of visual proximal
and distal vessel diameter estimation. Predicted proximal and
distal vessel diameters have been intended as the reference vessel
diameters situated, respectively 5 mm proximally and distally
to the CTO caps. Thereafter, IVUS assessment of the vessel
was performed: distal and proximal vessel diameters (defined
as mean diameter, an average of of minimal and maximal
diameters) were calculated. External elastic lamina (EEL) to
external elastic lamina was meassured by IVUS to assess the
vessel diameter (Figure 1).

The size of the stents was selected on the basis of
the mean diameter (with a 1:1 or near 1:1 ratio). If one
stent was sufficient to treat the entire lesion, stent size
was selected according the mean distal vessel diameter, and
the proximal vessel diameter was used to determine the
balloon diameter for proximal optimization. In cases with a
relevant difference between distal and proximal mean diameters
(>1 mm), an extra stent in the proximal part with a more
suitable diameter was implanted in order to avoid stent
fracture after a POT.

After stent implantation, post-dilatation was routinely
performed with NC balloons in order to achieve a 1:1
ratio between stent and vessel diameter in all the treated
segments. IVUS assessment was conducted on all the patients
to determine stent length and achieve complete coverage of the
lesion.

Second-generation drug-eluting stents were implanted
in all the patients. Recommendations regarding antiplatelet
regime after intervention were carried out in adherence to
the guidelines (20). A follow-up with outpatient visit and
surveillance angiography was performed after 6 months.
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FIGURE 1

Revascularization of the left anterior descending artery (LAD). Examples of intravascular ultrasound (IVUS) assessment of the chronic total
occlusion (CTO) vessel: distal and proximal vessel diameters.

FIGURE 2

The diagrams show the values of the proximal stent diameter estimated by the operator who performed the CTO PCI and the three additional
interventional cardiologists.
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TABLE 1 Proximal stent parameters [estimation, intravascular ultrasound (IVUS), and implantation].

IVUS guided PCI (n = 82)

Estimated proximal stent diameter Implanted proximal stent diameter p-value

Operator 1 3.09 ± 0.41 mm 3.24 ± 0.45 mm 0.001

Interventionalcardiologist 1 2.94 ± 0.45 mm <0.001

Interventionalcardiologist 2 2,89 ± 0.29 mm <0.001

Interventionalcardiologist 3 3.08 ± 0.54 mm 0.004

IVUS value 3.87 ± 0.64 mm

Values are mean ± SD.

FIGURE 3

The diagrams show the values of the distal stent diameter estimated by the operator who performed the CTO PCI and the three additional
interventional cardiologists.

The study conformed to the Declaration of Helsinki and
was approved by the local ethics committee. All the participants
provided written informed consent.

Statistical analysis

Normal distribution was tested by QQ-plot analysis and the
Kolmogorov–Smirnov test. Continuous normally distributed
data were presented as mean and standard deviation, and
differences were tested by the Student‘s t-test; Non-normally
distributed variables were presented as median and minimum
and maximum values, and group comparisons were performed

by the Mann-Whitney U test. Categorical data were presented
as absolute and relative frequencies, and comparisons between
groups were performed by chi -square test. Differences were
considered statistically significant if p < 0.05.

The statistical analyses were performed using SPSS (version
23; IBM SPSS Statistics).

Results

Eighty-two patients with successful IVUS-guided CTO PCI
were prospectively included in the study. Clinical follow-up
(outpatient visit and surveillance coronary angiography) was
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TABLE 2 Distal stent parameters (estimation, IVUS, and implantation).

IVUS guided PCI (n = 82)

Estimated distal stent diameter Implanted distal stent diameter p-value

Operator 1 2.79 ± 0.38 mm 2.92 ± 0.39 mm <0.001

Interventionalcardiologist 1 2.77 ± 0.39 mm <0.001

Intervetnionalcardiologist 2 2.61 ± 0.26 mm <0.001

Intervetnionalcardiologist 3 2,70 ± 0.49 mm <0.001

IVUS value 3.15 ± 0.49 mm

Values are mean ± SD.

available for 72 (87.8%) of the patients. The mean follow-up
period was 210 ± 20 days.

Stent parameters

The average number of implanted stents was 2 ± 0.8.
The estimated proximal and distal stent diameters of the
operator were analyzed, and we found the following results for
the proximal part of the lesion: angiography-based stent size
prediction for the proximal vessel was 3.09 ± 0.41 mm, whereas
IVUS use demonstrated larger vessel diameter, resulting in
significantly larger implanted stent diameter (3.24 ± 0.45 mm,
p < 0.001).

The analysis of the estimated proximal stent diameter by the
other interventional cardiologists (interventional cardiologists
1, 2, and 3) also showed that proximal stent diameter was
underestimated in majority of the patients by angiography. The
results of the proximal stent parameters are shown in Figure 2
and Table 1.

The analysis of the distal part of the lesion showed the
following results: angiography-based stent size prediction for
the distal vessel was 2.79 ± 0.38 mm, whereas IVUS use
demonstrated larger vessel diameter, resulting in significantly
larger implanted stent diameter (2.92 ± 0.39 mm, p < 0.001).

The analysis of the estimated distal stent diameter by the
other interventional cardiologists (interventional cardiologists
1, 2, and 3) also showed that distal stent diameter was
underestimated in majority of the patients by angiography.

The results of the distal stent parameters are presented in
Figure 3 and Table 2.

Clinical and angiographic outcomes

After discharge, none of the patients suffered from a
cardiac event (cardiac death, nonfatal myocardial infarction,
and stent thrombosis) within 6 months of the follow-up period.
We observed 2 (2.77%) re-occlusions and 6 (8.33%) target
lesion revascularizations on the 6-month surveillance coronary
angiography. None of the patients developed acute renal failure

after the CTO PCI. The comparison of GRF values before and
1 day after the CTO PCI showed no difference [81 (10–117) vs.
80.5 (14–120), p.15]. Clinical and angiographic parameters at
baseline are shown in Table 3. Table 4 summarizes the clinical
and angiographic outcomes at follow-up.

Discussion

The main findings of our study are the following: first,
values of the proximal and distal vessel diameters were estimated
commonly smaller by visual assessment than by IVUS, which led
to change in implanted stent diameter. Second, IVUS assessment
was associated with good outcomes in the angiographic and
clinical follow-up. Third, we found IVUS assessment to be safe
and feasible in CTO PCI with low rate of complications.

Intravascular ultrasound-guided PCI is the most effective
method to perform an optimal PCI with low rates of target lesion
revascularization, target vessel revascularization, and major
adverse cardiac events, but in the clinical routine, it is frequently
underused. A meta-analysis published in 2016 showed that
IVUS guided PCI reduces major adverse cardiac events (all-
cause and cardiovascular deaths, myocardial infarction, target
lesion revascularization, and target vessel revascularization)
and stent thrombosis compared to angiography-guided PCI in
complex lesions (21). To date, there are only a few studies
investigating the effects and benefits of IVUS-guided CTO PCI.

Compared to the IVUS assessed diameter, the
vessel diameter assessed by angiography was frequently
underestimated in our collective. Estimation of vessel diameter
by angiography is often complicated by significant calcification
and tortuosity of the diffusely diseased and narrowed CTO
vessel. In contrast, by IVUS, EEL to EEL is measured to assess
vessel diameter, and this method is less affected by these factors.
Another challenge of angiographic assessment was found by
Allahwala et al. They showed in a collective of 174 patients that
the distal vessel size was increased by 31.1% after successful
CTO recanalization (17).

Kalogeropoulos et al. demonstrated in an observational
study that after IVUS assessment of the lesion significantly
longer stents and larger stent diameter were implanted in CTO
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TABLE 3 Clinical and angiographic parameters at baseline.

IVUS guided (n = 82)

Demographics characteristics

Age, yrs 62.13 ± 11.20

Male 69 (84.1)

BMI kg/m2 27.40 (21.64–43.03)

Diabetes mellitus 16 (19.5)

Hypertension 70 (85.4)

Hyperlipidemia 77 (93.9)

Current smoking 21 (25.6)

Ex-smoker 24 (29.9)

Multivessel CAD 69 (84.1)

GFR (ml/min) 81 (10–117)

LVEF (%) 55 (15–66)

LVEF ≤ 40% 10 (12.3)

Previous stroke 5 (6.1)

PAD 11 (13.4)

Previous CABG 7 (8.5)

Previous MI 25 (30.5)

Previous PCI 59 (72)

Procedural characteristics

CTO vessel

RCA 41 (50.0)

LAD 19 (23.3)

LCX 22 (26.8)

J-CTO Score 1.78 ± 0.73

Antegrade access 79 (96.3)

Number of stents ≤ 3 3 (3.7)

Total stent length >20 mm 57 (69.5)

Fluoroscopic time (min) 25.65 (10.62–55.48)

Contrast (ml) 208 (48–450)

Complications at baseline

Bleeding 0

Ventricular fibrillation 0

complication of access side 0

Stroke 0

Cardiac death 0

Acutekidneyfailure 0

Values are n (%), median (minimum-maximum), or mean ± SD.
yrs, years; BMI, body mass index; CAD, coronary artery disease; GFR, glomerular
filtration rate; LVEF, left ventricular ejection fraction; PAD, peripheral artery disease;
CABG, coronary artery bypass graft; MI, myocardial infarction; PCI, percutaneous
coronary intervention; RCA, right coronary artery; LAD, left anterior descending
coronary artery; and LCX, left circumflex coronary artery.

PCI. In the clinical follow-up, there was no difference in the
rate of clinical events (all-cause death, cardiac death, myocardial
infarction, and target vessel revascularization) (22). Based on
these data, IVUS offers the possibility for accurate measurement
of vessel diameter and lesion length and enables optimal stent
choice in the CTO PCI setting. An optimal stent choice (good
stent apposition and complete lesion coverage) reduces the rate

TABLE 4 Clinical and angiographic outcomes at follow-up.

Angiographic outcome IVUS guided (n = 72)

Re-occlusion 2 (2.77)

TLR 6 (8.33)

Acute MI 0

Major bleeding 0

Values are n(%).
TLR, target lesión revascularization; and MI, myocardial infarction.

of restenosis and adverse clinical events (all-cause death, cardiac
death, and myocardial infarction) after PCI (12, 23, 24).

In our collective, we found a significant difference between
estimated and implanted stent diameters after IVUS use, which
underscores the difficulty of assessment of stent diameter by
angiography and the benefit of pre-stent IVUS use. Both
proximal and distal stent diameters were underestimated.

Our collective showed a low restenosis rate in the follow-up,
and this is most likely explained by the optimized choice of stent
diameter by IVUS guidance.

Our study has several limitations. First, the sample size is
limited and is not adequately powered to address the clinical
endpoints. For this purpose, our analysis should be intended
as hypothesis generating, and further prospective studies with
larger cohorts are needed to investigate the benefit of pre-stent
IVUS assessment in CTO PCI. Second, the IVUS technique
was mandatorily used to choose the stent diameter, but we
did not recommend by protocol a post-stent IVUS assessment.
Moreover, information concerning the pre-recanalization status
of the distal target vessel has not been routinely collected:
the presence of CTOs with well-developed collateral could
have mitigated IVUS usefulness in stent size choice, since
angiographic estimation seems easier if the distal vessel is not
diseased. Lastly, the follow-up was short, and this could explain
the low number of major clinical events.

Conclusion

Intravascular ultrasound is an important tool to achieve a
procedural and short-term efficacy in the CTO scenario.

Based only on angiographic appearance, proximal and distal
reference vessel diameters were often underestimated when
compared to intravascular ultrasound assessment. This aspect
has led to change in stent selection, with a low rate of TLR at
6-month follow-up.
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Despite the introduction of drug-eluting stents to combat the neointimal

hyperplasia that occurred after BMS implantation, in-stent restenosis is still

encountered in a significant number of patients, particularly as increasingly

complex lesions are tackled by percutaneous coronary intervention. Many

biological and mechanical factors interplay to produce restenosis, some

of which are avoidable. Intravascular imaging provided unique insights

into various forms of stent-related mechanical issues that contribute to

this phenomenon. From a practical perspective, intravascular imaging can

therefore help to optimize the stenting procedure to avert these issues.

Moreover, once the problem of restenosis eventuates, imaging can guide

the management by tackling the underlying identified mechanism. Finally,

it can be used to evaluate the re-intervention results. Nevertheless, with

the emergence of different treatment options, more evidence is needed to

define patient/lesion-specific characteristics that may help to tailor treatment

selection in a way that improves clinical outcomes.
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Introduction

In spite of all the technological evolution of percutaneous coronary intervention
(PCI) (Figure 1), in-stent restenosis (ISR) remains the commonest failure mechanism
post-PCI, occurring in 3 to 20% of patients depending on patient’s and lesion
characteristics and stent type (1). In the drug-eluting-stent (DES) era, the rate of ISR
has decreased, but the absolute numbers actually increase due to the progression of PCI
as a tool to treat increasingly complex coronary artery disease.

The traditional anatomic substrate of ISR is neointimal hyperplasia, resulting
primarily from vascular smooth muscle cell proliferation. This classically occurred after
bare metal-stent (BMS) implantation peaking early between 6 and 12 months. However,
DES-ISR can peak years after implantation, the so-called “late catch-up” phenomenon
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(2). This is probably due to delayed healing and persistent
inflammation, with the more frequent appearance of
“neoatherosclerosis.”

Because various biological and mechanical mechanisms can
contribute to DES ISR, e.g., drug resistance, hypersensitivity
to the drug or polymer, etc. (3), the management of such
challenging problem requires the identification of any
underlying mechanical problems that can be rectified.
Intravascular imaging with intravascular ultrasound (IVUS) or
optical coherence tomography (OCT) allows this systematic
investigation, to tailor interventions and tackle the underlying
mechanism and to optimize the results of any necessary
repeated interventions. In addition, intravascular imaging
can call attention to potential new device-related issues.
However, further evidence is still needed to prove that
intravascular imaging-guided management of ISR improves
clinical outcomes and/or prevents recurrences in this setting.
From another standpoint, intravascular imaging has helped
to clarify the relationship of certain lesion characteristics to
the risk of ISR. For instance, IVUS has shown that although
a well-developed collateral circulation (collateral flow index
≥0.25) is associated with more severe stenoses at baseline, it
does not predict an increased risk of ISR (4).

Angiographic ISR is usually defined arbitrarily in binary
terms as diameter stenosis of >50% in-stent or at its edges (5-
mm segments adjacent to the stent) on coronary angiography
(5). This provides simplicity but is also rooted in the physiologic
significance of such degree of narrowing and has been shown
to offer the best balance of sensitivity and specificity, compared
to other more accurate but less accessible cutoffs, in terms of
predicting clinically driven target lesion revascularization (TLR)
(6, 7). However, because this is a 2-dimensional assessment, it is

FIGURE 1

Angiographic appearance of an in-stent restenosis in segment 2
of the right coronary.

contingent on obtaining the worst-stenosis projection. Besides,
it relies on the visual estimation of the operator that has to
judge the ISR using the body of the stent, with a small margin
of proximal and distal vessel. Even with the introduction of
computer-assisted quantitative angiography, as a more objective
clinical tool, limitations exist pertaining to the technology,
technique, and analysis (8). Percentage diameter stenosis at
follow-up coronary angiography and late luminal loss are also
well-studied continuous-scale parameters used to describe the
degree of restenosis (9). Late loss, as a measure of absolute
renarrowing [ = minimum lumen diameter (MLD) immediately
post-procedure − MLD at follow-up], was shown to be a
generalizable and powerful endpoint across both BMS and DES,
as well as across different stented vessel sizes. However, since the
site of the MLD at implantation and that of MLD at follow-up
do not need to be exactly the same, this measure does not reflect
absolute neointimal proliferation. Percent diameter stenosis
[ = (1 − (MLD/reference vessel diameter)) × 100], albeit another
good measure to follow-up a given patient, is dependent on
the reference vessel size, complicating its use as a comparator
(10). In contrast, intravascular imaging allows a 3-dimensional
cross-sectional assessment of the artery, permitting a direct
visualization and quantification of the stent area, neointimal
area, and luminal area (11), where restenosis is usually defined
as a cross-sectional area re-narrowing >75% of the reference
vessel segment (12). In addition, timely online quantitation is
available rather than visual estimation. Earlier studies validated
IVUS for de novo coronary lesions against stress myocardial
perfusion single-photon emission computed tomography, as
well as invasive coronary flow reserve, proposing criteria such
as an IVUS minimum lumen area (MLA) <4.0 mm2 or
corrected percent area stenosis ≥75% as the indicators of
functional significance (13, 14). However, with the consolidation
of myocardial fractional flow reserve (FFR) and other invasive
physiological indices such as the instantaneous wave-free
ratio (iFR) as the contemporary gold standard to assess the
significance of coronary stenotic lesions, it became clear that
many factors including ethnicity, vessel size, lesion location,
the type of imaging used, etc., preclude the adoption of a
universal cutoff by intracoronary imaging to intervene, and that
intracoronary imaging can more readily provide thresholds for
safe deferral of intervention (15).

The challenge of defining clinically relevant restenosis is
compounded by the reality that the mere anatomic detection
of a restenosis by angiography and intravascular imaging,
especially if moderate, does not automatically signify a “clinical”
or “functional” restenosis that can produce symptoms or
objective evidence of ischemia. This uncoupling of anatomic
and clinical restenosis might be attributed to the effect of
other geometric aspects of the lesion (including its length) on
flow, the status of endothelial function, collateral circulation,
and the size of the subtended myocardial bed (9). Therefore,
surrogate clinical endpoints such as TLR emerged, to capture a
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specific treatment’s ability to maintain long-term patency at the
particular intervention site. The academic research consortium
(ARC) criteria for TLR thus emphasize the clinical context in
addition to anatomic luminal measurements, in the form of
recurrent symptoms, objective signs of ischemia by non-invasive
testing, or abnormal results of any invasive functional diagnostic
test, unless the diameter stenosis is ≥70% (16, 17). Of note,
this ARC consensus highlights the fact that early TLR events
(<30 days after stenting) are unlikely to be due to ISR but are
most likely a result of subacute stent thrombosis.

Intravascular imaging can guide the management of ISR
through multiple stages. On the one hand, it can help to
optimize the stenting procedure by predicting and avoiding
ISR. On the other hand, once the ISR problem has set in,
such modalities can help to identify the underlying mechanism.
Finally, imaging can evaluate ISR treatment results.

Prevention of restenosis

Intravascular ultrasound-guided BMS implantation was
shown to modestly reduce restenosis and the need for repeat
revascularization (18–20). However, the impact of IVUS-guided
DES implantation on target vessel revascularization (TVR) was
more controversial (21, 22). More recent studies and meta-
analyses show that IVUS-guided PCI is associated with a
significantly lower risk of TLR in all generations of DES, both
in stable angina and in acute coronary syndromes (ACSs) (23–
27). In complex PCI, earlier studies showed no impact of IVUS
guidance on TLR (28), but later ones (or subgroup analyses
thereof) confirmed that IVUS use reduces the risk of ischemia-
driven TLR (29–32) and that such benefit is sustained on the
longer term (33, 34).

Similarly, OCT guidance seemed to lower the 1-year risk
of a composite that included TLR, only on unadjusted analyses
(35). From another angle, when nearly 1,000 lesions in the
same study were retrospectively analyzed, suboptimal stent
deployment defined according to the presence of at least
one of specific quantitative OCT criteria was associated with
an increased risk of major adverse cardiac events (MACEs)
including TLR. These criteria included in-stent MLA <4.5 mm2,
distal dissection >200 µm, and distal or proximal reference
lumen area (at stent edges) <4.5 mm2 in the presence of
significant plaque (36). In another large observational study,
where almost 90 thousand patients were analyzed (OCT used
in over 1,100 patients, IVUS used in almost 11 thousand
patients, and angiography alone used in slightly over 75
thousand patients), OCT-guided procedures were associated
with a reduction in the prespecified primary endpoint of all-
cause mortality at a median of nearly 5 years, but the study did
not provide information about TLR on the long term, because
the prespecified secondary composite endpoint was restricted to
in-hospital events (37). From another perspective, OCT-guided

PCI in patients with non-ST segment elevation ACS was shown
to modestly improve the post-procedural fractional flow reserve
(FFR), mostly by the optimization of stent expansion, when
compared to fluoroscopy-guided PCI. In this study, post-PCI
OCT revealed stent underexpansion in 42% of patients (38).

Interestingly, a prospective multicenter 1:1 randomized
study has directly compared OCT to IVUS in patients
undergoing PCI with a second-generation DES. The study
successfully demonstrated that OCT-guided PCI was non-
inferior to IVUS-guided PCI, regarding both angiographic in-
stent and in-segment stenosis at 8 months, as well as ischemia-
driven TLR at 12 months (39). Likewise, a meta-analysis
incorporating that study among others, encompassing over 17
thousand patients, showed no difference in comparative efficacy
between IVUS and OCT in terms of TLR, although OCT did
not significantly lower the risk of TLR compared to angiography
guidance (27).

This review provides an overview on the various forms
of mechanical stent-related problems that can be detected by
intravascular imaging and have been linked with varying degrees
to ISR. Table 1 summarizes the relative strengths of IVUS and
OCT for the detection of each of these problems.

Stent underexpansion

The most frequent technically preventable mechanism of
ISR in the DES era is stent underexpansion (40), often

TABLE 1 Relative strengths of IVUS and OCT for the detection of
various underlying mechanisms of ISR.

Application/
finding

Angiography IVUS OCT

Stent sizing + ++ +

EEL/vessel wall
visualization

− ++ +

Calcium pre-PCI + if severe + arc + arc and thickness/area

Peri-stent calcium − − +

Acute stent
malapposition

+ ++ +++

Geographic miss − + +

Edge dissection + ++ +++

In-stent tissue
prolapse

− + ++

Stent fracture + (Stent-boost++) + ++ (3D +++)

Longitudinal stent
deformation

+ ++ +++

Non-uniform strut
distribution

− + +

Neointimal
characterization

− + ++

Multiple layers of
stent

+ ++ +++

+, feasible; ++, good; +++, very good.
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FIGURE 2

Stent underexpansion. OCT image of an incomplete expansion of a stent resulting in restenosis despite moderate neointima proliferation. The
asterisks (*) mark stent struts. The small picture demonstrates the incomplete apposition at angiography.

unrecognized at angiography (Figure 2). Post-PCI minimum
stent area (MSA) is consistently the strongest predictor of
ISR. In an early study of almost 500 lesions in 425 patients
who underwent successful IVUS-guided stenting, based on the
empiric criteria, an intrastent minimal lumen cross-sectional
area ≥55% of the average reference vessel was the only criterion
that was associated with a higher probability of freedom
from ISR, independently from vessel size (41). However, more
recent accumulating evidence suggested that the absolute stent
expansion (MSA as an absolute measure) matters more than the
relative expansion (MSA compared to a predefined reference
area) in predicting the stent patency in the long term. In a
study of over 1,500 patients [nearly 1,100 with paclitaxel-eluting
stents (PESs), and nearly 500 with BMS], post-PCI MSA was
the independent predictor of subsequent ISR at 9 months,
with an optimal threshold of 5.7 mm2 for PES (42). Similarly,
for sirolimus-eluting stents (SESs), post-procedural final MSA
by IVUS was one of the only two independent predictors of
angiographic restenosis; the other predictor being the stent
length. In that study, the final MSA cutoff that best predicted ISR
was 5.5 mm2 (43). Similar data have been shown for the second-
generation DES, where a study of almost 1,000 lesions identified
the post-stenting MSA as the only independent predictor of
angiographic ISR in zotarolimus-eluting stents (ZESs) and in
everolimus-eluting stents (EESs). The best MSA cutoff value
was 5.5 mm2 for the prediction of SES restenosis, 5.3 mm2

for ZES ISR, and 5.4 mm2 for EES (44). Most recently, this
was challenged by an IVUS substudy of the ADAPT-DES
registry (Assessment of Dual Antiplatelet Therapy with Drug-
Eluting Stents), where ten different stent expansion indices
were compared for their association with a primary endpoint
of lesion-specific 2-year clinically driven TLR or definite stent

thrombosis. Interestingly, only MSA/vessel area at the MSA site
(best cutoff was 38.9%) was independently associated with the
study endpoint, after adjusting for morphologic and procedural
parameters. In other words, stent/vessel area at the MSA site
was superior to absolute MSA (and other expansion indices) in
predicting the study endpoint, driven mainly by the difference
in TLR rather than stent thrombosis (45).

Whereas the studies mentioned above investigated non-
left main lesions, Kang et al. showed that for unprotected left
main (LM) stenting, ISR was more frequent in lesions with
underexpansion of at least one segment, with a significantly
lower event-free survival rate than in lesions with no
underexpansion. The MSA cutoffs that best predicted ISR on a
segmental basis were 5.0 mm2 for ostial left circumflex (LCX),
6.3 mm2 for ostial left anterior descending (LAD), 7.2 mm2 for
the polygon of confluence (POC), and 8.2 mm2 for the LM above
the POC (46).

Likewise, in chronic total occlusions (CTO) that are
successfully recanalized, IVUS has shown that a smaller MSA is a
major predictor of angiographic ISR (47). Additionally, similar
to patients with stable coronary artery disease, a smaller MSA
after primary PCI was shown to be an independent predictor of
angiographic restenosis (48).

Concurring with the intravascular ultrasound (IVUS)
findings, post-stenting optical coherence tomography
(OCT) has shown that a small MSA (defined as <5.0 mm2

for DES) is an independent predictor of 1-year device-
oriented clinical endpoints (49). It is important to note,
however, that these thresholds do not define optimal
stenting, such that a larger MSA is still associated with
less ISR, until an MSA of about 8 mm2, where a plateau is
reached (50).
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FIGURE 3

Calcific lesions at intravascular ultrasound (Left) and optical coherence tomography (Right). The limitation of IVUS in this case is that the lesion
projects a shadow that does not allow measuring its depth.

Interestingly, when compared to phantom models, OCT
was more accurate and reproducible in the assessment of
coronary luminal dimensions than IVUS which overestimated
those dimensions and was less reproducible (51). Earlier studies,
however, suggested that OCT guidance would yield smaller
stent expansion and more residual reference segment stenosis
than IVUS guidance, because of the greater ability of IVUS to
visualize the vessel border compared to OCT, both before and
after intervention. This would potentially lead to more stent
restenosis (52). Nevertheless, when OCT-guided stenting was
compared to IVUS-guided stenting in the ILUMIEN (optical
coherence tomography compared with intravascular ultrasound
and with angiography to guide coronary stent implantation) II
study, both approaches resulted in a comparable degree of stent
expansion, defined as MSA divided by the mean of the proximal
and distal reference lumen areas (53).

Regarding the relative stent expansion, the EAPCI
consensus views a cutoff of >80% for the MSA relative to
average (proximal and distal) reference lumen area, as a
reasonable and realistic target to employ in clinical practice,
taking into consideration that more stringent targets such as
>90% were frequently not achieved in the respective clinical
trials (54).

Stent underexpansion could be due to stent
underdeployment (the use of low deployment pressures),
stent undersizing, or heavily calcified lesions that preclude
adequate stent expansion despite high deployment and/or
post-dilation pressures. It is important therefore to recognize
target lesion calcium, so as to consider pre-stenting calcium
modification techniques, e.g., rotational, or orbital atherectomy,
cutting, or scoring balloons. Intravascular imaging is more
sensitive for calcium detection than angiography. In a study
of 1,155 native vessel target lesions in stable patients, IVUS
detected calcium in 73% whereas angiography detected calcium

in only 40% (55). This is in line with the results of other
studies, which showed a good sensitivity and specificity of
IVUS to detect intralesional calcium compared to pathology.
In one study that examined the ability of IVUS to accurately
depict circumferential calcified lesions on autopsy arterial
segments, IVUS had a sensitivity of 89% and a specificity of 97%
(56). In another study of 50 coronary vessel segments, IVUS
was compared to corresponding histologic sections and had
an overall sensitivity of 90% and a specificity of 100% for the
detection of dense, coherent calcium, even though it had a much
lower sensitivity (64%) for visualizing microcalcification (57).

While it is difficult to evaluate calcium thickness or area
with IVUS because its surface reflects ultrasound waves almost
entirely, OCT can penetrate through calcium, so that its
thickness and area can be evaluated (Figure 3). This was
shown to be relevant, although to a lesser degree than the
arc of calcium, so that it affects the minimal stent diameter
achieved (58). In another study, a thinner calcium thickness
after rotational atherectomy (optimal threshold was 0.67 mm)
predicted the formation of cracks after balloon angioplasty
which in turn permitted a larger lumen gain and a greater stent
cross-sectional area (59). An OCT-based calcium scoring system
has been proposed, whereby a maximum angle of calcium
>180◦, together with a maximal thickness >0.5 mm, and length
>5 mm, predicted stent underexpansion (based on the smallest
stent area divided by the average of proximal and distal reference
luminal areas) with a slightly better ability than the angiographic
detection of severe calcium (60). On the other hand, it has been
demonstrated that the detection of calcium fractures by OCT
(Figure 4) confirms adequate modification of heavily calcified
culprit lesions before stenting and resulted in a greater MSA,
and stent expansion immediately post-PCI, as well as smaller
percent diameter stenosis, less frequent binary restenosis, and
less ischemic-driven TLR, at 10-month follow-up (61).
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FIGURE 4

Cracks in the subintimal calcium after coronary lithotripsy.

Stent undersizing

There is no clear-cut evidence to support routine use of
intracoronary imaging for stent sizing. However, there is some
evidence to support intracoronary imaging guidance in long
lesions and CTOs (62–64), although the greater CTO success
achieved in the imaging-guided group in terms of, e.g., a greater
MSA (at least in part due to bigger implanted stent diameters),
did not always translate into better clinical outcomes, with the
exception of less stent thrombosis and less TLR in longer lesions
(65, 66). In addition, the EAPCI expert consensus recommends
its use in LM lesions, patients with ACS, or other complex lesion
morphologies (67). Nevertheless, there seems to be less benefit
in simple lesions or patients with stable clinical presentation
(54, 68).

Imaging-guided stent sizing is based on either the external
elastic lamina (EEL) diameters of the distal reference, usually
rounded down by ≥0.5 mm or alternatively, reference lumen
diameters can be used, rounded up by 0.5 mm. Particularly in
smaller or very calcific arteries, or in the setting of diffusely
diseased vessels (including chronic total occlusions) or acute
coronary syndromes, imaging-guided sizing is often larger than
the angiographic reference diameters.

For its superior capacity to distinguish the EEL, IVUS is
considered to be the gold standard method for guiding stent
sizing (Figure 5). Because of the limited tissue penetration of
OCT (1–2 mm) compared to IVUS (5–6 mm), it is often not
able to visualize the EEL at the lesion site. The introduction
of artificial intelligence-based methods in the latest iteration of
the OCT software by the company Abbott vascular, however,
significantly streamlines these processes (Figure 6). Therefore,
an algorithm was proposed by the ILUMIEN III and IV
studies (54, 69), where the EEL diameter was used if the EEL
circumference was visible for ≥180◦. In such case, the proximal

FIGURE 5

Stent undersizing demonstrated at IVUS. The white dotted line
marks the lamina externa, where the stent struts (*) should lie.

FIGURE 6

Artificial intelligence-driven stent/vessel sizing.

and distal reference mean EEL diameters were measured, and
the smaller of these diameters rounded down to the nearest
0.25 mm was used. In case the EEL cannot be seen ≥180◦,
the stent diameter was determined as 100% of the lumen
diameter. Compared to the respective reference, a final lumen
area ≥90% was considered acceptable. Using this algorithm,
OCT-guided PCI was non-inferior to operator-directed IVUS
guidance in terms of the post-PCI MSA, with no difference in
procedural MACE up to 1 year (54, 68). Because ILUMIEN III
was underpowered to detect differences in clinical outcomes,
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another adequately powered ongoing trial, ILUMIEN IV trial
(NCT03507777), is geared to rigorously test this aspect (69).

From a practical perspective, the EAPCI consensus on the
clinical use of intracoronary imaging highlights the distal lumen
reference-based sizing as a safe and straightforward approach,
which can be followed by an optimization of the mid and
proximal stent segments. The mean distal lumen diameter with
up rounding of the stent diameter by 0–0.25 mm may be used, or
alternatively, the mean EEL (if adequately visualized) with down
rounding to the nearest 0.25 mm stent size can be used (67).

Geographic miss

Longitudinal geographic miss (GM) refers to an injured or
diseased vessel segment not covered by the stent. Both IVUS and
OCT provide valuable information to determine an appropriate
(relatively plaque-free) landing zone for stent implantation, to
avoid GM and have adequate lesion coverage.

In a study of over 1,500 patients with SES implanted, GM
had a four-fold increase in the incidence of edge restenosis,
with a significantly higher rate of TVR at 1 year, after adjusting
for clinical and anatomic factors (70). In another smaller
retrospective study of 167 SES, a larger reference percentage of
plaque area at baseline IVUS was among the factors associated
with edge restenosis (71). Similarly, residual edge plaque burden
was the only independent predictor of angiographic stent edge
restenosis at 9 months after PES implantation (72). Another
IVUS study of newer generation DESs in almost 1,000 lesions
concluded that edge restenosis was predicted by post-stenting
reference segment plaque burden and reference segment MLA.
The predictive cutoff of the reference plaque burden was 54.5%
overall (56.3% for endeavor ZES, 57.3% for resolute ZES, and
54.2% for EES) (73).

Comparable results were obtained by OCT in a retrospective
study of 319 patients with EES implantation. The independent
predictors of binary angiographic stent edge restenosis at 9
to 12 months were lipidic plaque in the stent edge segment
(optimal cutoff was an arc ≥185) and MLA (optimal cutoff was
4.1 mm2) (74).

Interestingly, in a prospective single-center randomized
study of 200 patients, comparing OCT-guided PCI with vs.
without co-registration, there was no significant difference
in GM, even though co-registration enabled more precise
stent location. There was also a trend for less severe edge
dissection with co-registration, which did not reach statistical
significance (75).

Edge dissection

Optical coherence tomography has a greater sensitivity
to detect post-procedural stent edge dissections than IVUS

FIGURE 7

Edge dissection.

(Figure 7), attributable to its greater resolution. This is
confirmed, for example, by data from ILUMIEN III, where
untreated edge dissections as detected by OCT were more
frequently present after IVUS-guided and angiography-guided
PCI than after OCT-guided PCI. Not only untreated major
dissections (≥60◦ in circumference and/or ≥3 mm in length)
and medial dissections were more common after IVUS-guided
PCI than after OCT-guided PCI, but indeed, OCT detected
nearly 25% of total dissections and 15% of major dissections that
were overlooked by IVUS (54). This agrees with the data from
other smaller-scale studies (51). However, these findings had no
impact on stent-oriented outcomes (68).

On the other hand, although it has previously been shown
in a porcine model that the degree of arterial injury is strongly
correlated with the magnitude of restenotic response (76), and
one group has shown that IVUS-detected edge dissections were
related to more restenosis with subsequent TLR (77), Radu et al.
demonstrated, however, that non-flow limiting edge dissections
identified by OCT at baseline completely healed on serial follow-
up at 1 year, except for the longest flaps (2.81 and 2.42 mm),
which were only partially healed. In all cases, however, this did
not produce restenosis as assessed by OCT at 1-year follow-up,
nor did it result in MACE within that year. Moreover, the two
cases with persistent/partially healed dissections had no MACE
up to 3 years of follow-up (78). This aligns with a multitude of
other studies that employed angiographic (71, 73, 74, 79), IVUS
(80), and OCT follow-up (81–84). Similarly, in a study of over
1,000 stents implanted to treat 900 lesions (including both BMS
and DES), stent edge dissection detected by OCT had no impact
on device-oriented clinical endpoints at 1 year of follow-up (49).

Of note, other groups related certain OCT-derived
characteristics of the edge dissection to MACE, e.g., dissection
flap thickness ≥200 µm (85), or 310 µm (86), or dissection

Frontiers in Cardiovascular Medicine 07 frontiersin.org

7374

https://doi.org/10.3389/fcvm.2022.843734
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-843734 August 3, 2022 Time: 14:50 # 8

Abouelnour and Gori 10.3389/fcvm.2022.843734

length >3.55 mm (87), but none of these groups demonstrated
an association specifically with edge restenosis.

In-stent tissue protrusion/prolapse

Optical coherence tomography seems to be more sensitive
than IVUS for intrastent tissue protrusion detection (51)
(Figure 8). However, the impact of tissue protrusion/prolapse
(TP) on restenosis and TLR is controversial, with several studies
failing to establish a significant relationship

An early study of 407 native coronary lesions, where post-
intervention IVUS was done, failed to show an association
of minor plaque prolapse (detected in nearly quarter of the
lesions) and 6-month angiographic restenosis (88). In another
serial IVUS study of 205 lesions in patients with diabetes,
plaque prolapse was not associated with increased neointimal
proliferation or angiographic restenosis (89).

From the OCT perspective, irregular in-stent TP
independently predicted 1-year device-oriented clinical
endpoints, primarily driven by TLR that was not for stent
thrombosis. This is probably because irregular tissue protrusion
represents a moderate to severe vessel injury with a high
likelihood of medial disruption and lipid core penetration
resulting in restenosis (49). However, in another serial OCT
and IVUS study, although the lumen area in lesions with
TP significantly decreased due to neointimal proliferation at
follow-up (with greater late lumen area loss in IVUS-detected
than in OCT-only-detected TP), no impact on clinically relevant
restenosis was demonstrated (81).

Interestingly, in a prespecified substudy of the ADAPT-DES,
TP detected by IVUS was associated with less clinically driven

FIGURE 8

Tissue prolapse after PCI of a chronic total occlusion. The stent
struts are marked with *, at 1 o’clock a prolapse of a calcific
plaque can be seen.

TLR at 2 years, in part because of greater stent expansion in
these lesions which was presumably among the causes of TP,
and because greater stent expansion counterbalanced the impact
of TP to maintain a good acute result in terms of luminal
dimensions (90).

Acute stent malapposition

Optical coherence tomography has a greater ability to detect
acute stent malapposition (ASM) than IVUS (Figure 9). For
instance, when the same lesions were evaluated post-PCI with
frequency-domain OCT and IVUS, incomplete stent apposition
was detected in more lesions by OCT than by IVUS (39 vs. 14%)
(51). Similarly, in the ILUMIEN III trial, OCT was significantly
more sensitive than IVUS at detecting malapposition. Moreover,
OCT procedural guidance led to fewer malappositions than did
IVUS guidance (54).

The clinical outcome of ASM yet is uncertain, i.e., no
clear connection exists between ASM (in the absence of
underexpansion) and subsequent TLR. This is probably because
ASM may subsequently resolve. In a serial OCT study of 66
stents (including EES, ZES, and BMS), 71.5% of the ASM
segments were completely integrated into the vessel wall at
6-month follow-up. The maximum ASM distance per strut
(or ASM volume) was the only predictor for the percentage
of malapposed struts at follow-up, so that a maximum ASM
distance <270 µm was grossly covered and spontaneously
reapposed in 100% of cases at follow-up, whereas distances
≥850 µm resulted in persistent ASM and delayed coverage
in 100% of cases (91). The same concept was demonstrated
in another serial OCT study of 77 patients, which showed
spontaneous resolution of ASM at 8- to 12-month follow-up,

FIGURE 9

Malapposition. Although not being a direct cause of restenosis,
the flow disturbance caused by the malapposed struts may
cause neointima proliferation distal to the site.
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which occurred to a greater extent in EES than in SES. The best
cutoff of the ASM acute distance for predicting late persistent
malapposition at follow-up was >355 µm for EES and >285 µm
for SES (92). A third OCT study with a longer follow-up of
2 years has shown a very close cutoff endoluminal distance for
the resolution of ASM in cobalt chromium EES of 359 µ m (93).

Consequently, in one study, for example, of over 350 lesions,
where patients received post-stenting OCT, ASM was observed
in 62% of lesions, and yet, there was no difference in clinical
events including TLR between patients with and without stent
malapposition (94). In another retrospective analysis of post-
procedural OCT findings in 864 patients, variable grades of ASM
were detected in 72.3% of stents, but had no relation to ISR,
nor to TLR (95). Similarly, in acute coronary syndrome patients,
post-procedural OCT-detected ASM was not associated with
device-oriented events including TLR (96). On the other hand,
in an integrated analysis of IVUS substudies of multiple trials,
where 1,580 patients were evaluated (with either PES or BMS
implanted), stent malapposition had no impact on the rates
of restenosis nor MACE including TLR at 9 months (97).
Furthermore, in the IVUS substudy of ADAPT-DES trial, ASM
did not influence clinically driven TLR at 2-year follow-up (98).

Stent fracture

A stent fracture undermines the scaffolding at its site as well
as the local drug delivery in the case of a DES. This is coupled
with mechanical irritation of the vessel by the fractured struts.
Moreover, evidence has been shown by IVUS for recoil of the
edges of the struts just proximal and distal to the fracture site
(99). Therefore, stent fractures associate with higher rates of ISR
and TLR (100–102). Intravascular imaging can help to identify
the cases of stent fracture overlooked on angiography, in the
context of ISR (103, 104), particularly with overlapping of the
proximal and distal fragments (99). Sometimes, stent fracture is
followed by longitudinal overlapping that shows up as a single
arc of double layers of stent struts in the same circumference on
consecutive frames in the middle of a single stent (99). Three-
dimensional OCT provides further help in challenging cases
such as single strut fractures (105, 106). Nevertheless, stent-
boost technology and multidetector computed tomography can
frequently make the diagnosis obviating the need for dedicated
intracoronary imaging (107, 108).

In a recent case series, our group reported that fracture,
classified in four different patterns, typically results in a
focal ISR at the fracture point (Figure 10) (109). In that
study, we proposed an OCT-based classification in different
patterns of increased severity (from single stacked struts to
rupture and gap), and indeed, more complex fracture patterns
were more common in the presence of device failure than
in incidentally discovered fractures. In the same study, we
also reported an association of stent fractures with stent

FIGURE 10

3D reconstruction of a stent fracture and gap associated with
ISR (the lumen is depicted in red).

eccentricity and asymmetry, which theoretically are among
aspects that intracoronary imaging can help to optimize. Once
a fracture is diagnosed, it is yet to be investigated in further
studies how such imaging-based classification scheme would
inform the management.

Longitudinal stent deformation

It is uncertain whether longitudinal stent deformation (LSD)
relates to outcome including ISR. In a pooled analysis of
patients treated with ZES and EES, rates of target lesion failure
were numerically but not significantly higher in lesions with
quantitative coronary angiography (QCA)-based LSD (110).
However, in another study of EES-treated lesions, it was shown
that LSD with resulting overlap leads to an excessive neointimal
hyperplasia (NIH), ISR, and TLR (99). The mechanism is
unclear but is probably non-uniform drug distribution.

Non-uniform strut distribution

Takebayashi et al. have demonstrated in patients with
SES implanted stents, that non-uniform strut distribution
represented by a larger maximum interstrut angle on
IVUS analysis independently predicted NIH formation
and subsequent restenosis (111).

Characterization of restenosis

Mehran et al. originally proposed an angiographic
classification for ISR (classes I to IV) that predicted more
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TLR with increasing ISR class (112). Although the classification
was based on the geographic position of ISR on angiography
in relation to the previously implanted stent, its accuracy
was verified in the same study by IVUS. Despite that,
the classification has several limitations; for instance, it
was developed in the BMS era just as DES was dawning.
Consequently, in RIBS-II trial, for example, which compared
SES with balloon angioplasty as a treatment for ISR, the
Mehran classification was unable to predict late loss in the
SES group (113). On the other hand, such classification does
not really address the possible underlying causes for ISR, nor
does it describe the nature of the restenotic tissue itself. As a
result, it would not be able to prescribe management pathways
given the plethora of newly developed interventional tools
available to tackle ISR.

Intracoronary imaging has greater sensitivity to detect and
characterize ISR (114). In an IVUS study that investigated
the patterns of ISR among different stent generations, BMS
restenosis presented later with more NIH compared to
DES (including both first- and second-generation DES).
Additionally, the total stent length was longer in DES ISR, and
the stent cross-sectional area at the site of the minimal luminal
area (MLA) was smaller, compared to BMS ISR. Regarding the
underlying mechanism, stent fracture was seen only in DES, but
stent malapposition was seen equally across all stent generations
(115). In a prospective multicenter registry conducted in Nordic
and Baltic countries, IVUS showed that stent underexpansion
was more common in DES ISR than in BMS ISR, and that
DES more frequently had focal ISR compared to BMS, with less
intimal hyperplasia (116).

Because of a higher resolution, OCT has permitted
more detailed characterization of the underlying etiology of
ISR. Furthermore, it highlighted the morphologic difference
between DES-ISR and BMS-ISR (117). In other words, OCT
allowed better characterization of the neointimal tissue type,
including identification of in-stent neoatherosclerosis, which
could potentially guide therapy. In BMS-ISR, the typical
pattern is a homogeneous high-signal tissue band, which is
a characteristic of neointimal hyperplasia, with high smooth
muscle cell content (Figure 11). In contrast, DES-ISR is
typically characterized by attenuated, layered, heterogeneous
tissue, which may represent proteoglycan-rich neointimal tissue,
or neoatherosclerotic plaque (Figure 12) (118). Regions of the
so-called peri-strut low-intensity (PSLIA) have been associated
with accelerated restenosis due to inflammation, proteoglycan
accumulation, and edema (Figure 13). Therefore, whereas
neointimal formation peaks at about 6 months after BMS
implantation, neointimal formation after DES implantation is
a dynamic process that could creep out to even 5 years (118).
In-stent neoatherosclerosis can also cause DES failure, through
intimal rupture and thrombus formation, which usually presents
with an ACS rather than stable angina (26). Of note, some
studies suggest that stent age (i.e., longer implant duration)

FIGURE 11

Calcific neointima. The white arrows mark the stent struts, the
left quadrant arc occupied by neointima presenting calcific
neoatherosclerosis. The remaining homogeneous neointima is
compatible with fibrous tissue.

FIGURE 12

Neoatherosclerosis.

rather than stent type is the strongest and most consistent
predictor of neoatherosclerosis (119).

Similar findings have been elicited by integrated backscatter
(IB) ultrasound which revealed more low-IB tissue in the
neointima of late restenosis (detected at ≥13 months after
stent implantation) than in that of early restenosis, suggesting
neoatherosclerosis as one of the mechanisms of late ISR
(120). Furthermore, in patients with DES ISR, it seems that
the underlying mechanism can impact the restenotic tissue
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FIGURE 13

A case of rapidly growing in-stent restenosis of the left main (3 months from previous angiography). The white arrows mark areas of peri-strut
low-intensity compatible with inflammatory processes and with a rapid progression of disease.

composition, e.g., stent fracture has been shown by IB-
IVUS to be associated with larger lipid volume within the
neointima, indicating a contribution to the development of
neoatherosclerosis (121).

A classification of ISR has been proposed based on the
qualitative OCT assessment of a small mixed sample of BMS
and different generations of DES, where restenotic tissue was
described as “layered,” “homogeneous,” or “heterogeneous.”
These patterns were not validated against histologic data,
and no insights were provided as to the clinical and
prognostic value (122). Recently, Yamamoto et al. proposed a
novel classification of ISR after DES implantation, based on
OCT imaging, that should be more accommodating of the
different ISR tissues encountered. In total, six patterns were
proposed (Supplementary Figure 1): Type I is a “homogeneous
high-intensity tissue” pattern, representing neointimal tissue
composed of smooth muscle cells in a proteoglycan and
collagen-rich matrix; type II is a “heterogeneous tissue with
signal attenuation” pattern and was the most frequent pattern
reported, suggestive of delayed arterial healing and/or the
presence of an organized thrombus; type III is a “speckled
heterogeneous tissue” pattern, indicating organized thrombus
and fibrinoids with smooth muscle cells poorly and focally
distributed, probably an early phase of type II; type IV
is a “heterogeneous tissue containing poorly delineated
region with invisible struts,” comprising atheromatous tissue,
including large fibroatheroma or a large amount of foam cell

accumulation within the neointima; type V is a “heterogeneous
tissue containing sharply delineated low-intensity region,”
representing dense calcified plates; and type VI is a “bright
protruding tissue with an irregular surface,” representing
calcified nodules. Because this classification has the potential
to differentiate lipidic atherosclerotic neointima and calcified
neointima from other neointimal tissue, it may help in
guiding the treatment strategy. Although in high-lipid-content
neoatherosclerosis, minimal lesion preparation would be
preferable to reduce no-reflow and periprocedural infarction,
in calcified neointima aggressive preparation is necessary to
permit adequate stent expansion (123). Importantly, Imanaka
et al. validated OCT patterns of neointimal tissue following
DES implantation against histopathology and showed that the
heterogeneous pattern with invisible strut on OCT identifies
the presence of lipid atherosclerotic tissue within neointima
(124). Systematic prospective studies are emerging to define
the clinical implication of these morphological patterns on
prognosis and management.

Another group used OCT gray-scale signal intensity to
provide a quantitative neointimal analysis and expectedly
found significantly different values among the different
neointimal prototypes (homogeneous, non-homogeneous, and
neoatherosclerosis), although different patterns coexisted in a
significant proportion of ISR lesions. However, no correlation
to the gold standard of histology was offered, nor is the impact
on clinical and angiographic outcomes clear (125).
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Evaluating restenosis by
intravascular imaging vs.
non-invasive imaging

Non-invasive imaging in the setting of ISR was primarily
investigated as a method of surveillance/screening in lesions
with a reported relatively high rate of ISR, e.g., LM PCI, to
avoid resubjecting the patient to invasive coronary angiography
for that purpose.

Van Mieghem et al. showed in a population undergoing
LM stenting that multisclice computed tomography (CT) by
a 16-slice scanner had good agreement for measuring the
mean stent cross-sectional area but did not report the Bland-
Altman results for the MLA (126). With the introduction of
64-slice multidetector CT (MDCT), Andreini et al. examined
the agreement between luminal area measurements on CT to
those on IVUS in a group of 24 patients. MDCT systematically
underestimated the MLA compared to IVUS, with wide limits
of agreement (127). Later, Veselka et al. have demonstrated that
dual-source computed tomography (by measuring the MLA)
can exclude in-segment restenosis after LM bifurcation stenting
with a negative predictive value (NPV) of 97%, using IVUS-
measured MLA as the gold standard (128).

Another very appealing application is the possibility of using
CT to efficiently diagnose stent fracture, which as described is
one of the underlying mechanisms for ISR (107, 108, 129, 130).

On the other hand, Kang et al. compared angiographic and
IVUS assessment of ISR severity (LM and multivessel ISR were
not included) to single-photon emission computed tomography
(SPECT) as a measure of functional significance of the lesion.
The overall diagnostic accuracy of IVUS-derived parameters
to predict a positive SPECT was only 70% similar to that of
angiography in the same study (an MLA cutoff ≤2.1 mm2,
which performed best among other parameters, had a positive
predictive value (PPV) of only 62%, and a NPV of only 77%)
(131). This can be attributed on the one hand to the inherent
limitations of SPECT, e.g., artifacts, spatial resolution, the
confounding effect of microcirculation, etc., with the potential
of false positives and negatives, and on the other hand, to the
multitude of factors that influence the IVUS assessment, e.g.,
the need for different cutoff MLA values for different lesion
locations, varying vessel diameters, and different ethnicities or
body habitus (15).

Management of restenosis

The initial step in ISR management is identifying the
underlying cause which in turn dictates the treatment strategy
(Figure 14). Intracoronary imaging can help to differentiate
between a mechanical cause and a biological cause and
discriminate between various mechanical causes. That said,

clinical evidence supporting a clear advantage for routine
intravascular imaging in ISR is still lacking. In other words, there
is a lack of evidence on the use of individualized therapeutic
strategies to target specific underlying ISR substrates detected
by intravascular imaging, and whether this individualized
approach improves clinical outcomes. Therefore, the 2018 ESC
guidelines on myocardial revascularization give a class IIa C
recommendation for the performance of IVUS and/or OCT to
detect stent-related mechanical problems leading to restenosis
(132). The use of intracoronary imaging is also recommended
by a recent expert consensus of the EAPCI on the management
of myocardial revascularization failure (133). Along the same
lines, the 2021 ACC/AHA/SCAI guideline for coronary artery
revascularization provides a class 2a C-LD recommendation for
the use of IVUS or OCT to determine the mechanism of stent
failure (134). Early on it seemed as if the only independent
predictor of late clinical outcome after re-intervention for ISR
was the final MLA obtained, regardless of the means used to
achieve it (135). An optimal treatment algorithm is discussed in
detail in two recent excellent reviews by Waksman et al. (114,
136). The algorithm overall is in line with the corroborating
evidence available in different situations as presented below.

From a practical standpoint, in cases of stent undersizing
or underexpansion (Waksman type I A), identifying the tissue
composition can guide optimal device choice. Soft tissue will
probably respond to treatment with high-pressure balloon
inflation, whereas calcific lesions might require other devices
including rotational atherectomy, intravascular lithotripsy
(IVL), or excimer laser coronary angioplasty (ECLA). Similar
calcium modification prior to DES would be needed in the case
of calcific neoatherosclerosis (Waksman type II C) (136).

In retrospect, peri-stent calcium-related stent
underexpansion can be detected by both IVUS and OCT,
but OCT can better evaluate the thickness of calcium. It is often
the result of the underutilization of calcium modification tools
before stenting such as rotational or orbital atherectomy, or
ECLA. Possible management options for this problem include
rotational atherectomy, ECLA, and most recently IVL.

The off-label use of rotational atherectomy “stent-ablation”
was reported in a small-sized retrospective non-randomized
study to achieve a lower but acceptable rate of procedural
success, and a similar rate of procedural complications
compared to excimer laser with contrast media injection
(if certain intraprocedural precautions are observed to
avoid dissections and burr entrapment) (137). In another
observational single-center study of 11 patients, stent-ablation
had a high rate of procedural success (all but one patient),
with MACE occurring in only one patient at a median
follow-up of 26 months (138). In this situation, rotational
atherectomy is capable of ablating metallic stent struts, but
it is the fragmentation of any underlying calcific or fibrotic
tissue surrounding the unexpanded stent that is thought to
facilitate the following expansion of the stent (137). A third
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FIGURE 14

Imaging-guided treatment of ISR. ELCA, excimer laser coronary atherectomy; IVL, intravascular lithotripsy; DES, drug-eluting stent; DCB,
drug-coated balloon; VBT, vascular brachytherapy; OA, orbital atherectomy; RA, rotational atherectomy; NC, non-compliant; CABG, coronary
artery bypass graft. Reproduced with permission from Shlofmitz et al. (136).

group studied 12 patients in a prospective registry. Despite
excellent procedural results, MACE occurred in 50% of patients
at 6-month follow-up, which could be attributed at least in part
to the modest outcomes and the higher intrinsic risk of such
patients. Consequently, the authors emphasized the importance
of ample lesion preparation upfront, to limit such bailout
situations (139).

Several authors reported individual case reports of using
ECLA to expand an undilatable stent, but the ELLEMENT
registry was the first large prospective, multicenter observational
registry (n = 28) to evaluate contrast-enhanced laser therapy
to modify stented plaques resistant to high-pressure balloon
expansion. Procedural success was achieved in 27 patients
(96.4%), with MACE occurring only in two patients at 6-month
follow-up (one death and one TLR) (140).

Recently, studies reported that OCT-diagnosed calcium can
be effectively treated with IVL to induce calcium fracture and
thus achieve larger final MLA and MSA independently of the
eccentricity of the lesion (141–144). In the disrupt CAD III OCT
substudy, the mechanism of calcium modification appeared to
be circumferential and longitudinal calcium fractures (identified
in almost 70% of the lesions), but the subsequent stent
expansion and MSA were similar regardless of calcium fracture

identification by OCT (144). The use of this device in ISR
has been reported by several groups but is currently off-
label (145–149). For instance, in a recent retrospective single-
center analysis of six patients (two with calcium-mediated
stent underexpansion, two with calcified neointima, and two
with both), IVL with subsequent high-pressure balloon dilation
(followed by DES implantation or drug-coated balloon (DCB)
deployment) was feasible and safe and had promising short-
and mid-term results in almost all patients (angiographic
success was not achieved in one patient with residual stenosis
>20%, but similar to others, no intraprocedural complications
occurred) (150). Similarly, in a case series of 13 patients who
had stent underexpansion even with the use of appropriately
sized dedicated very high-pressure/cutting balloons (≥30 atm),
IVL successfully allowed MSA gain in all cases, with no in-
hospital or 30-day MACE (151). IVL balloon sizing was guided
by intravascular imaging.

In a recent retrospective study of 50 patients who underwent
IVL, 13 patients had ISR as the target lesion. Angiographic
success occurred in 100% and none experienced death, MACE,
or major bleeding at 30 days (152). Most recently, a prospective
multicenter observational study of IVL in calcified coronary
lesions included ISR with stent underexpansion in almost 30%
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(n = 40) of the enrolled procedures. The primary endpoint
of final procedural success was achieved in 97.5% of the ISR
subgroup, with failure in only one patient (2.5%). Genuine
MACE occurred in only two patients (one cardiac death due
to procedure-related perforation, and another due to acute in-
stent thrombosis), none of them in the ISR subgroup. Notably,
rotablation was adjunctively used in 13.4% of the overall study
population before IVL, and in 2.2% following IVL, suggesting
that it could be complementary to IVL in particular situations
to facilitate IVL balloon delivery or in case IVL was unable to
adequately modify the lesion (153).

In cases where IVL is performed soon after the stenting
procedure (within 6–12 months, if re-endothelialization is not
yet complete), the impact on the integrity of the DES polymers
is currently unknown and warrants evaluation (151, 154).
Recently, Mousa and coworkers demonstrated in a case series of
five patients with acute stent underexpansion in heavily calcified
lesions, that angiographic success could be achieved in all cases,
with no procedure-related MACE in the mid-term (follow-up
ranged from 6 months to 24 months) (155). However, such
theoretical risk of polymer damage might not be that relevant in
the context of ISR, because by that time, most second-generation
DES is fully re-endothelialized (156, 157).

In addition to peri-stent calcium with an underexpanded
stent, calcified in-stent neoatherosclerosis can produce ISR
(Waksman type II C). Reported cases show promising results
with the use of IVL (complemented by rotational atherectomy
in some instances) for managing such patients and illustrate
the role of OCT in making the appropriate diagnosis and
confirming an adequate result of IVL (158–160).

The other scenario is a well-expanded stent with excessive
NIH (Waksman type II A), which is probably best treated with
cutting or scoring balloons followed by DCB, an additional
DES with an alternative drug (heterostenting), or vascular
brachytherapy (VBT) (114).

Overall, DES and more recently DCB seem to be the most
effective treatment approaches for ISR, backed by the results
of several meta-analyses (161–164), with a recent collaborative
meta-analysis pointing to a higher risk of TLR associated with
paclitaxel-coated balloon (PCB) compared with DES, in the
subgroup of patients with DES-ISR (165). It is worth noting that
the enrolled trials in these meta-analyses included patients with
both restenosed BMS and DES.

Tada et al. managed to show in a retrospective study
that morphological assessment of the ISR tissue by OCT can
guide the selection of the appropriate treatment strategy. This
group compared different treatment strategies based on the
OCT restenosis tissue characterization, in terms of mid-term
ISR recurrence (re-ISR = binary restenosis on angiography)
and TLR. The study population comprised a majority of
patients with DES-ISR and a minority with BMS-ISR, and
three strategies were compared: plain old balloon angioplasty
(POBA) only, with high-pressure or scoring balloon inflated

to almost rated burst pressure, POBA followed by PCB,
or POBA followed by DES implantation and post-dilation.
Importantly, PCB and DES performed equally across all tissue
morphologies. Furthermore, in patients with homogeneous or
high backscatter tissue pattern, PCI with POBA only was an
independent predictor of re-ISR, which was attributed to the
high proliferative activity of vascular smooth muscle cells in
this lesion subset. Similarly, PCB and DES had lower ISR rates
compared to POBA only, in patients with a layered neointima,
but with no difference in TLR rates. Notably, such lesions
include a certain amount of vascular smooth muscle cells in their
adluminal layer. Contrarily, in patients with a heterogeneous
or low backscatter neointima, there was no difference between
the three treatment approaches, mostly due to the speculated
excessive inflammation and hypersensitivity to drugs and/or
polymers in this lesion pattern, where the use of a DES or PCB
might aggravate inflammation (166). It is reasonable to infer
that non-calcified neoatherosclerosis (Waksman type II B) can
be approached in a similar manner (136).

Recently, the results of a pooled analysis of the OCT
substudies of the RIBS IV and V prospective randomized clinical
trials (patients with DES-ISR and BMS-ISR, respectively) have
shown concurring results. The presence of neoatherosclerosis
at the time of the index ISR procedure (detected by OCT) did
not influence acute and long-term re-PCI outcomes (including
angiographic and OCT outcomes at 6–9 months, and clinical
outcomes at 3 years of follow-up). Moreover, these substudies
suggested that both PCB and EES are effective and safe treatment
options for ISR with neoatherosclerosis, although the limited
sample size did not allow for more definitive conclusions as to
the differential response to the chosen treatment (167).

When PCB was compared to EES, in the treatment of BMS
ISR in 55 patients, OCT showed a better healing response in
terms of stent strut coverage with PCB than EES, with no
difference in the mean NIH area nor the luminal areas between
the two treatments. Subsequently, there was no difference in
the TLR rates either (168). Interestingly, Pleva et al. reported
a significantly lower 12-month late luminal loss with PCB
than with EES, when used to treat BMS restenosis, but with
no difference in MACE (162). In contrast, the RIBS V trial
has showed a lower rate of TLR at 3-year follow-up (with
no difference in stent thrombosis rates) (169) with the use of
EES than with PCB.

Bioresorbable vascular scaffolds (BVSs) emerged as another
treatment option in ISR, where OCT proved to be helpful in
optimizing implantation (170). However, late angiographic and
clinical results were shown to be inferior to second generation
DES (171–173).

In the very challenging subset of resistant/recurrent ISR,
intracoronary imaging can be very helpful in delineating the
number of stent layers at the lesion site, in addition to assessing
the expansion of each stent layer. In the case of multiple
layers of ISR, VBT is mostly the treatment of choice, as
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further stent layers are to be avoided (114, 174, 175). DCB
is another option to avoid multiple metallic layers. However,
it was shown recently to be less effective for ISR lesions
with three or more previously implanted stent layers, with
significantly higher rates of the primary endpoint of MACE
(mainly driven by TLR) and the secondary endpoint of TLR,
both >40% at 1 year (176). Waksman et al. in their algorithm
adopt the same approach that in the presence of >2 layers of
stent (Waksman type V), an additional layer of stent should
better be avoided (136). In cases where DES implantation is
used to treat ISR, it has been illustrated by IVUS that stent
underexpansion is a significant cause of recurrence, which
highlights the importance of intravascular imaging to ensure
adequate stent expansion (177).

In keeping with this, Yin et al. explored in a retrospective
observational study the ISR characteristics by OCT that lead
to repeat DES stenting underexpansion. The study included
restenotic BMS, as well as first- and second-generation DES. Old
stent underexpansion (MSA <4.5 mm2 and expansion <70%),
multiple layers of old stent, significant neointimal, or peri-stent
calcium (maximum calcium angle >180◦ and/or maximum
calcium thickness >0.5 mm) were all independently associated
with new stent underexpansion, which in turn had a higher rate
of myocardial infarction and TLR at 2 years (178). Therefore,
in cases with significant calcium, disruption by ELCA or IVL
should be considered to facilitate full expansion of the new stent,
akin to de novo stenting.

Another subset for recurrent ISR is stent fracture (Waksman
type I B), where repeat stenting with an EES or ZES was non-
different from the use of DCB, in terms of 12-month binary
re-restenosis and repeat TLR, which were unfortunately high
in both groups (179). In contrast, another prospective large-
scale study that assigned treatment for stent fracture-related ISR,
depending on the fracture angiographic subtype (180) (repeat
DES for type I/II, and balloon angioplasty for type III/IV), had
lower repeat ISR and repeat TLR rates, which were not different
from those in the non-fracture comparator group (102). In
either study, intravascular imaging did not inform the choice
of treatment, and therefore, its added value in that respect
remains unexplored.

Knowledge gaps

Definitions of ISR based on intracoronary imaging need to
be further validated in terms of clinical outcomes, to replace
the angiographic restenosis that is as yet too often used as
a study endpoint.

The most effective protocol (and tool) for imaging-guided
stent implantation has to be determined, to avert the key
mechanical problem of stent underexpansion but also to
best recognize other predictors of stent failure. For instance,
different intravascular imaging-based stent sizing approaches

were proposed, including more conservative vs. more aggressive
approaches, for selection of the appropriate stent diameter,
but they have not been compared head-to-head, in terms of
feasibility and clinical outcomes including ISR and clinically
driven TLR.

Once the ISR has set in, there is a lack of evidence as to
whether an individualized/tailored ISR management approach
based on the underlying substrate/mechanism detected by
intravascular imaging has an impact on clinical outcomes. In
other words, treatment recommendations are largely based
on the observational data and expert consensus rather than
randomized controlled trials. Therefore, the added value of
the systematic use of intracoronary imaging in guiding re-
interventions is still unsettled. The results of the ongoing
ILUMIEN IV trial (NCT03507777) and IMPROVE trial
(NCT04221815) will help to better define the role of OCT and
IVUS, respectively, in this regard (69, 181). An ideal treatment-
oriented imaging-based classification would in particular enable
the identification of lesions in which DCB angioplasty can
provide sufficiently good outcomes without the need for
additional stent implantation.

Newer technologies such as high-definition ultrasound
warrant further head-to-head comparisons with established
technologies such as OCT, in terms of PCI guidance, and impact
on clinical outcomes.

Future directions

The cost-effectiveness of IVUS, particularly in patients at
a greater risk of restenosis, has been shown (182). However,
similar studies are needed for OCT to overcome the financial
barrier in countries where the additional cost is prohibitive
because of inadequate reimbursement. This will promote wider
adoption and integration into routine practice.

Refinements in technology, such as lower-profile and
more deliverable imaging catheters, faster pullbacks, higher
resolution, and fully automated software to support online
assessment, are expected to make the imaging technology more
user-friendly and more widely adopted.

A recently developed 60-MHz high-definition IVUS (HD-
IVUS) system tends to combine the advantages of IVUS and
OCT, in the sense that it offers superior axial resolution
compared to contemporary 40–45 MHz IVUS transducers (<40
vs. ∼100 µm), faster catheter pullback speeds (10 vs. 0.5 mm/s),
and more temporal resolution (60 vs. 30 frames/second) and
yet maintains the advantage of greater imaging penetration
relative to OCT, with visualization of the vessel wall (EEL) (183).
Although data are still preliminary and derived from small-sized
studies, each of HD-IVUS and OCT seems to maintain some of
its original strengths. For example, in a prospective study of 29
lesions in 29 patients, HD-IVUS had an excellent concordance
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with OCT on luminal area measurements, both pre- and post-
intervention. However, before intervention, HD-IVUS offered
better visualization of the EEL. Moreover, after intervention,
OCT more frequently identified TP, stent-edge dissection, and
ASM. It is still unclear whether this additional morphological
information provided by OCT compared to HD-IVUS has
clinical implications (184).

Another interesting development is the ultrafast single
cardiac cycle OCT system developed by Kim et al. with
a pullback speed of 100 mm/s, with the prospective ECG
triggering technology, which enabled imaging of long coronary
segments of a swine in vivo within one cardiac cycle, with
minimal cardiac motion artifact. This technology has yet to be
translated to clinical use (185).

In an attempt to obtain more physiologic insight by IVUS
after stenting, it has been retrospectively shown that the
difference in intraluminal intensity of blood speckle on IB-
IVUS between the ostium of the target vessel and the distal
reference of the implanted stent may predict TVR, based on its
relationship to post-procedural FFR (186). This approach needs
to be prospectively tested.
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Safety and effectiveness of post
percutaneous coronary
intervention physiological
assessment: Retrospective data
from the post-revascularization
optimization and physiological
evaluation of intermediate
lesions using fractional flow
reserve registry
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Giuseppe Zimbardo3, Pio Cialdella3, Eloisa Basile2,
Domenico Galante2, Federico Di Giusto2,
Gianluca Anastasia2, Andrea Vicere2, Edoardo Petrolati2,
Antonio Di Stefano2, Giorgia Campaniello2,
Domenico D’Amario1, Rocco Vergallo1,
Rocco Antonio Montone1, Antonino Buffon1,2,
Enrico Romagnoli1, Cristina Aurigemma1,
Francesco Burzotta1,2, Carlo Trani1,2 and Filippo Crea1,2
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(IRCCS), Rome, Italy, 2Dipartimento di Scienze Cardiovascolari, Università Cattolica del Sacro
Cuore, Rome, Italy, 3Policlinico Casilino, Rome, Italy

Background: While the importance of invasive physiological assessment (IPA)

to choose coronary lesions to be treated is ascertained, its role after PCI is

less established. We evaluated feasibility and efficacy of Physiology-guided

PCI in the everyday practice in a retrospective registry performed in a single

high-volume and “physiology-believer” center.

Materials and methods: The PROPHET-FFR study (NCT05056662) patients

undergoing an IPA in 2015–2020 were retrospectively enrolled in three

groups: Control group comprising patients for whom PCI was deferred based

on a IPA; Angiography-Guided PCI group comprising patients undergoing PCI

based on an IPA but without a post-PCI IPA; Physiology-guided PCI group

comprising patients undergoing PCI based on an IPA and an IPA after PCI,

followed by a physiology-guided optimization, if indicated. Optimal result was

defined by an FFR value ≥ 0.90.
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Results: A total of 1,322 patients with 1,591 lesions were available for the

analysis. 893 patients (67.5%) in Control Group, 249 patients (18.8%) in

Angiography-guided PCI Group and 180 patients (13.6%) in Physiology-guided

PCI group. In 89 patients a suboptimal functional result was achieved that

was optimized in 22 cases leading to a “Final FFR” value of 0.90 ± 0.04

in Angiography-Guided PCI group. Procedural time, costs, and rate of

complications were similar. At follow up the rate of MACEs for the Physiology-

guided PCI group was similar to the Control Group (7.2% vs. 8.2%, p = 0.765)

and significantly lower than the Angiography-guided PCI Group (14.9%,

p < 0.001), mainly driven by a reduction in TVRs.

Conclusion: “Physiology-guided PCI” is a feasible strategy with a favorable

impact on mid-term prognosis. Prospective studies using a standardized IPA

are warrant to confirm these data.

KEYWORDS

FFR, PCI, physiology-guided optimization, post-PCI evaluation, function based
management CCS (chronic coronary syndrome)

Background

While the importance of invasive physiological assessment
(IPA) to choose coronary lesions to be treated is ascertained,
its role in evaluating the immediate result of PCI and its
optimization is much less established (1, 2). Nevertheless, the
unmet need for a help in assessing result of revascularization
is evident when considering that one in four patients after
an angiographically successful PCI still experiences recurrent
angina, persistence of documented ischemia or MACEs within
2 years (3–6). Given the excellent performance of invasive
physiological assessment evaluation for diagnostic purposes,
it seems intuitive to utilize this approach also to assess PCI
result. Yet, the association between post-PCI fractional flow
reserve (FFR) results and risk of subsequent events is still
debated (7).

The aim of this study was to evaluate the use of
physiology-guided PCI in terms of prevalence, feasibility,
and performance on in-hospital and mid-term outcomes
in contemporary interventional procedures from the
Cath Lab performing the largest number of IPAs in
Italy.1

Abbreviations: CCS, chronic coronary syndrome; CD, cardiac death;
cFFR, contrast-FFR; dPR, diastolic resting pressure ratio; FFR, Fractional
Flow Reserve; iFR, instantaneous wave free ratio; IPA, invasive
physiological assessment; LAD, left anterior descending; LVEF, Left
Ventricle Ejection Fraction; MACE, Major Adverse Cardiovascular
Events; MI, myocardial infarction; NHPR, non-hyperemic pressure
ratio; NSTEACS, non-ST segment elevation acute coronary syndromes;
PCI, Percutaneous Coronary Intervention; RFR, resting full-cycle ratio;
STEMI, ST segment elevation myocardial infarction; TVR, Target Vessel
Revascularization.

1 https://gise.it/statisticheNazionali

Materials and methods

Study design and population

The Post-Revascularization Optimization and Physiological
Evaluation of intermediate Lesions using FFR (PROPHET-
FFR) is a single center ambispective study held at Policlinico
Universitario A. Gemelli IRCCS in Rome evaluating the
feasibility and the technical and clinical efficacy of Physiology-
guided PCI. All patients able to give a valid informed
consent and undergoing an IPA at the Fondazione Policlinico
Universitario A. Gemelli IRCCS in Rome (Italy) are enrolled and
included in one of the following three groups as described in
Figure 1:

1. Group 1 comprising patients for whom PCI is deferred
based on an IPA [FFR > 0.80 and/or non-hyperaemic
pressure ratio (NHPR) > 0.89 and/or contrast FFR
(cFFR) > 0.87) (Control Group).

2. Group 2 comprising patients who undergo PCI based
on an IPA but without any subsequent IPA after PCI
(Angiography-Guided PCI).

3. Group 3 comprising patients who undergo PCI based
on an IPA and with a subsequent IPA after PCI
(Physiology-guided PCI) followed by a physiology-guided
optimization, if indicated.

Considering the ambispective nature of the study, the
PROPHET-FFR study is divided in a first retrospective
phase followed by a second prospective phase. In the
former, the operators were free to decide the strategy.
The latter is currently ongoing and the operators are
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FIGURE 1

Study flow chart: group 1 comprised patients for whom percutaneous coronary intervention (PCI) was deferred based on an invasive
physiological assessment [Fractional flow reserve (FFR) > 0.80 and/or non-hyperemic pressure ratio (NHPR) > 0.89 and/or contrast FFR
(cFFR) > 0.87] (Control Group); group 2 comprised patients who underwent PCI based on an invasive physiological assessment but without any
subsequent invasive physiological assessment after PCI (Angiography-Guided PCI); group 3 comprised patients who underwent PCI based on
an invasive physiological assessment and with a subsequent invasive physiological assessment after PCI (Physiology-guided PCI) followed by a
physiology-guided optimization, if indicated.

again free to decide the strategy but in case of choice
of Physiology-guided PCI they are recommended
to adhere to the flow chart described in our recent
review paper (8). We report here the results of the
retrospective phase.

All patients with acute and chronic coronary syndromes
referred to our center from January 2015 to June 2020 for
physiological assessment of an angiographically intermediate
coronary stenosis, not presenting any of the exclusion
criteria below reported were retrospectively enrolled. For
ST segment elevation myocardial infarction (STEMI)
non-culprit lesions only were enrolled. Exclusion criteria
were the following: history of severe poorly uncontrolled
pulmonary disease, hemodynamic instability during the
diagnostic or therapeutic procedure, need of mechanical
circulatory or ventilatory support, life expectancy < 1-year,
indication to surgical revascularization, major procedural
complications during percutaneous revascularization
making post-PCI functional evaluation unsafe or impossible
(cardiac arrest needing cardiopulmonary resuscitation,
major bleeding, large iatrogenic coronary dissection,
coronary embolization in a main vessel, suspected stroke,
coronary no-reflow).

The protocol was approved by the Ethics Committee of
the Fondazione Policlinico Universitario A. Gemelli IRCCS of
Rome and is registered in Clinicaltrials.gov (NCT05056662).

Study protocol

After coronary angiography, baseline IPA was performed
in every patient. Because of the observational nature of the
study, the choice about the index to adopt [either NHPRs
including instantaneous wave free ratio (iFR), resting full-
cycle ratio (RFR), and diastolic resting pressure ratio (dPR)],
conventional FFR or contrast-FFR (cFFR) and its interpretation
were left to operators’ discretion. Physiological assessments were
performed using Pressure Wire Certus and Pressure Wire X by
Abbott Vascular Inc., Verrata Plus by Philips Inc., and Navvus
catheter by Acist Inc.

For FFR assessment, hyperemia was obtained using
adenosine, administered either by intra-venous (9) or intra-
coronary route (10). The operators were encouraged to place
the wire as distal as possible in the vessel and decided
about indication and modality of revascularization according
to the physiological results. We excluded only those patients
treated with PCI despite the evidence of non-ischemic values
for all indexes.

At the end of PCI operators were free to choose if and
how to repeat IPA and to decide about the opportunity and
modality of performing an additional optimization with an
optional final physiological assessment. Similarly, the choice of
performing a pullback maneuver prior and after PCI was left to
operator’s discretion.
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“Post-PCI” IPA was defined as the assessment performed
once the operator considered the revascularization completed
based on the angiographic assessment. “Post-optimization” IPA
was considered the assessment made after any further action
taken to improve the physiological result. Consequently, “Final
results” comprised both “Post PCI results,” for those cases not
further optimized and “Post optimization results” in case of
optimization and retesting.

Data collection, follow-up, and study
endpoints

All baseline demographic, clinical, and procedural data
were retrieved from the patient database of Fondazione
Policlinico Universitario A. Gemelli IRCCS, Rome. Clinical
follow-up was performed by telephone interviews and out-
patient visits performed according to a pre-specified set
of questions by a group of physicians unaware of the
details of the procedure and consequently of the grouping.
Clinical data were integrated with hospital records in case
of need. Follow up was censored at 3 years from index
procedure. Events were adjudicated by two independent
operators (SM and PC) and a random cluster review, blinded
to group affiliation, was periodically performed by the Principal
Investigator (AL).

Primary endpoint of the study was the first occurrence
of a major adverse cardiovascular event (MACE) defined as
the composite of cardiac death (CD), spontaneous myocardial
infarction (MI), and target vessel revascularization (TVR). CD
was defined according to Academic Research Consortium-
2 indication (11), MI was defined according to ESC 4th
definition of Myocardial Infarction (12), TVR was defined
as the clinically driven revascularization of the target vessel.
Secondary endpoints were the single components of MACE
as well as the rate of unplanned hospitalizations leading to
coronary angiography.

In addition, procedural and in-hospital outcome was also
investigated by analyzing radioscopic time, amount of contrast
medium, post-procedural release of markers of myonecrosis,
rate of peri-procedural myocardial injury and of type 4a MI and
global costs associated with the different strategies according to
our previously published paper (13).

Study groups and statistical analysis

The study flow chart is presented in Figure 1. As previously
mentioned, patients were divided into three groups: Group
1 (Control Group), Group 2 (Angiography-guided PCI), and
Group 3 (Physiology-guided PCI). Comparisons were made
among the three groups.

Categorical variables were reported as frequencies and
percentages while continuous variables were reported as
means with standard deviation or median with interquartile
range according to normality. Differences among categorical
variables were assessed using Pearson χ2 test while differences
among continuous variables were calculated using the
independent ANOVA test. Differences among medians
were compared by Mann–Whitney test. Post hoc analysis
with Bonferroni’s correction was used to identify pairwise
differences. Survival was analyzed by Kaplan Meier method
with stratified log-rank test to show the incidence of clinical
endpoints and to check for intergroup differences and
with Cox proportional hazard ratio method to identify
the impact in time of clinical variables of interest. ROC
curve analysis was run to identify the best cut-off value of
final FFR to predict the outcomes. All tests were 2-tailed,
and a P < 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS statistics
for Windows, version 24.0 (SPSS, Chicago, IL, IBM Inc.,
United States) and GraphPad 9.0 (GraphPad Software, San
Diego, CA, United States).

Results

Baseline characteristics

A total of 1,556 patients were screened for enrolment:
54 patients denied informed consent, 47 were managed at
variance with the initial IPA, and 133 were lost to follow
up. Consequently, a total of 1,322 patients with 1,591 lesions
were available for the analysis. Among these, 893 patients
(67.5%) with 1,137 lesions (71.4%) were included in Group
1 (Control Group), 249 patients (18.8%) with 265 lesions
(16.6%) in Group 2 (Angiography-guided PCI), and 180 patients
(13.6%) with 189 lesions (11.8%) in Group 3 (Physiology-guided
PCI). In three cases a loss of connection or a damage of the
pressure wire was observed and in two cases the operator
chose to abandon rewiring of the stented segment after a
gentle attempt. In all cases the operator had the opportunity
to open a new device for the physiological assessment or
to use a more aggressive approach but chose to avoid it
based on the good angiographic result. These cases were
included in Group 2.

Baseline clinical characteristics of the groups are reported in
Tables 1, 2.

Mean age was 69.1 ± 10.4 years. Overall, most of patients
were male (72.3%) but males were slightly less represented
in Group 1 vs. the others [617 (69.1%) vs. 193 (77.5%) vs.
146 (81.5%), p < 0.001]. Interestingly, diabetic patients were
significantly more prevalent in group 3 vs. the others [69 (38.3%)
vs. 234 (26.5%) and 70 (28.1%), p = 0.006)]. Mean left ventricular
ejection fraction was 57.2% ± 8.9% while 58 patients (4.3%) only
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TABLE 1 Clinical characteristics of the patients’ groups.

Patients (n = 1,322) Group 1 (n = 893) Group 2 (n = 249) Group 3 (n = 180) P-value (global)

Age (years) 69.2 ± 10.6 69.1 ± 9.7 68.1 ± 10.0 0.480

BMI 26.7 ± 4.4 26.1 ± 3.7 27.5 ± 5.0 0.108

Male gender 617 (69.1) 193 (77.5) 146 (81.5) 0.001

Hypertension 742 (83.6) 214 (85.9) 146 (81.6) 0.465

EF 57.1 ± 8.9 57.4 ± 8.7 57.3 ± 9.1 0.908

Ejection fraction < 40% 39 (4.4) 12 (4.8) 7 (3.9) 0.897

Dyslipidemia 558 (62.8) 164 (66.1) 113 (62.8) 0.623

Statin 512 (61.1) 158 (66.1) 105 (66.0) 0.239

Diabetes 234 (26.5) 70 (28.1) 69 (38.3) 0.006

Smoke 402 (46.2) 123 (50.6) 82 (49.1) 0.428

Beta blockers 590 (66) 168 (67.4) 111 (61.6) 0.539

ACE-I 579 (68.1) 179 (71.8) 109 (60.5) 0.201

CCB 146 (16.3) 43 (17.2) 25 (13.8) 0.833

DIURETICS 159 (17.8) 59 (22.4) 24 (13.3) 0.107

CKD 67 (7.5) 22 (8.8) 18 (10) 0.650

MDRD female 76.7 ± 29.3 72.6 ± 31.6 84.5 ± 36.6 0.474

MDRD male 79.4 ± 28.5 84.2 ± 22.6 81.6 ± 23.1 0.411

Family history 244 (27.3) 61 (24.5) 48 (26.6) 0.626

Previous MI 198 (22.2) 66 (26.5) 40 (22.2) 0.344

Previous PCI 319 (35.7) 92 (36.9) 56 (31.1) 0.769

Previous CABG 27 (3.0) 8 (3.2) 6 (3.3) 0.970

Clinical presentation < 0.001

CCS 669 (74.9) 161 (64.7) 139 (77.2)

NSTEACS 158 (17.7) 77 (30.9) 33 (18.3)

STEACS 66 (7.4) 11 (4.4) 8 (4.4)

Multivessel disease < 0.001

2VD 88 (9.8) 75 (30.1) 50 (27.7)

3VD 27 (3.0) 22 (8.8) 15 (8.3)

PCI on other vessel 207 (23.2) 74 (29.7) 56 (31.1) 0.020

LAD involvement 638 (71.40) 218 (87.5) 147 (81.6) < 0.001

had a left ventricular ejection fraction < 40% with a similar
distribution among groups. Admission diagnosis was chronic
coronary syndrome (CCS) in 73.3% of cases, non-ST segment
elevation acute coronary syndromes (NSTEACS) in 20.2% and
ST segment elevation myocardial infarction (STEMI) in 6.4%.
In Group 2 a higher prevalence of NSTEACS at the cost of less
CCS presentations was observed [NSTEACS: 158 (17.7%) vs.
77 (30.9%) vs. 33 (18.3%), p < 0.001; CCS 669 (74.9%) vs. 161
(64.7%) vs. 139 (77.2%), p < 0.001)]. More than one third of the
patients experienced a previous PCI while almost one in four
patients had a previous myocardial infarction with no difference
among groups. The majority of the lesions were located in the
left anterior descending (LAD) artery, but non-LAD lesions
were more frequent in Group 1 which also had a lower incidence
of multivessel disease.

Final diagnostic decision was driven by conventional FFR in
1,193 (74.9%) lesions, by cFFR alone in 280 (17.5%) lesions and
by NHPRs in 104 (RFR/iFR 62 + Pd/Pa 42) (6.5%) lesions.

As expected, mean baseline FFR was significantly higher
in Group 1 (0.88 ± 0.04) in comparison to both other groups
that, conversely, did not differ from each other (0.76 ± 0.03 vs.
0.76 ± 0.04).

“Post-PCI” invasive physiological
assessment

From the 180 patients of Group 3, “Post-PCI” IPA was
performed by conventional FFR in 114 (60.3%) cases, by cFFR
in 62 (32.8%), and by NHPRs in 13 (7 iFR/RFR + 6 Pd/Pa)
(6.8%) cases. The mean “post PCI” FFR was 0.89 ± 0.05 with
an average increase after PCI (and before any optimization) of
19 ± 8.5% (Figure 2A). In 58 (30.6%) lesions post-PCI FFR
value was < 0.90 while only in 4 (2.1%) cases was < 0.80.
In those patients in which a non-FFR based approach was
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TABLE 2 Procedural characteristics of the lesions’ groups.

Lesions (n = 1,591) Group 1 (n = 1,137) Group 2 (n = 265) Group 3 (n = 189) p-value (global) p-value (3 vs. 2)

In stent lesion 51 (4.5) 12 (4.5) 15 (7.9) 0.120

Lesion site < 0.001

LAD 743 (65.3) 227 (83.7) 160 (84.6)

Cx 228 (20.1) 13 (4.9) 11 (5.8)

RCA 166 (14.6) 25 (9.4) 18 (9.5)

Hyperemia induction 0.985

Adenosine ic 248 (24.2) 56 (24.1) 37 (23.6)

Adenosine iv 777 (75.8) 176 (75.9) 120 (76.4)

Angiographic lesion severity 53.4 ± 9.1 62.1 ± 9.9 64.4 ± 11.5 0.462

Stent length 33.4 ± 17.6 34.7 ± 17.0 0.472

Number of stent, median (IQR) 1 (1–2) 1 (1–2) 0.354

Number stent, average 1.3 ± 0.60 1.27 ± 0.64 0.241

Stent diameter, mm 3.0 ± 0.42 2.95 ± 0.34 0.203

Optimization by post-dilation, n (%) 10 (5.3)

Optimization with a new stent, n (%) 12 (6.3)

Physiological parameters
Baseline Pd/Pa 0.95 ± 0.03 0.89 ± 0.05 0.89 ± 0.05 < 0.001 1

Baseline FFR 0.88 ± 0.04 0.76 ± 0.03 0.76 ± 0.03 < 0.001 0.082

Baseline IFR 0.92 ± 0.05 0.82 ± 0.08 0.87 ± 0.03 < 0.001 1.0

Baseline cFFR 0.91 ± 0.06 0.81 ± 0.03 0.80 ± 0.05 < 0.001 1.0

Post-PCI Pd/Pa 0.94 ± 0.03

Post-PCI FFR 0.89 ± 0.05

Post-PCI IFR 0.92 ± 0.03

Post-PCI cFFR 0.89 ± 0.04

Post-optimization Pd/Pa 0.94 ± 0.02

Post-optimization cFFR 0.91 ± 0.03

Post-optimization FFR 0.92 ± 0.05

Final FFR 0.90 ± 0.04

Final cFFR 0.90 ± 0.03

FIGURE 2

(A) Baseline and post-PCI fractional flow reserve (FFR) values in group 3 (Physiology-guided PCI). (B) Baseline, post PCI and final FFR values in
the 22 patients undergoing “Physiology-guided Optimization.”
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TABLE 3 In-hospital outcomes.

Patients
(n = 1,322)

Group 1
(n = 893)

Group 2
(n = 249)

Group 3
(n = 180)

p-value p-value
(3 vs. 2)

p-value
(3 vs. 1)

p-value
(2 vs. 1)

Fluoroscopy time
(min)

12.7 ± 9.5 19.8 ± 12.2 21.6 ± 8.9 < 0.001 0.558 < 0.001 < 0.001

Total contrast dose
(ml)

163.0 ± 69.0 236.3 ± 116.6 278.7 ± 168.4 < 0.001 0.011 < 0.001 < 0.001

Post-procedural
troponin (ng/L)

2.32 ± 5.8 1.82 ± 6.74 2.74 ± 7.24 0.109 1.0 0.272 1.0

Post-procedural
creatinine (mg/dl)

1.22 ± 1.20 1.16 ± 0.93 1.19 ± 1.01 0.887 1.0 1.0 1.0

Post-procedural
CK-MB (ng/L)

1.4 ± 4.7 4.9 ± 5.5 4.3 ± 4.7 0.375 1.0 0.091 0.087

Procedural cost
(euros)

1900 ± 1856 3329 ± 2325 3152 ± 1814 < 0.001 1.0 < 0.001 < 0.001

Total days of
hospital stay

6.5 ± 5.9 8.5 ± 6.4 6.0 ± 4.3 < 0.001 < 0.001 < 0.001 1.0

Myocardial injury 43 (17.2) 25 (13.8) 0.141

Periprocedural MI 5 (2.0) 4 (2.2) 1.0

TABLE 4 Intravascular imaging use.

Lesions
(n = 1,591)

Group 1
(n = 1,137)

Group 2
(n = 265)

Group 3
(n = 189)

P-value
(global)

P-value
(3 vs. 2)

P-value
(3 vs. 1)

P-value
(2 vs. 1)

Use of intravascular
imaging (%)

3 (0.3) 14 (5.3) 8 (4.2) < 0.001 1.0 < 0.001 < 0.001

used, 28 (14.8%) lesions showed a cFFR < 0.90, 1 (0.5%) a
iFR/RFR < 0.90 and 2 (1%) Pd/Pa < 0.92.

A total of 22 (11.6%) lesions underwent physiology-
guided optimization; in 12 of these cases the optimization
was driven by a post-PCI FFR value < 0.90 and in 8
of these cases by cFFR < 0.90. Optimization consisted
of post-dilation of the previously implanted stent with
a larger balloon in 10 cases and of the implantation
of another stent proximally or distally in 4 and 6
cases, respectively.

“Post-optimization” result was reassessed by FFR in nine
of these cases, by cFFR in 10 cases, while the remaining were
retested by NHPRs; of these optimized lesions, only two were
left with an FFR post-optimization < 0.90 and only three cases
ended with cFFR < 0.90.

The mean “Post-optimization” FFR value was 0.92 ± 0.05
with an FFR improvement from baseline of 18% ± 7.4%. This
led to a mean overall “Final FFR” value of 0.90 ± 0.04 for
Group 3 (Figure 2B; Table 2) that was even significantly higher
than FFR in Group 1 (p < 0.001).

Procedural and in-hospital outcomes

Procedural and in-hospital outcomes are presented in
Table 3. Procedural time was higher in Group 2 and 3

(19.8 ± 12.2 and 21.6 ± 8.9 min) than in Group 1 (12.7 ± 9.5,
p < 0.001) but without a significant difference among them
(p = 0.56). Physiology-guided PCI required a higher amount
of contrast medium compared to Angiography-guided PCI
and Control Group (278.7 ± 168.4 ml vs. 163.0 ± 69.0
and 236.3 ± 116.6, p < 0.001) while no difference in post-
procedural creatinine and post-procedural release of myocardial
damage markers was observed. While Physiology-guided PCI
did not increase the overall costs compared to Angio-guided PCI
(3152 ± 1814 vs. 3329 ± 2325 euros, p = 1), it was associated
to a reduced length of stay (6.0 ± 4.3 vs. 8.5 ± 6.4 days,
p < 0.001). No significant difference was seen for the number,
total length and mean diameter of implanted stents between
Groups 2 and 3 (Table 2) as well for the use of intravascular
imaging (Table 4).

Rate of in-hospital MACE was low and not
significantly different between Group 2 and 3 as well the
incidence of periprocedural myocardial injury or type 4a
MI (Table 3).

Clinical follow-up

The median length of follow up (FU) for the overall
population was 21 months (IQR 14–32). A total of 124 (9.3%)
MACEs were observed at 36 months including 33 (2.4%) MI, 84
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(6.3%) TVR, and 24 (1.8%) CD. The rate of MACE was higher
in Group 2 (14.9%) compared both to Group 1 and 3 (8.2% and
7.2%, p < 0.001 and p = 0.004) while it was not significantly
different between Group 1 vs. 3 (p = 0.765). The difference in the
primary endpoint was mainly driven by the rate of TVRs that
were not significantly different comparing Group 3 to Group
1 (5.0% vs. 5.3%) but significantly higher in Group 2 (11.2%)
compared to both Group 1 and 3 (p < 0.001 Figure 3; Table 5).
Considering the possible interference of clinical presentation on
subsequent outcomes, given the higher baseline risk profile of
unstable patients, we reiterated survival analysis on patients with
chronic coronary syndromes only; results consistently showed a
lower incidence of MACE in Physiology-guided PCI, driven by
a reduction in TVR (Figure 4; Table 6).

No significant difference was observed in the incidence of
MI and CD. Cardiac hospitalizations were significantly higher
in Group 2 and 3 compared to Group 1 (p < 0.001) without
significant differences between Group 2 and 3 (p = 0.26). These
results were confirmed at lesion-level analysis. Specifically, the
difference in TVR between Group 2 and 3 was statistically
significant (10.9% vs. 4.8%, p = 0.004).

Cox regression analysis confirmed the significant difference
in MACE rate among the groups even after adjustment for
potential confounders (age, gender, hypertension, diabetes,
chronic kidney disease, previous MI, previous PCI, clinical
presentation, LVEF, and multivessel disease) with strategy
of revascularization and previous MI being the only factors
influencing the outcomes (Table 7).

Yet, ROC curve analysis (Figure 5) for cases of Physiology-
guided PCI in which FFR was the main technique for guiding
PCI, showed a modest capacity to predict event free survival
with an AUC of 59%; the best cutoff for MACE free survival still
appeared to be 0.90 (sensitivity 43%, specificity 75%).

Discussion

Despite physiological assessment after PCI seems a
reasonable strategy to have an immediate measure of the
efficacy of revascularization, its use in clinical practice still
remains limited. In the present study we present the result
of a real-world application of this approach in patients
who underwent a physiological assessment of intermediate
coronary stenosis.

The main results are the following:
(1) Post PCI IPA is performed in a minority of patients while

a persistently suboptimal result is rather frequent in spite of an
acceptable angiographic result.

(2) A “Physiology-guided PCI” is a feasible and safe
approach to check the immediate result of revascularization.

(3) Physiology-guided PCI was associated to a better
outcome as compared to Angiography-guided PCI.

Despite being strongly recommended by current
guidelines on revascularization, IPA is underutilized in
clinical practice (14). In addition, when ischemic lesions
are recognized and treated by PCI, the operators repeat
IPA after PCI only in a minority of cases. Our retrospective
study confirms these findings, showing that the majority
of patients are still treated by an Angiography-guided
PCI even after a significant result at IPA. This is quite
surprising because physiological reassessment at this stage
is obviously costless and associated with a limited increase
in procedural time. However, when an IPA is performed
after PCI, a suboptimal result is quite frequent despite an
angiographically satisfying result (15), including lesions still
below the “ischemic” threshold (16, 17). In our study we
confirm these findings but, unlike other studies enrolling
a wide spectrum of different lesions and patients with an
indication to PCI, we focused on intermediate coronary
artery stenosis that are the main field of application of IPA
and for which a class IA was assigned by ESC Guidelines on
myocardial revascularization. In our cohort about 50% of all
lesions exhibited a post-PCI suboptimal physiological result
(FFR < 0.90), although rarely 0.80. These suboptimal results
can be further ameliorated by additional interventions, such
as stent post-dilation or stenting proximally or distally to the
already implanted stent.

The main novelty of the present study is the evidence of
a potential beneficial effect of a Physiology-guided PCI over
a standard Angiography-guided approach. Indeed, we found
that Physiology-guided PCI resulted in a similar final FFR
value and in a comparable rate of MACE in comparison to
control patients in whom PCI was deferred based on the
IPA of intermediate lesions. Moreover, the rate of MACE
was significantly lower than that observed in Angiography-
guided PCI in the absence of a relevant increase of procedural
complexity and of in-hospital events, mainly driven by a
reduction in the rate of TVR. Length of stay of group
2 appeared to be slightly longer but this observation may
be mostly attributable to the higher prevalence of ACS
patients in this group.

Recently, the TARGET-FFR (18) trial demonstrated that a
physiology-guided strategy was associated with a lower rate of
suboptimal results in comparison to a standard angiographic
approach. However, this appeared to have a marginal effect on
clinical events. Notably, despite a suboptimal result occurring
in less than 50% of cases, in only two thirds of these lesions
investigators were able to identify a substrate for further
optimization. This means that not only a suboptimal result is
frequent but that it is often hardly amenable for improvement
because of the presence of diffuse disease or other technical
reasons. In our cohort, only 22% of all post-PCI evaluations
were followed by any optimization; this could be due not
only to the overall quite high post-PCI results but mostly
to the lack of a shared and definite cut-off to consider and
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FIGURE 3

Kaplan Meier curves for out-of-hospital outcomes comparing group 1 (Control Group), group 2 [Angiography-Guided percutaneous coronary
intervention (PCI)] and group 3 (Physiology-guided PCI).

TABLE 5 Out-of-hospital outcomes.

Patients
(n = 1,322)

Group 1
(n = 893)

Group 2
(n = 249)

Group 3
(n = 180)

P-value
(global)

P-value
(3 vs. 2)

P-value
(3 vs. 1)

P-value
(2 vs. 1)

Follow-up, (months) 25.4 ± 16.2 23.9 ± 15.6 22.0 ± 13.3 0.024 0.650 0.028 0.599

MACE (%) 74 (8.2) 37 (14.9) 13 (7.2) 0.004 0.015 0.765 0.003

Myocardial
infarctions

25 (2.8) 5 (2.0) 3 (1.7) 0.580 1.000 0.606 0.655

Cardiac deaths 16 (1.8) 7 (2.8) 1 (0.6) 0.224 0.147 0.334 0.311

TVR 47 (5.3) 28 (11.2) 9 (5.0) 0.002 0.024 1 0.001

cardiac
hospitalizations

164 (18.4) 80 (32.1) 48 (26.7) < 0.001 0.241 0.018 < 0.001

All-cause death 33 (3.7) 19 (7.6) 4 (2.2) 0.048 0.048 0.620 0.030

optimal. Actually, we confirmed that 0.90 is the cutoff with the
higher predictive value but this result was achieved with a very
modest sensitivity.

In our study, the inclusion of only intermediate coronary
stenosis with an indication to diagnostic IPA has played a
role in reducing the prevalence of suboptimal and ischemic
result after PCI. In this setting, however, it is even more

remarkable the reduction in TVR in comparison to the standard
angiography-based approach. In addition, it is interesting to
note that this comes not only without a significant increase
in the complexity of the procedure, as clearly demonstrated
by a similar fluoroscopy time but even without a significant
increase in the rate in-hospital events, in the length of stay
and in total costs, possibly due to the surrogate use of the
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FIGURE 4

Kaplan Meier curves patients with chronic coronary syndromes only at pairwise log rank comparison [Physiology-guided percutaneous
coronary intervention (PCI) vs. Angiography-guided PCI p = 0.007, Physiology-guided PCI vs. Control Group p = 0.89].

TABLE 6 Out of hospital outcomes for patients with chronic coronary syndromes.

CCS patients
(n = 969)

Group 1
(n = 669)

Group 2
(n = 161)

Group 3
(n = 139)

P-value
(global)

P-value
(3 vs. 2)

P-value
(3 vs. 1)

P-value
(2 vs. 1)

Follow-up, (months) 21.9 ± 9.8 20.5 ± 10.8 19.5 ± 9.5 0.013 0.363 0.006 0.100

MACE (%) 46 (6.9) 27 (16.8) 8 (5.8) < 0.001 0.002 1.000 0.000

Myocardial
infarction

13 (1.9) 3 (1.9) 2 (1.4) 0.923 1.000 1.000 1.000

Cardiac death 12 (1.8) 6 (3.7) 0 (0.0) 0.057 0.051 0.462 0.308

Target vessel
revascularization

29 (4.3) 21 (13) 7 (5.0) < 0.001 0.009 1 < 0.001

Cardiac
hospitalizations

111 (16.6) 56 (34.8) 33 (23.7) < 0.001 0.052 0.166 < 0.001

pressure wire instead of the expensive intracoronary imaging for
PCI guidance and optimization. However, this strategy should
be implemented using a quite rigorous algorithm aimed at
identifying not only the presence of any suboptimal result, but
also if this is due to a diffuse disease or to a geographically
missed focal lesion located distally or proximally to the stented
segment. In an effort to standardize this evaluation, several
groups, including ours (9), have suggested a systematic approach
to correctly diagnose and treat a suboptimal functional result.

The first step in any systematic post-PCI IPA is to define
what “a suboptimal result” means. During the years, several cut-
off values for post-PCI FFR have been proposed although most
of the data bulks around 0.89 and 0.91 (19), with recent evidence
hinting at the possibility of different cutoff for different vessels

(20). In line with previous data, our study suggests that the best
cut-off value is above 0.9, but this threshold has, however, a
modest ability of predicting MACE occurrence at follow-up.

Accordingly, a large meta-analysis of 105 studies confirmed
the relation among FFR below 0.9 and the risk of MACE or
TVR and the recent FFR-SEARCH study which showed that
patients with post-PCI FFR < 0.9 had 6.2% incidence of TVR
at 48 months vs. 3.9% for FFR above 0.9 (18, 21).

Once a “suboptimal functional result” is observed, choosing
how to manage the lesion is a complex task; indeed, a suboptimal
post-PCI FFR could recognize a wide range of causes from
stent under-expansion, to edge dissection, missed stenosis,
diffuse atherosclerotic disease etc. One of the limitations of the
postprocedural IPA of coronary circulation is its limited ability
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TABLE 7 Cox regression analysis for major adverse cardiovascular events (MACE).

Hazard ratio 95% confidence interval p

Age 1.008 0.990–1.027 0.373

Male gender 0.838 0.569–1.234 0.371

Hypertension 1.267 0.741–2.168 0.387

Diabetes 1.379 0.945–2.014 0.096

Chronic kidney disease 0.714 0.331–1.540 0.390

Previous MI 1.625 1.056–2.500 0.027

Previous PCI 1.166 0.773–1.758 0.464

Clinical presentation

NSTEMI vs. CCS 1.392 0.681–2.846 0.364

STEMI vs. CCS 1.341 0.889–2.022 0.162

Ejection fraction < 40% 1.855 0.899–3.825 0.094

Multivessel disease 1.414 0.926–2.160 0.109

Revascularization strategy without post-PCI functional assessment 1.893 1.002–3.575 0.049

FIGURE 5

ROC curves for the ability of final fractional flow reserve (FFR) value to predict major adverse cardiovascular events (MACE)-free survival.

to identify the causes of a suboptimal result. In this regard, a
pressure pullback maneuver can help in the identification of the
causes of a suboptimal result limiting intracoronary imaging to
doubtful cases (8).

Limitations

As any other observational study, the PROPHET-FFR study
suffers from some limitations. First of all, it is a single center
study with a retrospective design. This is clearly demonstrated
by the fact that of over 1,300 patients, only 180 received
post-PCI physiology and of those, only 12% (22◦pts) received

post-PCI optimization. However, this design is intentional in
the present phase to take a snapshot of the preference of
the operators in a center with a large experience in coronary
physiology without forcing them to follow a specific algorithm.
For example, in the present study the pressure pullback
maneuver was not systematically performed, neither in the
pre-PCI assessment, when new indexes, such as the pullback
pressure gradient (PPG) proposed by Collet et al. (21) could
help in planning the procedure, nor in the post-PCI phase.
This is a limitation of the study which will be amended in the
ongoing prospective phase in which we will test a standardized
approach to a fully “Physiology-guided PCI” and compare the
outcome results with those obtained in the retrospective phase
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(8). We believe that the use of this approach could improve
clinical outcomes by reducing the number of those lesions
with a suboptimal functional result not further optimized that
represent, in our study as in other similar studies (16–18), the
most important limitation.

Conclusion

In conclusion, our observational study suggests that
“Physiology-guided PCI” in intermediate coronary stenosis is
a feasible strategy, associated with a significant cost sparing
and more importantly with potential favorable impact on mid-
term prognosis. The lack of a strong cutoff and the need for
a systematic approach to localize and manage the suboptimal
results make imperative the completion of prospective studies
using a standardized physiological approach.
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Outcomes of atherectomy in
treating severely calcified
coronary lesions in patients with
reduced left ventricular ejection
fraction: A systematic review
and meta-analysis
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Qais Radaideh1, Mahmoud Ismayl1, Mahboob Alam4,
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1Department of Cardiology, Creighton University School of Medicine, Omaha, NE, United States,
2Department of Medicine, Rochester Regional/Unity Hospital, Rochester, NY, United States,
3Department of Medicine, University of Kentucky, Lexington, KY, United States, 4Section of

Cardiology, Department of Medicine, Baylor College of Medicine, Houston, TX, United States,
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Libya, 7Department of Medical Education, University of Tennessee at Nashville, Nashville, TN,

United States, 8Section of Interventional Cardiology, MedStar Washington Hospital Center,
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Background: Severely calcified coronary lesions with reduced left ventricular

(LV) function result in worse outcomes. Atherectomy is used in treating such

lesions when technically feasible. However, there is limited data examining the

safety and e�cacy of atherectomy without hemodynamic support in treating

severely calcified coronary lesions in patients with reduced left ventricular

ejection fraction (LVEF).

Objective: To evaluate the clinical outcomes of atherectomy in patient with

reduced LVEF.

Methods: We searched PubMed, Cochrane CENTRAL Register and

ClinicalTrials.gov (inception through July 21, 2021) for studies evaluating

the outcomes of atherectomy in patients with severe LV dysfunction. We used

random-e�ect model to calculate risk ratio (RR) with 95% confidence interval

(CI). The endpoints were in-hospital and long term all-cause mortality, cardiac

death, myocardial infarction (MI), and target vessel revascularization (TVR).

Results: A total of 7 studies consisting of 2,238 unique patients were included

in the analysis. The median follow-up duration was 22.4 months. The risk

of in-hospital all-cause mortality using atherectomy in patients with severely

reduced LVEF compared to the patients with moderate reduced or preserved

LVEF was [2.4vs.0.5%; RR:5.28; 95%CI 1.65–16.84; P = 0.005], the risk of long

term all-cause mortality was [21 vs. 8.8%; RR of 2.84; 95% CI 1.16–6.95;

P = 0.02]. In-hospital TVR risk was 2.0 vs. 0.6% (RR: 4.15; 95% CI 4.15–15.67;
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P= 0.04) and long-term TVR was [6.0 vs. 9.9%; RR of 0.75; 95% CI 0.39–1.42; P

= 0.37]. In-hospital MI was [7.1 vs. 5.4%; RR 1.63; 95% CI 0.91–2.93; P = 0.10],

long-term MI was [7.5 vs. 5.7; RR 1.74; 95%CI 0.95–3.18; P = 0.07).

Conclusion: Our meta-analysis suggested that the patients with severely

reduced LVEF when using atherectomy devices experienced higher risk of

clinical outcomes in the terms of all-cause mortality and cardiac mortality.

As we know that the patients with severely reduced LVEF are inherently

at increased risk of adverse clinical outcomes, this information should be

considered hypothesis generating and utilized while discussing the risks and

benefits of atherectomy in such high risk patients. Future studies should focus

on the comparison of outcomes of di�erent atherectomy devices in such

patients. Adjusting for the inherent mortality risk posed by left ventricular

dysfunction may be a strategy while designing a study.

KEYWORDS

reduced ejection fraction, left ventricular dysfunction, severe coronary calcification,

atherectomy, percutaneous coronary intervention

Introduction

Severely calcified coronary lesions exist in up to 20%

of patients undergoing percutaneous coronary intervention

(PCI) (1). Performing PCI to severely calcified coronary artery

lesions is technically challenging because of the difficulty of

balloon or stent delivery and optimal stent apposition and

expansion, which may lead to underexpansion with increased

risk of stent thrombosis and restenosis (2). Atherectomy is

one of the effective ways to treat severely calcified coronary

lesions that can modify calcified plaques to facilitate balloon

or stent delivery and optimize stent expansion (3, 4). The

2011 American College of Cardiology Foundation/American

Heart Association/Society for Cardiovascular Angiography

and Interventions PCI guidelines gave Class IIa (level

of evidence C) recommendation for rotablator for the

treatment of heavily calcified plaques that cannot be

crossed by a balloon catheter or adequately dilated before

stenting (5).

Patients with severe coronary artery calcifications and

severely reduced left ventricular ejection fraction (LVEF) have

worse prognosis than those with normal LVEF, and pose

technical challenges in standard PCI techniques (6). Although

coronary artery bypass grafting (CABG) has been recommended

for patients with left ventricular (LV) systolic dysfunction as a

first line revascularization strategy (6), due to the technological

advances and improvements in intervention techniques, high-

risk PCI using atherectomy is an alternative to high-risk CABG

Abbreviations: PCI, Percutaneous coronary intervention; LVEF, Left

ventricular ejection fraction; CAC,Coronary artery calcification; CABG,

Coronary artery bypass grafting.

(7–9). As there are a few reports that have focused on the clinical

outcomes of atherectomy in patients with severe LV dysfunction,

we aimed to perform a systematic review and meta-analysis of

available literature in this regard.

Methods

Data source and search strategy

A meta-analysis was performed according to the Preferred

Reporting Items for Systematic Reviews an Meta-Analyses

(PRISMA) 2009 guidelines (10). Two reviewers (WA and MA)

independently identified the relevant studies by an electronic

search of the PubMed, EMBASE, Cochrane Central Register

of Controlled Trials, and ClinicalTrials.gov databases (from

inception to July 2021) (Supplementary Table 1). References of

the retrieved studies were also screened further for relevant

studies. The following search terms and key words were

used: “atherectomy” OR “orbital atherectomy” OR “rotational

atherectomy” AND “reduced ejection fraction”OR “heart failure

with reduced ejection fraction”OR “left ventricular dysfunction”

AND “severely calcified coronary lesions” and “coronary artery

disease.” There was no language, publication date or publication

status restrictions imposed.

Study selection

Two investigators (WA andMA) independently assessed the

eligibility of studies on the basis of titles, abstracts, and full-

text reports. Discrepancies in study selection were discussed and

resolved with the third investigator (KD). Eligible studies had to
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TABLE 1 Study characteristics included in the meta-analysis.

Study Type Total Type of

Atherectomy

# of arms Severely

reduced

EF

Moderate

reduced

EF

normal EF Follow up

Lee et al. (8) prospective 437 orbital three groups 26–40% 41–50% > 50% In-hospital/12 months

Shlofmitz et al. (15) retrospective 438 orbital two groups ≤40 >40 30 days

Watanabe et al., (11) retrospective 270 rotational two groups ≤35% >35% in–hospital/30 days

Whiteside et al., (12) retrospective 131 rotational three groups ≤30 % 30–50% >50% in-hospital

Mankerious et al. (13) retrospective 644 rotational three groups ≤35% 36–54% ≥55% in-hospital/5 years

Zhang et al. (3) retrospective 140 rotational three groups ≤35% 36–50% >50% in-hospital/24 months

Yoshida et al. (14) retrospective 178 rotational three groups ≤35% 36–50% >50% in-hospital/12 months

EF, ejection fraction.

satisfy the following prespecified criteria: (a) Studies evaluating

the use of atherectomy for coronary lesions in patients with left

ventricular dysfunction (b) availability of clinical outcome data.

The exclusion criteria were lack of any clinical outcome data and

duplicated publications. Our study population included patients

with severely reduced LVEF, moderate LVEF and preserved

LVEF. We compared patients with severely reduced LVEF as

one groups to the combined (moderate and preserved LVEF)

as one group. Severely reduced LVEF and moderate LVEF were

attributed according to the definition used in each study as

shown in (Table 1).

Data extraction and quality assessment

Two investigators (WA and QA) independently extracted

data (baseline characteristics, definition of outcomes and

number of events) using a standardized data abstraction form.

The same investigators independently and systematically

assessed the studies’ methodological quality using the Newcastle

Ottawa Scale (Supplementary Table 2), disagreements

were resolved by a third author (KD). We assessed for

publication bias using the funnel plots for the outcomes

(Supplementary Figure 1).

Outcome measures

The endpoints were in-hospital and long term all-

cause mortality, cardiac death, myocardial infarction (MI),

and target vessel revascularization (TVR). Procedural

outcomes were also analyzed including slow or no reflow,

perforation and dissection. Endpoints were attributed

according to the definition used in each study. Definition

of MI in each included study were reported in the

Supplementary Table 3.

Statistical analysis

For categorical outcomes, the risk ratios (RRs) with 95%

confidence intervals (CI) were calculated and study -specific

RR were combined with the DerSimonian and Laird random

effects model with the estimate of heterogeneity using the

Mantel–Haenszel model. We used I2 statistic to measure

heterogeneity among the trials; a value of 0% indicates no

observed heterogeneity, and values of 25, 50, and 75% define low,

moderate, and high heterogeneity, respectively. The presence

of publication bias for each outcome was investigated by

visual estimation of funnel plots when data was available

for at least three studies. Results were reported according

to the Preferred Reporting Items for Systematic Reviews and

Meta-Analyses Protocol (PRISMA-P) 2015 statement. Analyses

were performed using Review Manager (RevMan) Version 5.3

(The Nordic Cochrane Center, The Cochrane Collaboration,

Copenhagen, Denmark).

Results

Search results

Figure 1 displays the PRISMA diagram for study search and

selection. A total of seven studies (six retrospective and one

prospective studies) including 2, 238 patients, 270 with severely

reduced LVEF, and 1,968 patients with moderately reduced or

preserved LVEF were included in the meta-analysis. The median

follow-up duration for long term outcome was 22.4 months.

The characteristics of the included studies and the patients’

demographics are presented in Tables 1, 2, respectively.

Clinical outcomes

In-hospital and long term outcomes (all-cause mortality,

cardiac death, MI and TVR) were reported in all the studies. In-

hospital all-cause mortality and TVR were significantly higher
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FIGURE 1

PRISMA flow diagram for study selection.

in patients with severely reduced LVEF as compared to patients

with moderate and preserved LVEF who had atherectomy (RR:

5.28; 95% CI 1.65–16.84; P = 0.005; I2 = 0%; Figure 2A) and

(RR: 4.15; 95% CI 4.15–15.67; P = 0.04; I2 = 0%; Figure 2D),

respectively. There was no significant difference between the

two groups in in-hospital cardiac death (RR of 3.71; 95% CI

0.55–24.87; P = 0.18; I2 = 0%; Figure 2B) and MI (RR of 1.63;

95% CI 0.91–2.93; P = 0.10; I2 = 0%; Figure 2C). Patients

with severely reduced LVEF had higher rate of long term all-

cause mortality (RR of 2.84; 95% CI 1.16–6.95; P = 0.02; I2

= 53%; Figure 3A) and long-term cardiac death (RR of 4.27;

95% CI 1.68–10.83; P = 0.002; I2 = 24%; Figure 3B) compared

with moderate and preserved LVEF. There was no difference

between the two groups in term of long-term MI (RR of 1.74;

95% CI 0.95–3.18; P = 0.07; I2 = 28%; Figure 3C) and long-

term TVR (RR of 0.75; 95% CI 0.39–1.42; P = 0.37; I2 = 18%;

Figure 3D).

Procedural complications

Procedural complications including slow flow or no reflow,

coronary perforation, and coronary dissection were analyzed

(Figure 4). Slow or no reflow was significantly higher in patients

with severely reduced LVEF (RR: 4.19; 95% CI 2.03–8.65; P

= 0.0001; I2 = 44%; Figure 4A). Atherectomy in patients

with severely reduced LVEF is associated with higher coronary

perforation (RR: 2.11; 95% CI 1.00–4.45; P = 0.05; I2 = 0%;

Figure 4B). There was no difference between the two groups

in peri-procedural dissection (RR: 2.05; 95% CI 0.84–4.98; P =

0.11; I2 = 26%; Figure 4C). T
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FIGURE 2

Forest plot of in-hospital outcomes (all-cause mortality, cardiac mortality, MI, TVR). (MI, myocardial infarction; TVR, target

vessel revascularization).

Heterogenicity, publication bias and
asymmetry

With respect to clinical outcomes, there was no

heterogeneity for in-hospital all-cause mortality (P = 0.005, I2

= 0%), cardiac mortality (P = 0.18, I2 = 0%), MI (P < 0.10, I2

= 0%) and TVR (p < 0.04, I2 = 0%). Heterogenicity was low

for long term cardiac mortality (P < 0.002, I2 = 24%), MI (P

< 0.07, I2 = 28%), and TVR (P < 0.37, I2 = 18%). There was

moderate heterogeneity for long term all-cause mortality (P =

0.02, I2 = 53%). Overall, heterogenicity was low and there was

no evidence of publication bias on visual inspection of funnel

plots for the clinical outcomes (Supplemental Figure 1).

Discussion

The current meta-analysis evaluated in-hospital and long-

term outcomes of patients with severely calcified coronary

lesions who underwent PCI with atherectomy. We divided the

patients in two groups depending on their LV dysfunction

and compared their clinical risks. The main findings of the

analysis were (1) Treating severely calcified coronary artery

disease with atherectomy in patients with severely reduced

LVEF had significant higher in-hospital and long term all-

cause mortality risks compared to the patients with moderate

or preserved LVEF, (2) There was no significant difference in

in-hospital cardiac mortality between the two groups while long

term cardiac mortality was significantly higher in patients with

severe coronary artery calcification (CAC) and severely reduced

LVEF who underwent atherectomy, (3) The risk of in-hospital

MI was higher in patients with severely reduced LVEF while

no difference in long term MI compared to those patients

with moderately reduced or preserved LVEF. (4) There was

increased risk of no reflow/slow flow but similar risk of coronary

perforation and dissection between two groups.

Severe CAC makes PCI challenging and difficult to achieve

optimal results. Despite advances in interventional equipment

and techniques, the outcome in patients with severe CAC

remains worse than those with non-calcified coronary stenosis

(16, 17). Generally, PCI in patients with LVEF <35% is

associated with higher in-hospital mortality rates (18) and
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FIGURE 3

Forest plot of long term outcomes (all-cause mortality, cardiac mortality, MI, TVR). (MI, myocardial infarction; TVR, target

vessel revascularization).

is considered as a high-risk PCI (5, 6). Patients with severe

CAC and left ventricular systolic dysfunction undergoing PCI

has worse prognosis and increased risk of adverse events

after PCI, including death (19–21). Left ventricular systolic

dysfunction was also reported to be an independent predictor

of poor clinical outcomes in patients undergoing rotational

atherectomy (22). The atherectomy technique has been widely

critiqued for its association with high complication rates, and

is still performed in patients with high pre-procedural risk,

like patients with severely LVEF, which can further increase

the risk(23). Pivotal Trial to Evaluate the Safety and Efficacy

of the Diamondback 360◦ R© Orbital Atherectomy System in

Treating De Novo, Severely Calcified Coronary Lesions (ORBIT

II) showed that preparation of severely calcified plaque with

the Orbital Atherectomy System not only helped facilitate stent

delivery, but had lower rates of in-hospital Q-wave MI (0.7%),

cardiac death (0.2%), and TVR(0.7%).(24) In addition, the rate

of 1-year cardiac death in ORBIT II study increased as LVEF

decreased. However, a study by Jujo et al. (25) suggested that

using rational atherectomy in treating treat severely calcified

coronary artery stenoses as therapeutic strategy, is associated

with increased rates of PCI success and improved long-term

CV mortality.

There are several explanations for the increased mortality

among severely reduced LVEF patients with atherectomy. First,

there is inherently increased mortality associated with low

LVEF compared to normal EF patients (26) Second, the use

of atherectomy can increase the risk of the mechanical and

thermal injury and distal micro embolization causing no-reflow

or slow flow, which may carry a more deleterious effect among

low LVEF than preserved LVEF patients (27) with the resulting

microvascular dysfunction leading to worse outcomes. An

analysis from National Cardiovascular Data Registry CathPCI

Registry showed increase in the temporal use of coronary

atherectomy, either orbital or rotational, with a temporal decline

in MI (odds ratio 0.97 [95%CI 0.96–0.98], P<0.001) (4). On
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FIGURE 4

Forest plot of procedural outcomes (slow/no reflow, coronary perforation, dissection).

the other hand, McEntegart et al. (28) reported that rotational

atherectomy was associated with a type 4A MI rate of 24%

as detected by cardiac magnetic resonance imaging. Our study

demonstrated non-significant difference in both in-hospital MI

[(RR of 1.63; 95% CI 0.91–2.93; P = 0.10) and long-term MI

(RR of 1.74; 95% CI 0.95–3.18; P = 0.07] in patients with

severely reduced LVEF compared to the other group. However,

Atherectomy has been tested in several high risk population

and showed comparable adverse cardiac events in patients with

acute coronary syndrome and in patients with calcified lesions

≥25mm of length (29, 30). While atherectomy in reduced EF

was independently linked to worse cardiac events including

death and MI (22, 31), PROTECT II (32) has shown that the use

of mechanical support device during atherectomywas associated

with poor MACE in reduced EF groups which denotes that the

utility of mechanical support devices would be an independent

predictor of worse outcomes in such a compromised subset

of population.

Our meta-analysis demonstrates higher rates of in-hospital

TVR in the groups with severely reduced LVEF while the long

term TVR rates were not different between the two groups. One

study showed that TVR rates at 5 years were not affected by

LVEF (13). In ORBIT II, the rate of 1-year TVR was comparable

across the LVEF groups (24). The lack of difference in TVR

rates at follow up between the compared groups might be

explained by the late catch-up phenomena, and the likelihood

of microembolization having more deleterious effect in patients

with depressed LVEF. It was also reported that in severely

calcified lesions that necessitated rotational atherectomy, thin-

strut drug eluting stent resulted in lower rates of TVR compared

to thick-strut drug eluting stent (33).

Limitations

The main limitation of this meta-analysis is that the cohort

of patients with severely reduced LVEF are inherently high

risk population with worse outcomes due to underlying cardiac

pathology independently from the atherectomy use. Another

major limitation of our study is the relatively small sample size,

which may limit the generalization of the results. However, we

need to understand that it may not be feasible to generate a large

sample of patients in such cohorts. Also, our study has other

several limitations including the use of different atherectomy

devices, with different size and number of burr. Moreover,

severely reduced LVEF was defined differently in the included

studies. In addition, the studies were non-randomized, which

can have inherent selection bias. Other main limitation is that

the outcomes were not adjusted for different variables. Despite

all these limitations, we believe that the current review adds to

the understanding of clinical outcomes in patients with reduced

LVEF with severely calcified lesions with the use of atherectomy.
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Conclusion

Our meta-analysis suggested that the patients with severely

reduced LVEF when using atherectomy devices experienced

higher risk of clinical outcomes in the terms of all-cause

mortality and cardiac mortality. As we know that the patients

with severely reduced LVEF are inherently at increased risk of

adverse clinical outcomes, this information should be considered

hypothesis generating and utilized while discussing the risks

and benefits of atherectomy in such high risk patients. Future

studies should focus on the comparison of outcomes of different

atherectomy devices in such patients. Adjusting for the inherent

mortality risk posed by left ventricular dysfunction may be a

strategy while designing a study.
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factor HIF1A provides
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ischemia and reperfusion via
induction of netrin-1
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Yanyu Wang2, Michael Koeppen1*† and Holger K. Eltzschig2†
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McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX,
United States, 3Department of Cardiac Surgery, Sir Run Run Shaw Hospital, School of Medicine,
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The transcription factor hypoxia-inducible factor HIF1A induces

cardioprotection from ischemia and reperfusion injury. Here, we investigate

tissue-specific pathways that are critical for HIF1A-elicited tissue protection.

Initial studies showed that mice with induced global Hif1a deletion

(Hif1aloxP/loxP UbiquitinCre+) have exaggerated myocardial injury during

in situ ischemia and reperfusion. Surprisingly, this phenotype was mirrored

only in mice with myeloid-specific Hif1a deletion (Hif1aloxP/loxP LysM Cre+).

In contrast, mice with myocardial specific (Hif1aloxP/loxP Myosin Cre+), or

vascular Hif1a deletion (Hif1aloxP/loxP VEcadherin Cre+) experienced similar

levels of injury as controls. Subsequent studies using adoptive transfer of

Hif1a-deficient polymorphonuclear neutrophils (PMNs) prior to myocardial

injury demonstrated increased reperfusion injury. On the contrary, the

adoptive transfer of PMNs treated ex vivo with the hypoxia inducible factor

(HIF) stabilizer dimethyloxalylglycine (DMOG) was associated with attenuated

myocardial injury. Furthermore, DMOG-mediated cardioprotection was

abolished in Hif1aloxP/loxP LysM Cre+ mice, but not in Hif2aloxP/loxP LysM

Cre+ mice. Finally, studies of PMN-dependent HIF1A target genes implicated

the neuronal guidance molecule netrin-1 in mediating the cardioprotective

effects of myeloid HIF1A. Taken together, the present studies identified a

functional role for myeloid-expressed HIF1A in providing cardioprotection

during ischemia and reperfusion injury, which is mediated, at least in part, by

the induction of the netrin-1 neuronal guidance molecule in neutrophils.

KEYWORDS

hypoxia, myocardial infarction, polymorphonuclear neutrophil (PMN), reperfusion,
heart, hypoxia inducible factor (HIF)
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Introduction

Myocardial infarction remains one of the leading causes
of death worldwide. Most commonly, it is an aftereffect
of a coronary artery occlusion leading to myocardial
ischemia (1). As a consequence of ischemia, myocardial
tissue develops profound hypoxia (2), leading to tissue
necrosis if blood flow is not restored in time. During
myocardial ischemia, tissue hypoxia becomes a strong
transcriptional stimulus that activates a coordinated
transcriptional program that promotes increased resistance
to ischemia and reperfusion injury (3, 4). A central role in
the coordination of this adaptive response is mediated by
the stabilization of the hypoxia-inducible transcription factor
HIF1A (5).

Under normoxic conditions, HIF1A is constantly degraded
through the proteasomal pathway due to hydroxylation
by prolylhydroxylases (PHDs), causing subsequent binding
of the von Hippel Lindau gene product, which targets
HIF1A for degradation (6, 7). However, when oxygen levels
drop, PHDs become inactivated and HIF1A is rapidly
stabilized, translocates to the nucleus, and binds to the
promoter region of hypoxia inducible factor (HIF) target
genes to induce their transcription (2, 3). HIF1A is known
to regulate a wide array of genes. For example, gene
expression profiles in endothelial cells exposed to normoxia
or hypoxia indicate that more than 600 target genes are
regulated by HIF1A, including gene repression or induction
(8). In cardiomyocytes, HIF1A increases the expression
of glycolytic pathway enzymes, thereby enhancing their
capacity to generate ATP under anaerobic conditions and
promoting their ability to cope with ischemic tissue injury
(9). In myeloid cells, HIF1A transcriptional activity can
regulate cell functions or drive the release of cardioprotective
HIF1A target genes (10–12), which can significantly influence
inflammatory processes (13). For example, stabilization of
HIF1A in hypoxia increases the life span of usually short-lived
polymorphonuclear neutrophils (PMN) (14). Furthermore,
stabilization of HIF1A increases the motility of myeloid cells
toward a chemotactic gradient, bringing them to the site of
injury (15, 16).

Based on studies implicating HIF1A stabilization in tissue
adaptation and protection during hypoxia or inflammation (3,
17, 18), research efforts were initiated to use this pathway
as a therapeutic target. Several pharmaceutical companies
have been successful in finding small molecule inhibitors
for PHDs that can be used as HIF activators. In fact,
several recent phase-3 clinical trials successfully tested the
PHD inhibitors roxadustat or vadadustat for the treatment
of renal anemia (19–22). Furthermore, experimental studies
provide evidence that PHD inhibitors induce cardioprotection
from ischemia and reperfusion injury (5, 23). Together,
these studies highlight that the HIF1A pathway could be

utilized as a therapeutic target for myocardial ischemia and
reperfusion injury.

Cardioprotection by HIF1A is supported by several
previous studies (24–26). However, the cellular source of
HIF-mediated cardioprotection remains unknown. HIF1A is
ubiquitously expressed, including cells involved in myocardial
ischemia and reperfusion injury, such as cardiomyocytes,
vascular endothelial cells, and myeloid cells (23, 27). To
uncover the individual contributions of different cellular
compartments during HIF1A-dependent cardioprotection,
we used transgenic mice with a Hif1a gene flanked by a
LoxP site. When breeding these mice with tissue-specific
expression of Cre recombinase, we stepwise deleted Hif1a
from different cellular compartments. Surprisingly, we
found that the predominant source of HIF1A-mediated
cardioprotection involves myeloid cells and uncovered a novel
contribution of PMN.

Materials and methods

Mice

All animal procedures were performed in an accredited
facility of the American Association for Laboratory Animal
Care and approved by the University of Colorado Denver
and the Institutional Animal Care and Use Committee of
the University of Texas Health Science Center at Houston
(UTHealth). For all studies, we used mice with an age of
8–16 weeks. C57BL/6J mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, United States). Hif1aloxP/loxP

(B6.129-Hif1aTM3Rsjo/J) (28), Hif2aloxP/loxP (Epas1tm1Mcs/J)
(23), Ntn1loxP/loxP (B6.129(SJL)-Ntn1tm1.1Tek/J) (12). These
animals were crossed with the following mouse lines, that
express Cre-recombinase under the control of a tissue-
specific promoter: tamoxifen-inducible Ubiquitin Cre+
(B6.Cg-Ndor1Tg (UBC-cre/ERT2) 1Ejb/J) (29), LysM Cre+
(B6.129P2-Lyz2TM 1 (cre)Ifo /J) (30), VE-cadherin-Cre+
(B6.Cg-Tg(Cdh5-cre)7Mlia/J) (31, 32), and tamoxifen inducible
Myosin-Cre+ (B6.FVB(129)-A1cfTg). For studies using
Myosin-Cre+ or Ubiquitin Cre+ mice, mice received tamoxifen
dissolved in peanut oil for 5 days (1 mg/day i.p.), followed
by a resting period of 7 days prior to experimentation.
Mice were genotyped by GeneTyper (New York, NY,
United States) or in house according to the recommended
protocol.

Human neutrophil isolation and cell
culture

From healthy subjects, human blood was collected in
tubes containing anticoagulant citrate (S-monovette #04.1902,
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Sarstedt, Nümbrecht, Germany). Neutrophils were isolated
using a Percoll-based protocol. Briefly, whole blood was
applied to the discontinuous Percoll gradient containing equal
vols of 63 and 72% Percoll solution and centrifuged at 400
(× g) for 30 min without brake. A mixture of neutrophils
and red blood cells was collected at the Percoll gradient
interface, in which the latter were subsequently removed by
isotonic lysis (NH4Cl solution). Neutrophils were then pelleted
and washed with HBSS(-). Neutrophil purity/viability was
assessed by loading a small aliquot into a particle count
and size analyzer (Coulter, Backman Coulter) following the
manufacturer’s instructions. In total, 1–2 × 106 PMN per
ml of blood were typically isolated with >95% purity and
viability. After isolation, neutrophils were rested 30 min before
experiments. Cells were cultured 2.5 × 106 cells/ml in RPMI
1640 with 10% FCS at 37◦C in 21% O2 (0 h timepoint) or 2%
O2 (hypoxia timepoints).

Murine model for myocardial ischemia

A detailed procedure of in situ myocardial ischemia
and reperfusion injury has previously been described
(23, 33–35). In summary, we exposed mice to 60 min
of myocardial ischemia followed by 2 h of reperfusion,
followed by an analysis of the size of the infarct and
a measurement of cardiac troponin I (cTnI) in serum.
Dimethyloxalylglycine (DMOG) was administered to mice
4 h before ischemia started (1 mg/mouse, dissolved in normal
saline, intraperitoneal). Successful occlusion of LCA occlusion
was confirmed by a color change in LCA-supplied cardiac
tissue. After 60 min of ischemia, the weights were removed
to allow reperfusion of the tissue. During ischemia, we
administered normal saline at a constant rate of 0.1 ml/h.
At the beginning of reperfusion, we increased the infusion
rate to 0.6 mL/h.

Infarct staining

The detailed procedure to measure the percentage of
infarcted area relative to the area undergoing ischemia (area at
risk) using a counterstain technique was previously described
(23, 33). At the end of the experiment, the circulation was
flushed with 5 ml of normal saline and LCA was permanently
occluded. After injection of Evan’s blue dye (600 µl, 1%), the
heart was excised by the heart basis and kept at −20◦C for
15 min. The hearts were then cut and incubated with 1%
triphenyltetrazolium chloride (TTC) for 10 min at 37◦C before
fixation in 4% neutral buffer formalin. To prevent bleaching
of the dye, photographs of the heart slices were taken the
day after the experiments. For this, tissue slices were placed
between glass slides and pictures were taken using a Nikon

D5300 camera at 32× magnification. The AAR and infarct
size were measured by ImageJ software (National Institutes of
Health, United States; Version 1.51k). If an air bubble was
accidentally injected into the cardiac circulation during Evan’s
blue injection, resulting in incomplete delimitation of AAR, the
sample was excluded.

Cardiac troponin I enzyme-linked
immunosorbent assay

As an additional line of evidence for myocardial injury,
cTnI was measured by enzyme-linked immunosorbent assay
(ELISA), as described (36) using the cTnI ELISA Kit (Life
Diagnostic, #CTNI-1-HS).

Neutrophil depletion and adoptive
transfer

Untouched PMNs were isolated from bone marrow
in donor mice of the indicated genotype (aged 6–
8 weeks) using the EasySep mouse neutrophil enrichment
kit (Stemcell Technologies Inc.). In a subset of the
experiment PMN from C57/J animals, 1 mM DMOG
(Sigma-Aldrich, #D3695) or vehicle solution was incubated
for 60 min. Then 1 × 106 cells were injected into
neutrophil-depleted mice through an arterial catheter over
a 10-min period 60 min prior to myocardial ischemia. The
detailed procedure for neutrophil depletion in vivo was
previously described (37) using Ly6G-specific mAb 1A8
antibody (BioXCell).

Immunoblotting experiments

To study the expression of Netrin-1, immunoblotting
methods were conducted. At the end of each timepoint,
neutrophils in the medium were collected and centrifuged at
500 (× g) for 5 min to collect cells. Cells were immediately
lysed in IP lysis buffer (Pierce #87788, ThermoFisher) on ice
for 30 min and then centrifuged at 12,000 (× g) for 10 min.
The protein concentration of the lysates was measured by
the BCA Assay (#23225, ThermoFisher) then incubated in
Laemmli sample buffer containing 2-mercaptoethanol at
95◦C for 5 min. Lysate proteins (40 µg) were separated
on 7.5% SDS polyacrylamide gels by SDS-PAGE and then
transferred to PVDF membranes using a Bio-Rad Mini
Trans-Blot cell. Netrin-1 (LSBio, LS-C743016) and β-actin
(Santa Cruz, sc-130656), used as loading control, were
detected using specific primary antibodies. The membranes
were subsequently incubated with a secondary antibody
coupled to HRP conjugate (Invitrogen #65-6120). The

Frontiers in Cardiovascular Medicine 03 frontiersin.org

112113

https://doi.org/10.3389/fcvm.2022.970415
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-970415 September 22, 2022 Time: 15:18 # 4

Heck-Swain et al. 10.3389/fcvm.2022.970415

membranes were incubated with ECL reagents (Clarity Max,
Bio-Rad, and Immunocruz, Santa Cruz, respectively) and
the chemiluminescent signal detected by the Fusion Imaging
System (Vilber Lourmat). Protein expression was quantified
by densitometry using ImageJ (National Institutes of Health,
United States; Version 1.51k) and normalized to the expression
of β -actin.

Statistical analysis

The N numbers were predetermined by power analysis
to detect a mean difference of 20% with 8% standard
deviation (SD). Outliers were detected by the Grubb
test and removed from the data. All data approximately
followed the normal distribution and were plotted as
mean ± SD. The experimental data were analyzed by
the unpaired two-sided student t-test or ANOVA with
Tukey test for multiple comparison. A p-value less than
0.05 was considered statistically significant. Statistical
analyzes were performed using Prism (version 9.1.2,
GraphPad Software Inc.).

Results

Global-induced deletion of Hif1A is
associated with increased myocardial
ischemia and reperfusion injury

Previous studies have implicated HIF1A in cardioprotection
from ischemia and reperfusion injury (5, 23, 38). For
example, mice with Hif1a heterozygote deletion are not
protected by ischemic preconditioning (39). Similarly,
pharmacologic stabilizers of HIF, such as DMOG, provide
robust cardioprotection during ischemia and reperfusion (5).
However, the fact that mice with Hif1a homozygous deletion
die during embryogenesis (40) has made it difficult to provide
direct genetic evidence for Hif1a during cardioprotection.
Thus, we generated mice with induced global deletion of Hif1a
after tamoxifen treatment by crossing Hif1aloxP/loxP mice with
Ubiquitin Cre+ mice to generate Hif1aloxP/loxP Ubiquitin Cre+
mice (41). To achieve global-induced Hif1a deletion, mice
were treated daily with tamoxifen for 5 days (1 mg i.p./day)
and recovered for 7 days before myocardial ischemia and
reperfusion injury, using a previously described in situ model
(Figure 1A) (34). Western blot analysis for Hif1a showed the
expression of the Hif1a protein in response to Hif1a stabilizer
treatment (DMOG, 1 mg i.p.) in Ubiquitin Cre+ mice. On the
contrary, the Hif1a protein did not accumulate in cardiac tissue
in Hif1aloxP/loxP Ubiquitin Cre+ mice after DMOG treatment
(Figure 1B), suggesting a successful deletion of Hif1a in these
animals.

To assess the functional consequences of global-induced
deletion of Hif1a in myocardial ischemia and reperfusion
injury, we exposed Hif1aloxP/loxP Ubiquitin Cre+ mice to
in situ myocardial ischemia and reperfusion after treatment
and recovery with tamoxifen (Figure 1A) and evaluated
myocardial injury by infarct sizes and serum troponin
levels. These studies demonstrated significantly larger
myocardial infarct sizes after 60 min of ischemia and
2 h of reperfusion in Hif1aloxP/loxP Ubiquitin-Cre+ mice
compared to littermate control Ubiquitin Cre+ mice after
tamoxifen treatment (Figures 1C,D). Similarly, Hif1aloxP/loxP

Ubiquitin Cre+ mice experienced significantly elevated
of the cardiac injury marker troponin I (Figure 1E).
Together, these studies demonstrate that Hif1a induced
deletion is associated with dramatic increases in myocardial
injury after ischemia and reperfusion, and confirm
previous studies implicating HIF1A in cardioprotection
(5, 38).

Tissue-specific Hif1a deletion reveals a
selective role for myeloid-derived
Hif1A in mediating cardioprotection
during ischemia and reperfusion

Based on the above studies showing that global-induced
deletion of Hif1A has deleterious effects during in situ
myocardial ischemia and reperfusion injury, we next pursued
studies to identify tissue-specific contributions of Hif1a
in cardioprotection. To do this, we generated mice with
Hif1a deletion in different tissue compartments, including
cardiomyocytes (Hif1aloxP/loxP Myosin Cre+ mice) (23),
vascular endothelial cells (Hif1aloxP/loxP VEcadherin Cre+
mice) (27) or myeloid cells (Hif1aloxP/loxP LysM Cre+
mice) (42). We subjected these mouse lines with Cre+
control mice of the same sex, weight, and age to 60 min
of myocardial ischemia and 120 min of reperfusion and
measured myocardial injury by assessing the size area of
the infarct and serum troponin levels, as previously (12,
23, 35, 43). Consistent with previous studies (23), we
found that Hif1aloxP/loxP Myosin Cre+ mice had similar
infarct sizes and troponin I levels compared to Myosin
Cre+ controls (Figures 2A–C). Similarly, deletion of Hif1a
in vascular endothelia (Hif1aloxP/loxP VEcadherin Cre+
mice) did not alter the susceptibility to myocardial injury
(Figures 2D–F). Surprisingly, we found the predominant
phenotype in mice with Hif1a deletion in the myeloid
compartment. Indeed, Hif1aloxP/loxP LysM Cre+ mice had
dramatic increases in myocardial infarct sizes, and increased
troponin I leakage into the plasma, as compared to LysM
Cre+ control animals (Figures 2G–I). Together, these studies
provide novel evidence that mice with myeloid-specific Hif1a
deletion experience increased susceptibility to myocardial
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FIGURE 1

Functional consequences of the induced global deletion of Hif1a during myocardial ischemia and reperfusion injury. (A) Experimental approach
to study global induced Hif1a-deficiency. Hif1aloxP/loxP mice were crossed with Cre-recombinase expressing mice under the control of a
ubiquitin promoter (UbiquitinCre+); these mice express cre-recombinase under the control of a tamoxifen inducer. Control animals with sex
and weight matched (UbiquitinCre+) or Hif1aloxP/loxP UbiquitinCre+ mice received a daily dose of 1 mg i.p. tamoxifen 5 consecutive days to
induce Cre recombinase activity. After 7 days, the animals underwent experimental protocols (60 min of in situ myocardial ischemia followed by
120 min of reperfusion), followed by serum collection to determine the concentrations of troponin I and TCC staining for infarct sizes. (B) Hif1A
immunoblot performed on protein isolated from myocardial tissue after treatment with the pharmacological HIF activator dimethyloxalylglycine
(1 mg DMOG i.p.) 4 h before tissue collection from UbiquitinCre+ or Hif1aloxP/loxP UbiquitinCre+. A representative image of three individual
experiments is presented. (C) The infarct sizes of UbiquitinCre+ or Hif1aloxP/loxP UbiquitinCre+ mice are displayed as a percentage of the area at
risk after 60 min of ischemia, followed by 120 min of reperfusion (UbiquitinCre+ n = 7; Hif1aloxP/loxP UbiquitinCre+ n = 5, per group mean ± SD;
statistical analysis by two-sided, unpaired Student’s t-test; mice were matched by age, sex, and weight). (D) Representative infarct staining of
UbiquitinCre+ or Hif1aloxP/loxP UbiquitinCre+ mice (60 min of ischemia and 120 min of reperfusion). (E) Troponin serum levels after 60 min of
ischemia, followed by 120 min of reperfusion in UbiquitinCre+ or Hif1aloxP/loxP UbiquitinCre+ mice (UbiquitinCre+ n = 12; Hif1aloxP/loxP

UbiquitinCre+ n = 8 presented as mean ± SD; compared by Student’s t-test).
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ischemia and reperfusion injury, essentially resembling the
findings in mice with induced global deletion of Hif1A
(Figures 1C–E).

Transfer of Hif1a-deficient
polymorphonuclear neutrophils is
associated with more severe
myocardial ischemia and reperfusion
injury

The above studies indicate myeloid-dependent HIF1A in
cardio-protection from ischemia and reperfusion injury. As next
step, we pursued studies to further characterize specific cellular
populations that are critical in this response. Due to the fact that
PMNs are the predominant bone marrow-derived inflammatory
cells in the post-ischemic myocardium (36), we next performed
studies to address PMN-dependent HIF1A. For this purpose,
we performed an adoptive transfer as described previously (43).
In short, C57BL6J animals received 250 µg of 1A8 Ly6G-
antibody 24 h prior to experimentation to deplete PMNs. On
the day of the experiment, we isolated a pure population of
mature PMNs from Hif1aloxP/loxP LysM Cre+ or matched wild-
type control mice and infused via an intravascular catheter
into PMN-depleted animals followed by 60 min of myocardial
ischemia followed by 2 h of reperfusion (Figure 3A). In line with
a functional role of HIF1A expressed in PMNs, we found that
reconstitution with Hif1a-deficient PMNs was associated with
dramatically increased infarcts sizes, when compared to mice
reconstituted with control PMNs (Figures 3B,C), resembling
myocardial injury phenotypes in Hif1aloxP/loxP LysM Cre+ mice.
Together, these results indicate that PMN-dependent Hif1a
deficiency is associated with elevated myocardial ischemia and
reperfusion injury and implicates PMN-dependent HIF1A in
cardioprotection.

Pharmacologic stabilization of hypoxia
inducible factor in isolated
polymorphonuclear neutrophils prior
to myocardial injury confers
cardioprotection

Based on the above studies showing that reconstitution
with Hif1A-deficient PMNs prior to myocardial injury is
associated with more severe myocardial infarction after
ischemia and reperfusion, we next pursued opposite studies
using PMNs treated ex vivo with a pharmacologic HIF
activator. For this purpose, we used the HIF stabilizer
DMOG. Previous studies from our laboratory had shown
that systemic treatment with DMOG provides cardioprotection
via stabilization of HIF1A (5, 23, 38). Similar to the

experimental approach above, we first pursued PMN depletion
prior to the experimentation by injecting mice with 250 µg
of 1A8 Ly6G-antibody 24 h prior to myocardial ischemia
and reperfusion. We isolated PMNs from C57BL6J mice
and subsequently exposed PMNs for 60 min to vehicle
or 1 mM DMOG (44). After the incubation period, we
performed an adoptive transfer into PMN-depleted mice
followed by 60 min of in situ ischemia and 120 min of
reperfusion (Figure 4A). Mice that had received PMNs pre-
treated with DMOG had significantly attenuated myocardial
injury as compared to vehicle controls (Figures 4B,C). Taken
together, these studies highlight that adoptive transfer of
ex vivo DMOG treated PMNs before myocardial ischemia and
reperfusion is associated with attenuated reperfusion injury
and suggests a functional role of PMN-dependent HIF in
cardioprotection.

Selective role of myeloid HIF1A
deficiency in mediating the
cardioprotective effects of
prolylhydroxylase-inhibitor treatment
dimethyloxalylglycine

Previous studies have implicated both isoforms of HIFA
(HIF1A or HIF2A) in cardio-protection from ischemia and
reperfusion injury, including protective effects mediated by
treatment with HIF stabilizers such as DMOG (5, 23, 35). To
gain insight into the relative contributions of myeloid-expressed
Hif1a or Hif2a in mediating DMOG elicited cardioprotection,
we compared Hif1aloxP/loxP LysM Cre+ or Hif2aloxP/loxP LysM
Cre+ on their capacity for infarct size reduction provided
by pre-treatment with DMOG. In these studies, Hif1aloxP/loxP

LysM Cre+, or Hif2aloxP/loxP LysM Cre+ were pre-treated with
1 mg DMOG i.p. or vehicle control 4 h before myocardial
ischemia. Subsequently, animals were exposed to 60 min of
myocardial ischemia and 120 min of reperfusion. In line with
a functional role of myeloid-expressed Hif1a in mediating
DMOG-protection we found thatHif2aloxP/loxP LysM Cre+ mice
are responsive to DMOG pre-treatment with reduced ischemia
and reperfusion injury compared to vehicle, as demonstrated in
myocardial infarct sizes and troponin I-leakage (Figures 5A–
C). In contrast, we found that Hif1aloxP/loxP LysM Cre+ failed
to respond to pre-treatment with DMOG. Myocardial infarct
size of Hif1aloxP/loxP LysM Cre+ pre-treated with DMOG were
similar to that of Hif1aloxP/loxP LysM Cre+ pretreated with
vehicle control (Figures 5D–F). Taken together, these results
indicate that myeloid HIF1A as opposed to myeloid HIF2A is
required for the cardio-protection provided by PHD inhibitors.
In conjunction with our studies showing attenuated infarct
sizes after ex vivo treatment with HIF stabilizer, these findings
provide additional data implicating PMN-dependent HIF1A in
cardio-protection from ischemia and reperfusion injury.
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FIGURE 2

Myocardial ischemia and reperfusion injury in mice with tissue-specific Hif1a deletion in cardiac myocytes, vascular endothelia, or myeloid
inflammatory cells. (A–I) Hif1aloxP/loxP were crossed with mice expressing Cre-recombinase under the control of heavy chain myosin promoter
including a tamoxifen inducer (Hif1aloxP/loxP Myosin Cre+ mice) (23), vascular endothelial cadherin (Hif1aloxP/loxP VEcadherin Cre+ mice) (27).
(Hif1aloxP/loxP VEcadherin Cre+) or lysozyme 2 (Hif1aloxP/loxP LysM Cre+ mice) (42) to generate tissue-specific HIF1A-deficient animals. Mice
underwent 60 min of myocardial ischemia, followed by 120 min of reperfusion. Myocardial injury was determined by area at risk and troponin I
serum concentration in Hif1aloxP/loxP Myosin Cre+ mice and age, sex, and weighed Myosin Cre+ mice who were matched received
1 mg of i.p. tamoxifen per day for 5 days followed by 7 days of recovery prior to experimentation. Infarct sizes ± SD in Myosin Cre+ or Hif1aloxP/loxP

(Continued)
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FIGURE 2 (Continued)

Myosin Cre+ presented as a percentage to the area-at-risk after 60 min of ischemia, followed by 120 min of reperfusion (Myosin Cre+ n = 6;
Hif1aloxP/loxP Myosin Cre+ n = 4). (B) Representative infarct staining of Myosin Cre+ or Hif1aloxP/loxP Myosin Cre+ (60 min of ischemia and
120 min reperfusion). (C) Serum levels of troponin after 60 min ischemia, followed by 120 min of reperfusion in Myosin Cre+ or Hif1aloxP/loxP

Myosin Cre+ (Myosin Cre+ n = 5; Hif1aloxP/loxP Myosin Cre+ n = 5). (D) Infarct sizes ± SD in VEcadherin Cre+ or Hif1aloxP/loxP VEcadherin Cre+
presented as percentage to the area-at-risk after 60 min of ischemia, followed by 120 min of reperfusion (VEcadherin Cre+ n = 7; Hif1aloxP/loxP

VEcadherin Cre+ n = 7). (E) Representative infarct staining from VEcadherin Cre+ or Hif1aloxP/loxP VEcadherin Cre+ (60 min of ischemia and
120 min reperfusion). (F) Serum levels of Troponin after 60 min ischemia, followed by 120 min of reperfusion in VEcadherin Cre+ or
Hif1aloxP/loxP VEcadherin Cre+ (VEcadherin Cre+ n = 4; Hif1aloxP/loxP VEcadherin Cre+ n = 6). (G) Infarct sizes ± SD in LysM Cre+ or Hif1aloxP/loxP

LysM Cre+ presented as percentage to the area-at-risk after 60 min of ischemia, followed by 120 min of reperfusion (LysM Cre+ n = 8;
Hif1aloxP/loxP LysM Cre+ n = 4). (H) Representative infarct staining of LysM Cre+ or Hif1aloxP/loxP LysM Cre+ (60 min of ischemia and 120 min
reperfusion). (I) Troponin serum levels after 60 min ischemia, followed by 120 min of reperfusion in LysM Cre+ or Hif1aloxP/loxP LysM Cre+ (LysM
Cre+ n = 4; Hif1aloxP/loxP LysM Cre+ n = 3); (all values represent mean ± SD; statistical significance assessed by two-sided, unpaired Student’s
t-test).

Identification of neuronal guidance
molecule netrin-1 as
polymorphonuclear
neutrophil-dependent Hif1A target
critical for hypoxia inducible
factor-dependent cardioprotection

Based on the above studies demonstrating functional
roles of neutrophil-dependent HIF1A in cardioprotection from
ischemia and reperfusion, we subsequently pursued studies to
identify a transcriptional target in PMNs that would account
for these observations. Recent studies from our laboratory
had shown that PMN-derived netrin-1 functions to attenuate
in situ myocardial ischemia and reperfusion injury. Netrin-
1 was originally described as a neuronal guidance molecule
important in brain development (45). However, more recent
studies implicate netrin in orchestrating inflammatory events,
including myocardial inflammation (46). Moreover, other
studies had implicated HIF1A in the transcriptional regulation
of netrin-1 during hypoxia, and identified netrin-1 as a
classic HIF-target gene (42, 47). To examine a functional
role of hypoxia-signaling in inducing PMN-dependent netrin-
1, we first examined expression of netrin-1 during condition
of ambient hypoxia. For this purpose, we freshly isolated
human PMNs from peripheral blood and submitted the cells
to 0, 2, and 4 h of ambient hypoxia (2% oxygen) and
probed the cell lysates for netrin-1 expression by Western
blot. Consistent with previous studies showing induction of
netrin-1 expression during hypoxia (47), we found a very
robust induction of PMN-dependent netrin-1 during ambient
hypoxia (Figures 6A,B). Recent studies from our laboratory
demonstrated the mice with deletion of myeloid-expressed
netrin-1 (Ntn1loxP/loxP LysM Cre+ mice) experience increased
myocardial infarct sizes and show that elevated levels of netrin-1
during myocardial infarction predominantly stems from PMNs
(12). To further establish a link between the HIF-pathway
and myeloid-dependent netrin-1 during cardioprotection, we
next pursued studies with the pharmacologic HIF stabilizer
DMOG. Here, we hypothesized that if myeloid-dependent

HIF functions through induction of netrin-1 to provide
cardioprotection, the cardioprotective effects of DMOG would
be abolished in Ntn1loxP/loxP LysM Cre+ mice. To address
this hypothesis, we treated Ntn1loxP/loxP LysM Cre+ mice with
DMOG (1 mg i.p. 4 h prior to myocardial ischemia) or
vehicle control, a treatment protocol that we had previously
shown to be effective in reducing myocardial infarct sizes
(5, 23). Consistent with a functional role of PMN-dependent
netrin-1 in mediating DMOG-dependent cardioprotection, we
found that the previously shown reduction of myocardial
infarct sizes associated with DMOG treatment (Figures 5A–
C) (5, 23) were completely abolished in Ntn1loxP/loxP LysM
Cre+ mice (Figures 6C–E). Together with recent studies from
our laboratory showing that Ntn1loxP/loxP LysM Cre+ mice
experience increased infarct sizes (12), these findings implicate
HIF-dependent induction of netrin-1 in the cardioprotection
provided by myeloid-expressed HIF1A during ischemia and
reperfusion injury of the heart.

Discussion

Hypoxia-inducible factors such as HIF1A have been
implicated in tissue adaption during limited oxygen availability,
inflammation, or ischemia and reperfusion injury (48). While
previous studies have directly implicated HIF1a in limiting
myocardial infarct sizes during ischemia and reperfusion
injury (5, 38, 39, 49, 50), the relative contributions of
HIF1A expressed in different cell types in the heart remain
elusive. To investigate tissue-specific functions of HIF1A in
cardioprotection from in situ ischemia and reperfusion injury,
we took a stepwise approach. In initial studies, we used
a genetic approach, where Hif1A deletion was induced in
the adult mouse, thereby circumventing embryonic lethality
of homozygote Hif1a deletion (40). These studies revealed
dramatic increase of myocardial infarct sizes in mice with
induced global Hif1A deletion (Hif1aloxP/loxP UbiquitinCre+
mice) as compared to Cre+ controls. As second step, we pursued
studies of myocardial ischemia and reperfusion injury in mice
with genetic deletion of Hif1a in different tissue compartments,
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FIGURE 3

Effects of adoptive transfer of polymorphonuclear neutrophils (PMN) from Hif1aloxP/loxP LysM Cre+ to wild-type mice during myocardial
ischemia and reperfusion injury. (A) Schematic of adoptive transfer model. PMNs deficient in C57BL6J or Hif1a-deficient PMNs (Hif1aloxP/loxP

LysM Cre+) were isolated by negative selection and transferred to PMN-depleted C57BL6 animals (1A8 Ly6G specific antibody 24 h prior to
experiment). The animals were then subjected to 60 min of ischemia, followed by 120 min of reperfusion with assessment of myocardial injury.
(B) Infarct sizes ± SD in mice receiving PMN from C57BL6J or Hif1aloxP/loxP LysM Cre+ mice presented as a percentage of the area at risk after
60 min of ischemia, followed by 120 min of reperfusion (LysM Cre+ PMNs n = 4; Hif1aloxP/loxP LysM Cre+ n = 4; all values represented as
mean ± SD; statistical significance evaluated by two-sided, unpaired Student’s t-test). (C) Representative infarct staining of neutrophil-depleted
mice receiving PMNs from LysM Cre+ or Hif1aloxP/loxP LysM Cre+ mice.

including cardiomyocytes (Hif1aloxP/loxP Myosin Cre+ mice),
vascular endothelial cells (Hif1aloxP/loxP VEcadherin Cre+ mice)
or in myeloid inflammatory cells (Hif1aloxP/loxP LysM Cre+
mice). To our surprise, only mice with deletion of Hif1a in
myeloid inflammatory cells resembled the previous findings
we had established in mice with induced global deletion
of Hif1A, thereby indirectly implicating myeloid-dependent
Hif1a in cardio-protection from ischemia and reperfusion.

Due to the critical functions and high presence of PMNs
during myocardial reperfusion injury (51), we studied mice
with reconstitution of wild-type or Hif1a-deficient neutrophils
following antibody-mediate PMN depletion (52). While mice
with Hif1a-deficient PMNs experience increased myocardial
injury, mice with reconstitution of wild-type PMN that received
ex vivo treatment with HIF stabilizer DMOG were protected.
Finally, studies that focused on transcriptional targets of
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FIGURE 4

Effect of HIF stabilization in PMN on myocardial injury. (A) Schematic of the pharmacological stabilization of HIF in PMN. Cells were harvested
by negative selection from C57BL6 mice; isolated cells were incubated for 60 min in vehicle or 1 mM DMOG solution. The cells were then
adoptively transferred to PMN-depleted C57BL6, treated with 1A8 Ly6G-specific antibody 24 h before the experiment. (B) Infarct sizes ± SD in
mice receiving vehicle or DMOG treated PMNs presented as percentage to the area-at-risk after 60 min of ischemia, followed by 120 min of
reperfusion (vehicle n = 5; DMOG n = 4; all values represented as mean ± SD; statistical significance assessed by two-sided, unpaired Student’s
t-test). (C) Representative infarct staining from neutrophil-depleted mice receiving PMN treated with DMOG or vehicle.

HIF1A in neutrophils implicated PMN-dependent netrin-1
in mediating HIF1A elicited cardioprotection. Together, these
studies highlight a functional role of myeloid-dependent HIF1A
in attenuating myocardial ischemia and reperfusion, and its
transcriptional target netrin-1. Based on these studies, using
HIF stabilizers or treatment with recombinant netrin-1 may
represent novel approaches to treat or prevent myocardial injury
during myocardial ischemia and reperfusion.

Netrin-1 improves the signaling events of the adenosine
receptor Adora2b (53), which elicits strong anti-inflammatory
effects, as previous studies have shown (47). In recent studies,
netrin-1 was shown to require a functional Adora2b receptor
on the surface of neutrophils to induce cardio protective effects
(12). Likewise, Adora2b was previously identified as the target
for hypoxia signaling through HIF1A. Studies of murine models

of myocardial infarction and reperfusion injuries demonstrate
the strong cardiovascular protection of Adora2b. A specific
agonist for Adora2b significantly reduced the size of infarct after
myocardial ischemia (5). Studies using the HIF activator DMOG
as a treatment approach for experimental myocardial ischemia
showed that cardioprotection was eliminated in mice lacking
Adora2b (5). This directly links the signaling of HIF1A and
ADORA2B during cardioprotection.

Adora2b reduces the size of the infarct due to its strong
inhibition of the inflammatory response. This has been
demonstrated in studies in which Adora2b deficiency in mice
increased the expression of pro-inflammatory and cardiotoxic
cytokine tumor necrosis factor alpha (TNF-α) (36). Netrin-1 has
similar anti-inflammatory effects in hypoxic inflammation that
require the presence of ADORA2B (47) – and both Netrin-1
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FIGURE 5

Selective HIF-isoform deletion in PMN in myocardial ischemia and reperfusion. (A–F) Hif1aloxP/loxP or Hif2aloxP/loxP were crossed with Cre
recombinase expressing mice under the control of the lysozyme 2 promoter (LysM Cre+) to generate animals deficient in myeloids-specific
Hif1a or Hif2a. Mice received vehicle or 1 mg of HIF stabilizing DMOG 4 h before ischemia. Mice underwent 60 min of ischemia and 120 min of
reperfusion and evaluation of myocardial injury infarct sizes measurement and serum troponin I concentrations. (A) Infarct sizes were
determined in vehicle or DMOG treated Hif2aloxP/loxP LysM Cre+ mice (n = 5 per group). (B) Representative infarct staining from vehicle or
DMOG treated Hif2aloxP/loxP LysM Cre+ mice. (C) Serum levels of troponin in vehicle or DMOG treated Hif2aloxP/loxP LysM Cre+ mice (n = 5 per
group). (D) Infarct sizes were determined in vehicle or DMOG treated Hif1aloxP/loxP LysM Cre+ mice (Hif1aloxP/loxP LysM Cre+ + vehicle n = 5;
Hif1aloxP/loxP LysM Cre+ + DMOG n = 6). (E) Representative infarct staining from vehicle or DMOG treated Hif1aloxP/loxP LysM Cre+ mice.
(F) Serum levels of troponin in vehicle or DMOG treated Hif1aloxP/loxP LysM Cre+ mice (Hif1aloxP/loxP LysM Cre+ + vehicle n = 5; Hif1aloxP/loxP

LysM Cre+ + DMOG n = 6) (All data presented as mean ± SD. Statistical significance assessed by two-sided, unpaired Student’s t-test).

and ADORA2B are HIF1a-target genes. This suggests that, in
response to myocardial infarction and reperfusion, activation
of HIF1A coordinates cardioprotective effects by activating the
expressions of Netrin-1 and ADORA2B, which both reduce
post-ischemic myocardial inflammation.

While the current studies directly implicate HIF1A in
attenuating myocardial ischemia and reperfusion injury, other
studies have also implicated HIF2A in cardioprotection. HIF2A
is an isoform of HIF1A and several studies have identified
either complementary or opposing functions to HIF1A (35,
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FIGURE 6

Netrin-1 as a PMN-dependent Hif1A target critical for HIF-dependent cardioprotection. (A,B) Isolated human PMNs from healthy donors
underwent hypoxia for 0, 2 and 4 h followed by cell lysis and total protein harvest. (A) Immunoblot for NTN1. b-Actin (Actb) served as the
loading control. One representative blot of three experiments is shown. (B) Quantitation by densitometry of the NTN1 immunoblot results
relative to b-Actin (n = 2 per group; per group mean ± SD; compared by one-way ANOVA followed by Tukey’s multiple comparison test). (C–E)
Ntn-1loxP/loxP mice were crossed with Cre recombinase-expressing mice under the control of the lysozyme 2 promoter (LysM Cre+) to generate
mice deficient in myeloid-specific Ntn-1. Mice received vehicle or 1 mg DMOG 4 h prior to ischemia, then underwent 60 min of ischemia
followed by 120 min of reperfusion and assessment of myocardial injury. (C) Infarct sizes were determined in vehicle or DMOG treated
Ntn-1loxP/loxP LysM Cre+ (Ntn-1loxP/loxP LysM Cre+ with vehicle n = 5; Ntn-1loxP/loxP LysM Cre+ with DMOG n = 6). (D) Representative infarct
staining from vehicle or DMOG treated Ntn-1loxP/loxP LysM Cre+. (E) Troponin serum levels of vehicle or DMOG treated Ntn-1loxP/loxP LysM Cre+
mice (Ntn-1loxP/loxP LysM Cre+ with vehicle n = 5; Ntn-1loxP/loxP LysM Cre+ with DMOG n = 6). All data are presented as mean ± SD. Statistical
significance assessed by two-sided, unpaired Student’s t-test. DMOG-induced cardioprotection was absent in Ntn-1loxP/loxP LysM Cre+.

54–57). As such, it is not surprising that previous studies
have also identified a functional role of Hif2A in attenuating
myocardial infarct sizes during ischemia and reperfusion
injury (23). In contrast to the current studies that implicated

myeloid-dependent Hif1A in cardioprotection, those studies
demonstrated a functional role of HIF2A expressed in cardiac
myocytes. In fact, Hif2aloxP/loxP Myosin Cre+ mice exhibited
larger infarct sizes during in situ myocardial ischemia and
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FIGURE 7

Suggested mechanism of HIF1A-induced cardioprotection during myocardial ischemia and reperfusion injury. During myocardial ischemia and
reperfusion injury, neutrophils undergo hypoxia, leading to stabilization of HIF1A. HIF1A subsequently induces increased expression and release
of neuronal guidance proteins Netrin-1 by PMN. Netrin-1 then reduces a reduction in infarct sizes.

reperfusion injury (23). Subsequent studies on myocyte-
dependent HIF2A target genes implicate the epidermal growth
factor amphiregulin (AREG) in mediating HIF2A dependent
cardioprotection (23). Additional studies in myocardial biopsies
of patients with ongoing ischemia revealed elevated levels
of AREG (23), of the amphiregulin receptor ERBB1 (35).
Mice with global deletion of Areg (Areg−/− mice), or
with deletion of the ErbB1 receptor expressed on cardiac
myocytes (ErbB1loxP/loxP Myosin Cre+) experienced increased
susceptibility to myocardial ischemia and reperfusion injury.
Together, those studies implicate myocyte-dependent HIF2A
in coordinating the induction and signaling events of AREG
through the ERBB1 receptor in cardioprotection (23, 35).
Together with the current studies, those findings accentuate a
cardioprotective role of HIF, by attenuating myocardial ischemic
injury through myocyte-dependent HIF2A and myocardial
reperfusion injury through myeloid-dependent HIF1A.

While the current studies concentrate on myocardial
ischemia and reperfusion injury, previous studies had also
implicated HIF in promoting ischemic preconditioning of
the heart. Ischemic preconditioning involves short episode of
ischemia that confers protection to a subsequent myocardial
infarction (58). Several previous studies have shown functional
roles of HIF1A in mediating the tissue-protective effects
of ischemic preconditioning, including studies to address
tissue-specific functions of HIF1A. Initial studies demonstrated
that mice with partial deletion of Hif1a (Hif1a± mice)
experienced a complete loss of cardioprotection from ischemic
preconditioning (26). Similarly, mice with siRNA in vivo
silencing of Hif1a demonstrated a lack of cardio-protection
by ischemic preconditioning, while pre-treatment with the
HIF stabilizer DMOG preconditioned the myocardium

(5). Subsequent studies to address tissue-specific functions
of HIF1A in ischemic preconditioning implicated HIF1A
activity in vascular endothelia (50). Other studies found that
deletion of Hif1a in cardiomyocytes (Hif1aloxP/loxP Myosin
Cre+) also abolishes the cardio-protective effects of ischemic
preconditioning (23). In contrast, mice with cardiomyocyte-
specific deletion of Hif2a (Hif2aloxP/loxP Myosin Cre+) were
protected by ischemic preconditioning (23). Interestingly,
more recent studies also implicate HIF1A in mediating the
cardioprotective effects of remote ischemic preconditioning,
where repeated episodes of remote ischemia to a limb can
produce protection from myocardial or acute kidney injury
(59). These studies indicate that during remote ischemic
preconditioning, HIF1A is stabilized, and transcriptionally
induces the HIF target gene L-10 with subsequent IL-10
signaling as a mechanism of cardioprotection (49). Taken
together, these studies provide evidence from multiple
studies that HIF1A – as opposed to HIF2A – mediates
the cardioprotective effects of direct or remote ischemic
preconditioning (17, 60).

The current studies implicate the HIF1A target netrin-1 in
PMNs as critical target for mediating the cardioprotective effects
of myeloid HIF1A. Netrin-1 is a neuronal guidance molecule
that was initially described as a diffusible axon outgrowth
promoting factor in nematodes (61). However, it became
apparent that netrin-1 is much more ubiquitously expressed
(62). In addition to its function as neuronal guidance molecule
during brain development (45), it became apparent that netrin-
1 can also function to modulate inflammatory endpoints or
ischemia and reperfusion injury (63, 64). For example, netrin-
1 released from the vagal nerve has been shown to attenuate
excessive inflammation and promote the resolution of injury
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(64). Several previous studies have linked netrin-1 signaling
in cardioprotection from ischemia and reperfusion injury, for
example via interaction of netrin-1 with the classic netrin-
1 receptor deleted in colorectal cancer DCC expressed on
endothelial cells (65, 66). Consistent with current findings,
a recent study indicates that PMN-dependent netrin-1 can
function to provide cardioprotection during in situ ischemia
and reperfusion injury by enhancing extracellular adenosine
signaling events through the Adora2b adenosine receptor (12,
53, 63, 67, 68). Although extracellular adenosine signaling
was initially described to induce a transient slowing of heart
rate (69), many subsequent studies have sown functional roles
for extracellular adenosine signaling in attenuating myocardial
ischemia and reperfusion injury, including studies directly
implicating myeloid Adora2b signaling (7, 36, 43) (Figure 7).
Taken together, these studies provide additional support for the
concept that myeloid HIF1A provides cardioprotection through
transcriptional induction of its target gene netrin-1, leading to
attenuated myocardial ischemia and reperfusion injury.

The current findings have important translational
implications. For example, it is possible that patients
experiencing myocardial ischemia and reperfusion injury
could be treated with recombinant netrin-1 to activate the
HIF1A-netrin-1 pathway for cardioprotection. Several other
studies have shown that recombinant netrin-1 treatment
can function to dampen myocardial injury (12) or other
states of inflammatory disease (67). However, an alternative
treatment approach would include the use of pharmacological
HIF stabilizers. Over the past decade, several pharmaceutical
companies have developed pharmacologic HIF activators (17,
18, 70–72). These pharmacological HIF activators function by
inhibiting prolylhydroxylases and thus prevent the degradation
of HIF1A via the proteasomal pathway (3). Pharmacological
HIF activators, such as roxadustat or vadadustat, have been
successfully tested for the treatment of renal anemia and
phase 3 clinical trials and are available as oral medications
(19–22). These orally available HIF activators could be used
in patients experiencing myocardial ischemia and reperfusion
injury. Furthermore, it is possible that these medications could
be given to patients at high risk of experiencing myocardial
injury, such as patients undergoing cardiac surgery. Treatment
with an oral HIF activator would likely cause stabilization
of HIF, including neutrophils, and thus dampen myocardial
ischemia and reperfusion injury (73). This highlights that
HIF1A coordinates the transcriptional response in response to
myocardial ischemia.
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The effect of plaque
morphology, material
composition and
microcalcifications on the risk of
cap rupture: A structural analysis
of vulnerable atherosclerotic
plaques
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Luis Cardoso1*†
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Background: The mechanical rupture of an atheroma cap may initiate a

thrombus formation, followed by an acute coronary event and death. Several

morphology and tissue composition factors have been identified to play a role

on the mechanical stability of an atheroma, including cap thickness, lipid core

stiffness, remodeling index, and blood pressure. More recently, the presence

of microcalcifications (µCalcs) in the atheroma cap has been demonstrated,

but their combined effect with other vulnerability factors has not been fully

investigated.

Materials and methods: We performed numerical simulations on 3D idealized

lesions and a microCT-derived human coronary atheroma, to quantitatively

analyze the atheroma cap rupture. From the predicted cap stresses, we

defined a biomechanics-based vulnerability index (VI) to classify the impact of

each risk factor on plaque stability, and developed a predictive model based

on their synergistic effect.

Results: Plaques with low remodeling index and soft lipid cores exhibit higher

VI and can shift the location of maximal wall stresses. The VI exponentially

rises as the cap becomes thinner, while the presence of a µCalc causes

an additional 2.5-fold increase in vulnerability for a spherical inclusion.

The human coronary atheroma model had a stable phenotype, but it was

transformed into a vulnerable plaque after introducing a single spherical µCalc

in its cap. Overall, cap thickness and µCalcs are the two most influential

factors of mechanical rupture risk.
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Conclusions: Our findings provide supporting evidence that high risk lesions

are non-obstructive plaques with softer (lipid-rich) cores and a thin cap

with µCalcs. However, stable plaques may still rupture in the presence

of µ Calcs.

KEYWORDS

plaque rupture, microcalcifications, acute coronary events, cap thickness,
remodeling index, numerical modeling, vulnerable plaque

Introduction

The vulnerable patient concept (1, 2) refers to individuals
at increased risk of suffering an acute coronary event, i.e.,
patients with high atherosclerotic burden, presence of one or
several vulnerable plaques, endothelial injury or dysfunction
due to clinical risk factors (3). Plaque rupture, plaque erosion
and calcified nodules (4–6) are the three most important
vulnerable plaque phenotypes that are linked to coronary
thrombosis and acute coronary events (3). The plaque rupture
(7) is characterized by a thin fibrous cap measuring < 65 µm
thickness over a lipid-rich or necrotic core; where the cap
is infiltrated by macrophages and other inflammatory cells,
apoptotic cells, lipids, neovessels and intraplaque hemorrhage
(8–12). In some cases, the ruptured atheroma may heal
and contribute to the increase of atheroma volume, stenosis,
and subsequent rupture(s) that may be responsible for acute
coronary events. In turn, plaque erosion is characterized by
denudation of the coronary artery endothelium (5, 13) and the
plaque calcified nodules consist of mineralized tissue present
at the neointima layer of the vessel, that comes in contact
with the arterial blood flow (5). Patients that develop acute
coronary events also exhibit vulnerable blood and vulnerable
myocardium. Vulnerable blood has an increased thrombotic
potential, which could lead to thrombosis in fibrotic and
severely stenotic plaques (3). Vulnerable myocardium refers to
functional coronary alterations and hemodynamic changes (2)
such as stasis, non-laminar blood flow, endothelial injury or
dysfunction (3). It is now accepted that the pathophysiology
of an acute coronary event involve patients with vulnerable
blood, myocardium and plaque rupture/erosion, and that their
respective contributions in isolation are inadequate to predict
coronary events. Nonetheless, the underlying biomechanics of
atheroma cap rupture, a major component of acute coronary
events, has not been fully elucidated.

The biomechanics of plaque rupture depends on several
tissue composition and morphological factors, including the
fibrous cap (FC) thickness (14, 15), the lipid core material
properties and thickness (16), vessel wall tissue properties (17),
and the morphology of the lesion (16, 18). The combination of
these intrinsic factors, together with the blood pressure (e.g.,
hypertension), determines the mechanical background stress

levels on the cap. When the developed stresses exceed the
ultimate tensile strength (UTS) in the circumferential direction
of the cap tissue, the cap ruptures and initiates a thrombogenic
response that may restrict the blood flow to downstream tissues.
Importantly, the role of calcified tissue in vulnerable plaque
rupture is not fully understood. On one hand, large calcifications
potentially lead to mechanical stabilization of the atheroma. On
the other hand, calcified nodules have been shown to initiate
a thrombogenic response following a coronary event. While
calcium scoring is an indicator of atherosclerotic burden (19–
23), in this longstanding cap rupture paradigm, the culprit
plaque of an acute coronary event is believed to have a low
amount of calcification, when compared with non-ruptured
advanced lesions, which show much larger calcium scores (19–
23). This paradigm has been challenged since Vengrenyuk
et al. first showed in 2006 that there were small cellular size
microcalcifications (µCalcs) in thin fibrous caps, and that these
inclusions could at least double the local tissue stresses (15–
17, 19–21, 24–30). Indeed, it has been shown using high-
resolution micro-CT (HR-µCT) that µCalcs in fibrous caps
are not rare but numerous (27, 30, 31), and that the overall
effect of µCalcs in plaque vulnerability can be summarized as
an intensifier of the background circumferential stress in the
cap, resulting in increased vulnerability (25, 29). µCalcs are
formed by aggregation of calcifying extracellular vesicles (32)
and have been reported at the site of rupture (27). The key
concept in the role of µCalcs as a risk factor for vulnerability
is that they have to reside in the fibrous cap tissue, where they
amplify the background stress and increase the likelihood of
rupture. Otherwise, if µCalcs are located in the lipid/necrotic
core, they won’t affect the biomechanics of the plaque, as they
would behave as floating debris.

The purpose of this study was to provide a quantitative
analysis of atheroma cap rupture risk using three-dimensional
(3D) idealized atherosclerotic coronary plaques under the
combined effect of µCalcs with several other known risk
factors (i.e., cap thickness, lipid core stiffness, remodeling index,
blood pressure). To investigate the individual and synergistic
effect of these risk factors to the biomechanics of plaque
rupture, a vulnerability index was defined and a non-linear
model was proposed to predict the vulnerability index based
on the combined effect of each risk factor. Finally, a stable,

Frontiers in Cardiovascular Medicine 02 frontiersin.org

127128

https://doi.org/10.3389/fcvm.2022.1019917
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1019917 October 5, 2022 Time: 7:27 # 3

Corti et al. 10.3389/fcvm.2022.1019917

non-ruptured human atherosclerotic coronary artery was used
to create a model derived from high-resolution microCT images,
and tested under normal and hypertensive blood pressure, as
well as with and without 1 µCalc in its cap, to determine
the effect of blood pressure and presence of 1 µCalc on the
vulnerability of such atheroma.

Materials and methods

To examine the influence of different biomechanical risk
factors on cap stability, we performed numerical simulations on
3D idealized geometries of atherosclerotic arteries with various
morphological features, including lipid core material properties
and µCalcs in their cap under normal and hypertensive blood
pressures. First, we studied the effect of different remodeling
indices and lipid core Young’s moduli on the cap background
stress and the location of highest stresses in the artery. This
way, we were able to determine the combinations of plaque
morphology traits and material properties that represent the
upper and lower limit of cap rupture risk. The most unstable
condition was then considered for studying the impact of cap
thickness, µCalcs inclusion and blood pressure regime. Finally,
the predictive property of our results was tested on the case of
a human atherosclerotic coronary artery in the presence and
absence of 1 µCalc and under varying blood pressure levels and
lipid core stiffnesses.

Anatomical features of arterial models

Idealized atherosclerotic plaque models were conceived to
present thickening of the intima layer (33) and an eccentric
plaque with remodeling index (RI), degree of stenosis and
lumen reduction in agreement with Glagov’s morphological
and mathematical description of lesion growth (16, 18) (see
Supplementary Appendix Section 1A, Equations I, II, III).
The values of each anatomical feature for all models are
reported in Table 1. In this study, we covered RI values of
1.25 (asymptomatic plaque with minimal lumen occlusion),
1.4 (moderate stenosis) and 1.6 (symptomatic critical stenosis)
(Figure 1A). The fibrous cap (FC) thickness values that we
considered were of 50, 100, 150 and 200 µm (Figure 1B), and
were obtained by increasing the core thickness toward the cap
proper.

The human model (Figure 1C) represents a segment of the
left anterior descending coronary artery dissected from a fresh
heart obtained from The National Disease Research Interchange
(recovered < 6 h post mortem) with myocardial infarction, and
it was part of the data set studied in 30. The sample was scanned
with 6.7 µm high-resolution microcomputed tomography (HR-
µCT) as described in the Supplementary Appendix Section
1A. The plaque consists of an 8.45 mm-long lipid core with a

minimum fibrous cap thickness of 125 µm. The sample presents
a remodeling index of 1.29 with a degree of stenosis of 61%
that causes a 31% luminal occlusion. This atheroma exhibits the
typical morphological traits of a vulnerable plaque, except for
the thickness of its cap. Compared to the idealized models with
RI of 1.25 and 1.4, the human sample contains a thicker core of
1.1 mm. However, the relative core thickness with respect to the
whole plaque is 66%, which is similar to the 72% and 65% in the
idealized geometries with 100 µm- and 150 µm-thick caps and
1.25 remodeling index. The µCalc was designed to represent a
single solid calcified particle of spherical profile with a diameter
of 15 µm and was placed at the center of the FC.

Material properties

The arterial wall vessel layers were considered as anisotropic
and homogeneous. Their material properties were defined by
the Holzapfel-Gasser-Ogden (HGO) hyperelastic constitutive
model (34, 35) which takes into consideration the collagenous
fiber orientation in the tissue. To reproduce the tissue rupture
mechanism, we coupled the hyperelastic failure description
proposed by Volokh et al. (36) to the HGO model of the intimal
layer. The damage model was fit to not alter the stress-strain
response of the intima from that reported by Holzapfel et al. and
to trigger tissue rupture at an average Principal Stress of 545 kPa
(14). A detailed description of the model definition and layer-
specific material properties are provided in the Supplementary
Appendix Section 1. The lipid core was considered as an
isotropic, almost incompressible, elastic material with Young’s
modulus (Ecore) of 5, 25 and 50 kPa and Poisson’s ratio (ν) of
0.49 (15). The µCalcs were modeled with properties similar to
calcified bone tissue, with Ecalc = 18 GPa and ν = 0.3 (32).

Boundary conditions and loadings

Two blood flow regimes were considered in this study
(Figure 2A). The first one represents a normal pressure
wave of 120/60 mmHg extracted from patient-based coronary
measurement (24). The second case resembles a stage 2
hypertensive condition with a blood pressure of 160/90 mmHg
and was obtained by amplifying the normal pressure wave. The
two axial ends of the artery were free to move in the radial

TABLE 1 List of the remodeling indices considered in this study with
their respective degrees of stenosis, luminal occlusion and
lipid core length.

RI Stenosis (lumen reduction) Core length (mm)

1.25 50% (10%) 7.4

1.4 62% (23%) 7.8

1.6 80% (50%) 8.2
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FIGURE 1

Representation of the arterial models analyzed. (A) Isometric view of the idealized geometries of human coronary arteries with different
remodeling indices and a 200 µm-thick fibrous cap. (B) Cross section of fibroatheromas with different cap thicknesses of 200, 150, 100 and
50 µm for the case of RI = 1.25. (C) Rendering of the human coronary artery from 2D HR-µCT images in sagittal (1) and coronal (2) views to the
3D geometry reconstruction (3).

direction only, reflecting the constraint from the artery to tissue
tethering. To maximize the accuracy of the cap stress calculation
we implemented a sub-modeling approach (Figures 2B,C)
described in detail in the Supplementary Appendix Section
1C. A total of 57 finite element simulations were performed in
Abaqus (Abaqus/CAE, Dassault Systèmes, v.2019).

Results

The goal of this parametric analysis was to determine the
relative effect of morphological and tissue composition risk
factors on the atheroma cap rupture. In this section, we first
present a qualitative overview of the location of maximal wall
stresses as a function of plaque morphology and material
properties. Then, we provide a quantitative description of peak
cap stresses (PCS) and cap rupture by simulating tissue failure
and deriving a biomechanical vulnerability index (VI) for each
risk factor. This non-dimensional coefficient was defined as:

VI =
PCS [MPa]

Ultimate tensile stresss [MPa]
(1)

where the PCS is the average cap stress obtained considering
30 mesh elements in the region of highest principal stresses
in the cap, and the ultimate tensile stress is the threshold

stress for rupture (545 kPa) reported in the literature (14,
15). The structure-function relationship between each risk
factor and the vulnerability index was analyzed by obtaining
the Spearman’s correlation coefficient (ρ) followed by two-
tailed t-test to quantify the strength of correlation (MatLab,
Mathworks, v.R2022a). To describe the combined effect of all the
risk factors on plaque vulnerability, we derived a multi-variable
predictive model based on a stepwise non-linear regression
analysis. The null hypothesis was rejected if p-value< 0.05.

Role of remodeling index, lipid core
material properties and cap thickness
on atheroma background stresses

In order to investigate the relative importance of the
different predictor variables on the atheroma background
stresses and vulnerability index, we studied 3 remodeling
indices, 3 lipid core Young’s moduli and 3 cap thicknesses.
The effect of the remodeling index was analyzed while keeping
a constant Ecore of 5 kPa. On the other hand, varying Ecore

values were examined in the case of RI = 1.25. Every case was
further combined with 3 different cap thicknesses of 200, 100
and 50 µm under normal blood pressure (120/60 mmHg). In
addition, we included in the analysis the phenotype with RI = 1.6
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FIGURE 2

(A) Normal and hypertensive pressure waves applied to the lumen of the artery to replicate blood flow on 1-second time span. Mesh view of the
global model and subsequent submodels of the idealized geometries (B) and human coronary sample (C).

and Ecore = 50 kPa, for all three cap thicknesses, as it represents
the most stable condition, for a total of 18 cases investigated
(Figure 3).

Our results show that greater remodeling indices and stiffer
lipid cores correspond to lower cap stresses and thus more stable
plaques. Conversely, atheroma with low remodeling index and
soft lipid core result in higher cap stresses. Also, it was observed
that both the remodeling index and lipid core properties can
shift the location of highest stresses from the atheroma cap
region to outside the atheroma, at the proximal and distal sides
of the artery. Thus, the maximal principal stress does not occur
at the atheroma when the remodeling index is high and the lipid
core is stiff. This phenomenon is especially evident when the
cap is 200 or 100 µm thick, in which case a higher degree of
stenosis or core stiffness yields to atheroma cap stresses that are

lower than the stresses in healthy regions of the blood vessel.
Interestingly, if the background stress in the atheroma is low,
such as the case when RI = 1.6 and Ecore = 50 kPa, even a
50 µm-thick cap appears to experience PCS levels that are far
below the threshold for rupture and the cap stresses are lower
than those at proximal/distal luminal areas of the vessel. Thus,
atheroma characterized by soft lipid core (i.e., Ecore = 5 kPa) and
low remodeling index values (i.e., RI = 1.25), which are typical of
early stage plaques, induce the highest stresses in the cap proper,
while more advanced plaques, exhibiting greater remodeling
index (RI> 1.6), become mostly stable.

These observations are supported by the biomechanical
vulnerability index obtained for each phenotype (Figure 4).
Plaques with 50 µm-thick FC reach threshold for rupture except
when Ecore = 50 kPa or RI = 1.6, suggesting that the stability of
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FIGURE 3

Longitudinal cut of idealized models with varying RI, Ecore and cap thickness showing the Max Principal Stress distributions. Higher remodeling
indices and stiffer lipid cores clearly influence the PCS and the location of highest wall stress.

FIGURE 4

3D-barplots of the change of the vulnerability index based on cap thickness, lipid core Young’s Modulus (Left) and remodeling index (Right).
The exact VI value is reported on top of every bar.

very thin caps can increase under certain plaque morphologies
and lipid core stiffness. All other cases exhibit VI< 1, indicating
that tissue failure would not occur in these circumstances.
Figure 4 also shows the significant impact of cap thickness on
plaque vulnerability, with an exponential increase in stresses as
the cap becomes thinner. For the same RI and Ecore, a 50 µm-cap

experiences more than fivefold increase in PCS levels compared
to a 200 µm-thick cap. Statistical analysis of Spearman’s
correlation coefficient among remodeling index, lipid core
stiffness, cap thickness and vulnerability index indicates that
the strongest relationship exist between the cap thickness and
the vulnerability index, ρCT-VI = –0.62 with pCT-VI = 4.85E-04.
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A weaker effect of RI and Ecore on the vulnerability index
was observed, ρRI-VI = –0.38 and ρEcore-VI = –0.35, respectively,
with p-values pRI-VI = 0.049 and pEcore-VI = 0.0697. Thus, cap
thickness is the most influential factor on the behavior of the
vulnerability index among the analyzed parameters.

Role of cap thickness, blood pressure
and µCalcs in caps on atheroma
vulnerability index

The impact of cap thickness analyzed in the previous
section was further investigated under the action of normal and
hypertensive pressures and for the case of one spherical µCalc
embedded in the cap tissue, using a tissue failure algorithm. The
effect of these factors was studied in arteries with RI = 1.25 and
Ecore = 5 kPa, which were shown to lead to the highest atheroma
background stress in the previous section.

The tissue failure mechanism and rupture propagation due
to the presence of a spherical micro-calcification is exemplified
in Figure 5. The µCalc amplifies the tissue background stresses
by a factor of about 2.5 at its tensile poles. In the presence of a
µCalc, the rupture mechanism is driven by stress concentrations
at the tensile poles of the calcification (Figure 5) while the
background stresses in the cap tissue (e.g., 216 kPa in Figure 5)
is way below the ultimate tensile stress threshold for rupture
(545 kPa). When the stresses at the µCalc poles exceed the
ultimate tensile stress threshold for rupture, tissue rupture
initiates as small voids around the µCalc, which then explosively
grows through the thickness of the cap, ultimately exposing the
underlying core to the flowing blood. Comparison of the stress-
strain response of a 100 µm cap with and without one spherical
µCalc, under the same systolic pressure is shown in the right
hand side panel in Figure 5.

The results of this analysis confirm the substantial influence
of cap thinning on PCS levels and vulnerability index. In
the absence of a µCalc, the 50 µm thick cap is the only
phenotype that ruptures under normal pressure levels, where

the vulnerability index exceeds more than two times the
threshold for failure (Figure 6 left). In the case of hypertension
however, the 100 µm cap also undergoes rupture, with a
vulnerability index that is 30% higher than under healthy
systolic pressure (Figure 6 right). However, a significant increase
in vulnerability index is observed in all cases after a µCalc
was introduced in the atheroma cap. Each phenotype that
was considered mechanically stable (i.e., thick caps under
normal or hypertensive blood pressure), became vulnerable
and reached rupture when a µCalc was introduced in the cap
(Figure 6).

Statistical analysis of these results indicates that the
cap thickness (ρCT-VI = –0.62 with pCT-VI = 4.85E-04) and
the presence of a µCalc in the cap (ρµCalc-VI = 0.61 and
pµCalc-VI = 6.17E-04) have equally strong impact on cap stability.
Indeed, one µCalc in the fibrous cap causes a 2.5-fold increase
in the vulnerability index, regardless of cap thickness or peak
systolic pressure. The blood pressure also exhibits a significant
influence on the vulnerability index, with ρBP-VI = 0.43 and
pBP-VI = 0.02. A model capable of predicting the vulnerability
index as a function of all the risk factors considered in
this study was designed using regression analysis (MatLab,
Mathworks, v.R2022a). The non-linear model was obtained by
first considering the intrinsic components that determine the
cap background stress (i.e., cap thickness, remodeling index
and core stiffness) and deriving a generalized stepwise quadratic
model. Then, this model is multiplied by a factor that depends
on the blood pressure and the µCalc binary variable:

VI = f
(
CT,RI, Ecore, BP, uCalc

)
=

(b1 + b2CT + b3RI + b4Ecore+ b5CT ∗ RI + b6CT
∗ Ecore+ b7CT2) ∗ (b8BP) ∗ (1+ b9uCalc)

(2)

with coefficients: b1 = 7.863, b2 = –0.052, b3 = –3.688,
b4 = –0.031, b5 = 0.017, b6 = 1.537e-4, b7 = 7.830e-5,
b8 = 9.972e-3, b9 = 1.5. The model shows a strong Spearman
correlation coefficient ρ = 0.967 (p = 5.359e-8) with the
VIs measured from the FEM simulations. This analysis was

FIGURE 5

Illustration of the tissue failure mechanism and rupture propagation due to the presence of a spherical micro-calcification. (Left) The µCalc
amplifies the tissue background stresses by a factor of about 2.5 at its tensile poles. When these stresses exceed the threshold for rupture, small
voids start forming in these regions. If the tissue continues to stretch, the voids grow explosively through the tissue. (Center) Cap rupture
initiates as a small fissuring at the luminal side and then propagates as the tissue is more exerted, until exposing the underlying lipid core. (Right)
Comparison of the stress-strain response of a 100 µm cap with and without one spherical µCalc, under the same systolic pressure.
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FIGURE 6

3D-barplots of the change of the vulnerability index based on cap thickness, the presence of a spherical µCalcs at the center of the cap and
blood pressure.

preferred to a linear Pearson analysis as the model’s residuals
are not normality distributed, based on a Kolmogorov–
Smirnov test.

Human coronary artery

A microCT-derived patient-specific model of a human
coronary artery was analyzed under normal and hypertensive
blood pressures, with and without one spherical µCalc
embedded in its cap. Wall stress distributions show higher
stresses in the cap but also in other luminal regions (Figure 7A).
The latter case is likely the result of the original shape of the
sample, which presented a non-circular lumen profile. Peak cap
stresses at systolic pressures are close to values measured in
the idealized case with 150 µm cap and RI = 1.25. Our results
show that the fibrous cap does not rupture under normal nor
hypertensive pressure in the absence of the µCalc. Conversely,
the presence of the µCalc amplifies the local stresses in the
cap, causing the plaque to reach failure under both regimes
of pressure, with rupture of the cap tissue occurring around
80 mmHg and quickly propagating through the tissue, as shown
in Figure 7B.

The predictive power of our statistical model was tested
against the vulnerability indices computed in numerical
simulations of the human coronary at 5 different blood pressures
(80, 100, 120, 140, 160 mmHg) and 5 lipid core Young’s
Moduli (5, 15, 25, 35, 50 kPa) (Figure 7C). Our results indicate
that the model is capable of accurately predicting the VI

for 9 out of 10 conditions considered. The only phenotype
where the vulnerability index was significantly under-predicted
is the plaque with Ecore = 50 kPa. Nonetheless, the model
showed a 100% accuracy at distinguishing vulnerable from
stable atheromas (i.e., VI< 1 or VI> 1).

Discussion

In the present study, we investigated the contribution
of several major biomechanical factors (i.e., cap thickness,
lipid core stiffness, remodeling index, blood pressure, and the
presence of a µCalc in the cap tissue) to plaque vulnerability
using 3D finite element models. A vulnerability index was
defined based on the ratio of maximal stresses and the ultimate
tensile stress in the cap tissue. The two most significant
factors were identified and a non-linear model combining
these factors was obtained. The approach was also used to
analyze a human atherosclerotic coronary artery model derived
from high-resolution microCT images, under normal and
hypertensive blood pressure, as well as with and without
1 µCalc in its cap.

Overall, the presence of a µCalc in the FC and a thin
cap compromise the plaque mechanical stability to the greatest
extent. We demonstrated that one spherical µCalc amplifies
the background stress in the tissue by a factor of 2.5. These
findings agree with previous observations from analytical and
numerical analyses that reported twofold increase in interfacial
stresses at the µCalc poles (25, 26). Although one spherical
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FIGURE 7

(A) Isometric view of the Maximal Principal Stress distributions on the human coronary under normal and hypertensive blood pressure; (B)
sequence of the cap segment submodel with and without the µCalc. In the presence of the µCalc, the cap rupture extensively, starting at the
location of the µCalc; (C) 3D-barplot of the change of the vulnerability index for different blood pressures, lipid core stiffness and the presence
of one spherical µCalc from FEM analyses and predicted by the statistical model.

µCalc already exhibits a severe effect on plaque vulnerability,
other studies have shown that µCalcs can cause up to a sevenfold
increase in local tissue stresses, depending on their shape and
proximity. Vengrenyuk et al. (37) found that µCalcs with a
prolate ellipsoidal configuration could lead to more than a
fourfold increase in stress at their poles, when aligned along
the tensile axis. Additionally, Kelly-Arnold et al. (27) calculated
the stress concentration factor between closely spaced µCalcs
and reported a sevenfold increase in stresses when the ratio
of the gap between 2 µCalcs and their diameter is lower
than 0.4, if the particles are aligned with the tensile axis. In
this study, we demonstrated that one spherical µCalcs is the
strongest predictor of cap rupture among other major risk
factors. However, µCalcs clusters or ellipsoidal particles could
have even more drastic consequences (19, 25, 27, 29).

A fundamental difference between the present study and
Kelly-Arnold et al. (27) is that in the former study nearly
35,000 µCalcs were examined in 22 caps of 66 atheroma that
had not ruptured. With an average of more than 1,500 µCalcs
in each cap how was it possible that so many µCalcs could
exist in a cap and still not cause an acute coronary event. The

answer to this is that the background stress in all these caps was
far below the 545 kPa threshold. Indeed, 193 µCalc pairs were
observed with a spacing that was less than 1 µCalc diameter
and a few were as close 0.5 diameters where the local increase
in stress could be fivefold or higher in the intervening space.
Analysis of all these µCalc pairs showed that in no case was
the 545 kPa threshold exceeded. While µCalcs greatly increase
the risk of rupture, most fortunately, they must also reside at a
location where the background tissue stress is high enough to
promote plaque rupture.

The other most significant contributor to plaque
vulnerability is the cap thickness. Our results show an
exponential increase in peak cap stress as the cap becomes
thinner, with 50 µm-thick caps that are significantly more
vulnerable than thicker caps of 100–200 µm. These observations
correlate well with previous data of 2D and 3D numerical studies
(15, 38). Finet el al. (15) demonstrated that fibrous caps thinner
than 62 µm induced a peak circumferential stress greater than
300 kPa, supporting previous histological observations that
reported a critical thickness for rupture of 65 µm (39). Thin
caps have been a widely accepted indicator of plaque instability

Frontiers in Cardiovascular Medicine 09 frontiersin.org

134135

https://doi.org/10.3389/fcvm.2022.1019917
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1019917 October 5, 2022 Time: 7:27 # 10

Corti et al. 10.3389/fcvm.2022.1019917

(40) as they exhibit higher local stresses and have been observed
in pathological studies of ruptured plaques (5, 39). However,
there is also evidence of non-ruptured plaques with thin caps
(5) as well as caps thicker than 100 µm that ruptured under
exertion (41).

Our results capture well the influence of the core material
properties and plaque remodeling on the cap stress levels. We
showed that softer cores and a low remodeling index correlate
with higher peak cap stresses and plaque vulnerability, in
agreement with published data on 2D atherosclerotic arterial
models (15–17). Ohayon et al. (16) performed finite element
analyses on 5,500 2D idealized atherosclerotic arteries and
showed that plaques are more vulnerable at a low remodeling
index, with minimal lumen narrowing. As described by
Glagov et al. (18), the early stages of plaque development are
characterized by a predominant positive (expansive) remodeling
of the artery, with a nearly constant lumen area until a
remodeling index of 1.23. Thus, young asymptomatic plaques
emerge as the type of lesions at highest risk of rupture. This
seems to be supported by in vivo observations in Maehara
et al. (42), where the authors examined 300 ruptured coronary
plaques detected by intravascular ultrasound. Here, ruptured
plaques presented an average remodeling index of 1.15 ± 0.28,
with positive remodeling accounting for 73% of the plaque
area. In this study, we also showed that the combination of a
high remodeling index with a stiff core can shift the location
of maximal stresses from the cap proper to the proximal and
distal sides of the artery, outside the atheroma, even when the
cap is thinner than the rest of the intima layer. Similar wall
stress distributions have been previously reported in numerical
simulations on 3D arterial models with high remodeling indices
or elevated lumen narrowing (38, 41).

Our findings on the effect of plaque morphology and cap
thickness are consistent with the parametric analysis performed
by Cilla et al. on 3D numerical models (38). Here the
authors also studied the significance of varying core length
(1 ≤ L ≤ 8 mm) and lipid core angle (40 ≤ α ≤ 88) on
the cap stresses. They showed that PCS are not significantly
influenced by the core angle and the lipid core length, when the
core is longer than 4 mm. Based on this knowledge, we believe
our idealized 3D models are a comprehensive representation
of the most impactful morphological features of the atheroma.
Another distinctive driver of wall stresses is high blood pressure.
Hypertension leads to increased stretch and vulnerability index
even in thicker caps when µCalcs are present, as our results
show for the case of a 200 µm cap. Additionally, phenotypes
without µCalcs and a thick cap (100 µm) could still reach
rupture, as shown in our analysis and observed in in vivo
studies (41).

Finally, the results obtained from the human coronary
artery simulations compares well with parametric analyses on
idealized models. In particular, the human geometry compares

closely to the idealized case of a 150 µm cap with RI = 1.25.
These models experience similar PCS levels under normal
and hypertensive blood pressure (PCShuman = 236–375 kPa,
PCSideal = 252–322 kPa) and don’t undergo rupture in the
absence of µCalcs. Conversely, when the µCalc is introduced
in the cap tissue, plaque rupture occurs under both pressure
regimes. These findings confirm the fact that the human plaque
sample was intact, as we didn’t notice any calcified particle in the
HR-µCT images. As opposed to the idealized case, the human
model experiences the maximal wall stresses on non-stenotic
regions at the location of high lumen curvature. This condition
has been observed previously by Akyildiz et al. in 2D models of
atherosclerotic coronary arteries (17).

Our extensive structural analysis was used to derive a multi-
variable non-linear predictive model that takes into account
the individual and combined effect of each risk factor. This
model has proved capable of predicting the vulnerability risk
of the human atheroma under varying conditions, with full
precision in determining whether the cap would rupture or be
stable.

This study also presents some limitations that should be
acknowledged. First, our models don’t include circumferential
or axial residual stresses. Ohayon et al. (43) demonstrated that
neglecting residual stresses leads to overestimated peak stresses.
However, the location of maximal stresses does not seem to shift.
Additionally, we did not introduce the effect of the lumen radius
in our analysis, which shows a certain degree of influence on
plaque vulnerability (38). Lastly, we simulated the presence of
blood flow by applying a uniform radial pressure, neglecting
the contribution of luminal shear stresses. However, since
tensional wall stresses are 103–105 (3–5 orders of magnitude)
greater than wall shear stresses, we believe our analysis properly
reproduces the vascular stress distributions that reflect the
plaque mechanical stability.

In conclusion, the present study provides an analysis of
several major morphology and tissue composition factors that
play an important role in the background stresses in the
atheroma cap, and its combined effect with the presence of
a µCalc in the cap tissue. We showed that µCalcs and cap
thickness are the two most alarming biomechanical traits that
govern the risk of mechanical rupture. Our findings provide
supporting evidence that the combination of these risk factors
have a synergistic effect on the vulnerability of the atheroma.
Certainly, the vulnerability index of caps is greatly enhanced
by the presence of even one µCalc, an effect that was not
observed when the cap thickness and the µCalc were analyzed in
isolation. A µCalc has the potential to transform relatively thick
caps into vulnerable ones. The phenotype of biomechanically
vulnerable lesions can be described as non-obstructive plaques
with softer (lipid-rich) cores and a thin cap with µCalcs. Indeed,
the appearance of a µCalc in the cap of an otherwise stable
plaque is able to transform it into a vulnerable one.
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Myocardial bridging (MB) is the most frequent congenital coronary anomaly

in which a segment of an epicardial coronary artery takes a tunneled course

under a bridge of the myocardium. This segment is compressed during

systole, resulting in the so-called “milking effect” at coronary angiography.

As coronary blood flow occurs primarily during diastole, the clinical

relevance of MB is heterogeneous, being usually considered an asymptomatic

bystander. However, many studies have suggested its association with

myocardial ischemia, anginal symptoms, and adverse cardiac events. The

advent of contemporary non-invasive and invasive imaging modalities

and the standardization of intracoronary functional assessment tools have

remarkably improved our understanding of MB-related ischemia, suggesting

the role of atherosclerotic lesions proximal to MB, vasomotor disorders and

microvascular dysfunction as possible pathophysiological substrates. The aim

of this review is to provide a contemporary overview of the pathophysiology

and of the non-invasive and invasive assessment of MB, in the attempt to

implement a case-by-case therapeutic approach according to the specific

endotype of MB-related ischemia.

KEYWORDS

myocardial bridging, myocardial ischemia, invasive intracoronary assessment,
intracoronary physiology, intracoronary imaging, non-invasive tests, tailored therapy
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Introduction

Myocardial Bridging (MB) is the most common inborn
coronary artery variant in which a segment of an epicardial
coronary artery, most frequently (70–98%) the left anterior
descending (LAD) coronary artery, takes an intramural course
under a bridge of myocardium (1).

Coronary angiography (CA) has been typically considered
the gold standard for the diagnosis of MB, detecting the
“milking effect” induced by the systolic compression of
the intramural artery in addition to its delayed diastolic
relaxation (2–4). Nevertheless, CA may underestimate the
presence of MB, whose incidence depends on the modality
used to identify the tunneled segment. Indeed, MB has been
documented from 5 to 8% of invasive angiographic series,
but from 18 to 25% or 30 to 55% when using coronary
computed tomography angiography (CCTA) or autopsy reports,
respectively (5).

As coronary blood flow occurs primarily during diastole,
the clinical relevance of MB is still a matter of debate,
being typically considered as an innocent bystander (6).
However, several studies documented that patients with MB
experienced a high burden of anginal symptoms, angina-
equivalents (i.e., dyspnea) and, less frequently, palpitations
and/or ventricular arrhythmias (7). Although this anomaly
is present at birth, the onset of symptoms usually does not
occur before the third decade of age. Several factors, such as
concomitant coronary artery disease (CAD), tachycardia, and
the rise in left ventricular (LV) pressures, usually associated
with aging, diastolic dysfunction and LV hypertrophy, may
worsen the supply-demand mismatch imposed by MB and
unmask or exacerbate the hemodynamic impact of MB
(8, 9).

Interestingly, MB patients may also present with acute
coronary syndrome (ACS), as a result of coronary artery
spasm (CAS), coronary artery dissection, or coronary artery
thrombosis (10).

Nowadays, a growing body of evidence suggests a direct
association between MB and myocardial ischemia. Moreover,
MB has been recently recognized as a cause of ischemia
with non-obstructive coronary artery disease (INOCA) (11),
and several mechanisms have been described as possible
pathophysiological substrates of MB-related ischemia (8, 10, 12,
13; Figure 1).

Nevertheless, these multiple mechanisms cannot be
unmasked by a single diagnostic modality (Table 1).

The aim of our review is to show the role of different
diagnostic strategies (both non-invasive and invasive) in the
anatomical and functional assessment of MB. A comprehensive
approach might play a key role in implementing personalized
medical or invasive therapeutic strategies, ultimately yielding a
benefit on symptoms and reducing the occurrence of adverse
cardiac events (13, 14).

Mechanisms of myocardial
ischemia and clinical relevance in
patients with myocardial bridging

The systolic phase of the myocardial cycle is only marginally
involved in the myocardial perfusion (∼15%) (1). Nonetheless,
an increasing body of evidence supports the involvement
of different mechanisms of ischemia in patients with MB:
delayed early diastolic artery relaxation, development of
atherosclerotic stenosis proximal to MB, functional disorders of
the coronary circulation (i.e., impaired endothelium-dependent
vasodilatation and microvascular dysfunction) and the “branch
steal” phenomenon.

The assumption that MB affects coronary blood flow during
systole has been overcome since the diastolic lumen gain
may be late and incomplete once the systolic compression
of the tunneled artery ends (15–18). In 1993, Erbel et al.
were the first to describe the delayed early diastolic artery
relaxation within the tunneled segment through angiography
and IVUS (19). Subsequently, other IVUS studies confirmed the
same phenomenon, showing the concordance between delayed
diastolic relaxation, increased intracoronary Doppler flow
velocity, and ischemic symptoms and signs (20). Furthermore,
stress-echocardiography (SE) studies also suggested that slow
and incomplete MB decompression may underlie stress-induced
ischemia in MB patients (18).

Myocardial bridging-related ischemia is not to be exclusively
sought in the systo-diastolic hemodynamic modifications
imposed by MB, but also in the anatomical and/or functional
anomalies of the coronary circulation that may coexist or
be favored by the MB itself. In this regard, an association
between MB and CAD has long been described (8, 13).
A local systolic retrograde flow phenomenon proximal to
MB has been detected, predisposing to the development of
atherosclerosis (21). Furthermore, the compression-relaxation
of the intramural segment induces changes in wall shear stress
(WSS), producing an area of low WSS proximal to MB (21).
Low WSS induces the release of inflammatory mediators and
endothelial vasoactive agents, whose levels were found to be
significantly higher in the proximal segment compared with the
intramural segment (2, 22). Using a parametric finite element
model, Nikoliæ et al. found a correlation between the position
of plaque near MB with WSS and oscillatory shear index. This
finding reinforces the notion that plaque progression may be
favored by hemodynamic disturbances provoked by MB (23).

On the contrary, the intramural tract is typically spared
from atherosclerosis, probably because of the “separation” of the
tunneled segment from epicardial adipose tissue and its pro-
inflammatory signals (i.e., cytokines and adipokines) (24–26)
as shown in preclinical models by the lack of foam cells and
modified smooth muscle cells in the intramural artery (27).
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FIGURE 1

Myocardial ischemia is not purely related to vessel systolic compression in patients with MB. Several mechanisms may account for the
occurrence of symptoms and may be detected though invasive and non-invasive modalities. MB, myocardial bridging.

The presence of atherosclerotic plaques proximal to MB is
a potential cause of chronic coronary syndrome (CCS) (10, 15–
17), as well as ACS due to plaque erosion/rupture or vasospasm
and coronary dissection (10, 28–31).

Myocardial bridging has also been associated with impaired
endothelium-dependent vasodilatation (32–36). Endothelial
dysfunction, together with the hyper-reactivity of vascular
smooth muscle cells, represent the two pathophysiological
mechanisms implicated in the occurrence of CAS (37).
Previous studies, using a provocative test with incremental
acetylcholine (ACH) dose infusion, demonstrated that CAS
is more common in patients with MB (32–36). Furthermore,
anatomical properties of MB, such as length and percentage
of systolic compression, were demonstrated to predict the
occurrence of provoked LAD spasm (32, 34).

It has been proposed that the turbulent flow and changes in
WSS, due to MB, may promote direct injury to the endothelium
and endothelial cell apoptosis (33, 35). Moreover, the expression
of endothelial nitric oxide synthase (eNOS), a marker of
preserved endothelial function, is significantly lower in the
MB segment than in proximal and distal segments (36). These
mechanisms ultimately converge to a paradoxical response to
ACH and an increased risk of CAS (36). The occurrence of
CAS in MB patients may have significant clinical relevance: Nam
et al. reported that patients with MB and CAS experienced a
higher rate of recurrent angina and a more frequent prescription
of anti-anginal medication (32). Furthermore, according to

the correlation between MB and myocardial infarction risk
(38), CAS may also represent a mechanism underlying the
development of ACS (39).

Endothelial dysfunction is, however, not confined to
the epicardial coronary artery but may extend to the
coronary microcirculation (11). Indeed, it is not unlikely that
impaired endothelium-dependent vasodilatation affects also
distal arterioles, resulting in microvascular spasm as well as
spasm of the epicardial tract strictly close to MB (40).

Nowadays, little data is available on the link between
MB and coronary microvascular dysfunction (CMD). CMD is
prevalent across several cardiovascular conditions, emerging
as an increasing cause of INOCA (41, 42). Two different
endotypes of microvascular dysfunction currently exists:
structural microvascular remodeling and functional arteriolar
dysregulation (11). The former is caused by an increase
in wall to lumen ratio and a loss of myocardial capillary
density, and it is characterized by an impaired endothelium-
independent vasodilatation, represented by a reduced coronary
flow reserve (CFR) and an increased index of microcirculatory
resistance (IMR) (11). The latter is caused by endothelial
dysfunction of medium and large size arterioles, with a
pathological response to ACH test (impaired endothelium-
dependent vasodilatation) (11).

Only two studies investigated the presence of CMD in
patients with MB (40, 43). Among patients with chest pain
and non-obstructive CAD, Sara et al. showed that those with
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angiographic evidence of MB had a higher frequency of
microvascular endothelial dysfunction compared to patients
without MB (57.7 vs. 51.0%, p = 0.075). However, this reached
statistical significance among patients aged ≤ 50 years (57.3 vs.
44.2%, p = 0.010) (40). The second study showed a high rate
of CMD (22.1%) among patients with persistent angina, non-
obstructive CAD and angiographic evidence of MB (43). On
the basis of these results, CMD may represent an additional
mechanism of ischemia in patients with MB. Therefore, a
comprehensive invasive assessment of MB patients that includes
the evaluation of coronary microcirculation (i.e., IMR and CFR)
might provide additional information. However, further data are
needed to suspect a more marked involvement of microvascular
dysfunction in these patients.

Lastly, the “branch steal effect” is an additional ischemic
mechanism in MB patients: the crossing of blood through
the constrict segment in the end systole/early diastole leads
to an increase in diastolic flow velocity (“Venturi effect”) that
results in a depressurization at the ostium of side branches
within the MB (44, 45). This phenomenon is more evident
in the case of septal perforator arteries of the LAD coronary
artery (7). Interestingly, Lin et al. proposed this mechanism to
explain the echocardiographic finding of “septal wall motion
abnormality” during dobutamine stress test as sign of focal
ischemia. Conversely, the recovery of perfusion pressure distal
to the LAD was not associated with ischemic signs (i.e.,
echocardiographic finding of “apical sparing”) (44).

In summary, several mechanisms suggest the ischemic
relevance of MB: exertion-induced angina may occur for
a delay in early diastolic artery relaxation, “branch steal,”
hemodynamically significant proximal CAD and CMD.
On the other hand, epicardial spasm, coronary artery
dissection, and coronary artery thrombosis may underlie
the development of ACS.

Non-invasive anatomical and
functional assessment

Although CA may detect the presence of MB, there are
specific patient-dependent and procedure-related complications
that are inherent to the invasive procedure (46). Some non-
invasive imaging modalities may be useful to detect MB
and to investigate myocardial ischemia in MB patients, since
this cohort of patients is typically younger, has a lower rate
of cardiovascular risk factors and, therefore, a low pre-test
probability of CAD (47).

Among non-invasive imaging tests, CCTA plays a
prominent role. Its strength is represented by a high spatial
resolution, accounting for a higher detection of MB compared
with CA (48). CCTA enables an accurate evaluation of the
vessel wall and lumen, as well as the surrounding myocardium,
allowing to classify MB of the LAD coronary artery in terms

of depth and length, suitable only for MB located in the LAD
coronary artery (49). In this regard, MB is classifiable into
superficial (<2 mm), deep (≥2 mm), and very deep (≥5 mm)
according to the depth; and into short (<25 mm) or long
(≥25 mm) according to the length of the tunneled segment (49,
50). Kim et al. proposed an alternative classification of LAD MB
into three types: the type I, characterized by a partial muscular
encasement; the type II, characterized by a full encasement of
the vessel by myocardium but without measurable overlying
myocardium; the type III, characterized by a measurable
overlying myocardium > 0.7 mm (48).

These anatomical evaluations have relevant clinical,
prognostic and therapeutical implications: indeed, the deeper
variant is more commonly associated with symptoms and
adverse cardiac events; moreover, CCTA may be helpful to
guide the choice of surgical treatment (myotomy vs. CABG)
(13, 51).

The pivotal limitation of CCTA is the low temporal
resolution, making difficult to assess the hemodynamic
significance of MB. Moreover, the use of a “cocktail” of drugs
before scanning, such as beta-blockers and nitroglycerin that
prolong diastolic time and induce vasodilation, respectively,
results in an underestimation of the impairment in blood flow
imposed by MB (13).

Among non-invasive tests, echocardiogram plays a role in
the functional assessment of MB patients. Lin et al. described an
echocardiographic finding characterized by a focal abnormality
in the end-systolic to early-diastolic septal wall motion with
apical sparing (44). Eighteen patients with angina and this
sign were prospectively enrolled for invasive assessment (CA,
IVUS, and intracoronary pressure measurements): all these
patients were found to have MB of the LAD coronary artery
and an abnormal diastolic-fractional flow reserve (dFFR ≤ 0.75)
(44). In addition, patients with hemodynamically significant
LAD MB present lower septal longitudinal strain compared to
controls during stress echocardiographic strain imaging (52).
“Septal buckling with apical sparing” has a diagnostic accuracy
similar to SE in identifying significant CAD through a new wall
motion abnormality (52). However, even though SE is a well-
established diagnostic tool in detecting myocardial ischemia,
its key limitation is related to the impossibility to understand
if the wall motion abnormalities are attributable to MB, CAD
or other pathological conditions, if an anatomical assessment
is not performed.

The evaluation of coronary flow velocity reserve (CFVR)
measured by transthoracic Doppler echocardiography
(TTDE) has been found to represent another modality
to hemodynamically assess LAD MB. In this regard,
Aleksandric et al. showed that non-invasive CFVR-TTDE
during dobutamine infusion was a predictor of functional
significant MB, found to be more accurate than CFVR during
adenosine infusion (18, 53). A cut-off value of ≤2.1 was found
to have the best accuracy for identifying MB associated with
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TABLE 1 Invasive and non-invasive diagnostic modalities for the detection, anatomic and functional assessment of MB.

Imaging
modality

Diagnostic
sign

Prevalence of
MB (%)

Limitations Strong
points

CA Milking effect - Invasive
- No functional assessment
- Contrast agent
- Radiation

- Anatomic assessment
- Relatively fast and simple procedure

FFR Pressure drop
(<0.75 or 0.8)

N/A - Invasive
- Contrast agent
- Radiation
Longer procedural time
- Pharmacotherapy side effects (adenosine)

- Functional gold standard for CAD
- Hemodynamic assessment of MB

Intracoronary
Doppler

Fingertip
phenomenon

N/A - Invasive
- Value in guiding treatment no standardized
- Contrast agent
- Radiation
- Longer procedural time
- Pharmacotherapy side effects (adenosine, dobutamine)

- Lesion-specific sign
- Functional assessment of coronary
lesions
- Assessment of microvascular disease
or endothelial dysfunction

iFR Pressure drop
(≤0.85)

N/A - Invasive
- Contrast agent
Radiation
- Longer procedural time

- Diastolic specific-index
- Functional assessment of CAD
- Hemodynamic assessment of MB

IVUS Half-moon sign - Invasive
- No functional assessment
- Contrast agent
- Radiation
- Longer procedural time
- Operator-dependent variability in pullback velocity may
influence detection and morphological assessment of MB

- Lesion specific sign
- Morphological assessment of
proximal plaque
- Quantification of persistence of
arterial compression during diastole
Guide to PCI

OCT Heterogeneous
fusiform band
with
intermediate-
intensity signal
surrounding the
vessel adventitia

- Invasive
- No functional assessment
- Contrast agent
- Radiation
- Longer procedural time
- Operator-dependent variability in pullback velocity
influencing detection and morphological assessment of MB

- Lesion specific sign
- Morphological assessment of
proximal plaque
- Guide to PCI

CCTA Intramural
coronary artery

- Radiation
- Contrast agent
- Pharmacotherapy side effects (nitrates, BBs)
- No functional assessment

- High-sensitivity
- Non-invasive
- High spatial resolution
- Well-standardized
- Concomitant detection of CAD

FFR-CCTA Intramural
coronary artery

N/A - Radiation
- Contrast agent
- Pharmacotherapy side effects (nitrates, beta-blockers)
- Longer procedural time
- Value in guiding treatment no standardized

- Functional assessment
- High-sensitivity
- Non-invasive
- High spatial resolution
- Concomitant detection of CAD

Echocardiogram Septal buckling
with apical
sparing or lower
septal
longitudinal
strain with
exercise

N/A - Inability to distinguish between CAD and MB
- No anatomic assessment
- Operator-dependent variability
- Value in guiding diagnosis and treatment not
standardized

- Non-invasive
- No radiation
- No contrast exposure
- Wall motion assessment
- Fast and rapidly available

CMRI Intramural
coronary artery

N/A - Contrast agent
- Value in guiding diagnosis and treatment not
standardized

- Non-invasive
- No radiation
- Anatomic assessment
- Functional assessment
- Wall motion assessment

BBs, beta-blockers; CA, coronary angiography; CAD, coronary artery disease; CCTA, coronary computed tomography; CMRI, cardiac magnetic resonance imaging; FFR, fractional
flow reserve; iFR, instantaneous wave-free ratio; IVUS, intravascular ultrasound; MB, myocardial bridging; OCT, optical coherence tomography; N/A, not applicable; PCI, percutaneous
coronary intervention.
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stress-induced myocardial ischemia with a sensitivity (Sn),
specificity (Sp), positive (PPV), and negative predictive value
(NPV) of 96, 95, 88, and 98%, respectively (area under curve
AUC 0.986) (53). Inotropic stimulation with dobutamine,
compared to vasodilatation with adenosine, provides better
significance of MB in relation to stress-induced myocardial
ischemia in the invasive setting too (4). Interestingly, the cut-off
value of ≤2.1 is similar to the cut-off value for TTDE-CFVR
during adenosine as well as during dobutamine provocation in
the functional assessment of fixed coronary stenosis (Sn 92 vs.
92%; Sp 90 vs. 86%; PPV 85 vs. 73%; NPV 95 vs. 96%) (54, 55).

Among non-invasive diagnostic modalities, cardiovascular
magnetic resonance imaging (CMRI), single-photon emission
computed tomography (SPECT), and positron emission
tomography (PET) provide the quantification of myocardial
blood flow at rest and during induced-hyperemia, representing
possible tools in the assessment of inducible-ischemia and CMD
in MB patients (41).

However, little data supported the role of these modalities in
detecting ischemia in patients with MB and anginal symptoms,
and there are no standardized diagnostic criteria for functional
evaluation of MB with non-invasive stress testing or myocardial
perfusion imaging because previous studies were based on small
number of patients (56). Further studies are needed to better
validate these tools.

Invasive anatomical and functional
assessment

Intracoronary imaging

If we consider the gap in incidence rate between CA
and other imaging modalities, routine CA is not completely
sensitive for the detection of MB (5). The use of intracoronary
vasodilators (i.e., nitrates) can increase, through a reflex rise
of the adrenergic drive, the systolic narrowing of the tunneled
artery and the angiographic sensitivity in diagnosing MB (57).
Nevertheless, in patients with thin MB, the “milking effect” may
be missed and invasive intracoronary imaging techniques may
be required to limit the underdiagnose of MB.

Intravascular ultrasound (IVUS) has been used throughout
a multitude of studies for the morphological assessment of MB.
It allows for accurate measurement of the lumen diameter and
evaluation of vessel wall morphology (58). IVUS is able to detect
the systolic compression of the bridged segment, but the peculiar
finding is an echolucent area between the tunneled artery and
the epicardial tissue, persisting throughout the cardiac cycle.
This phenomenon is called “half-moon” sign and represents a
muscle band overlying the tunneled segment (1). This sign is
highly specific because it is detectable only in the segment with
systolic compression (59). Moreover, IVUS confirms that vessel
compression within MB is not exclusively a systolic event but it

extends to early diastole (59). Additionally, IVUS is a useful tool
for the quantitative and qualitative assessment of atherosclerosis
proximal to MB. In this regard, Yamada et al. found that the
percentage of arterial compression was directly related to the
atherosclerotic burden located proximally to MB (60).

Similarly, optical coherence tomography (OCT) may
represent an adjuvant tool in the diagnosis of MB, detecting
angiographically undetectable MB (61). OCT is a light-based
technique that provides in vivo high-resolution (∼10 µm)
imaging of coronary artery (62). Although its resolution is
higher than IVUS, the role of OCT in detecting MB has not been
completely elucidated. Some studies proposed the main OCT
features of MB, describing a heterogeneous fusiform band with
sharp borders and low/intermediate-intensity signal, similar to
tunica media, surrounding the vessel adventitia. Obviously, the
fusiform band detected by OCT, corresponds to the “half-moon”
sign using IVUS (63–67). OCT provides the detection and
anatomic characterization of atherosclerotic lesions proximal to
MB too (64). Furthermore, in cases of ACS and concomitant
presence of MB, OCT helps in differentiating between different
pathophysiological subtypes, such as plaque rupture/erosion,
thrombosis or spontaneous coronary artery dissection (SCAD)
(30). Finally, despite weak evidence, the use of OCT might
help in guiding percutaneous revascularization, with the aim
of minimizing peri- and post-procedural complications during
stent implantation in a MB segment (63).

The key limitation of IVUS and OCT in the assessment
of MB is related to the lack of functional and hemodynamic
information on both MB and proximal atherosclerotic lesions.
Furthermore, they increased procedural cost and the risk of
underestimating the length of MB when rapid pullback is
performed (Table 1).

In conclusion, the use of invasive anatomical assessment
with imaging tools such as IVUS and OCT allows to maximize
the diagnosis of MB, quantify arterial compression, characterize
the coexisting proximal CAD, and identify the mechanism
underlying the occurrence of ACS.

Physiological assessment of
myocardial bridging

Functional assessment tools should be considered
complementary to imaging tests. In this regard, the Doppler
flow wire and pressure wire methods represent useful modalities
to define the hemodynamic impact of MB (13; Figure 2).

Fractional flow reserve (FFR) is a pressure wire-based index
that, through the measurement of the trans-stenotic pressure
gradient during maximal hyperemia (achieved by adenosine
administration), is recommended to assess the hemodynamic
relevance of intermediate-grade stenosis when evidence of
ischemia is not available (68, 69). To date, 0.80 is the accepted
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FIGURE 2

Hyperemic and non-hyperemic pressure ratios (FFR, dFFR, iFR, RFR, dPR) proposed for the invasive functional assessment of patients with
myocardial bridging. Pa, aortic pressure; Pd, distal pressure; FFR, fractional flow reserve; dFFR, diastolic-fractional flow reserve; iFR,
instantaneous wave-free pressure ratio; RFR, resting full-cycle ratio dPR, diastolic pressure ratio.

FFR threshold for defining hemodynamically relevant fixed
stenosis (68, 69).

Although FFR is generally considered the gold standard
for the physiological invasive assessment of atherosclerotic
plaque, it may fail to identify the hemodynamic impact of
dynamic coronary obstructions such as MB (14). FFR is
based on the assumption that the difference between mean
and diastolic pressure gradient values across the lesion is not
significant: this is true for fixed stenosis, but it might not
be valid for dynamic flow obstruction (7, 14). MB reduces
systolic pressure gradients, as a consequence of distal pressure
overshooting during myocardial contraction. This leads to an
overestimation of the mean pressure (evaluated by FFR) and
to an underestimation of the hemodynamic significance of MB
(7). Therefore, specific diastolic functional indices have been
developed to overcome the limits of FFR (13), such as dFFR
which has proven to be more sensitive than conventional FFR
for functional assessment of MB (70).

Moreover, as MB is a dynamic stenosis deeply influenced by
the degree of extravascular compression and intra-myocardial
tension, the assessment during rest may underestimate the
hemodynamic relevance of a significant proportion of MBs.
Dobutamine represents the drug of choice for inotropic
stimulation in MB patients (18). In this regard, Escaned et al.
evaluated the usefulness and safety of combining dobutamine
challenge with FFR and dFFR in the presence of MB. This
investigation revealed that dobutamine challenge enhanced
diagnostic sensitivity of both FFR and dFFR. Interestingly,

dobutamine challenge increased the discrepancy between FFR
and dFFR (70). This may be explained by the decreased and
negativization of systolic pressure gradient across MB segment
during dobutamine provocation, leading to an artificial and
paradoxical elevation in the mean pressure gradient used by
traditional FFR.

The diagnostic superiority of dFFR during dobutamine
provocation, compared to conventional FFR during adenosine
provocation, has been recently confirmed by Aleksandric et al.
using exercise-induced myocardial ischemia (4). They proposed
the cut-off value of ≤0.76 for dFFR during dobutamine
provocation to identify stress-induced myocardial ischemia in
MB patients with a Sn, Sp, PPV and NPV of 95, 95, 90, and 98%,
respectively (AUC 0.927). Curiously, this value is the same as
the cut-off value used for dFFR during adenosine provocation
in the functional assessment of fixed coronary stenosis (Sn 96%;
Sp 100%) (71).

However, despite the promising diagnostic value, dFFR is
not routinely performed in clinical practice, due to the difficulty
of execution and time-consuming.

Other non-hyperemic pressure indices, including
instantaneous wave-free ratio (iFR), diastolic pressure ratio
(dPR), and resting full-cycle ratio (RFR) have been developed.
They are obtained without the administration of vasodilators,
resulting easier to perform than dFFR.

Instantaneous wave-free ratio is a pressure-derived index,
recently validated for the assessment of coronary artery stenosis.
It is a specific-diastolic index, calculated during a portion of
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FIGURE 3

Flow diagram with proposed strategy for the management of symptomatic patients with myocardial bridging. ACE-I, Angiotensin-converting
enzyme-inhibitors; Ach, acetylcholine; ARB, Angiotensin receptor blocker; BBs, beta-blockers; CAD, coronary artery disease; CFR, coronary
flow reserve; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; IMR, index of microvascular resistance IVUS, intravascular
ultrasound; MB, myocardial bridging; OCT, optical coherence tomography; PCI, percutaneous coronary intervention.

diastole when vascular resistance is low and stable, the so-called
“wave-free period” (72). In a prospective study by Tarantini
et al., among 20 patients with angina and/or positive non-
invasive stress test, absence of CAD and angiographic evidence
of MB, iFR was found to be more consistent with angina
and/or inducible ischemia compared with FFR. Indeed, iFR
at rest was abnormal (≤0.89) in 7 patients, while no MB
was hemodynamically significant according to FFR. During
inotropic challenge, median FFR did not change significantly,
whereas dobutamine-induced iFR resulted to be remarkable
lower compared to iFR at rest (73).

Collectively, diastolic indices may identify a proportion
of hemodynamically relevant MBs that are not unmasked by
conventional FFR. The superiority of diastolic indices over
systo-diastolic indices (i.e., FFR) in the evaluation of ischemic
burden related to MB reflects the fundamental involvement of
diastole in the pathophysiology of MB-related ischemia (70, 74).

Nevertheless, the evaluation of iFR depends on the
assumption that maximal flow and minimal microcirculatory
resistance occur during a period within diastole (the “wave-
free period”), while the hemodynamic modifications imposed by
MB and concomitant CAD may be not completely predictable.
In this regard, two alternative non-hyperaemic pressure indices
might be proposed: dPR and RFR.

Diastolic pressure ratio is the ratio between mean distal
coronary pressure averaged over the entire diastolic period and
the mean aortic pressure (75). Instead, RFR is calculated from

the lowest value of distal pressure (Pd) and aortic pressure (Pa)
over the entire cardiac cycle (76). These indices may potentially
unmask significant or multiple occlusions that would be missed
by an assessment dedicated only to specific periods of the cardiac
cycle (75, 76).

Unfortunately, ischemic cut-off values for the above-
discussed indices, at rest and during inotropic provocation, are
not available for MB patients. Further studies are needed for the
validation of these tools and for the definition of reliable cut-
off values.

The Doppler guide wire, through selective catheterization
and measuring phasic flow velocity of MB segment, reveals
a typical velocity pattern termed “fingertip” phenomenon,
characterized by an abrupt early-diastolic acceleration, a rapid
mid-diastolic deceleration and a mid-to-late diastolic plateau
(10, 13). However, the absence of the “fingertip” was found in
13% of MB patients, probably because the systolic compression
sometimes is not strong enough to induce the hemodynamic
changes that lead to this sign (10). Further studies are
needed to confirm these results and to determine whether this
phenomenon, as a marker of MB severity, predicts adverse
cardiovascular events.

Provocative test

It is well-known that endothelial dysfunction is a
pathophysiological hallmark of MB-related ischemia,
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promoting the development of vasomotor disorders such
as epicardial and microvascular CAS. In order to unmask
endothelial dysfunction and CAS, three provocative tests (with
ACH, ergonovine and hyperventilation) can be performed in
the catheterization laboratory (77). ACH test is preferred over
ergonovine and hyperventilation, because it is associated with
a lower rate of complications compared to ergonovine, and it
is more standardized and reproducible than hyperventilation
(78). On the other hand, non-invasive provocative tests (i.e.,
ergonovine and hyperventilation) have been associated with
significant adverse events including death, because detection
and alleviation of the induced spasm may be delayed (79).

The 2019 ESC CCS guidelines support the use of
intracoronary ACH test in patients with normal findings
or non-obstructive lesions on coronary arteriography and
clinical suspicion of CAS for the assessment of epicardial
spasm (IIa recommendation) and/or microvascular spasm
(IIb recommendation) (80–82). Therefore, interventional
cardiologists should not refrain from performing
provocative test in patients with MB and clinical picture
of vasospastic angina.

Several studies investigated the relationship between CAS
and MB, demonstrating that MB patients present a high rate
of CAS. Furthermore, MB patients with a positive response to
ACH test have a worse prognosis compared with those without
spasm (10, 32–36, 83–88). However, the location of provoked
spasm was not always the same: most of studies found epicardial
spasm of the intramural segment. On the contrary, Saito et al.
found that epicardial CAS was more frequently provoked in
the proximal segment of MB (34). Moreover, heterogeneity in
dose-response relationship has been noted in patients with MB
and ACH-induced spasm. MB patients who responded to lower
ACH doses (20 µg) have higher incidence of severe, diffuse and
long (>30 mm) spasm. This results in a higher occurrence of
adverse events at 12-month follow-up, compared to MB patients
reacting to higher ACH doses (50 and 100 µ g) (88).

Therefore, the use of ACH provocative test may be useful
in the identification and quantification of a pathophysiological
mechanism (impaired endothelium-dependent vasodilatation)
of MB-related ischemia, with relevant prognostic and
therapeutic implications.

Therapeutic management of
patients with myocardial bridging

The therapeutic management of MB patients remains a
relevant challenge. Treatment options should be considered
according to clinical presentation, evidence and degree
of inducible ischemia, coronary and cardiac anatomy,
comorbidities and patient preference (13). Nevertheless,
no guidelines or expert consensus are currently available.

As discussed, the ischemic burden related to MB is
supported by various pathophysiological mechanisms. In this
regard, invasive and non-invasive physiological assessment,
intracoronary imaging, and provocative test may unmask the
dominant mechanism of myocardial ischemia, allowing to
guide the treatment according to specific pathophysiological
endotypes of myocardial ischemia (Figure 3).

Pharmacologic therapy is considered the first strategy for
most of symptomatic MB patients (8). Beta-blockers (BBs)
represent the mainstay of treatment in patients with MB
and ischemic symptoms or signs of inducible ischemia. Due
to their negative chronotropic effect, BBs allow to increase
diastolic perfusion and diastolic filling time. In addition, they
reduce compression of the tunneled vessel by their negative
inotropic effect (7). Similarly, non-dihydropyridine calcium
channel blockers (CCBs) may satisfy the same target, and
they should be preferred in patients with contraindications to
betablockers (89).

However, BBs, especially non-selective ones, may be
detrimental in MB patients with concomitant CAS. In fact,
blockade of the beta-2 receptors, which mediate vasodilation,
increases the risk of CAS and, supposedly, adverse cardiac events
(90). On the contrary, CCBs, by combining their negative ino-
chronotropic effect and vasodilatory effect, may represent the
treatment of choice in MB patients with concomitant vasomotor
disorders unmasked by a positive ACH test (13, 91). Conversely,
nitrates, although powerful vasodilators, should be avoided since
they worsen systolic narrowing and symptoms through a reflex
rise of the adrenergic drive.

Since MB has been associated with an increased prevalence
of CAD proximal to the bridged segment, optimized medical
therapy of cardiovascular risk factors should be considered once
atherosclerosis is detected (13).

If symptoms persist despite maximally tolerated medical
therapy, a “revascularization” strategy should be considered.
The choice among percutaneous coronary intervention (PCI),
coronary artery bypass graft (CABG) or supra-arterial myotomy
should be guided by anatomical features of MB (i.e., length and
depth), age, concomitant CAD, and patient preference.

Randomized data are lacking for the use of PCI in the
treatment of MB, and this approach was historically reserved to
patients with anginal symptoms refractory to maximal medical
therapy (92). Any rationale for PCI in this setting would be to
treat stenosis proximal to MB as well as the dynamic obstruction
within the tunneled segment, aiming at protecting it from
systolic compression (8). However, PCI with stenting in MB
patients may lead to a high rate of complications such as in-
stent restenosis (ISR), very late stent thrombosis, and coronary
perforation, due to the sustained stress over time within the
intramural tract. These complications were described mainly
in studies using bare-metal stent (BMS) and first-generation
drug eluting stent (DES) (8, 63, 93–96). Probably, the use
of second-generation DES or future bioabsorbable scaffolds

Frontiers in Cardiovascular Medicine 09 frontiersin.org

146147

https://doi.org/10.3389/fcvm.2022.970422
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-970422 November 2, 2022 Time: 14:24 # 10

Ciliberti et al. 10.3389/fcvm.2022.970422

may potentially limit these complications (13). Furthermore,
the use of intracoronary imaging tools may provide accurate
information about MB sizing, guiding the percutaneous
treatment. In this regard, a recent retrospective study showed
that the guidance of OCT limited the incidence of perforation
and ISR in the MB segment covered with DES (63).

Given the MB stenting-related complications, surgery is an
effective therapeutic alternative for symptomatic MB refractory
to maximally tolerated medical therapy. Myotomy is the
treatment of choice for MB with favorable anatomy (i.e.,
non-tortuous artery, short and superficial intra-myocardial
course), especially in pediatric population (97). Conversely,
myotomy presents a high rate of failure in adult patients,
probably because abnormal flow related to MB causes damage
to coronary circulation (i.e., endothelial dysfunction), persisting
and impairing coronary flow after surgical intervention (5).
CABG is superior to myotomy in case of complex anatomy (i.e.,
deep and/or long MB) and adult patients (51).

Unfortunately, studies assessing short- and long-term effect
of antianginal drugs vs. PCI or surgical treatment in MB patients
are lacking. Large and prospective randomized clinical trials are
needed in this regard.

Conclusion

Myocardial bridging has long been considered an accidental
finding. However, a growing body of evidence suggested that
it is associated with impaired quality of life and might lead to
adverse cardiac events.

Invasive intracoronary assessment, via imaging techniques
(i.e., OCT and IVUS), or full invasive physiological evaluation
(i.e., FFR, iFR, CFR, IMR), together with the utilization of
provocative test (i.e., ACH test), improved the ability to
evaluate the hemodynamic relevance of MB, to understand
the underlying pathophysiological mechanisms, leading
to an optimization of the therapy according to each
specific endotypes.

Nevertheless, the uncertainties we are currently facing in the
diagnosis, characterization, and treatment of patients presenting
with MB and evidence of ischemia are remarkable, and related,

at least in part, to the skepticism and the paucity of evidence
that support the clinical and prognostic relevance of MB in the
setting of CCS and ACS. Therefore, there is an unmet need
in defining unequivocally the diagnostic tools and the related
cut-offs to be used, guiding the therapeutic management of
patients with MB. The present review, systematically addressing
the current shreds of evidence in the field, set the stage
for considering MB as a novel and interesting therapeutic
target, aiming to launch in the near future reliable and
compelling efficacy endpoints to be utilized in proof-of-concept
clinical trials.
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Christos V. Bourantas2 and Yao-Jun Zhang1*
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Background: Percutaneous coronary intervention (PCI) has a well-established

role in revascularization for coronary artery disease. We performed network

meta-analysis to provide evidence on optimal intervention strategies for de

novo lesions in small coronary arteries.

Materials and methods: Enrolled studies were randomized clinical trials

that compared different intervention strategies [balloon angioplasty (BA),

biolimus-coated balloon (BCB), bare-metal stent (BMS), new-generation

drug-eluting stent (New-DES), older generation sirolimus-eluting stent (Old-

SES), paclitaxel-coated balloon (PCB), and paclitaxel-eluting stent (PES)] for

de novo lesions in small coronary arteries. The primary outcome was major

adverse cardiac events (MACE).

Results: A total of 23 randomized clinical trials comparing seven intervention

devices were analyzed. In terms of the primary outcome, New-DES was

the intervention device with the best efficacy [surface under the cumulative

ranking curve (SUCRA), 89.1%; mean rank, 1.7], and the Old-SES [risk ratio

(RR), 1.09; 95% confidence interval (CI), 0.45–2.64] and PCB (RR, 1.40; 95% CI,

0.72–2.74) secondary to New-DES, but there was no statistically significant

difference between these three intervention devices. All DES and PCB were

superior to BMS and BA for MACE in both primary and sensitivity analysis. For

secondary outcomes, there was no association between all-cause mortality

and myocardial infarction (MI) with any intervention strategy, and additionally,

the findings of target lesion revascularization (TLR) were similar to the

primary outcomes.
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Conclusion: Paclitaxel-coated balloon yielded similar outcomes to New-

DES for de novo lesions in small coronary arteries. Therefore, this network

meta-analysis may provide potential support for PCB as a feasible, effective,

and safe alternative intervention strategy for the revascularization of small

coronary arteries.

Systematic review registration: [https://www.crd.york.ac.uk/PROSPERO/

#recordDetails], identifier [CRD42022338433].

KEYWORDS

clinical outcome, de novo lesions, drug-coated balloon, new-generation drug-
eluting stent, small coronary arteries

Introduction

Small vessel lesions are commonly observed in patients
with coronary stenoses on coronary angiography (1). However,
there are no currently available guidelines for the optimal
and appropriate intervention strategies for percutaneous
revascularization for patients with de novo small-vessel coronary
disease (2, 3). When compared with treatment with bare-
metal stents (BMS), the contemporary intervention strategy
with drug-eluting stents (DES), reduces the rates of stent
thrombosis from neointimal hyperplasia, but there is some
evidence that there is an increased risk of late and very late
stent thrombosis (4–6). Furthermore, late complications include
in-stent restenosis, and subsequently, the introduction of the
drug-coated balloon (DCB) has addressed this (7–9). Despite
these advances in treating coronary artery disease, there remains
controversy in defining the most appropriate treatment strategy
for small-vessel coronary disease.

Paclitaxel and sirolimus and its derivatives are mainly used
in coating DES and DCB, and with improving technology
and techniques, clinical outcomes varied between the
older generation and new-generation DES (New-DES),
and between different types of antiproliferative drugs (10,
11). Previous network meta-analysis has suggested that older
generation sirolimus-eluting stent (Old-SES) is superior to
paclitaxel-eluting stent (PES) and even DCB for target lesion
revascularization (TLR) in small-vessel coronary disease (12).
However, several recent studies have established that DCB
was associated with comparable outcomes for the treatment
of de novo small-vessel disease when compared with DES
(13–15).

Despite the promising outcomes demonstrated by DCB and
DES, the most appropriate intervention strategy in terms of
clinical outcome remains inconclusive. Therefore, we performed
a network meta-analysis comparing the clinical outcomes of the
different intervention strategies, with the aim of establishing
whether there is one strategy that may be optimal, based on
current evidence.

Materials and methods

This network meta-analysis followed the PRISMA
Statement (16) and was registered with PROSPERO
(CRD42022338433).

Data sources and search

PubMed, Embase, and Cochrane databases were
systematically searched to collect all eligible randomized
clinical trials that assessed different intervention strategies for
the treatment of small vessel coronary stenoses up to July 2022.
The detailed search strategy is presented in Supplementary
Table 1. All citations were imported into Endnote X9 for
manual screening according to the inclusion criteria.

Intervention strategies

The intervention strategies were divided into seven
classifications for comparison: balloon angioplasty (BA),
biolimus-coated balloon (BCB), BMS, New-DES, Old-SES,
paclitaxel-coated balloon (PCB), and PES. Classification of DCB
and DES based on the type of antiproliferative drug is included
in Supplementary Table 2.

Study selection

All eligible randomized clinical studies compared
intervention devices in de novo lesions of native small
coronary vessels (vessel diameter ≤2.75 or ≤3.0 mm) and
reported one or more clinical outcomes of interest. The primary
outcome was major adverse cardiac events (MACE), and
secondary outcomes were all-cause mortality, myocardial
infarction (MI), and TLR. The definitions of MACE are similar
in most studies and are summarized in Supplementary Table 3.
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Additionally, studies comparing a combination of intervention
devices were excluded. Meanwhile, we screened studies from
published meta-analyses to compensate for the limitation of the
search algorithm.

Data extraction and quality assessment

Two investigators (WRM, CSN) independently assessed
the terms to avoid bias in the data search and abstraction
process. The opinion of a third investigator was sought in case
of disagreement. Extracted data included study and patient
characteristics, the diameter of reference vessels, the longest
time of clinical follow-up, and relevant clinical outcomes. The
trials were subsequently divided into low risk, unclear risk, and
high risk followed by the Cochrane risk of bias assessment
tool (17).

Statistical analysis

We compared different intervention strategies for treating
de novo lesions in small vessel coronary arteries with a network
meta-analysis using a random-effects model in a frequentist
framework. All data were analyzed by network and mvmeta
packages using STATA version 13.0 (StataCorp, college station,

TX, USA). The risk ratio (RR) and 95% confidence intervals
(CIs) were used to evaluate clinical outcomes. We used network
plots to visualize the connections between studies in each
clinical outcome. The league tables were employed to illustrate
the result of direct and indirect comparisons in different clinical
outcomes and 95% CI of 1 indicated no statistical significance.
The surface under the cumulative ranking curve (SUCRA) was
used to rank intervention strategies in clinical outcomes, with
larger values ranked relatively higher. The radar plot was used
to summarize the ranking of pre-defined clinical outcomes.
The heterogeneity was assessed by I2 and τ2 statistics. The
node split method was used to detect local inconsistency,
and P-value > 0.05 indicated no inconsistency. Funnel plots
were used to detect the existence of publication bias by
visual inspection. Sensitivity analysis was performed on clinical
outcomes of MACE and TLR, excluding the PICCOLETO study
(18) with a sample size of <100, and was terminated early due
to the higher incidence of MACE suffered by the DCB group.

Results

Study selection and characteristics

The flowchart of study selection is presented in Figure 1.
Twenty-three eligible randomized clinical trials were screened

FIGURE 1

Flowchart of study selection.
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TABLE 1 Basic characteristics of included studies.

Trial Year Reference
vessel, mm

Interventions Sample
size

Mean age Males,
(%)

Diabetes,
(%)

Prior
MI, (%)

Unstable
angina (%)

Follow up,
months

Ardissino et al. (20) 2004 ≤2.75 SES/BMS 129
128

63.6 ± 11.27
63.7 ± 10.9

76.7
66.4

19.4
29.7

29.5
28.1

NA 8

BELLO 2015 <2.8 PCB/PES 90
92

64.8 ± 8.5
66.4 ± 9.0

80.0
77.2

43.3
38.0

51.1
35.9

24.4
21.7

24

BESMART 2001 <3.0 BMS/BA 176
166

62 ± 10
61 ± 10

73.4
79.3

22
12

31.7
43.3

50.0
42.8

6

BIO-RISE CHINA 2022 2.0–2.75 BCB/BA 105
103

61.3 ± 8.8
61.6 ± 8.1

72.4
66.3

34.3
34.7

20.0
26.7

60.0
61.4

12

COAST 2015 2.0–2.6 BMS/BA 393
195

61 ± 10
61 ± 10

72.3
75.1

19.6
17

48.3
46.0

17.5
15

8

C-SIRIUS 2003 2.5–3.0 SES/BMS 50
50

60.3 ± 10.6
60.7 ± 9.1

70
68

24
24

48
42

48
54

9

De luca et al. (22) 2006 ≤3.0 BMS/BA 387
411

61 ± 12
61 ± 12

74.2
74.2

12.1
11.7

10.6
8.3

NA 12

E-SIRIUS 2003 2.5–3.0 SES/BMS 175
177

62.0 ± 11.4
62.6 ± 10.3

70
71

19
27

41
43

30
36

9

Funatsu et al. (24) 2017 2.0–2.75 PCB/BA 92
41

68 ± 10
69 ± 11

78
68

48
32

NA NA 6

Hanekamp et al. (25) 2004 <3.0 BMS/BA 250
246

61 ± 9
61 ± 10

64
71

32
32

17
16

NA 12

ISAR-SMART 3 2006 <2.8 SES/PES 180
180

65.7 ± 10.4
67.4 ± 10.9

75
69

NA 31/29 27
35

12

Kinsara et al. (39) 2003 ≤2.5 BMS/BA 96
106

54 ± 11
56 ± 11

70
86

61
50

64
59

15
16

6

LASMAL I 2005 <2.9 BMS/BA 124
122

NA 82
73

25
28

NA 65
59

9

LASMAL II 2005 2.0–2.9 BMS/BA 111
109

NA 73
77

NA NA 64.5
69

12

Park et al. (40) 2000 <3.0 BMS/BA 60
60

60.2 ± 7.5
61.5 ± 8.4

62
65

13.3
11.6

15
10

18.3
20

6

PICCOLETO 2015 ≤2.75 PCB/PES 28
29

68 ± 9
67 ± 10

78.6
75.9

37.9
46.4

17.9
20.7

NA 9

PICCOLETO II 2020 2.0–2.75 PCB/EES 118
114

64 ± 23.7
66 ± 23.7

70.3
76.9

38.0
35.4

38
30

14.4
18

12

RESTORE 2018 2.25–2.75 PCB/ZES 116
114

60.1 ± 10.5
60.5 ± 10.8

66.4
77.2

39.7
42.1

22.4
24.6

69.0
71.1

24
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for this network meta-analysis. The characteristics of these
included studies are summarized in Table 1. The longest clinical
follow-up period was 24 months. The network plot of direct
comparisons in seven intervention strategies (BA, BCB, BMS,
New-DES, Old-SES, PCB, and PES) was shown in Figure 2. The
BCB is the latest intervention device available, leading to limited
comparisons with other devices. A large-scale trial, BASKET
SMALL 2, was excluded due to a combination of PES and
New-DES in the DES group (19).

Risk of bias assessment

The risk of bias assessment of the 23 included trials is
presented in Supplementary Figure 1. Furthermore funnel plots
for each clinical outcome to visually show publication bias
are presented in Supplementary Figure 2. Loop inconsistency
was low for all-cause mortality in the primary analysis, and
MACE and TLR in the sensitivity analysis (Supplementary
Figure 3). In contrast, loop-specific heterogeneity was relatively
higher for other clinical outcomes in the primary analysis
(Supplementary Figure 4).

Primary outcome

The network of intervention device comparisons for MACE
was available in 20 studies (18, 20–37). All intervention devices

FIGURE 2

Network plot of intervention strategies for MACE. The nodes
indicate intervention strategies. The size of the nodes represents
the sample size of the study. The line between nodes is the
number of studies for direct comparison. BA, balloon
angioplasty; BCB, biolimus-coated balloon; BMS, bare-metal
stent; New-DES, new-generation drug-eluting stent; Old-SES,
older generation sirolimus-eluting stent; PCB, paclitaxel-coated
balloon; PES, paclitaxel-eluting stent.
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TABLE 2 The primary network meta-analysis estimates of MACE and TLR.

A

MACE

New-DES 1.09 (0.45, 2.64) 1.40 (0.72, 2.74) 1.90 (0.92, 3.92) 2.87 (0.99, 8.27) 3.18 (1.37, 7.38) 4.37 (1.86, 10.28)

0.92 (0.38, 2.24) Old-SES 1.29 (0.64, 2.58) 1.74 (1.02, 2.98) 2.64 (1.24, 5.62) 2.93 (1.98,4.33) 4.02 (2.63, 6.16)

0.71 (0.36, 1.40) 0.78 (0.39, 1.56) PCB 1.35 (0.83, 2.20) 2.05 (0.83, 5.03) 2.27 (1.21, 4.27) 3.12 (1.63, 5.96)

0.53 (0.26, 1.09) 0.57 (0.34, 0.98) 0.74 (0.45, 1.20) PES 1.51 (0.68, 3.35) 1.68 (1.06, 2.66) 2.31 (1.41, 3.78)

0.35 (0.12, 1.01) 0.38 (0.18, 0.81) 0.49 (0.20, 1.20) 0.66 (0.30, 1.46) BCB 1.11 (0.58, 2.12) 1.52 (0.82, 2.85)

0.31 (0.14, 0.73) 0.34 (0.23, 0.50) 0.44 (0.23, 0.83) 0.60 (0.38, 0.94) 0.90 (0.47, 1.72) BMS 1.37 (1.16, 1.63)

0.23 (0.10, 0.54) 0.25 (0.16, 0.38) 0.32 (0.17, 0.61) 0.43 (0.26, 0.71) 0.66 (0.35, 1.22) 0.73 (0.61, 0.86) BA

B

TLR

New-DES 1.20 (0.43, 3.36) 1.96 (0.90, 4.28) 2.55 (1.03, 6.35) 3.92 (0.94, 16.42) 4.97 (1.79, 13.82) 7.48 (2.65, 21.10)

0.83 (0.30, 2.34) Old-SES 1.64 (0.73, 3.67) 2.13 (1.26, 3.60) 3.28 (1.09, 9.89) 4.15 (2.63, 6.55) 6.24 (3.80, 10.25)

0.51 (0.23, 1.11) 0.61 (0.27, 1.37) PCB 1.30 (0.68, 2.50) 2.00 (0.56, 7.13) 2.53 (1.15, 5.57) 3.81 (1.70, 8.50)

0.39 (0.16, 0.97) 0.47 (0.28, 0.79) 0.77 (0.40, 1.48) PES 1.54 (0.49, 4.77) 1.95 (1.15, 3.29) 2.93 (1.68, 5.12)

0.25 (0.06, 1.07) 0.31 (0.10, 0.92) 0.50 (0.14, 1.79) 0.65 (0.21, 2.02) BCB 1.27 (0.46, 3.47) 1.91 (0.71, 5.11)

0.20 (0.07, 0.56) 0.24 (0.15, 0.38) 0.39 (0.18, 0.87) 0.51 (0.30, 0.87) 0.79 (0.29, 2.16) BMS 1.50 (1.23, 1.84)

0.13 (0.05, 0.38) 0.16 (0.10, 0.26) 0.26 (0.12, 0.59) 0.34 (0.20, 0.60) 0.52 (0.20, 1.41) 0.67 (0.54, 0.81) BA

BA, balloon angioplasty; BCB, biolimus-coated balloon; BMS, bare-metal stent; MACE, major adverse cardiac events; New-DES, new-generation drug-eluting stent; Old-SES, older
generation sirolimus-eluting stent; PCB, paclitaxel-coated balloon; PES, paclitaxel-eluting stent; TLR, target lesion revascularization. Each area represents the value of RR and 95% CI. The
blue area represents different intervention strategies; the brown area represents statistically significant.

except BCB were superior to BMS and with regards to MACE,
while BMS was more effective than BA (Table 2A). New-DES
was ranked as the most appropriate intervention strategies for
MACE (Figure 3), with a non-significant RR of 0.92 (0.38–
2.24) compared with Old-SES, 0.71 (0.36–1.40) compared with
PCB, 0.53 (0.26–1.09) compared with PES, 0.35 (0.12–1.01)
compared with BCB (Table 2A). In addition, Old-SES ranked
second to New-DES, with a significant difference RR of 0.57
(0.34–0.98) compared with PES, and 0.38 (0.18–0.81) compared
with BCB (Table 2A). For the primary outcome, PCB is more
effective than BMS and BA whilst not being inferior to other
intervention devices.

Secondary outcomes

Twenty-three trials yielded data for direct and indirect
comparisons of all-cause mortality and MI (18, 20–40). BCB
was ranked the highest, followed by PCB (Figure 2), but
no statistically significant differences were found among all
intervention strategies (Supplementary Table 4).

The results of TLR were similar to those of MACE. New-
DES, Old-SES, PCB, and PES had a significantly lower risk
of TLR than BMS and BA, whereas BMS was superior to BA
(Table 2B). New-DES was the optimal intervention device and
Old-SES second best with RR of 0.83 (0.30–2.34) for New-DES
vs. Old-SES (Figure 2, Table 2B); followed by PCB with RR
of 0.51 (0.23–1.11) for New-DES vs. PCB; by PES with RR of

0.39 (0.16–0.97) for New-DES vs. PES; by BCB with RR of
0.25 (0.06–1.07) for New-DES vs. BCB. Moreover, Old-SES was
superior to PES (RR 0.47, 95% CI 0.28–0.79) and BCB (RR 0.31,
95% CI 0.10–0.92) (Table 2B). With regards to TLR, there was
no significant difference in the effectiveness of percutaneous
coronary intervention (PCI) with PCB device for de novo lesions
in small coronary vessels vs. DES.

Sensitivity analysis

A sensitivity analysis was performed for MACE and TLR by
excluding PICCOLETO trial due to the potential risk of bias.
With regards to MACE, the efficacy of New-DES was superior
to both PES (RR 0.42, 95% CI 0.20–0.88) and BCB (RR 0.29,
95% CI 0.10–0.84). Furthermore, PCB was superior to PES
(RR 0.53, 95% CI 0.31–0.90) and BCB (RR 0.37, 95% CI 0.15–
0.91) for primary outcomes (Table 3A). With regards to TLR,
New-DES was superior to BCB (RR of 0.18 95% CI 0.04–0.75);
additionally, PCB was superior to BCB (RR 0.44, 95% CI 0.21–
0.94) (Table 3B). Similar to the primary analysis, PCB was not
inferior to New-DES and Old-SES.

Discussion

To our knowledge, this is the first network meta-analysis
to compare the efficacy and safety of older generation and
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FIGURE 3

Radar map of ranked intervention strategies in all clinical outcomes. The different colored labeled points represent the SUCRA of each
intervention strategy for different clinical outcomes. BA, balloon angioplasty; BCB, biolimus-coated balloon; BMS, bare-metal stent; MACE,
major adverse cardiac events; MI, myocardial infarction; New-DES, new-generation drug-eluting stent; Old-SES, older generation
sirolimus-eluting stent; PCB, paclitaxel-coated balloon; PES, paclitaxel-eluting stent; TLR, target lesion revascularization.

new generation PCI devices in the context of small coronary
artery stenosis. The major findings are as follows: (1) PCB is
not inferior to New-DES and Old-SES in all clinical outcomes
of interest and can be considered as an effective alternative
intervention device for de novo lesions in small coronary
arteries; (2) New-DES ranked first but was not statistically
different from the Old-SES and PCB either in the primary
or sensitivity analysis; (3) There was no significant difference
in the risk of all-cause mortality and MI across all included
intervention strategies.

A complication of stent implantation is vessel restenosis
which can be angiographically quantified measured by late
lumen loss, and the absolute value of late lumen loss does
not vary by vessel diameter, therefore smaller vessels are
more affected by and are more prone to restenosis (41–43).
Devices used for PCI are rapidly evolving, with the advent of
new-generation devices as described. For instance, DES have

been shown to be effective in the treatment of small vessel lesions
in multiple studies (26, 34, 35). However, more recently the use
of DCB in the treatment of small vessel coronary disease has
been highlighted, delivering the highly lipophilic drug directly
and rapidly to the vessel wall (43). Specific DCB such as PCB
are already established in treating in-stent restenosis (9), and
furthermore, DCB are now suggested in guidelines for the
treatment of in-stent restenosis, to improve quality of life (44).
This study provides further evidence that PCB is as effective as
DES for all clinical outcomes of interest in de novo lesions of
small coronary arteries. Therefore, DCB can be an alternative
interventional strategy to DES without implantation.

While this study found that BA without antiproliferative
drugs was the least effective intervention device for the
treatment of coronary stenoses, PCB combines properties of
both BA and DES, i.e., intervening without implantation
while delivering antiproliferative drugs to the vessel wall. An
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TABLE 3 The sensitivity network meta-analysis estimates of MACE and TLR.

A

MACE

New-DES 1.25 (0.64, 2.44) 1.32 (0.54, 3.20) 2.37 (1.13, 4.94) 3.41 (1.20, 9.70) 3.84 (1.66, 8.88) 5.20 (2.21, 12.20)

0.80 (0.41, 1.56) PCB 1.05 (0.51, 2.16) 1.89 (1.11, 3.22) 2.73 (1.10, 6.73) 3.07 (1.59, 5.91) 4.16 (2.13, 8.13)

0.76 (0.31, 1.84) 0.95 (0.46, 1.94) Old-SES 1.80 (1.07, 3.03) 2.59 (1.24, 5.39) 2.91 (1.99, 4.26) 3.95 (2.61, 5.96)

0.42 (0.20, 0.88) 0.53 (0.31, 0.90) 0.56 (0.33, 0.94) PES 1.44 (0.67, 3.11) 1.62 (1.04, 2.53) 2.20 (1.37, 3.52)

0.29 (0.10, 0.84) 0.37 (0.15, 0.91) 0.39 (0.19, 0.80) 0.69 (0.32, 1.50) BCB 1.13 (0.60, 2.11) 1.52 (0.83, 2.79)

0.26 (0.11, 0.60) 0.33 (0.17, 0.63) 0.34 (0.23, 0.50) 0.62 (0.39, 0.96) 0.89 (0.47, 1.66) BMS 1.35 (1.15, 1.59)

0.19 (0.08, 0.45) 0.24 (0.12, 0.47) 0.25 (0.17, 0.38) 0.46 (0.28, 0.73) 0.66 (0.36, 1.20) 0.74 (0.63, 0.87) BA

B

TLR

New-DES 1.77 (0.62, 5.09) 1.71 (0.79, 3.73) 3.90 (1.50, 10.11) 5.59 (1.34, 23.44) 7.21 (2.54, 20.45) 10.66 (3.72, 30.60)

0.56 (0.20, 1.62) Old-SES 0.97 (0.40, 2.33) 2.20 (1.33, 3.65) 3.16 (1.07, 9.32) 4.07 (2.61, 6.34) 6.02 (3.73, 9.72)

0.58 (0.27, 1.27) 1.03 (0.43, 2.49) PCB 2.27 (1.06, 4.88) 3.26 (0.89, 12.00) 4.20 (1.78, 9.92) 6.22 (2.61, 14.82)

0.26 (0.10, 0.67) 0.45 (0.27, 0.75) 0.44 (0.21, 0.94) PES 1.44 (0.47, 4.35) 1.85 (1.11, 3.08) 2.74 (1.60, 4.69)

0.18 (0.04, 0.75) 0.32 (0.11, 0.93) 0.31 (0.08, 1.13) 0.70 (0.23, 2.11) BCB 1.29 (0.48, 3.46) 1.91 (0.72, 5.03)

0.14 (0.05, 0.39) 0.25 (0.16, 0.38) 0.24 (0.10, 0.56) 0.54 (0.32, 0.90) 0.78 (0.29, 2.09) BMS 1.48 (1.23, 1.78)

0.09 (0.03, 0.27) 0.17 (0.10, 0.27) 0.16 (0.07, 0.38) 0.37 (0.21, 0.63) 0.52 (0.20, 1.38) 0.68 (0.56, 0.81) BA

BA, balloon angioplasty; BCB, biolimus-coated balloon; BMS, bare-metal stent; MACE, major adverse cardiac events; New-DES, new-generation drug-eluting stent; Old-SES, older
generation sirolimus-eluting stent; PCB, paclitaxel-coated balloon; PES, paclitaxel-eluting stent; TLR, target lesion revascularization. Each area represents the value of RR and 95% CI. The
blue area represents different intervention strategies; the brown area represents statistically significant.

additional benefit of PCB compared with DES is the shortened
duration of dual antiplatelet therapy, which may be especially
valuable in patients with high bleeding risk (45, 46). Moreover,
PCB could reduce thrombosis and MI without altering the
anatomical morphology of the vessels (47, 48). In addition,
consistent with previous studies (37, 49) our additional analysis
further provides evidence that DCB was not inferior to DES
in terms of TLR and MACE (Supplementary Table 5). Thus,
PCB provides effective treatment of de novo lesions in small
coronary arteries while allowing repeatability of the procedure.
In this network meta-analysis, the composite endpoint of
MACE mostly consisted of revascularization (Supplementary
Table 3), which may drive similar clinical outcomes of MACE
and TLR in the treatment of small vessels in de novo lesions
by different intervention strategies. Alternatively, the pre-
determined angiographic follow-up of the included studies may
contribute to an increased incidence of TLR, which directly
correlates to a higher MACE. Conversely, an observational
study reported that the risk of restenosis was twice as high
in the DCB group as in the New-DES group. Therefore, the
efficacy and safety of DCB still require longer clinical follow-
up to be determined (50, 51). In previous studies, the risk
of clinical events did not increase significantly over time,
and DCB may be an intervention strategy that will benefit
patients undergoing PCI in the long term (30, 49). However,
the efficacy and safety of DCB still require longer clinical

follow-up to be determined. Sirolimus and its derivatives have
also been used in DCB in recent years (52, 53), but in this
analysis, we could not draw similar conclusions to PCB since
only one study included sirolimus-coated balloon was eligible.
Similarly, the effect of different brands of DCB varies. The DIOR
DCB in the PICCOLETO study was terminated early due to
its lower paclitaxel drug concentration resulting in a higher
incidence of MACE. However, Venetsanos et al. (54) showed
that no significant differences were found among the SeQuent
Please, IN.PACT Falcon, and Pantera Lux DCB in clinical
outcomes. More studies are needed in the future to demonstrate
the availability of sirolimus-coated balloons in small coronary
arteries. Compared to older generation DES, the New-DES has
improved the technology and technique of stents, contributing
to more effective clinical outcomes (55, 56). Recent studies have
shown that New-DES could be effective in treating lesions in
small coronary arteries (57, 58). New-DES with thinner stent
struts may improve the feasibility of the treatment of small
coronary arteries. A previous network meta-analysis including
89 trials comparing different contemporary intervention devices
reported that new generation bioabsorbable polymers biolimus-
eluting stents demonstrated superior clinical outcomes when
compared with older generation DES (59). In addition, a pooled
analysis yielded similar conclusions (60). Unfortunately, our
findings failed to validate the superiority of New-DES for
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Old-SES in de novo lesions of small arteries despite the New-
DES ranking highest but do so for PES specifically. It is also
important to note that the comparison between the Old-SES
and New-DES was derived only from an indirect comparison,
and there was no direct comparison of the results to prove
the inferiority or superiority of both, and this limited statistical
power may be the reason for the lack of statistical difference
between them. Therefore, head-to-head studies are needed
in the future to investigate whether differences are available
between Old-SES and New-DES.

Another finding is that there is no association with the risk
of all-cause mortality and MI, regardless of the intervention
device used. It has been demonstrated that the type of
intervention devices was independent of the incidence of MI
in the long-term follow-up (61). Indeed, in our network meta-
analysis, although PCB and DES without PES significantly
reduced the risk of MACE and TLR, this benefit did not extend
to all-cause mortality and MI, which requires additional trials to
explore the contributing factors affecting them.

Limitations

Firstly, the inconsistency of the patient population in the
included studies may lead to instability of the results. Secondly,
varying follow-up times may result in the benefits of different
intervention strategies for certain clinical outcomes not being
apparent, but for our study, the longest follow-up time was
selected. Thirdly, the definition of the primary outcome was
not uniform across the included trials, but this limitation is
frequently encountered in all meta-analyses. In addition, small
coronary arteries were defined as ≤3 mm in diameter in this
network meta-analysis, but the cut-offs used to define small
vessels varied among the included studies, and so there is
a need for further studies to compare the effectiveness of
different intervention strategies in “truly” small vessels. Finally,
despite the inclusion of sensitivity analyses, with the exception
of BMS vs. BA, there are limited studies directly comparing
intervention devices.

Conclusion

This network meta-analysis provides evidence that when
compared with new-generation DES, DCB is associated with

comparable outcomes in treating de novo lesions of small
coronary arteries, suggesting that DCB may be a favorable
alternative intervention strategy for small vessels.
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Trajectories and determinants of
left ventricular ejection fraction
after the first myocardial
infarction in the current era of
primary coronary interventions
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Marek Šramko3, Martin Kotrč3, Michael Želízko3,

Jolana Mrázková3, Věra Adámková1, Jan Pitha3 and

Josef Kautzner3,5

1Department of Preventive Cardiology, Institute for Clinical and Experimental Medicine (IKEM),

Prague, Czechia, 2First Medical School, Charles University, Prague, Czechia, 3Department of

Cardiology, Institute for Clinical and Experimental Medicine (IKEM), Prague, Czechia, 4Third Medical

School, Charles University, Prague, Czechia, 5Medical and Dentistry School, Palacký University,

Olomouc, Czechia

Background: Left ventricular ejection fraction (EF) is an independent predictor

of adverse outcomes after myocardial infarction (MI). However, current data

on trajectories and determinants of EF are scarce. The present study aimed to

describe the epidemiology of EF after MI.

Methods: Data from a single-center prospectively-designed registry of

consecutive patients hospitalized at a large tertiary cardiology center

were utilized.

Results: Out of 1,593 patients in the registry, 1,065 were hospitalized for MI

type I (65.4% STEMI) and had no previous history of heart failure or MI. At

discharge, EF < 40% was present in 238 (22.3%), EF 40–50% in 326 (30.6%) and

EF >50% in 501 (47.0%). Patients with EF < 40% were often those who su�ered

subacute and anterior STEMI, had higher heart rate at admission and higher

maximal troponin level, and had more often HF signs requiring intravenous

diuretics. Among subjects with EF < 40%, the follow-up EF was available in

166 (80% of eligible). Systolic function recovered to EF > 50% in 39 (23.1%),

slightly improved to EF 40–50% in 44 (26.0%) and remained below 40% in 86

(50.9%). Systolic function improvement to EF > 40% was predicted by lower

severity of coronary atherosclerosis, lower leukocyte count, and the absence

of atrial fibrillation.

Conclusions: Despite recent improvements in in-hospital MI care, one in

five patients has systolic dysfunction at hospital discharge. Out of these, EF

improves in 51%, and full recovery is observed in 23%. The severity of coronary

atherosclerosis, inflammatory response to MI, and atrial fibrillation may a�ect

EF recovery.
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myocardial infarction, ejection fraction (EF%), systolic dysfunction, inflammation,
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GRAPHICAL ABSTRACT

Trajectories and determinants of EF after the first MI.

Introduction

Left ventricular ejection fraction (EF) is a guideline-

recommended tool for risk stratification of patients with acute

myocardial infarction (MI) (1). Numerous studies have shown

that low EF after MI is associated with an increased risk of

cardiovascular and total mortality, heart failure, and sudden

cardiac death (2–5). Several studies have also shown that EF

may improve after hospital discharge, and such EF recovery is

associated with a lower risk of cardiovascular events (6–9) and

improved quality of life (10). The phenotype of heart failure with

improved ejection fraction has been recently recognized by the

guidelines and refers to patients with previous heart failure with

reduced ejection fraction who have an LVEF >40% (11, 12).

In the last 20 years, the implementation of evidence-based

therapy as primary percutaneous coronary intervention (PCI),

dual antiplatelet therapy, and statin therapy have significantly

improved MI mortality (13, 14). This may have also influenced

systolic dysfunction prevalence and trajectories after MI.

However, epidemiologic studies evaluating systolic dysfunction

prevalence and trajectories coming from the contemporary era

of MI therapy are scarce. Therefore, we sought to evaluate

the incidence, trajectories, and determinants of left ventricular

ejection fraction among consecutive patients hospitalized for

their first MI.

Methods

Population

This study utilized data from the prospective AMBITION

registry (Institute for Clinical and Experimental Medicine Acute

Myocardial Infarction Registry), which collects clinical data

and biospecimens from all consecutive patients hospitalized

for acute coronary syndrome at a tertiary heart center since

June 2017. During the hospital stay, all patients underwent

detailed interviews, and additional information was obtained

through manual chart abstraction and laboratory studies. For

this analysis, data from individuals without previous history

of heart failure and coronary artery disease, hospitalized for

type I MI between June 2017 and November 2021 were used.

The institutional review board of the Institute for Clinical and

Experimental Medicine approved the study, and all participants

signed informed consent.

Left ventricular ejection fraction

Left ventricular EF was measured using transthoracic

echocardiography. In patients with several in-hospital EF

measurements, the last one before hospital discharge was used

as the baseline value. According to baseline EF, patients were

categorized as having systolic dysfunction (EF < 40%), mid-

range EF (EF 40–50%), or preserved systolic function (EF

> 50%). In patients with systolic dysfunction at the time of

MI hospitalization, optimal medical therapy with angiotensin

converting enzyme inhibitor, beta-blocker and spironolactone

was initiated. However, in patients with contraindications

as hypotension or bradycardia/bradyarrhythmia this was not

initiated. The patient was discharged with the recommendation

for OMT therapy up-titration by an outpatient cardiologist.

In patients with EF <40% at hospital discharge, follow-up EF

beyond 6 weeks from the index hospitalization was recorded. By

the follow-up EF, patients with systolic dysfunction at hospital

discharge were categorized as having full EF recovery (follow-

up EF > 50%), slightly improved EF (follow-up EF 40–50%), or

persistent systolic dysfunction (follow-up EF < 40%).

Definition of comorbidities

History of diabetes was defined by the use of oral antidiabetic

drugs or insulin at the time of hospital admission or by

glycated hemoglobin≥48 mmol/L at the time of hospitalization.

Arterial hypertension was defined as self-reported use of

antihypertensive drugs at admission. Self-reported history of

smoking was used. A person was considered a current smoker if

smoking at least one cigarette per day during the last 12 months.

Positive family history of CVD was defined by MI or stroke in

the first-degree relatives before 55 years in males and before 60

years in females, respectively.

Coronary artery stenosis degree was based on percent

diameter stenosis by visual estimation done by an experienced

invasive cardiologist. Culprit lesion intervention was performed

during the index hospitalization. In patients with multiple

vessel disease, additional interventions of non-culprit lesions

were done during the index-hospitalization or patients were
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invited for additional elective procedure, aiming for complete

revascularization. During the follow-up, in none of the studied

patient additional intervention was required due to restenosis,

in-stent thrombosis or recurrent MI.

Gensini score was used to quantify the overall severity

of coronary artery atherosclerosis, while accounting for lesion

location, as previously described (15, 16). Mortality data were

provided by the Institute of Health Information and Statistics,

keeping a list of all deceased by law.

Statistical methods

Data are presented as mean ± standard deviation, median

(interquartile range–IQR), or frequency (percent). Analysis of

variance (ANOVA), Kruskal-Wallis or chi-square tests were

used to compare differences across the three EF groups, as

appropriate. Multivariate logistic and linear regression were

used to assess factors associated with systolic dysfunction

at baseline and EF recovery at follow-up. Factors with a

significant association (p<0.05) in the univariate analysis

(Table 1; Supplementary Table 1) were used as inputs for the

multivariate model. Log-rank test was used to compare survival

by EF categories. Cox proportional hazard model was used to

assess the prognostic value of EF.

Results

Of 1,593 patients in the AMBITION registry, 1,347 had type

I MI. Of these, 268 had a previous history of coronary artery

disease, and another 14 had chronic heart failure history. Of the

1,065 eligible patients (65.4% STEMI), all had available EF at the

time of MI hospitalization.

Systolic dysfunction at the time of MI
hospitalization

Baseline echocardiography was performed on the median

1 day (IQR 0–2) after MI. Systolic dysfunction with EF below

40% was present in 238 (22.3%), mid-range systolic function

with EF 40–50% in 326 (30.6%) and EF above 50% in 501

(47.0%), respectively. Population demographics by EF categories

are shown in Table 1. In the multivariate analysis (Table 2),

patients with systolic dysfunction at the time of hospitalization

(EF < 40%) were more likely to experience subacute and

anterior STEMI, had higher heart rate at admission and higher

maximal troponin level, more often clinical signs of heart

failure requiring intravenous diuretic therapy and more often

pericarditis. After adjustment for age and gender, we found a

non-linear association between discharge EF and mortality risk,

with increased mortality in subjects with EF < 40% (Figure 1).

FIGURE 1

Association between discharge ejection fraction and

mortality risk.

In the multivariate model, discharge EF was an independent

predictor of total mortality risk after MI (Table 3).

Recovery of systolic function

Of the 238 patients with EF < 40% at the time of

hospitalization, follow-up EF was not available in 26 due to

in-hospital death or death within 6 months since the hospital

discharge. Of the 212 eligible patients, follow-up EF was

collected in 169 (80% of eligible). The follow-up systolic function

evaluation was done on a median of 109 days (IQR 75–281) after

MI. During this period, systolic function recovered to EF > 50%

in 39 (23.1%), slightly improved to EF 40–50% in 44 (26.0%) and

remained below 40% in 86 (50.9%).

Characteristics of patients by EF improvement at follow-

up are shown in the Supplementary Table 1. In the multivariate

analysis, improvement in systolic function to EF > 40% was

predicted by lower severity of coronary artery atherosclerosis

(lower GENSINI score), a higher discharge EF, lower leukocyte

count and the absence of atrial fibrillation (AF) during MI

hospitalization (Table 4). These factors were confirmed in the

sensitivity analysis with the absolute change in EF as a dependent

variable, with the addition of female gender associated with

EF improvement (Supplementary Table 2). Recovery of systolic

function was associated with lower mortality risk (log-rank p =

0.012) (Figure 2).

Discussion

The present study shows that in the current era of MI

therapy, one in five patients after the first MI has reduced

EF. In the months following the MI, one in four patients

will fully recover EF, with severity of coronary atherosclerosis,

inflammatory response, and AF being associated with lack of

EF improvement.
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TABLE 1 Population demographics by left ventricular ejection fraction at the time of hospitalization.

Variable EF < 40 EF 40–50 EF > 50 p for linear trend

N = 238 N = 326 N = 501

Age, years 66.2± 12.6 62.8± 12.2 63.4± 11.7 0.012

Male gender, n (%) 177 (74.4) 249 (76.4) 368 (73.5) 0.654

Risk factors

Arterial hypertension, n (%) 106 (44.7) 145 (44.5) 193 (38.6) 0.074

Diabetes, n (%) 65 (27.3) 84 (25.8) 122 (24.4) 0.380

Current smoking, n (%) 101 (42.4) 168 (51.5) 218 (43.5) 0.801

Statin use before admission, n (%) 35 (14.7) 46 (14.1) 112 (22.4) 0.003

Family history of CVD, n (%) 68 (28.6) 75 (23.0) 151 (30.1) 0.371

COPD, n (%) 15 (6.3) 22 (6.7) 26 (5.2) 0.457

AF history, n (%) 11 (4.6) 15 (4.6) 24 (4.8) 0.905

Index event

CPR before admission, n (%) 19 (8.0) 14 (4.3) 20 (4.0) 0.032

STEMI, n (%) 202 (84.9) 252 (77.3) 242 (48.5) 0.0001

Subacute MI, n (%) 63 (26.5) 51 (15.6) 35 (7.0) 0.0001

Killip class >1, n (%) 114 (47.9) 59 (18.1) 47 (9.4) 0.0001

Selective coronarography, n (%) 233 (97.9) 323 (99.1) 500 (99.8) 0.009

PCI, n (%) 196 (82.4) 277 (85.0) 434 (86.6) 0.129

CABG, n (%) 17 (7.1) 35 (10.7) 43 (8.6) 0.732

In-hospital AF, n (%) 44 (18.5) 46 (14.1) 40 (8.0) 0.0001

Pericarditis, n (%) 14 (5.9) 7 (2.1) 6 (1.2) 0.0001

Intravenous diuretics, n (%) 135 (56.7) 64 (19.6) 53 (10.6) 0.0001

Anterior MI, n (%) 186 (78.2) 134 (41.1) 142 (28.3) 0.0001

Admission SBP, mmHg 138.2± 25.4 140.4± 26.3 147.5± 26.8 0.0001

Admission DBP, mmHg 79.9± 15.9 78.5± 14.1 79.6± 12.5 0.958

Admission heart rate, min−1 85.2± 20.2 76.8± 16.8 73.9± 16.4 0.0001

Max Troponin natural log, ng/L 7.58± 1.56 7.47± 1.30 6.4± 1.4 0.0001

CKD EPI, ml/min/1.73 m² 73.9± 23.2 78.5± 22.1 78.6± 21.3 0.014

BMI, kg/m2 28.3± 4.8 28.6± 4.9 28.9± 4.9 0.135

HbA1c, mmol/L/mol 45.9± 13.3 45.7± 13.9 44.5± 12.4 0.145

Fasting glycemia, mmol/L 9.4± 4.6 8.4± 3.9 7.8± 3.2 0.0001

Total cholesterol, mmol/L 4.9± 1.3 4.9± 1.2 4.8± 1.2 0.829

Triglycerides, mmol/L 1.7± 1.7 1.6± 1.0 1.9± 1.3 0.048

HDL cholesterol, mmol/L 1.2± 0.3 1.2± 0.3 1.1± 0.3 0.002

LDL cholesterol, mmol/L 3.2± 1.1 3.3± 1.1 3.2± 1.1 0.998

Leukocytes, 109/L 12.4± 4.3 12.0± 4.0 11.3± 20.7 0.309

Erythrocytes, 1012/L 4.7± 0.6 4.7± 0.5 4.6± 0.5 0.683

Hemoglobin, g/L 141.9± 16.8 142.8± 16.7 142.2± 14.6 0.939

Discharge medication

ACEi/ARB, n (%) 163 (72.4) 258 (79.4) 377 (75.9) 0.538

Beta-blocker, n (%) 187 (83.1) 279 (85.8) 384 (77.3) 0.017

Statin, n (%) 209 (92.9) 314 (96.6) 485 (97.6) 0.003

Furosemide, n (%) 143 (63.6) 56 (17.2) 30 (6.0) <0.001

Spironolactone, n (%) 157 (69.8) 45 (13.8) 16 (3.2) <0.001

Acetylsalicylic acid, n (%) 208 (92.4) 306 (94.2) 481 (96.8) 0.009

Clopidogrel, n (%) 87 (38.7) 83 (25.5) 132 (26.6) 0.004

Prasugrel, n (%) 5 (2.2) 5 (1.5) 16 (3.2) 0.285

Ticagrelor, n (%) 119 (52.9) 222 (68.3) 335 (67.4) 0.001

Warfarin, n (%) 24 (10.7) 29 (8.9) 17 (3.4) <0.001

Apixaban, n (%) 4 (1.8) 3 (0.9) 3 (0.6) 0.147

Dabigatran, n (%) 6 (2.7) 6 (1.8) 4 (0.8) 0.049

Rivaroxaban, n (%) 5 (2.2) 5 (1.5) 8 (1.6) 0.614

Outcome

Death, n (%) 39 (16.4) 18 (5.5) 32 (6.4) 0.0001
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FIGURE 2

The influence of EF improvement on mortality risk in patients

with EF<40% at hospital discharge.

TABLE 2 Multivariate logistic regression of factors associated with EF

< 40% at the time of hospitalization.

Variable OR (95% CI) p

Anterior MI 8.39 (5.57–12.65) 0.001

Admission heart rate 1.01 (1.00–10.2) 0.01

STEMI 2.57 (1.60–4.14) 0.001

Subacute MI 1.95 (1.20–3.20) 0.01

Pericarditis 3.13 (1.12–8.74) 0.029

Intravenous diuretics 3.64 (2.16–6.13) 0.001

Maximal troponin level 1.22 (1.07–1.40) 0.003

Killip class above I 2.00 (1.15–3.45) 0.013

There is a lack of historical data on left ventricular systolic

function after MI, because EF was not routinely measured in the

past. In the Euro Heart Survey analyzing MI management in the

year 2000 in 25 European countries, only 73% of STEMI and 61%

of non-STEMI patients had EF measured (17). Thus, reported

data may be a subject of a selection bias. This may bias direct

comparison of historical data coming from the thrombolysis era

with data observed in our study.

In the present study, 53% of patients at hospital discharge

had EF < 50%. This is very similar to the 46–60% prevalence

observed in the thrombolysis era (18–20). Similarly, the 22%

prevalence of EF < 40% in our study is close to the 27–

36% range observed at the turn of the century (21–24). Thus,

despite significant improvements in MI management, systolic

dysfunction immediately after MI is still common, with a

prevalence similar to that observed in the thrombolysis era.

There are several explanations for this finding. First, recent

improvements in pre-hospital care led to a decrease in out of

hospital mortality (25, 26). Second, introduction of PCI has

decreased in-hospital mortality (27, 28). Thus, more patients

TABLE 3 Cox regression of factors associated with mortality after

myocardial infarction.

Variable HR (95% CI) p

Age 1.047 (1.021–1.74) 0.001

CKD EPI 0.978 (0.968–0.989) 0.001

Current smoking 1.875 (1.153–3.048) 0.011

LV EF 0.004

EF < 40% vs. EF > 50% 1.841 (1.065–3.184) 0.029

EF 40–50% vs. EF > 50% 0.669 (0.357–1.251) 0.208

AF during hospitalization 1.688 (1.024–2.785) 0.040

Glycemia 1.063 (1.019–1.110) 0.005

Killip class >I 2.339 (1.402–3.900) 0.001

STEMI 0.510 (0.322–0.809) 0.004

TABLE 4 Multivariate logistic regression of factors associated with

systolic function improvement to EF to >40% during follow-up.

Variable OR (95% CI) p

Coronary atherosclerosis

severity (GENSINI

score)

0.983 (0.969–0.997) 0.017

Leukocyte count 0.827 (0.735–0.931) 0.002

AF during

hospitalization

0.359 (0.130–0.995) 0.049

Left ventricular ejection

fraction

1.212 (1.100–1.337) 0.001

that would previous die pre- or in-hospital are discharged with

systolic dysfunction. Third, the landscape of MI patients is

changing, (29) with risk factors as obesity and obesity-related

comorbidities increasing especially in young patients with MI

(30). Therefore, the higher burden of metabolic risk factors may

have influenced systolic dysfunction prevalence.

Among patients with EF < 40% at the hospital discharge,

we have observed full EF recovery in 23%. This is much lower

than the 42% EF recovery rate observed in a retrospective cohort

study of consecutive young patients aged ≤50 hospitalized for

their first MI (9). While we did not find any direct effect

of age on EF recovery in the present study, the different

burden of comorbidities affecting EF recovery in younger

subjects may explain this difference. On the other hand, the

observed 51% proportion of patients with systolic function

improvement to EF ≥ 40 in the present study is higher

than the 24% proportion observed at the turn of the century

(24). In other recent studies, the proportion of patients

with systolic function improvement varies around 50% (8,

31, 32). This suggests that implementation of evidence-based

therapy may have increased the proportion of patients with

EF recovery. Recent recommendation to use Sodium-glucose
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Cotransporter-2 (SGLT2) inhibitors and angiotensin receptor-

neprilysin inhibitor (ARNI) in patients with heart failure with

reduced ejection fraction may further increase the proportion

of patients with EF improvement after MI (11). However, the

PARADISE-MI study in patients with acute MI did not show

superiority of ARNI on cardiovascular mortality and incident

heart failure as compared to ramipril (33).

In the present study, we have identified several factors

that may influence the course of EF recovery. Increased

leukocytes count as a proxy of excess innate immunity activation

was associated with a lower likelihood of EF improvement

at follow-up. Lately, the importance of inflammation in

patients after MI has been increasingly recognized (34). Due

to excessive and prolonged inflammatory response to MI

leukocytes infiltrate viable border zone of the infarction, thereby

extending ischemic injury beyond the original MI zone (35).

Prolonged inflammation also triggers adverse left ventricular

remodeling. In the CANTOS study among patients after MI,

monoclonal antibody targeting IL-1β significantly reduced

recurrent major adverse cardiovascular events (36). Similarly, a

low-dose colchicine, a potent anti-inflammatory drug affecting

inflammasome, has decreased risk of ischemic cardiovascular

events in patients after recent MI (37). Our results suggest

that targeting of the inflammatory resolution pathways may

influence EF recovery in patients with systolic dysfunction and

increased inflammatory response to MI.

Another factor identified in the present study, that increased

mortality risk by 69% and decreased EF improvement odds by

64%, was the new onset of AF during the MI hospitalization.

On the other hand, pre-existing AF was not associated with

mortality risk or EF recovery. This is in line with a previous

study, in which mortality risk associated with a new onset

AF during MI was 87% higher as compared to pre-existing

AF (38). Several mechanisms such as atrial ischemia, volume

overload, inflammation, and pericarditis have been described

to trigger AF during MI (39). Thus new onset AF may be a

marker of risk factors, which are known to affect EF recovery

and increase heart failure risk. However direct hemodynamic

effects of AF caused by the loss of atrial contraction, heart rate

irregularity and increased heart rate may negatively influence

EF recovery (40). Whether targeting patients with new onset AF

can decrease mortality risk and improve EF after MI needs to be

further evaluated.

In our sensitivity analysis, female gender was associated

with a higher increase in EF during follow-up. This is in line

with a meta-analysis of 18 studies, in which females had a

higher odds of EF recovery (41). The gender difference may

be explained by a higher level of signaling molecules with

anti-inflammatory effects and more reparative immune cells in

females (42).

Our study evaluating EF trajectories after MI is limited

by the echocardiographic method of EF measurement. A large

intra- and inter-individual variability in echocardiographic EF

measurement has been reported (43). Despite this limitation,

our and other studies have shown the prognostic value of this

parameter. Because follow-up EF was available in 80% of eligible

patients, our results may be influenced by the selection bias. The

major strength of our study is the use of prospective registry

which collects data of all consecutive patients hospitalized for

MI at a high-volume center. This precludes several sources of

bias. Furthermore, all patient records were adjudicated by the

study physicians, which is more accurate that data derived from

billing codes.

In summary, systolic dysfunction after the first MI is still

common, with 1 in 5 patients having EF < 40%. Severity of

coronary atherosclerosis, inflammatory response to MI, and AF

may all affect EF recovery. These observations provide novel

therapeutic targets for EF recovery.
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Background: In ST-elevation myocardial infarction (STEMI) patients

undergoing primary percutaneous coronary angioplasty (PPCI) the index

of microcirculatory resistance (IMR) correlates to the extent of myocardial

damage and left ventricular (LV) function recovery. Data on the IMR time-

course and impact on clinical outcome in STEMI patients with multi-vessel

disease (MVD) are scarce.

Aims: We designed a prospective, multicenter clinical trial to assess the

infarct-related artery (IRA)-IMR in STEMI patients with MVD undergoing PPCI

and to explore its potential in relationship with outcome and LV remodeling.

Methods: The study enrolled 242 STEMI patients with MVD. Both fractional

flow reserve (FFR) and IMR of the IRA were assessed after successful

PPCI. Then, FFR/IMR measurements were repeated in the IRA at a

staged angiography, and FFR-guided angioplasty was performed in non-IRA

lesions. The primary endpoint was the composite of cardiovascular death,

re-infarction, re-hospitalization for heart failure, resuscitation or appropriate

ICD shock at 1-year follow-up.
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Results: A significant improvement of IRA-IMR values (from 47.9 to 34.2,

p < 0.0001) was observed early after PPCI. Staged FFR-guided angioplasty

was performed in 102 non-IRA lesions. We failed to find a correlation between

IRA-IMR, clinical events and LV remodeling. Notwithstanding, in patients with

anterior STEMI an inverse correlation between initial IMR values and LV

function at follow-up was observed.

Conclusion: After successful PPCI, a significant proportion of patients with

STEMI and MVD had coronary microvascular dysfunction as assessed by IMR

that recovered early after reperfusion. Higher IMR values predicted lack of

improvement of LV function only in anterior STEMI.

Clinical trial registration: [https://clinicaltrials.gov/], identifier [NCT 0232

5973].

KEYWORDS

STEMI, multivessel disease (MVD), microvascular resistance, índex of microvascular
resistance (IMR), fractional flow reserve (FFR)

Introduction

Although primary percutaneous coronary intervention
(PPCI), in comparison with thrombolysis, may guarantee
a higher rate of recanalization in ST-elevation myocardial
infarction (STEMI) patients, it cannot fully prevent tissue
and microvascular damage, which are commonly seen and
strongly related to the delay of reperfusion (1–3). Interestingly,
although infarct size is a major determinant of microvascular
obstruction at any given delay in treatment, both experimental
and clinical studies suggest that microvascular obstruction
per se is a stronger predictor of worse outcome and
left ventricular function compared with infarct size (4–
6). Myocardial reperfusion has been previously assessed by
means of ST-segment resolution (7), myocardial blush grade
(8), thrombolysis in myocardial infarction (TIMI) perfusion
grade (9), myocardial contrast echocardiography and magnetic
resonance (CMR) imaging (10, 11). In the last few decades,
a method based on a pressure sensor/thermistor-tipped
guidewire, that allows for measurement of hyperemic distal
coronary pressure and blood flow by thermodilution technique
and that permit calculation of an index of microcirculatory
coronary resistance (IMR) (12–16), has been introduced. The
IMR appears promising in the assessment of the extent of

Abbreviations: CABG, coronary artery bypass graft; CFR, coronary
flow reserve; CHF, congestive heart failure; CMR, cardiac magnetic
resonance; CR, complete revascularization; EF, ejection fraction;
FFR, fractional flow reserve; FSS, functional syntax score; HF, heart
failure; ICD, implantable cardioverter defibrillator; IMR, index of
microvascular resistance; IRA, infarct-related artery; LAD, left anterior
descending artery; LV, left ventricle; MI, myocardial infarction; MVD,
multivessel disease; PCI, percutaneous coronary intervention; PPCI,
primary percutaneous coronary intervention; SS, syntax score; STEMI,
ST-elevation myocardial infarction; TIMI, thrombolysis in myocardial
infarction; WMSI, wall motion score index.

microvascular damage. However, the extent, the time-course
and the role of IMR after PPCI is less well defined. Only few
studies addressed this point in patients with predominantly
single-vessel disease (17–20). Nevertheless, patients with
multivessel disease (MVD) may have worse prognosis after
PPCI for STEMI compared to patients with single vessel disease
(21, 22).

The impact of IMR on clinical outcome in PPCI patients
with MVD remains unsettled. We designed a prospective,
multicenter clinical trial to assess the infarct-related artery
(IRA) IMR time-course in STEMI patients with MVD
undergoing PPCI and to explore its relationship with outcome
and LV remodeling.

Materials and methods

Study design

The AMICRO (“Assessing MICRO-vascular resistances via
IMR to predict outcome in STEMI patients with multivessel
disease undergoing primary PCI”) trial was a prospective,
multicenter clinical study that included patients with MVD
undergoing PPCI for STEMI in 11 hospitals in Italy. The
study design and statistical plan has been described previously
in detail (23). The study complies with the Declaration of
Helsinki concerning medical research and with local legal and
regulatory requirements. The trial was a St. Jude Medical
(now Abbott Medical) sponsored study, and all study analyses
were conducted with the assistance of Abbott. The AMICRO
trial is registered with the National Institutes of Health
sponsored ClinicalTrials.gov (www.clinicaltrials.gov) as study
number NCT 02325973.
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Patients

Patient enrollment started on June 2013. Key eligibility
criteria were as follows: (1) diagnosis of STEMI with typical
chest pain and ST-segment elevation of >0.1 mV in ≥2
consecutive leads on surface ECG or left bundle-branch block;
(2) hospital admission either within 12 h of symptom onset or
between 12 and 24 h after onset with evidence of continuing
ischemia; (3) clearly defined infarct-related culprit lesion on
index angiography and evidence of MVD defined as the
presence of at least one angiographically significant (>50%
by visual estimation) non-culprit lesion in a non-infarct-
related artery; (4) successful drug-eluting stent PPCI of the
culprit lesion. Key exclusion criteria included life expectancy
of less than 1-year, prior myocardial infarction on the same
area, hemodynamic instability not controllable with medical
therapy and/or intra-aortic balloon pumping, prior coronary
artery bypass grafting (CABG), and left main coronary artery
disease or indication for CABG. All patients provided written
informed consent.

Procedures

Patients were enrolled if they met all eligibility criteria. At
index coronary angiogram the severity of all coronary artery
lesions and the angiographic SYNTAX ScoreTM (SS) were
reported. Percutaneous coronary intervention was performed
according to the current standard of care. Deployment of
a second-generation drug-eluting stent with proper stent
post-dilatation was required to fix the culprit lesion. After
angiographically successful PPCI, both FFR and IMR were
measured in the IRA. Measurements of FFR and IMR were
repeated in the IRA and performed in the non-culprit vessels
at pre-discharge staged coronary angiography. After functional
evaluation of all coronary artery stenoses, the “functional”
SYNTAX ScoreTM (FSS) was calculated, and functionally
significant (FFR < 0.75) non-culprit artery lesions were treated
by PCI accordingly.

Twelve-lead ECG and cardiac enzyme level were recorded
at the time of hospital admission. Blood samples were
taken to measure in-hospital peak of cardiac enzymes
[creatine-phosphokinase (CK), myocardial CK (MB-CK)
and/or Troponin-I (Tn-I)] as per hospital clinical practice.
Medical treatment during hospitalization and on hospital
discharge was left to clinical practice of the enrolling site,
guidelines and standard of care recommendations. To assess
clinical status, medication and adverse events, patients were
followed by hospital visit at 1 and 12 months after hospital
discharge; additional 6 months visit has been done by phone.
Echocardiographic evaluation of changes in LV volumes
and ejection fraction (EF) from hospital discharge to 1-year
follow-up visit was also performed.

Outcomes

The primary endpoint was the composite of cardiovascular
death, re-myocardial infarction, re-hospitalization for heart
failure, resuscitation or appropriate ICD shock at 1 year.
Secondary endpoints were the evaluation of IMR index better
cut-off based on primary endpoint events, new congestive heart
failure (CHF) during index hospitalization and LV remodeling,
new revascularization and stent thrombosis at 1 year follow-up,
and additional possible event predictors.

Statistical analysis

Statistical analyses were performed as previously outlined
in the study design publication (23). To calculate the sample
size, a cut-off IMR value of 32 was assumed, as previously
reported (16, 24). An incidence of events/year of 7% in the
group of patients with lower IMR values and of 21% in the
group with higher IMR values has been hypothesized. With
an alpha error = 0.05 and a power of 85%, and on applying
the 2-tailed χ2 test, the final estimated sample size was of 242
patients assuming a dropout rate of 10%. Categorical variables
are reported as frequencies and relative percentages, whereas
continuous variables are described by means of position indexes
(mean, median) and indexes of dispersion (standard deviation,
range). For any given parameter estimate, a 95% confidence
interval (CI) was provided. Composite endpoints were evaluated
as time to first event, whichever individual component occurred
first. The Fisher’s exact test was used to evaluate the existence of
associations between IMR values (above and below the median
or the cut-off value of 32) and outcome. In addition, the
correlation between the delta IMR, expressed as the absolute
average variation [1 = IMR(T0) – IMR(T1)] or the average
percent change [1% = [IMR(T0) – IMR(T1)]/ IMR(T0)%] of
the index from time 0 (T0) to time 1 (T1), and outcomes
was investigated. Continuous variables were compared using
the Wilcoxon–Mann–Whitney test. A discriminant model
(ROC curve) was used to determine whether there were IMR
threshold values (cut-off) that allowed patients to be classified
as being at increased or decreased risk of future events. For all
comparisons, differences were considered statistically significant
when p < 0.05.

Results

As per protocol, 242 subjects were enrolled in the AMICRO
study between June 13, 2013 and February 14, 2017 in 11 Italian
centers. Last 12 months follow-up examination was completed
on March 22, 2018. 221 subjects (91.3%) completed the study
participation; the remaining patients were withdrawn (16) or
lost to 12M follow up (5) (Figure 1). Baseline clinical and
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angiographic characteristics of the enrolled patients are shown
in Table 1. The mean age was 63.5 years, and more than three
quarters of participants were male. Hypertension was present
in 47.9% of the total population, 43.4% had dyslipidemia, and
15.3% diabetes. A small percentage of patients had previous MI

(2.9%) or prior PCI (5.3%). At admission, 95% of patients were
in Killip class I and 5% in Killip class II. All patients underwent
successful PPCI of the IRA within a mean of 6 h of symptoms
onset (median time = 3 h). All patients had multivessel coronary
artery disease (2.7 lesions per patient), and three-vessel disease

FIGURE 1

Flow chart of enrolled patients.
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was present in 86 patients (35.5%). Mean baseline angiographic
SS was 16.3 ± 5.8. LAD was the IRA in 43% of total cases.

Index of microcirculatory resistance
measurements

After successful PPCI, IMR was measured in 236 (97.5%)
IRA lesions with a mean value of 47.9 ± 42.7. IMR
was found to be higher than the pre-defined cut-off of
32 in 127 patients (53.8% of the total population). Staged
angiography and physiologic evaluation were performed in 236
subjects (97.5%) within 5.2 ± 3.7 days from index procedure.
Infarct-related artery IMR values significantly decreased (from
47.9 ± 42.7 to 34.2 ± 28.5, p < 0.0001) from index to
staged procedure.

Fractional flow reserve measurements

Fractional flow reserve (FFR) evaluation was performed in
238 (98.3%) IRA lesions after PPCI. Mean FFR was 0.92 ± 0.06
and did not change when measured at staged procedure (FFR at
staged procedure 0.92 ± 0.06, p = NS). Physiologic evaluation
of non-culprit lesions was also performed at staged procedure.
Among 430 non-IRA lesions (angiographically >50% by
visual estimation, mean angiographic stenosis 73.2% ± 14.5),
309 were tested with FFR and only 113 (36.6%) were
significant (FFR was lower than 0.75 in 78 patients and
between 0.75 and 0.80 in 35 patients). Of these, 102 (90%)
underwent staged FFR-guided PCI. Functional assessment of
non-IRA lesions was not performed in the remaining 121
lesions because of technical issues (i.e., vessel anatomy, lesion
distality, patient non-compliance; Supplementary Figure 1 in
Supplementary material). Mean syntax score after functional
stenosis evaluation (FSS) was significantly lower than the
baseline angiographic SS (FSS 11.9 ± 6.1 vs. SS 16.3 ± 5.8;
p < 0.001).

Primary endpoint results and
correlation between index of
microcirculatory resistance and
outcomes

Twenty patients experienced cardiac events during the
follow-up period: there were 4 cardiac deaths (1.7%), 2
re-hospitalizations for CHF, 2 resuscitations by ICD appropriate
shock, 12 new coronary revascularizations (4 IRA re-do
angioplasty for restenosis or subacute stent thrombosis and 8
non-IRA new PCI for restenosis or de novo lesions). Only 8
(3.3%) patients reported pre-defined primary endpoint events.

IMR measured in the culprit coronary artery (both post-
PPCI and at staged procedure) was not associated with the pre-
defined clinical endpoint, regardless of the IMR cut-off value
used for the analysis (median cut-off: IMR post-PPCI p = 0.281,
IMR at staged procedure p = 0.446; cut-off value of 32: IMR post-
PPCI p = 0.072, IMR at staged procedure p = 0.251). The results
were unchanged even by adopting an IMR cut-off of 40 (IMR

TABLE 1 Baseline patient characteristics and lesions.

Baseline demographics n = 242

Age, years 63.5 ± 9.9

Male, n (%) 207 (85.5)

Medical history

None, n (%) 23 (9.5%)

Hypertension, n (%) 116 (47.9%)

Diabetes, n (%) 37 (15.3%)

Diet 5 (2.1%)

Insulin 7 (2.9%)

Oral treatment 25 (10.3%)

Hyperlipidemia, dyslipidemia, n (%) 105 (43.4%)

Renal dysfunction*, n (%) With dialysis 0 (0%)

Without dialysis 3 (1.2%)

Significant alcohol intake, n (%) 3 (1.2%)

Smoker, n (%) 131 (54%)

Current 100 (41.3%)

Ex 31 (12.8%)

Other, n (%) 17 (7%)

Cardiovascular history

None, n (%) 148 (61.2%)

Stroke, n (%) 3 (1.2%)

TIA, n (%) 5 (2.1%)

Myocardial infarction, n (%) 7 (2.9%)

Prior PCI, n (%) 13 (5.3%)

Family history of heart disease, n (%) 67 (27.7%)

Story of heart failure, n (%) 3 (1.2%)

Other, n (%) 12 (4.9%)

Coronary lesions characteristics

SS (n = 242) 16.3 ± 5.8

FSS (n = 234) 11.9 ± 6.1

Three-vessel disease 86 (35.5%)

IRA, n (%) (n = 242) LAD 104 (43%)

RCA 100 (41.3%)

LCX 38 (15.7%)

Non-IRA stenosis (>50%), n (%) (n = 430) LAD 171 (39.7%)

RCA 103 (23.9%)

LCX 156 (36.2%)

Values are % (n) or mean ± SD.
*Defined as an estimated glomerular filtration rate (eGFR) of less than
60 ml/min/1.73 m2 . TIA, transient ischemic attach; PCI, percutaneous coronary
angioplasty; SS, syntax score; FSS, functional syntax score; IRA, infarct related
artery; LAD, left anterior descending artery; RCA, right coronary artery; LCX, left
circumflex artery.
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FIGURE 2

Index of microvascular resistance (IMR) time course from primary to staged procedure. Group A: patients who experienced primary endpoints.
Group B: primary endpoints event-free patients. No significant differences in IMR values were observed between the two groups after
successful PPCI of the culprit lesion. The IRA IMR significantly improved in event-free patients between PPCI and staged procedure. IMR, index
of microvascular resistance; PPCI, primary percutaneous coronary intervention; IRA, infarct-related artery.

post-PPCI p = 0.279, IMR at staged procedure p = 0.99). Hence,
we were not able to identify an IMR cut-off value to best predict
primary endpoint events.

IMR variation between patients who experienced primary
endpoints (Group A) and primary endpoints event-free patients
(Group B) was also analyzed (Figure 2). No significant
differences in IRA IMR after PPCI were observed between the
2 groups (64.1 ± 49.9 vs. 47.6 ± 42.8; p = 0.18), although a
trend toward higher IMR values in the first group was noted,

suggesting a likely worse outcome in patients with greater
microcirculatory dysfunction at presentation. While IMR did
not significantly change between PPCI and staged procedure
(from 64.1 ± 49.9 to 37.3 ± 19.3; p = 0.11) in group A, in
event-free patients the IRA IMR significantly improved (from
47.6 ± 42.8 to 34.1 ± 28.8; p< 0.001). However, considering the
“delta” IMR (i.e., the variation of the index over time) from PCI
to staged procedure in both groups, no statistically significant
differences were observed (p = 0.39).
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TABLE 2 Echocardiographic measurements.

Overall IMR ≤32 IMR >32

Discharge 12
months

P-value
(discharge vs.
12 months)

Discharge 12
months

P-value
(discharge vs.
12 months)

Discharge 12
months

P-value
(discharge vs.
12 months)

Ejection fraction (%) 53.3 ± 8.6 56.2 ± 7.9 <0.0001 54.5 ± 8.1 56.9 ± 8.2 0.0017 52.2 ± 8.9 55.6 ± 7.6 <0.0001

LVESV (ml) 50.6 ± 21.8 47.4 ± 20.3 0.0810 50.4 ± 19.8 46.8 ± 20.6 0.1514 50.8 ± 23.4 48.0 ± 20.1 0.2974

LVEDV (ml) 101.7 ± 28.5 102.3 ± 32.4 0.7884 103.5 ± 29.7 103.2 ± 33.8 0.4079 100.3 ± 27.5 101.6 ± 31.4 0.7251

LVESD (mm) 35.5 ± 8.5 33.9 ± 6.6 0.0038 34.4 ± 9.0 33.6 ± 6.4 0.2530 36.5 ± 7.9 34.3 ± 6.7 0.0023

LVEDD (mm) 51.4 ± 29.7 50.2 ± 7.5 0.3250 53.5 ± 41.6 50.6 ± 8.8 0.4079 49.3 ± 7.2 49.7 ± 6.0 0.5296

16 segment WMSI 1.8 ± 2.9 1.9 ± 3.9 <0.0001 1.9 ± 3.4 2.3 ± 5.1 0.0005 1.7 ± 2.4 1.5 ± 2.4 <0.0001

Values are mean ± SD (n). LVESV, left ventricular end systolic volume; LVEDV, left ventricular end diastolic volume; LVESD, left ventricular end systolic diameter; LVEDD, left ventricular
end diastolic diameter; WMSI, wall motion score index.

Echocardiographic findings

Echocardiography evaluation of LV function was performed
in all subjects before discharge and at 1-year follow-up.
A significant improvement in LVEF (from 53.3 ± 8.6 to
56.2 ± 7.9%; p < 0.001) and a slight deterioration in LV wall
motion score index (WMSI) (from 1.8 ± 2.9 to 1.9 ± 3.9;
p < 0.001) were observed in the overall population. While
LVEF improved from discharge to 1-year follow-up both in
patients with high and low IMR, an improvement in WMSI
(from 1.7 ± 2.4 to 1.5 ± 2.4, p < 0.0001) was observed only
in patients with higher IMR values at presentation (Table 2).
No relationship was found between the delta IMR (staged-
primary) and changes in LV volumes and function in the
whole study population. Notwithstanding, a correlation between
median value of IMR and changes in LV function has been
found in the subgroup of patients with anterior STEMI. Patients
with an IMR >31.5 after PPCI of the LAD artery showed
a lower LVEF value than those with a IMR < 31.5 both at
hospital discharge and at 12 months follow-up (47.3 ± 8.4 vs.
53.6 ± 7.6; p = 0.0004 and 52.7 ± 7.7 vs. 56.5 ± 8.4; p = 0.0298;
Figure 3).

Discussion

The main findings of this prospective, multicenter,
clinical study enrolling MVD patients undergoing PPCI
for STEMI can be summarized as follows: (1) Coronary
microvascular dysfunction, as assessed by IMR, is common
in the infarct related territory and tends to recover early after
revascularization; (2) The overall incidence rate of adverse
events was unexpectedly low in our population at one-year
follow-up; (3) No relationship between IRA-IMR, clinical events
and LV remodeling was observed over the one-year follow-up
period; (4) A correlation between IMR values and changes in
LV function was found only in patients with anterior STEMI.

Despite PPCI in acute myocardial infarction can provide
high epicardial coronary patency rates, insufficient myocardial
reperfusion may occur as a result of microvascular obstruction
and myocardial hemorrhage. Failure of reperfusion may have
negative impact on outcome, being associated with LV adverse
remodeling and dysfunction, re-hospitalization for heart failure
and increased mortality (3). The IMR is a direct intravascular
guidewire–based method for assessing coronary microvascular
function on regional basis, which is quantitative in nature, and
independent of the epicardial vessels size (14, 16).

In acute STEMI patients, coronary microvascular resistance
as measured by IMR is usually increased. Conversely, coronary
flow reserve (CFR), which reflects the vasodilatory potential of
the coronary circulation, is significantly reduced. However, a
progressive improvement of CFR and a reduction of IMR has
been reported at 24 h and at 6 months after MI, indicating
early and sustained recovery of microvascular function over
time (25, 26). Our study confirms this finding, both in event-
free patients and, to a lesser extent, in patients who experienced
events at follow-up.

There is a large body of evidence showing that IMR
measured immediately after PPCI is correlated with final infarct
size as assessed by biomarker elevation, positron emission
tomography, and CMR and predicts LV function at 3 and
6 months after STEMI (16, 24, 27–31). On the other hand, only
few studies have focused on the value of IMR in predicting
patient clinical outcome. Fearon et al. (17) assessed the incidence
of death or re-hospitalization for HF in 253 single vessel
disease patients undergoing PPCI for STEMI. During a median
follow-up period of 2.8 years, 13.8% of the enrolled patients
experienced the primary endpoint and 4.3% died. Patients with
an IMR >40 had a higher risk of death or re-hospitalization
for HF (hazard ratio [HR] 2.1; p = 0.034) and of death alone
(HR 3.95; p = 0.028) at 1 year than patients with an IMR ≤40,
while other indices of microvascular damage such as CFR were
not predictive of clinical events. An IMR >40 was the only
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FIGURE 3

Index of microvascular resistance (IMR) after PPCI of the left anterior descending artery and left ventricular EF at hospital discharge and
12 months follow-up. Higher IMR measurements after PPCI predicted lack of improvement of LV function at follow-up in patients with anterior
myocardial infarction. IMR, index of microvascular resistance; PPCI, primary percutaneous coronary intervention; EF, ejection fraction; LV, left
ventricle.

independent predictor of death alone (HR 4.3; p = 0.02) or re-
hospitalization for HF at multivariable analysis. Similarly, in
the study by Carrick et al. (18), 283 patients with STEMI were
prospectively enrolled after PPCI and categorized according
to IMR (≤40 or >40) and CFR (≤2.0 or >2) values. The
primary endpoint of death or first CHF hospitalization occurred
in 11% of patients during the index hospitalization or after
discharge. An IMR >40 was associated with microvascular
obstruction and negative changes in LVEF and LV end-
diastolic volumes. Also, higher IMR values were associated
with a 4-fold increase in all-cause death or heart failure at a
median follow-up of 2.3 years. The combination of IMR with
CFR did not have superior prognostic value. Scarsini et al.
(19) reported comparable results in a group of 198 patients
with STEMI undergoing PPCI. At long-term follow-up (mean
follow-up of 40.1 months), patients with an IMR >40 and/or
microvascular obstruction assessed by CMR reported worse

clinical outcomes compared with those with lower IMR values
and no microvascular obstruction.

Compared with these studies, our trial enrolled only patients
with MVD at baseline angiography that were expected to be
at higher risk of clinical adverse events at follow-up. However,
we observed an unexpected low rate of adverse clinical events
in our population and were not able to find a significant
association between IMR and the pre-defined clinical outcome
endpoints. As a matter of fact, the primary endpoint was
met in only 3.3% of patients, and this may have led to a
power issue in assessing differences in clinical outcome between
patients according to the value of IMR. Possible explanations
for the low event rate observed in the AMICRO trial may
be a potential selection bias, the relatively short follow-up
period and the strategy of revascularization, which included a
staged evaluation of non-IRA lesions followed by FFR-guided
complete revascularization (CR). Indeed, over the last few years,
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several studies have shown that in STEMI patients with MVD
undergoing PPCI, a strategy of CR before hospital discharge
may result in significant reduction of event rate at short term
follow-up (32–37). In the current study, among 309 non-IRA
lesions tested, appropriate revascularization was performed in
the majority (90%) of lesions whose measured FFR was lower
than 0.80. We can then speculate that in the present trial
the observed event rate at follow-up may have been partially
reduced by the effect of an FFR-guided CR strategy before
hospital discharge.

In contrast to what we observed in the whole population,
a correlation between IMR and changes in LV function was
found in the subgroup of patients with anterior STEMI.
Higher IMR measurements post-PPCI of the LAD artery were
significantly associated with lower LVEF values both at hospital
discharge and at 12-month follow-up. These results provide
further support for the hypothesis that IMR value in predicting
LVEF is most likely to be discriminative in patients with
higher myocardium at risk such as those with large anterior
infarction (29).

Limitations

The low event rate observed at follow-up get the study
unpowered to end-point. As already discussed, follow-up
duration [shorter than the >2-year follow-up of other studies
exploring the potential value of IMR in predicting patient
clinical outcome (17–19)] and the strategy of revascularization
may have contributed in part to the low event rate observed
in the study. In addition, the short time frame from symptoms
onset to revascularization, the low Killip class at admission,
the relatively low rate of diabetes and the extensive use
of radial approach may have further influenced to the low
number of events observed. The absence of a screening log
of the study population also does not allow for exclusion and
definition of potential selection biases underneath. The low
primary endpoint event rate may also explain the inability
to identify an IMR cut-off value to best predict adverse
events at follow-up, which was among the pre-specified
secondary endpoints.

Non-homogeneous laboratory tests for myocardial damage
were used (e.g., CK, Tn, and HsTn), making them difficult to use
for clinical correlations. Also, it should be considered that the
definition of STEMI has suffered numerous changes from 2013,
when enrollment began.

The IMR measured after the PPCI was found to be predictive
of lower EF values both at discharge and at 12 months
follow-up only when the median IMR cut-off of 31.5 was
adopted. Conversely, when using the pre-specified cut-off of
32, higher IMR values were associated with worse LVEF at
discharge (53.5 ± 7.5 vs. 47.2 ± 8.5, p = 0.0004) but not at

12 months follow-up (56.2 ± 8.4 vs. 52.9 ± 7.7, p = 0.0586),
although a trend was noted. In addition, we must recognize
that more accurate echocardiographic parameters to determine
subclinical LV dysfunction, such as speckle tracking, were not
used in this study.

Furthermore, the study is limited by the lack of information
on CFR even though, in patients with STEMI, IMR and not CFR
demonstrated a significant association with clinical outcomes
(18, 38). Data about Pd/Pa and hyperemic transit time were
also not collected.

Lastly, although a close monitoring was performed during
the entire follow-up to minimize the loss of patients, a total of
16 patients (6.6%) were lost to follow-up/withdrawn.

Conclusion

Despite the routine success of PPCI in STEMI, impaired
coronary microvascular function is commonly detected by IMR
evaluation in the infarct territory and shows a slow recovery
early over the time after reperfusion. Post-angioplasty IMR
values negatively correlated with LVEF only in patients with
anterior acute MI. Further work is required to establish the
validity of IMR in predicting clinical outcomes in specific
subgroups of patients.
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Long-term follow-up of patients
with chronic total coronary
artery occlusion previously
randomized to treatment with
optimal drug therapy or
percutaneous revascularization
of chronic total occlusion
(COMET-CTO)
Stefan A. Juricic1, Sinisa M. Stojkovic1,2*, Alfredo R. Galassi3,4,
Goran R. Stankovic1,2,5, Dejan N. Orlic1,2,
Vladan D. Vukcevic1,2, Dejan G. Milasinovic1,2,
Srdjan B. Aleksandric1,2, Miloje V. Tomasevic1,6,
Milan R. Dobric2,7, Milan A. Nedeljkovic1,2,
Branko D. Beleslin1,2, Miodrag P. Dikic1, Marko D. Banovic1,2,
Miodrag C. Ostojic2,5 and Milorad B. Tesic1,2

1Clinic for Cardiology, University Clinical Center of Serbia, Belgrade, Serbia, 2School of Medicine,
University of Belgrade, Belgrade, Serbia, 3Department of Health Promotion, Mother and Child Care,
Internal Medicine and Medical Specialties (ProMISE), University of Palermo, Palermo, Italy, 4Royal
Brompton & Harefield NHS Foundation Trust, London, United Kingdom, 5Serbian Academy
of Sciences and Arts, Belgrade, Serbia, 6Department of Internal Medicine, Faculty of Medical
Sciences, University of Kragujevac, Kragujevac, Serbia, 7Dedinje Cardiovascular Institute, Belgrade,
Serbia

Background: The COMET-CTO trial was a randomized prospective study that

assessed long-term follow-up in patients with chronic total occlusion (CTO)

in coronary arteries treated with percutaneous coronary intervention (PCI)

or with optimal medical therapy (OMT). During the 9-month follow-up, the

incidence of major adverse cardiac events (MACE) did not differ between the

two groups; no death or myocardial infarction (MI) was observed. There was

a significant difference in quality of life (QoL), assessed by the Seattle Angina

Questionnaire (SAQ), in favor of the PCI group. Here we report long-term

follow-up results (56 ± 12 months).

Methods: Between October 2015 and May 2017, a total of 100 patients with

CTO were randomized into two groups of 50 patients: PCI CTO or OMT

group. The primary endpoint of the current study was the incidence of MACE

defined as cardiac death, MI, and revascularization [PCI or coronary artery

bypass graft (CABG)]. As the secondary exploratory outcome, we analyzed all

the cause-mortality rate.
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Results: Out of 100 randomized patients, 92 were available for long-term

follow-up (44 in the PCI group and 48 in the OMT group). The incidence

of MACE did not differ significantly between the two groups (p = 0.363).

Individual components of MACE were distributed, respectively: cardiac death

(OMT vs. PCI group, 6 vs. 3, p = 0.489), MI (OMT vs. PCI group, 1 vs. 0, p = 1),

and revascularization (PCI: OMT vs. PCI group, 2 vs. 2, p = 1; CABG: OMT vs.

PCI group, 1 vs. 1, p = 1). There was no significant difference between the two

groups regarding the individual component of MACE. Six patients died from

non-cardiac causes [five deaths were reported in the OMT group and one

death in the PCI group (p = 0.206)]. Kaplan-Meier survival curves for MACE did

not differ significantly between the study groups (log-rank 0.804, p = 0.370).

Regarding the secondary exploratory outcome, a total of 15 patients died at

56 ± 12 months (11 in the OMT and 4 in the PCI group) (p = 0.093). The Kaplan-

Meier survival curves for all-cause mortality rates did not differ significantly

between the two groups (log rank 3.404, p = 0.065). There were no statistically

significant differences between OMT and PCI groups in all five SAQ domains.

There was a significant improvement in three SAQ domains in the PCI group:

PL (p < 0.001), AF (p = 0.007), and QoL (p = 0.001).

Conclusion: After 56 ± 12 months of follow-up, the incidence of MACE, as

well as QoL measured by SAQ, did not differ significantly between the PCI and

OMT groups.

KEYWORDS

percutaneous coronary intervention, chronic total occlusion, optimal medical
therapy, outcomes, long-term follow-up

Introduction

Recanalization of chronic total occlusions (CTO) of the
coronary arteries is certainly one of the most technically
demanding procedures in interventional cardiology.
Furthermore, between 15 and 20% of patients who have
an indication for coronary angiography have a CTO of at
least one blood vessel (1–3). However, a significantly lower
percentage of these patients are candidates for percutaneous
coronary intervention (4, 5). Over the years observational
studies have proven that successful recanalization of CTO is
associated with improved patient symptoms, quality of life,
and long-term survival compared with failed recanalization
(6–8). According to the observational, non-randomized data,
under elective circumstances, long-term benefits of successful
percutaneous coronary intervention (PCI) of CTO have been
suggested: improved survival, reduced need for coronary
artery bypass grafting (CABG), and a better survival of future
myocardial infarctions (MI) related to non-CTO arteries (9,
10). Several randomized studies also assessed the long-term
treatment outcomes of patients with CTO; however, their initial
results were slightly controversial including major adverse
cardiovascular events (MACE) (11–13).

COMET–CTO was one of the first randomized studies that
assessed the quality of life (QoL) in patients with CTO allocated
to PCI of CTO or to optimal medical therapy (OMT). The
primary endpoint of the study was the QoL assessed by the
Seattle Angina Questionnaire (SAQ). The results showed that
there was a significant improvement in QoL in patients with one
CTO on the main coronary blood vessel in patients treated with
percutaneous recanalization of CTO when compared to patients
randomized to OMT only (14). However, during the 9-month
follow-up, the incidence of MACE was very low, with no cardiac
death or MI. Therefore, the aim of this study was to determine
the long-term treatment outcome (>4 years) of patients with
chronic total coronary artery occlusion previously randomized
to PCI of the CTO plus OMT or just to OMT. This would be one
of the first research papers on this topic in elective patients.

Materials and methods

The study design, methods (including the sample size
calculation), and results were described previously (14). The
study was registered on ClinicalTrials.gov (NCT02964975).
Shortly, the study was designed as an open-label, randomized,
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FIGURE 1

Kaplan–Meier survival curves for the MACE. PCI, percutaneous coronary intervention; OMT, optimal medical therapy.

prospective study which included patients with a single
chronically occluded epicardial coronary artery. Between
October 2015 and May 2017, 100 patients were randomized into
two groups (50 pts in each group) after signing the informed
consent. They participated in the study and completed the SAQ
at baseline and after the 9-month follow-up. The first group was
randomized to PCI of CTO with OMT and the second group of
patients was randomized to OMT only.

During the long-term follow-up, patients were contacted
to assess their clinical status and their adverse events. All
events were recorded in the appropriate database. For the
patients we were unable to reach, information was obtained
from their cardiologists, general practitioners, or hospital
records. The mean follow-up time was 56 ± 12 months.
The primary clinical composite endpoint was the incidence
of MACE, defined as cardiovascular death, nonfatal MI, and
coronary revascularization (PCI or CABG). For the secondary

exploratory outcomes, we analyzed the all cause-mortality rate
(15). Cardiac death was defined according to the Academic
Research Consortium (ARC) criteria. MI was defined with
symptoms of cardiac ischemia and a troponin level of at least one
value above the 99th percentile upper reference limit according
to the recent guidelines (16).

Statistical analysis

All the data were analyzed with the statistical program
SPSS version 21 (SPSS, Chicago, IL). Continuous variables are
presented as the mean ± SD. Categorical variables are presented
as frequencies and proportions. Differences in continuous
variables were assessed with Student’s t-test or the Mann–
Whitney U test, following the Kolmogorov–Smirnov test.
Differences in categorical variables were compared using the
chi-squared test when appropriate (expected frequencies > 5;
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TABLE 1 Baseline patient and lesion characteristics.

Variable OMT
n = 50

PCI
n = 50

P
OMT vs. PCI

Total
n = 100

Age (years) 63 ± 5 61 ± 7 0.107 62 ± 6

Follow-up (days) 267 ± 93 284 ± 84 0.354 275 ± 88

BMI 27.41 ± 3.46 28.40 ± 3.86 0.176 27.91 ± 3.68

Baseline creatinine (mmol/L) 84.44 ± 17.46 81.64 ± 15.27 0.395 83.04 ± 16.38

LVEF 51.34 ± 11.28 54.90 ± 9.420 0.090 53.12 ± 10.49

Male 44 (88) 38 (76) 0.118 82 (82)

Family history of CAD 23 (46) 24 (48) 0.841 47 (4)

Hypertension 43 (86) 43 (86) 1.0 86 (86)

Hypercholesterolemia 35 (70) 36 (72) 0.826 71 (71)

NIDDM 12 (24) 10 (20) 0.664 22 (22)

IDDM 6 (12) 4 (8) 0.370 10 (10)

Non-smoker 13 (26) 20 (40) 0.149 30 (30)

Ex-smoker 23 (46) 14 (28) 0.147 37 (37)

Current smoker 14 (28) 16 (32) 0.531 33 (33)

PAD 2 (4) 2 (4) 1.0 4 (4)

Previous stroke 4 (8) 1 (2) 0.169 5 (5)

Previous MI 35 (70) 29 (58) 0.211 64 (64)

In-stent CTO 3 (6) 5 (10) 0.461 8 (8)

Angina 0.769

CCS I 11 (22) 12 (24) 23 (23)

CCS II 26 (52) 21 (42) 47 (47)

CCS III 11 (22) 14 (28) 25 (25)

CCS IV 2 (4) 3 (6) 5 (5)

Reversible ischemia 29 (58) 26 (52) 0.814 55 (55)

demonstrated 44 (88) 47 (94) 0.295 91 (91)

Presence of viability

CTO artery 0.060

LAD 5 (10) 12 (24) 17 (17)

Cx 6 (12) 10 (20) 16 (16)

RCA 39 (78) 28 (56) 67 (67)

Visual reference VD 3.03 ± 0.38 2.90 ± 0.30 0.60 2.96 ± 0.34

Visual length of occlusion 20.06 ± 6.40 20.46 ± 11.47 0.830 20.26 ± 9.24

Calcification 0.585

Mild 28 (56) 33 (66) 61 (61)

Moderate 16 (32) 12 (24) 28 (28)

Severe 6 (12) 5 (10) 11 (11)

Proximal cap tapered 26 (52) 32 (64) 0.224 58 (58)

Moderate/severe tortuosity 2 (4) 4 (8) 0.513 6 (12)

“Interventional” collateral present 26 (52) 22 (44) 0.423 48 (48)

J-CTO score 1.72 ± 1.09 1.48 ± 1.27 0.219 1.60 ± 1.18

Syntax score I 9.87 ± 3.41 10.79 ± 4.89 0.822 10.33 ± 4.22

EuroSCORE II 0.87 ± 0.34 0.80 ± 0.31 0.133 0.84 ± 0.32

Data are expressed as the mean ± SD or as the number (percentage). BMI, body mass index; LVEF, left ventricular ejection fraction; NIDDM, non-insulin-dependent diabetes mellitus;
IDDM, insulin-dependent diabetes mellitus; PAD, peripheral artery disease; MI, myocardial infarction; CTO, chronic total occlusion; LAD, left anterior descending; Cx, circumflex; RCA,
right coronary artery; VD, vessel diameter. Presence of viability: LV normokinesis or segmental LV hypokinesis or documented viability in CTO territory.
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TABLE 2 Clinical outcomes: long-term follow-up.

Long-term follow-up (mean 56 ± 12 months)

OMT PCI p

Cardiac death 6 3 0.489

MI 1 0 1

PCI–TVR 2 2 1

CABG 1 1 1

All-cause
mortality

11 4 0.093

The data is numerical. PCI, percutaneous coronary intervention; OMT, optimal medical
therapy; MI, myocardial infarction; CABG, coronary artery bypass graft; TVR, target
vessel revascularization.

otherwise, Fisher’s exact test was used). Changes in all five
components of the SAQ were tested using repeated-measures
analysis of variance for each factor. SAQ domains at the baseline
and after the FUP were entered as within-subject variables,
whereas the study group was entered as the between-subject
variable.

Results

Nine-month results

In terms of baseline characteristics, the compared groups
were similar (14). Patient and lesion characteristics did not

differ significantly between the groups at baseline (Table 1).
The mean follow-up was 275 ± 88 days. In the PCI
CTO group, 94% of patients had a successful recanalization
of the occlusion. The mean number of implanted drug-
eluting stents per lesion was 1.78 ± 1.02, while the mean
stent diameter was 2.98 ± 0.35 mm. The mean length
of implanted stents was 46.84 ± 26.80 mm. This study
observed a significant improvement in QoL (in all five
domains of the SAQ) in patients treated with PCI of CTO
plus OMT when compared with patients treated with OMT
only.

Long-term outcomes

Out of 100 randomized patients, 92 were available for long-
term follow-up (44 in PCI and 48 in OMT group). During the
long-term follow-up, a total of 15 patients died (11 in the OMT
group and 4 in the PCI group) (p = 0.093) (Table 2).

The incidence of MACE did not differ significantly between
the two groups (p = 0.363). There was no statistically significant
difference between the two groups regarding cardiac death, MI,
or revascularization (Table 2). From the non-cardiac causes of
death in the OMT group, there were five deaths, and in the PCI
group, there was one death (p = 0.206). The causes of death
along with some of the baseline characteristics are shown in
Table 3.

The Kaplan–Meier survival curves for the MACE did not
differ significantly between the two groups (Figure 1, p = 0.370).

TABLE 3 Deceased patients and their characteristics.

CTO location LVEF at
baseline (%)

Randomization
group

CTO-PCI
successful

Time to death
(months)

Cause of
death

1. LAD 55 OMT / 72 CV

2. RCA 50 OMT / 61 COVID

3. LAD 43 PCI Yes 44 CV

4. Cx 53 OMT / 37 Traffic acc.

5. LAD 57 OMT / 30 CV

6. RCA 55 OMT / 51 Malignancy

7. RCA 40 OMT / 15 CV

8. RCA 45 PCI Yes 60 CV

9. RCA 60 OMT / 9 CV

10. RCA 55 OMT / 54 Dementia

11. RCA 40 OMT / 10 CV

12. RCA 49 PCI Yes 34 Malignancy

13. LAD 50 PCI Yes 24 CV

14. Cx 30 OMT / 37 CV

15. RCA 55 OMT / 45 COVID

Data are numerical. LAD, left anterior descending artery; Cx, left circumflex artery; RCA, right coronary artery; PCI, percutaneous coronary intervention; OMT, optimal medical therapy;
LVEF, left ventricular function; CTO, chronic total occlusion; CV, cardiovascular; Acc, accident.
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FIGURE 2

Kaplan–Meier survival curves for all-cause mortality. PCI, percutaneous coronary intervention; OMT, optimal medical therapy.

In addition, the Kaplan–Meier survival curves for all-cause
mortality also did not differ significantly between the two groups
(Figure 2, p = 0.065).

After the initial FUP where we had a total of three events
(one CABG in the PCI group and two cross-overs in the
OMT group due to anginal complaints), during the long-
term FUP, there was no statistically significant difference in
revascularization between the two groups (PCI: OMT vs. PCI
group, 2 vs. 2, p = 1; CABG: OMT vs. PCI group, 1 vs. 1, p = 1).

A total of 40 patients were analyzed for the SAQ in the PCI
group and 37 patients in the OMT group. The scores for the five
angina symptom domains at the FUP and their changes from the
pre-procedural scores are reported in Figure 3. Baseline scores
for a total of 77 patients were not different between the two
groups, except for PL (PCI group 49.6 ± 22.4 vs. OMT group
61.9 ± 24.7, p = 0.024) (Table 4). During the FUP, there were
no statistically significant differences between groups in all five
SAQ domains (Figure 3). There was a significant improvement
in three SAQ domains in the PCI group: PL (p < 0.001), AF
(p = 0.007), and I-QoL (p = 0.001) (Figure 3).

Discussion

To the best of our knowledge, COMET-CTO is a
randomized study in elective CTO patients with the longest
follow-up. The study has demonstrated that there was a trend
to significantly lower all-cause mortality in the PCI group
(p = 0.065). MACE and all the individual components of MACE
did not differ significantly during the average 4.7 years of follow-
up.

This study showed that QoL improved significantly in the
PCI group of patients compared to the patients assigned to
OMT alone. During the short-term follow-up, we observed no
deaths, MIs, stent thrombosis, or strokes. However, we observed
low rates of revascularization in both groups of patients. The
present study extended the previous clinical outcomes from the
COMET-CTO trial.

The EURO-CTO trial included 407 patients with
CTO (randomization 2:1—OMT with CTO PCI or OMT,
respectively) (11). In the group of patients who underwent PCI
CTO, they had a significant improvement in the frequency of
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TABLE 4 Seattle angina questionnaire health status at baseline.

OMT
n = 37

PCI
n = 40

P
OMT vs. PCI

Baseline

PL 61.9 ± 24.7 49.6 ± 22.4 0.024

AS 48.6 ± 25.0 40.0 ± 22.5 0.114

AF 78.9 ± 20.1 70.5 ± 20.2 0.071

TS 79.2 ± 18.1 81.7 ± 18.3 0.550

QoL 62.8 ± 23.3 54.2 ± 26.6 0.133

Data are expressed as the mean ± SD. PL, physical limitation; AS, angina stability; AF,
angina frequency; TS, treatment satisfaction; QoL, quality of life; OMT, optimal medical
therapy; PCI, percutaneous coronary intervention.

angina and QoL (p = 0.003 and p = 0.007), while in our study, we
had a statistically significant improvement in all five domains
of the SAQ. Also, the MACE rate was very similar in the EURO
CTO and COMET-CTO trial during the initial follow-up.

EXPLORE (13) and DECISION-CTO (12) are two
randomized studies published on this topic that did not confirm
a significant reduction in MACE in the revascularized CTO
group compared to the OMT group. Several things need
to be addressed in both studies. Out of the 1,284 patients
originally planned, only 65% (834) of the patients were
included in the DECISION-CTO study. There were difficulties

observed in recruiting patients which led to the main reason
for the premature termination of the study. Furthermore,
the significant cross-over between the two study groups
(approximately one in five patients) was probably caused by the
fact that PCI of non-CTO lesion was left on operator discretion
before PCI of CTO. Hence, the majority of PCI of non-CTO
lesions were performed after the PCI of CTO (77% of patients
had multi-vessel disease).

However, overall mortality in the PCI group was lower than
in the OMT group (3.0 vs. 4.4% at the 3-year follow-up and 4.5
vs. 7.9% at the 5-year follow-up). These figures did not reach
statistical significance which is similar to our results.

Furthermore, in the DECISION-CTO trial, the number of
patients at risk was significantly lower at the 5-year than at
the 3-year follow-up (12). This could mean that the follow-up
was incomplete or that a large number of patients were lost
during the follow-up period. Otherwise, it is very possible that
the difference would have been significant. Precisely, due to all
the above-mentioned facts, the opinion of many experts in the
field of CTO is that the DECISION-CTO study should not be
considered as definitely negative for the primary endpoint.

In the EXPLORE trial, the MACE (composite of cardiac
death, myocardial infarction, and CABG) rate did not differ
significantly between the groups (13.5 vs. 12.3%, p = 0.93),
during the median follow-up of 3.9 years. This finding is

FIGURE 3

SAQ subscale changes. QoL, quality of life; PL, physical limitation; AS, angina stability; AF, angina frequency; TS, treatment satisfaction; PCI,
percutaneous coronary intervention; OMT, optimal medical therapy; FUP, follow-up. 1: difference between f-up and baseline mean values.
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consistent with our results. An increasing trend without
statistical significance was observed in the overall mortality
of the CTO PCI group (12.9 vs. 6.9%, P = 0.11). These
results should be interpreted with caution due to the small
absolute number of events. Also, we cannot rule out a
possibly harmful effect of PCI CTO within 7 days of an acute
myocardial infarction.

Two large prospective registers, Canadian (17) and Korean
(18) registers, were published in the recent years which
evaluated CTO revascularization using a long-term follow-up.
In the Canadian Multicenter Chronic Total Occlusion Registry
1,624 patients were assigned either to the CTO revascularized
group or to the group where no revascularization of the
CTO artery was performed. In the group where CTO was
revascularized, there was a significantly lower mortality rate at
10 years (22.7 vs. 36.6%), lower revascularization rates (14.0 vs.
22.8%), and a shorter acute coronary syndrome hospitalizations
(10.0 vs. 16.6%).

The Korean registry is a single center register with patients
with CTO classified into two groups, PCI CTO (n = 883) or
OMT group (n = 664), depending on the initial treatment
strategy. Patients were enrolled during the period from 2003
to 2012 with typical angina or a positive functional test. At the
end of the 3-year follow-up, there was no significant difference
between the groups in terms of mortality due to a cardiac cause.
However, between 3 and 10 years of follow-up, there was a
significantly lower mortality in the revascularized group (8.3 vs.
16.6%; HR, 0.43 [95% CI, 0.27–0.71]; P < 0.001).

Furthermore, it is observed that the results of randomized
studies and prospective registries are more similar for MACE
when it comes to long-term follow-up.

In COMET CTO initial result of significant difference in
QoL in favor of the PCI group after 9 months of F-up for
all five SAQ domains, vanished during the next 4 years. In
contrast, ISCHEMIA trial showed that QoL assessed by SAQ
was significantly improved after 36 months of FUP (19). This
discrepancy could be in a part explained by the fact that the
number of patients available for QoL assessment decreased to
77 by time [numerically more patients died in the OMT group
(11 pts) than in PCI group (4 pts)]. Bearing this in mind, it
is not insignificant to emphasize that, in our trial, SAQ scores
were numerically higher in four domains at the end of long-
term FUP.

Limitations

This is a prospective randomized study conducted in a single
center. This study does not have statistical power to detect
differences in the incidence of major adverse cardiovascular
events between the examined groups (which was considered as
a secondary endpoint).

Conclusion

In patients with a single CTO treated by percutaneous
coronary intervention with OMT (study group) in comparison
with a group of patients only treated with OMT (control group),
there was no difference observed in long-term MACE or other
clinical events between the two groups. Similarly, SAQ data
showed that QoL did not differ significantly between OMT and
PCI groups. Further research is needed to clarify and evaluate
this important area.
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percutaneous coronary
intervention: A nationwide
cohort study from Japan
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Yoshiko Mizuno7, Kotaro Nochioka8, Masaharu Nakayama9,

Takamasa Iwai10, Yoko Nakao11, Yoshitaka Iwanaga11,
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Kenichi Tsujita12, Hisahiko Sato13, Hideo Fujita1* and
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Medical Sciences, Kumamoto University, Kumamoto, Japan, 13Precision Inc., Tokyo, Japan, 14Jichi

Medical University, Tochigi, Japan

Background: The causal relationship between hyperuricemia and

cardiovascular diseases is still unknown. We hypothesized that hyperuricemic

patients after percutaneous coronary intervention (PCI) had a higher risk of

major adverse cardiovascular events (MACE).

Methods: This was a large-scale multicenter cohort study. We enrolled

patients with chronic coronary syndrome (CCS) after PCI between April 2013

and March 2019 using the database from the Clinical Deep Data Accumulation

System (CLIDAS), and compared the incidence of MACE, defined as a

composite of cardiovascular death, myocardial infarction, and hospitalization

for heart failure, between hyperuricemia and non-hyperuricemia groups.
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Results: In total, 9,936 patients underwent PCI during the study period. Of

these, 5,138 patients with CCS after PCI were divided into two group (1,724

and 3,414 in the hyperuricemia and non-hyperuricemia groups, respectively).

The hyperuricemia group had a higher prevalence of hypertension, atrial

fibrillation, history of previous hospitalization for heart failure, and baseline

creatinine, and a lower prevalence of diabetes than the non-hyperuricemia

group, but the proportion of men and age were similar between the two

groups. The incidence of MACE in the hyperuricemia group was significantly

higher than that in the non-hyperuricemia group (13.1 vs. 6.4%, log-rank P <

0.001). Multivariable Cox regression analyses revealed that hyperuricemia was

significantly associated with increased MACE [hazard ratio (HR), 1.52; 95%

confidential interval (CI), 1.23–1.86] after multiple adjustments for age, sex,

body mass index, estimated glomerular filtration rate, left main disease or

three-vessel disease, hypertension, diabetes mellitus, dyslipidemia, history of

myocardial infarction, and history of hospitalization for heart failure. Moreover,

hyperuricemia was independently associated with increased hospitalization

for heart failure (HR, 2.19; 95% CI, 1.69–2.83), but not cardiovascular death

or myocardial infarction after multiple adjustments. Sensitive analyses by sex

and diuretic use, B-type natriuretic peptide level, and left ventricular ejection

fraction showed similar results.

Conclusion: CLIDAS revealed that hyperuricemia was associated with

increasedMACE in patients with CCS after PCI. Further clinical trials are needed

whether treating hyperuricemia could reduce cardiovascular events or not.

KEYWORDS

hyperuricemia, serum uric acid, chronic coronary syndrome, percutaneous coronary

intervention, real-world database

1. Introduction

Epidemiological studies have shown that elevated serum

uric acid (SUA) levels are associated with the increase

of cardiovascular events (1–4). Cardiovascular risk factors

such as hypertension, diabetes mellitus (DM), and chronic

kidney disease may also coexist with hyperuricemia (5–7).

Hyperuricemia and cardiovascular diseases are known to be

associated with both, but it is unclear whether the relationship is

causal or not (8). Some studies showed the positive relationship

between hyperuricemia and cardiovascular disease (9, 10), but

several studies did not show the relationship (11, 12). We

hypothesized that this discrepancy could be mainly from the

study subjects and study design because SUA is confounded

with many cardiovascular risk factors, such as diet, obesity,

hypertension, DM, chronic kidney disease, and so on (13).

Therefore, we conducted a large-scale, cohort study to evaluate

the relationship between hyperuricemia and cardiovascular

events in patients after percutaneous coronary intervention

(PCI) with multiple cardiovascular risk factor adjustments.

The study was conducted to test our hypothesis that

hyperuricemic patients with chronic coronary syndrome (CCS)

after PCI is associated with increased risk of major adverse

cardiovascular events (MACE).

2. Materials and methods

2.1. Clinical Deep Data Accumulation
System (CLIDAS)

The CLIDAS, which involves seven hospitals (six university

hospitals and the National Cerebral and Cardiovascular Center

Hospital in Japan), obtains clinical data including patient

background, laboratory data, prescriptions, echocardiographic

parameters, electrocardiogram, cardiac catheterization reports,

and long-term prognosis. The Standardized Structured Medical

Information eXchange version 2 (SS-MIX2) standard storage

is used to collect basic patient information, prescriptions, and

laboratory data from electronic medical records, whereas the

SS-MIX2 extended storage is used to collect the data with

non-standardized formats such as physiological tests, cardiac

catheterization, and cardiac catheter intervention reports (14).

The development of the CLIDAS started as the Japan Ischemic
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heart disease Multimodal Prospective Data Acquisition for

Precision Treatment project launched in 2015, aimed at

creating a hospital information system (HIS)-based system

that electronically collected both medical records and other

clinical data in standardized data formats for clinical studies

(15). In brief, HIS data, picture archiving and communication

system data, and physiology data server were linked to multi-

purpose clinical data repository system (MCDRS) then to the

SS-MIX2 standard storage system through the firewalls (15).

Each institution output data was linked from its own MCDRS

server to the CLIDAS server after anonymization. Patient

background information and follow-up data were collected

by data managers and researchers at each site. After all data

collected from each facility was aggregated into a central

database, researchers retrieved the information necessary for

the study and combined it based on the patient’s unique

anonymized ID for an integrated analysis of the data. In

other fields, such as diabetes and renal disease, there are

storage systems using the SS-MIX2 as well as the CLIDAS

(16, 17). The collection of detailed longitudinal data on

cardiovascular outcomes using SS-MIX is a unique feature of

the CLIDAS.

2.2. Study design and population

This was a retrospective, multicenter, observational cohort

study. We registered coronary artery disease (CAD) patients

who had undergone PCI at seven hospitals between April

2013 and March 2019. This study period was determined

as the period from the time when available data could

be consistently obtained from each facility to the end

of the ethics committee’s accreditation. This study was

approved by the Institutional Review Board of Jichi Medical

University Saitama Medical Center (S21-163), and was

conducted in accordance with the Declaration of Helsinki.

The requirement for written informed consent was waived

due to the retrospective study design. Patients with acute

coronary syndrome and those with no event data were

excluded. The final study population was categorized

into two groups according to baseline SUA levels and/or

prescribed urate-lowering drugs; the hyperuricemia group:

patients with hyperuricemia at baseline, and the non-

hyperuricemia group: patients without hyperuricemia

at baseline.

The primary outcome was MACE, defined as a composite of

cardiovascular death, myocardial infarction, or hospitalization

for heart failure. The secondary outcomes were all-cause death

and each component of MACE. The event-free time was

calculated from the index PCI to the event date or the last

follow-up date. Event confirmation was done at each facility

using record information about patient visits, phone calls,

and letters.

2.3. Definitions

In the CLIDAS database, index PCI was defined as the

first PCI procedure within the study period if multiple vessels

were treated in a staged manner. To increase the acquisition

rate of laboratory data values, all baseline laboratory data were

calculated as the average values from 60 days before the index

PCI to 30 days after the procedure. In this study, hyperuricemia

was defined as a SUA level ≥7.0 mg/dL for men or ≥6.0 mg/dL

for women and/or taking urate-lowering drugs according to

the previous studies (18–21). CCS was defined as cases of PCI

other than acute coronary syndrome (22). Hypertension was

defined as a systolic blood pressure≥140 mmHg, diastolic blood

pressure ≥90 mmHg, or a medical treatment for hypertension

at index PCI. DM was defined as a hemoglobin A1C level

≥6.5%, casual blood glucose level ≥200 mg/dL, fasting blood

glucose level ≥126 mg/dL, or medical treatment for DM at

index PCI. Dyslipidemia was defined as a medical treatment for

dyslipidemia at the index PCI or description of dyslipidemia

on electronic medical records. We calculated the estimated

glomerular filtration rate (eGFR) from the serum creatinine

level, age, weight, and sex, using the following formula: eGFR

= 194 × Cr−1.094 × age−0.287 (man); eGFR = 194 × Cr−1.094

× age−0.287 × 0.739 (woman) (23). We used echocardiographic

findings closest to the index PCI, performed between−100 and 0

days before index PCI. Left ventricular ejection fraction (LVEF)

was calculated using the modified Simpson’s rule; however, the

Teichholz method was used for LVEF measurement if the data

of the modified Simpson’s rule were missing.

The number of diseased vessels was defined as the number

of coronary arteries with severe stenosis (≥75%) in the major

epicardial coronary segments of the right coronary artery, left

anterior descending artery, and left circumflex artery and their

branch lesions that underwent PCI. The diseased left main trunk

(LMT), defined as ≥75% stenosis, was counted separately. The

patients were categorized according to the combination of the

number of diseased vessels and LMT disease.

2.4. Statistical analysis

Categorical variables were presented as counts and

percentages, and continuous variables were presented as mean

± standard deviation for normally distributed continuous

variables or median [interquartile range (IQR)] for non-

normally distributed continuous variables. Categorical variables

were compared using the chi-square test or Fisher’s exact test for

small samples. Normally distributed continuous variables were

compared between the groups using an unpaired Student’s t-test.

The Shapiro-Wilk test was performed to determine whether the

continuous variables were normally distributed. Conversely,

non-normally distributed continuous variables were compared

using the Mann–Whitney U test. Event-free survival rates
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were calculated using the Kaplan–Meier method, and the

statistical differences between the groups were calculated using

the log-rank test. The patients were censored when they were

lost to follow-up. Cox regression analyses were performed to

clarify the determinants of MACE, all-cause death, and each

component of MACE. For missing values, a complete case

analysis was performed. Age, sex, body mass index, eGFR, left

main (LM) disease or three-vessel disease (3VD), hypertension,

DM, dyslipidemia, history of myocardial infarction, and history

of hospitalization for heart failure were used as covariates in

Model 1. Model 2 was performed using the covariates in Model

1 and diuretic use at baseline. Model 3 was used as a covariate in

Model 2, B-type natriuretic peptide (BNP) levels, and LVEF at

baseline. The missing numbers of BNP levels and LVEF were not

small; thus, interpretation of Model 3 must be done carefully.

Hazard ratios (HR) and 95% confidence intervals (CI) were

calculated. All presented P-values were determined by two-sided

analysis, and a P-value of <0.05 was considered statistically

significant. P-values were presented without adjustment for

multiple comparisons in an exploratory manner. All data were

analyzed using SPSS ver. 28 for Windows (SPSS Inc., Chicago,

Illinois, USA).

3. Results

A total of 9,936 consecutive patients who underwent PCI

between April 2013 and March 2019 were enrolled in the

CLIDAS database. Of them, 5,138 patients with CCS after PCI

were analyzed. They were divided into a hyperuricemia group

(N = 1,724) and a non-hyperuricemia group (N = 3,414)

(Figure 1).

FIGURE 1

Study flow chart. PCI, percutaneous coronary intervention;

CLIDAS, Clinical Deep Data Accumulation System.

Table 1 shows the baseline characteristics and comparisons

of the hyperuricemia and non-hyperuricemia groups. For

the entire cohort, the median (IQR) age was 72 (65–78)

years, and 78.4% of the participants were men. Patient age

and sex were well-balanced between the two groups. The

prevalence of hypertension (87.0 vs. 81.7%), atrial fibrillation

(9.0 vs. 4.5%), history of coronary artery bypass grafting

(8.0 vs. 6.1%), history of hospitalization for heart failure

(14.7 vs. 5.6%), and baseline creatinine value [median (IQR),

1.06 (0.88–1.39) mg/dL vs. 0.85 (0.72–1.02) mg/dL] were

significantly higher in the hyperuricemia group than in the

non-hyperuricemia group. Conversely, the prevalence of DM

(43 vs. 48%) was significantly lower in the hyperuricemia

group than that in the non-hyperuricemia group. The median

BNP level in the hyperuricemia group [89 (35–282) pg/mL]

was higher than that in the non-hyperuricemia group [45

(21–122) pg/mL]. The LVEF was lower in the hyperuricemia

group than in the non-hyperuricemia group [60.0 (44.0–

67.3)% vs. 62.6 (53.4–69.0)%]. LM disease or 3VD were

more frequently observed in the hyperuricemia group than

in the non-hyperuricemia group (20.1 vs. 17.0%). Prescription

of beta-blockers, angiotensin-converting enzyme inhibitors

or angiotensin receptor blockers, diuretics, and statins was

significantly higher in the hyperuricemia group than in the non-

hyperuricemia group. The number of prescriptions of febuxostat

and allopurinol in the hyperuricemia group was 532 (30.9%) and

326 (18.9%), respectively.

The median follow-up duration was 910 days (307–1,479

days). During the follow-up period, there were 445 MACE,

381 all-cause deaths, 133 cardiovascular deaths, 85 myocardial

infarctions, and 295 hospitalizations for heart failure (Table 2).

The Kaplan–Meier curves for MACE are shown in Figure 2.

The incidence of MACE was significantly higher in the

hyperuricemia group than in the non-hyperuricemia group (log-

rank test; P < 0.001). The Kaplan–Meier curves for all-cause

death and each component of MACE are shown in Figure 3.

The incidence of all-cause death, cardiovascular death and

hospitalization for heart failure was significantly higher in the

hyperuricemia group than in the non-hyperuricemia group (log-

rank test; P < 0.001 for all of each). There was no significant

difference in the prevalence of myocardial infarction between

the two groups.

SUA levels were significantly different between men and

women. Therefore, we conducted additional sensitivity analyses

based on sex. The results of survival time analyses performed

separately for men and women were generally consistent,

except for cardiovascular death in women, which did not reach

significance (log-rank test; P = 0.211).

The Cox regression analysis results are presented in Table 3.

The hyperuricemia group was significantly associated with

increased MACE in Models 1, 2, and 3 (Model 1: HR, 1.52,

95% CI, 1.23–1.86, P < 0.001; Model 2: HR, 1.31, 95% CI,

1.06–1.62, P = 0.012; Model 3: HR, 1.33, 95% CI, 1.01–1.77,
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TABLE 1 Baseline characteristics between the hyperuricemia and non-hyperuricemia groups.

All
(n = 5,138)

Missing
data

Hyperuricemia
(n = 1,724)

Non-hyperuricemia
(n = 3,414)

P-value

Patient characteristics

Age, year, median (IQR) 72 (65–78) 0 72 (65–78) 71 (65–78) 0.42

Men, n (%) 4,029 (78.4) 0 1,351 (78.4) 2,678 (78.4) 0.95

Body mass index, kg/m2 , median (IQR) 23.8 (21.8–26.3) 54 (1.1) 24.4 (22.0–27.0) 23.6 (21.6–25.9) <0.001

Hypertension, n (%) 4,276 (83.5) 17 (0.3) 1,495 (87.0) 2,781 (81.7) <0.001

Dyslipidemia, n (%) 4,043 (79.0) 22 (0.4) 1,371 (79.8) 2,672 (78.6) 0.33

Diabetes mellitus, n (%) 2,379 (46.6) 31 (0.6) 744 (43.4) 1,635 (48.2) 0.001

Atrial fibrillation, n (%) 308 (6.0) 17 (0.3) 154 (9.0) 154 (4.5) 0.001

Chronic kidney disease, n (%) 2,518 (50.0) 104 (2.0) 1,188 (70.5) 1,330 (39.7) <0.001

Hemodialysis, n (%) 385 (7.5) 27 (0.5) 122 (7.1) 263 (7.7) 0.42

History of CABG, n (%) 345 (6.7) 20 (0.4) 138 (8.0) 207 (6.1) 0.009

History of PCI, n (%) 1,300 (25.4) 24 (0.5) 451 (26.3) 849 (25.0) 0.32

History of MI, n (%) 857 (16.8) 30 (0.6) 300 (17.5) 557 (16.4) 0.34

History of hospitalization for HF, n (%) 442 (8.6) 20 (0.4) 252 (14.7) 190 (5.6) <0.001

History of stroke, n (%) 626 (12.2) 25 (0.5) 228 (13.3) 398 (11.7) 0.10

Systolic blood pressure on admission,

mmHg, median (IQR)

127 (115–139) 86 (1.7) 126 (114–140) 127 (115–139) 0.47

Diastolic blood pressure on admission,

mmHg, median (IQR)

69 (61–78) 88 (1.7) 70 (60–78) 69 (61–78) 0.29

Laboratory data

Hemoglobin, g/dL, median (IQR) 12.8 (11.5–13.9) 0 12.5 (11.1–13.8) 12.9 (11.7–13.9) <0.001

Hemoglobin A1C, %, median (IQR) 6.2 (5.8–6.8) 233 (4.5) 6.1 (5.7–6.7) 6.2 (5.8–6.9) <0.001

Total cholesterol, mg/dL, median (IQR) 165.0 (144.0–186.0) 110 (2.1) 164.5 (143.0–185.5) 165.0 (144.5–186.3) 0.63

LDL cholesterol, mg/dL, median (IQR) 88.4 (71.8–107.2) 58 (1.1) 87.6 (71.1–106.7) 88.8 (71.9–107.5) 0.37

HDL cholesterol, mg/dL, median (IQR) 46.5 (39.0–55.7) 85 (1.7) 44.0 (37.5–53.0) 47.9 (40.0–57.0) <0.001

Triglyceride, mg/dL, median (IQR) 120.5 (88.0–169.0) 50 (1.0) 133.3 (94.3–188.0) 114.5 (85.2–160.0) <0.001

Creatinine, mg/dL, median (IQR) 0.91 (0.76–1.15) 107 (2.1) 1.06 (0.88–1.39) 0.85 (0.72–1.02) <0.001

eGFR, ml/min/1.73 m2 , median (IQR) 60.1 (45.9–72.2) 107 (2.1) 49.7 (36.6–62.6) 64.5 (53.2–75.5) <0.001

Uric acid, mg/dL, median (IQR) 5.7 (4.8–6.6) 0 7.0 (5.8–7.7) 5.3 (4.6–6.0) <0.001

BNP, pg/mL, median (IQR) 55 (24–170) 323 (6.3) 89 (35–282) 45 (21–122) <0.001

Echocardiographic finding (index −100 to 0 day)

LVEF, %, median (IQR) 61.9 (50.0–68.5) 2,451 (47.7) 60.0 (44.0–67.3) 62.6 (53.4–69.0) <0.001

Angiographic finding

LM disease or 3VD, n (%) 927 (18.0) 405 (7.9) 346 (20.1) 581 (17.0) 0.021

Prescription (index −10 to 10 day)

Beta-blockers, n (%) 2,868 (55.8) 0 1,099 (63.7) 1,769 (51.8) <0.001

ACE-inhibitors or ARBs, n (%) 2,997 (58.3) 0 1,189 (69.0) 1,808 (53.0) <0.001

Diuretics, n (%) 1,174 (22.8) 0 700 (40.6) 474 (13.9) <0.001

Statins, n (%) 3,955 (77.0) 0 1,395 (80.9) 2,560 (75.0) <0.001

(Continued)
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TABLE 1 (Continued)

All
(n = 5,138)

Missing
data

Hyperuricemia
(n = 1,724)

Non-hyperuricemia
(n = 3,414)

P-value

Febuxostat, n (%) 532 (10.4) 0 532 (30.9)

Allopurinol, n (%) 326 (6.3) 0 326 (18.9)

Benzbromarone, n (%) 65 (1.3) 0 65 (3.8)

Probenecid, n (%) 3 (0.05) 0 3 (0.1)

CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; MI, myocardial infarction; HF, heart failure; LDL, low-density lipoprotein; HDL, high-density

lipoprotein; eGFR, estimated glomerular filtration rate; BNP, B-type natriuretic peptide; LVEF, left ventricular ejection fraction; LM, left main; VD, vessel disease; ACE, angiotensin-

converting enzyme; ARB, angiotensin II receptor blocker; IQR, interquartile range.

TABLE 2 Clinical outcomes between the hyperuricemia and non-hyperuricemia groups.

All
(n = 5,138)

Hyperuricemia
(n = 1,724)

Non-hyperuricemia
(n = 3,414)

MACE, n (%) 445 (8.7) 226 (13.1) 219 (6.4)

All-cause death, n (%) 381 (7.4) 171 (9.9) 210 (6.2)

Cardiovascular death, n (%) 133 (2.6) 64 (3.7) 69 (2.0)

Myocardial infarction, n (%) 85 (1.7) 31 (1.8) 54 (1.6)

Hospitalization for heart failure, n (%) 295 (5.7) 173 (11.3) 122 (3.6)

MACE, major adverse cardiovascular events.

FIGURE 2

Kaplan–Meier curves for MACE between the hyperuricemia and

non-hyperuricemia groups. P-value were calculated using the

log-rank test. MACE, major adverse cardiac events.

P = 0.046). The hyperuricemia group was also significantly

associated with increased hospitalization for heart failure in

Models 1, 2, and 3 (Model 1: HR, 2.19, 95% CI, 1.69–2.83,

P < 0.001; Model 2: HR, 1.76, 95% CI, 1.35–2.29, P < 0.001;

Model 3: HR, 1.71, 95% CI, 1.21–2.41, P = 0.003). All-cause

death was significantly associated with hyperuricemia only

in model 1. Neither cardiovascular death nor myocardial

infarction were significantly associated with hyperuricemia

between the two groups after multiple adjustments

for covariates.

Since our results showed that hospitalization for heart

failure events have the greatest impact on MACE, we performed

additional sensitivity analyses in patients without a history of

heart failure (n = 4676). The incidence of hospitalization for

heart failure was significantly higher in the hyperuricemia group

than in the non-hyperuricemia group after multiple adjustments

(Model 1: HR, 2.14, 95% CI, 1.58–2.90, P < 0.001; Model 2:

HR, 1.68, 95% CI, 1.23–2.30, P = 0.001; Model 3: HR, 1.61,

95% CI, 1.06–2.44, P = 0.026) (Supplementary Figure 1 and

Supplementary Table 1).

4. Discussion

This large-scale, multicenter, observational cohort study

revealed that the hyperuricemic patients with CCS after PCI

had two times higher incidence of MACE than those without

hyperuricemia during a median follow-up of 910 days. Even

after multiple adjustments, hyperuricemia was independently

associated with higher risk for MACE (Model 1: HR, 1.52;

Model 2: HR, 1.31; Model 3: HR, 1.33). The sensitivity analyses

after multiple adjustments showed that hyperuricemia was

independently associated with increased hospitalization for

heart failure (Model 1: HR, 2.19; Model 2: HR, 1.76; Model

3: HR, 1.71), but not cardiovascular death and myocardial

infarction. These results suggest that hyperuricemia in patients

with CCS after PCI could be a risk predictor for MACE,

especially for heart failure.

The strengths of the study are that we adjusted many

confounding factors of SUA by multiple models. SUA is
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FIGURE 3

Kaplan–Meier curves for all-cause death and each component of MACE between the hyperuricemia and non-hyperuricemia groups.

Kaplan–Meier curves for all-cause death (A), cardiovascular death (B), myocardial infarction (C), and hospitalization for heart failure (D) between

the hyperuricemia and non-hyperuricemia groups. P-values were calculated using the log-rank test. MACE, major adverse cardiac events.

associated with many cardiovascular risk factors, including

age, sex, body mass index, eGFR, hypertension, DM, and

dyslipidemia, and we carefully adjusted these components.

Furthermore, diuretics, like thiazide and loop diuretics, increase

SUA by reducing urine urate excretion, and we adjusted

diuretic use in Model 2. The HR of MACE in Model 2

was less than that in Model 1 (1.31 vs. 1.52), which showed

that conducting analyses by multiple models is important to

remove the confounding factors associated with SUA. Even

after adjustments with diuretics use, every model showed that

hyperuricemia was independently associated with increased

MACE. Moreover, the HR of hospitalization for heart failure in

Model 2 was also lower than that in Model 1 (1.76 vs. 2.19),

which suggests that SUA and diuretics are associated with each

other during hospitalization for heart failure. Diuretic use is

recommended for managing heart failure based on guidelines

(24, 25). Our results suggests that we should take care of SUA

levels in use of diuretics for heart failure as a competing risk for

hospitalization for heart failure.

SUA levels were largely different between men and women,

and we conducted every analysis stratified by sex. The results

of survival time analyses showed that hyperuricemia was

independently associated with increased cardiovascular death

in men, but not in women. However, the HR in women were

similar with that in men, and both HRs were more than

1. Therefore, the difference could be due to the differences

in the number of patients. In fact, there were significant

differences both men and women in all-cause death, which has

a higher number of events than cardiovascular disease. The

number of women patients was less than one-third of that of

men patients. Previous studies reported that hyperuricemia in

women is more risk than that in men (13, 26). We consider

that the difference could be mainly due to less statistical power

in women.
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TABLE 3 Cox regression analysis predicting MACE, all-cause death, and components of MACE.

Composite endpoint Hazard ratio 95% confidence interval P-value

MACE

Non-hyperuricemia Reference

Unadjusted hyperuricemia 2.10 1.74–2.52 <0.001

Adjusted hyperuricemia (model 1) 1.52 1.23–1.86 <0.001

Adjusted hyperuricemia (model 2) 1.31 1.06–1.62 0.012

Adjusted hyperuricemia (model 3) 1.33 1.01–1.77 0.046

Component endpoints Hazard ratio 95% confidence interval P-value

All-cause death

Non-hyperuricemia Reference

Unadjusted hyperuricemia 1.60 1.31–1.96 <0.001

Adjusted hyperuricemia (model 1) 1.26 1.01–1.57 0.044

Adjusted hyperuricemia (model 2) 1.15 0.92–1.45 0.23

Adjusted hyperuricemia (model 3) 1.13 0.82–1.56 0.47

Cardiovascular death

Non-hyperuricemia Reference

Unadjusted hyperuricemia 1.83 1.30–2.57 <0.001

Adjusted hyperuricemia (model 1) 1.20 0.82–1.74 0.35

Adjusted hyperuricemia (model 2) 1.05 0.72–1.55 0.80

Adjusted hyperuricemia (model 3) 1.00 0.59–1.71 0.99

Myocardial infarction

Non-hyperuricemia Reference

Unadjusted hyperuricemia 1.13 0.73–1.76 0.58

Adjusted hyperuricemia (model 1) 0.83 0.51–1.33 0.44

Adjusted hyperuricemia (model 2) 0.87 0.53–1.41 0.56

Adjusted hyperuricemia (model 3) 0.89 0.45–1.76 0.74

Hospitalization for heart failure

Non-hyperuricemia Reference

Unadjusted hyperuricemia 2.89 2.29–3.65 <0.001

Adjusted hyperuricemia (model 1) 2.19 1.69–2.83 <0.001

Adjusted hyperuricemia (model 2) 1.76 1.35–2.29 <0.001

Adjusted hyperuricemia (model 3) 1.71 1.21–2.41 0.003

The Cox regression analysis was performed using the following covariates: Model 1 including age, sex, body mass index, eGFR, left main disease or three-vessel disease, hypertension,

diabetes mellitus, dyslipidemia, history of myocardial infarction, history of hospitalization for heart failure. Model 2 including covariates in Model 1 and diuretics use at baseline. Model

3 including covariates in Model 2, BNP levels and LVEF at baseline. BNP and LVEF were entered as the categorical variables (BNP ≥100 pg/mL or not, LVEF ≥50% or not, respectively).

MACE, major adverse cardiovascular events.

As several studies demonstrated, higher SUA levels were

associated with the incidence of cardiovascular events in

patients with CAD (9, 27–29). One multicenter, prospective

observational study reported that elevated SUA level was

an independent predictor of cardiovascular events and all-

cause mortality in patients who had coronary artery stenosis

≥75% by coronary angiography in at least one branch of

the coronary arteries (9). During the 3-years follow-up, the

HR for all events, defined as cardiovascular events and all-

cause mortality, was 1.25 (95% CI, 1.07–1.45) in the highest

SUA quartile (SUA ≥6.8 mg/dL) after adjusting for covariates.

Although these components of the composite endpoint were
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slightly different from those in our study, elevated SUA levels

were consistently associated with increased adverse events.

However, some previous studies demonstrated that increased

SUA levels were not significantly associated with a higher rate

of cardiovascular mortality in patients with CAD (30, 31). One

prospective observational study from the Stable Coronary Artery

Diseases Registry (START) registry in Italy reported that high

SUA levels did not significantly influence 1-year cardiovascular

events in patients with CCS with or without PCI (30). Contrary

to our findings, the START registry showed no relationship

between SUA levels and cardiovascular events. The above

discordance may be due to the fact that the follow-up period

in the START registry (1 year) was shorter than our follow-up

period (median 910 days). In fact, the highest SUA tertile group

(SUA ≥6.23 mg/dL) tended to have an increased incidence of

MACE, including cardiovascular death and hospitalization for

myocardial infarction, heart failure, angina, or revascularization,

suggesting that a longer follow-up period might have revealed a

significant relationship between increased SUA levels andMACE

in the START registry (30).

We should discuss why MACE, especially hospitalization

for heart failure, increased in the hyperuricemia group

compared with the non-hyperuricemia group. Our results

revealed that the presence of hyperuricemia during PCI

procedures in patients with CCS after PCI was an independent

predictor of hospitalization for heart failure, whereas there

was no independent relationship between hyperuricemia

and cardiovascular events, including cardiovascular death

and myocardial infarction. Additionally, we performed

sensitivity analyses to determine whether hyperuricemia

affects hospitalization for heart failure in patients without a

history of heart failure (n = 4676), and the results showed that

hyperuricemia was still associated with hospitalization for heart

failure after multiple adjustments (Supplementary Table 1).

It has been reported that uric acid metabolism plays an

important role in the development of cardiovascular disease,

especially in the early stages of cardiovascular disease (32).

In the CARDIA study, a cohort of young subjects showed

that the elevation of SUA levels might be a biomarker for

early atherosclerosis, as assessed by coronary artery calcified

plaque and carotid intima-media thickness (33). A recent study

using dual-energy computed tomography detected coronary

monosodium uric acid crystal deposition in gout patients (34).

However, some studies showed that higher SUA levels were not

significantly linked to a higher rate of cardiovascular mortality

in CAD patients. These findings suggest that hyperuricemia

may contribute to CAD progression in the early stages of

atherosclerosis. Despite these findings, our results showed

no statistically significant difference in myocardial infarction

between the two groups, suggesting that hyperuricemia may

contribute to heart failure events more than atherosclerotic

disease progression in patients with CCS after PCI. Even

after adding covariates such as diuretic use at baseline, BNP

level, and LVEF at baseline, hyperuricemia was consistently

associated with MACE and hospitalization for heart failure.

One meta-analysis reported that every 1 mg/dL increase in

SUA increases the risk of developing heart failure by 19% (HR

1.19, 95% CI 1.17–1.21) (35). Moreover, some retrospective

observational studies have shown that elevated SUA levels are

associated with a higher risk of heart failure in patients with

CAD (36, 37). The mechanism by which uric acid influences

the development of heart failure is thought to be the result of

oxidative stress caused by xanthine oxidase-derived elevated

uric acid and reactive oxygen species (38). Other factors, such

as the renin-angiotensin-aldosterone system and the use of

diuretics (39), have not been fully elucidated.

The clinical implications of this study are as follows. We

revealed that the presence of hyperuricemia in patients with

CCS after PCI was associated with increased MACE, especially

hospitalization for heart failure. Some recent clinical guidelines

have shown that urate-lowering drugs may be associated with

a reduction in the risk of cardiovascular events in patients

with hyperuricemia and gout (40); however, it remains unclear

whether urate-lowering drugs could prevent the subsequent

development of cardiovascular disease among CCS patients.

The results of two randomized controlled trials on the effects

of the urate-lowering drugs oxypurinol (41) and allopurinol

(42) on cardiovascular events in patients with symptomatic

heart failure and reduced LVEF did not show improved clinical

status. Although not significant, taking allopurinol tended to

reduce hospitalization for heart failure in the EXACT-HF study

(42). Considering these results and our results, future studies

are warranted to determine whether urate-lowering therapy in

patients with CCS after PCI can reduce cardiovascular events,

including hospitalization for heart failure.

4.1. Limitations

This study had some limitations that need to be addressed.

First, because this was a retrospective observation study, we

could not show the causal relationship between hyperuricemia

and MACE. Further clinical trials are needed whether urate

lowering treatment for hyperuricemia could reduce MACE or

not. Moreover, this study has a possibility of selection bias.

To reduce the selection bias, this study included all patients

over the study period from seven hospitals. Second, due to the

missing echocardiographic data and BNP values, these were

analyzed separately in the multivariable analysis, which might

lead to biased results. To address this problem, we created

several models using a multivariable analysis. The results of the

three models showed the same direction, and we believe that

the results were reliable. Additionally, our results in Table 3

showed that hyperuricemia was significantly associated with

hospitalization for heart failure, and not any other components

of MACE. It is crucial to take into account echocardiographic
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results, such as LVEF. We performed sensitivity analyses of

only those evaluated for LVEF (n = 2,687), and the trend of

the results did not differ from that of the overall population

(log-rank test for MACE, P < 0.001; that for cardiovascular

death, P = 0.005; that for myocardial infarction, P = 0.489;

that for heart failure, P < 0.001). Third, our database does not

contain information about the history of gout; therefore, we

have a mix of symptomatic and asymptomatic hyperuricemia

patients. Although patients taking urate-lowering drugs may

have a history of gout, survival time analysis of MACE in

the hyperuricemia group according to the presence or absence

of urate-lowering drugs showed no significant difference (log-

rank test; P = 0.232). Fourth, in this study, all baseline

laboratory data were calculated as the average values from 60

days before the index PCI to 30 days after the procedure,

and it had time gap between the sample collection and the

index PCI procedure. Therefore, the time gap could cause

the associations significantly impacted. However, it is also

important to increase the acquisition rate of laboratory data

values, and this study adopted this methodology. Fifth, the

definition of LM disease generally used a significant stenosis

as ≥50% for LM. In our study, we used the definition

of LM disease as ≥75% for LM when making the study

protocol following the previous study (43). We have to take

account for the difference of the definition of LM disease

between our study and most international studies. Sixth,

this study could not get the information of food, alcohol

and fructose intake. SUA levels are affected by alcohol and

fructose consumption. It is a limitation in a nature of this

retrospective study.

5. Conclusion

The CLIDAS study showed that hyperuricemia was

associated with an increased risk of MACE, especially increased

hospitalization for heart failure, in patients with CCS after PCI.

Further intervention studies are needed to determine whether

urate-lowering treatment could prevent MACE in patients

with CCS.
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Drug-coated balloon therapy is
more effective in treating late
drug-eluting stent in-stent
restenosis than the early occurring
one—a systematic review and
meta-analysis
Péter Kulyassa1,2, Marie Anne Engh2, Péter Vámosi1,2,
Péter Fehérvári1,2,3, Péter Hegyi2, Béla Merkely1 and
István Ferenc Édes1*
1Heart and Vascular Center, Department of Cardiology, Semmelweis University, Budapest, Hungary,
2Centre for Translational Medicine, Semmelweis University, Budapest, Hungary, 3Department of
Biomathematics and Informatics, University of Veterinary Medicine, Budapest, Hungary

Drug-eluting stent in-stent restenosis (DES-ISR) remains one of the important
assignments to be resolved in interventional cardiology, as it is present in 5%–10%
of total percutaneous coronary intervention cases. Drug-coated balloon (DCB)
utilization is promising, as it comes with long-term protection from recurrent
restenosis in optimal conditions without the hazard of higher risk for stent
thrombosis and in-stent restenosis. We aim to reduce the need for recurrent
revascularization in DES-ISR, specifying the population in which the DCB therapy
should be used. In this meta-analysis, the results of studies containing data on the
time frame between drug-eluting stent implantation and the clinical presentation
of in-stent restenosis and concomitant drug-coated balloon treatment were
summarized. A systematic search was performed in Medline, Central, Web of
Science, Scopus and Embase databases on November 11th, 2021. The QUIPS tool
was used to assess the risk of bias in the included studies. The occurrence of a
major cardiac adverse events (MACE) composite endpoint, containing target lesion
revascularization (TLR), myocardial infarction, and cardiac death, and each of these
separately, was assessed at 12 months after the balloon treatment. Random effects
meta-analysis models were used for statistical analysis. Data of 882 patients from
four studies were analyzed. Across the included studies, a 1.68 OR (CI 1.57–1.80,
p < 0.01) for MACE and a 1.69 OR (CI 1.18–2.42 p < 0.01) for TLR were observed,
both in favor of late DES-ISR. The main limitation of the study is the relatively low
patient number. Nevertheless, this analysis shows the first statistically significant
results for the effect of DCB treatment in the early or late presentation of DES-ISR.
As to date, intravascular imaging (IVI) remains limitedly accessible, other landmarks
as the time frame of in-stent restenosis development are to be pursued to
advance therapeutic outcomes. In consideration of other biological, technical and
mechanical factors, time frame of occurrence as a prognostic factor could reduce
the burden of recurrent revascularization in patients at an already high risk.
Systematic Review Registration: identifier [CRD42021286262].
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in-stent restenois, drug coated balloon, drug eluting stent, recurrent revascularization,

neointima proliferation, neoatherosclerosis
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1. Introduction

Coronary heart disease affects approximately 126 million

people worldwide (1). Alongside the preventive approach and

medication-based treatment, in the event of hemodynamically

significant stenosis of the epicardial vessels, percutaneous

coronary intervention (PCI) is performed with drug-eluting stent

(DES) implantation. The applied invasive proceedings are

intended to reduce symptoms and/or improve prognosis.

Although the eluted drug inhibiting cell proliferation is added on

purpose to prevent in-stent restenosis from developing (ISR),

DES-ISR is still observed in 5%–10% of total procedures based

on implanted stent characteristics (2).

A variety of underlying pathophysiological processes can

contribute to the development of ISR. Mechanical and technical

factors include stent underexpansion prone to vessel calcification

or multiple stent layers, stent fracture, stent undersizing, and

geographic miss. Biological mechanisms of ISR mainly include

neointimal hyperplasia and neoatherosclerosis (3–5). These may

coexist; therefore, all possible factors should be identified and

addressed properly. Neointimal hyperplasia is the intimal

accumulation of smooth muscle cells and extracellular matrix.

Neoatherosclerosis is characterized by an accumulation of lipid-

laden foamy macrophages, with possible but not mandatory

necrotic core formation, and neointima calcification (6, 7).

Neoatherosclerosis with calcified parts can be challenging to

manage, and this finding may rightly influence decisions

regarding percutaneous intervention (8, 9).

Different types of DES-ISR (focal in-stent, focal peri-stent,

and diffuse) may require a peculiar palette of treatment devices

to attain optimal results. Some severely calcified lesions require

thorough lesion preparation by cutting or scoring balloons, by

rotational atherectomy or by intravascular lithotripsy. Two

main treatment strategies emerged with favorable long-term

outcomes in previous studies. Currently, the implantation of a

new layer of DES appears to be a mildly superior option, yet it

yields an elevated risk of acute stent closure, and stent

thrombosis (10). Drug-coated balloon (DCB) therapy is a

relatively novel modality, which, in addition to having about

the same results as DES treatment, does not come with an

elevated risk of such serious events. A recent publication

suggests that tailored antiplatelet therapy is reducing the

burden of recurrent revascularization after DES implantation.

Besides the proven, there is a supposed additional clinical

benefit of stronger agents when low bleeding risk is paired with

low ischaemic risk (11).

The time course of DES-ISR after the index procedure

appears to be dependent on the underlying stent type, and this

may have relevance when patient follow-up is planned after

coronary stent implantation. While bare metal stent (BMS) ISR

was recognized to peak within the first six months after stent

implantation, the incidence of DES-ISR appears to continue to

increase steadily as a result of different mechanisms, including

accelerated neoatherosclerosis, for several years (7, 12–14).
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The changes of stent technologies led over the years to

substantial changes in ISR pathomorphosis in comparison to

the BMS era. The qualitative and quantitative representation of

the three main components of ISR (neoatherosclerosis,

VSMC, extracellular matrix) has changed since newer-

generation DES ISR is often hypocellular and proteoglycan-

rich, while in BMS-ISR VSMCs are predominantly present with

a moderate proteoglycan content. Neoatherosclerosis is

accelerated with first-generation DES, rare with BMS, and

habitually develop over the long term with newer-generation

DES, more often observed after one year. Late lumen loss with

BMS often reaches a peak 6 to 8 months after implantation

and then declines. Concerning DES, there is a slow and

progressive neointimal buildup through 5 years following

implantation.

One year from the index procedure is considered as a

defining point to differentiate between early and late DES-ISR

(15–17). It is based on OCT studies, where morphological

findings differed between early and late (>1 year) second-

generation DES ISR. Early ISR is more often associated with

stent underexpansion and neointimal hyperplasia, while

neoatherosclerosis prevails in late ISR (18). In a recently

published study, neoatherosclerosis was the prevalent

mechanism of ISR, with incidence ranging from 20% at 1 to 3

years and reaching above 70% at 7 years (19).

There are limited data showing that treatment with DCB might

not be as effective in early DES-ISR (developing in <12 months) as

in late DES-ISR (developing in >12 months) (20). As the current

available literature takes the effect of time needed to develop in-

stent restenosis only partially into consideration, there is a

knowledge gap regarding this matter. The clinical relevance of

measuring the time rather than performing IVI based

revascularization is a question still waiting to be addressed.

However, currently these additional proceedings of plaque

visualization are more than doubling the costs of a PCI and are

not accessible in most countries. The use of the target stent age

could be an important measure determining the modality chosen

in recurrent revascularization, and it could lead to a reduced

burden of adverse events and possible accompanying

complications. The timing of DES-ISR presentation could

foreshadow a more aggressive nature of the vascular disease;

nevertheless, it is not known whether early or late plaques would

have better outcomes after DCB treatment. In late DES-ISR cases

where neoatherosclerosis is commonly observed, progressively

developing calcification is more prone to be present. It could lead

to the attenuation of long-term lumen patency after recurrent

revascularization (15, 17, 21).

Our hypothesis was that DCB is more effective in late DES-ISR

than in the early one. The question to answer in this meta-analysis

is whether or not the timing of DES-ISR (early vs. late) affects the

outcomes of DCB treatment. We aim to reduce the need for

recurrent revascularization in DES-ISR, specifying the population

in which the DCB therapy should be used. We assessed the

available literature and summarized quantified results.
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2. Methods

2.1. Search strategy and selection criteria

This systematic review is being reported in accordance with the

PRISMA (Preferred Reporting Items for Systematic Review and

Meta-Analyses) 2020 guideline (22). A systematic search was

performed in five databases on November 11th, 2021, and

altogether 832 articles were found. The databases included

Medline (181), Central (117), Web of Science (214), and Scopus

(192), with the search key: (early OR late) AND (in-stent

restenosis OR ISR) AND (drug coated balloon OR DCB OR

paclitaxel coated balloon OR PCB OR sirolimus coated balloon

OR SCB) and Embase (128) with the search key: (early OR late)

AND (“in-stent restenosis” OR ISR) AND (“drug coated balloon”

OR DCB OR “paclitaxel coated balloon” OR PCB OR “sirolimus

coated balloon” OR SCB). Studies examining cases of DES-ISR

and DCB as treatment modality were eligible for the analysis. The

time frame between DES implantation and DCB treatment was

needed to determine DES-ISR presentation timing. In the absence

of the latter, requests were sent to the authors for patient level

data. Data pools containing the treatment of lesions with

modalities other than DCB were not excluded when separate

group analysis and detailed patient characteristics were disclosed.

Two independent reviewers assessed the available articles. The

citations were managed in Endnote ×9 by Clarivate Analytics.

After automatic and consecutive manual duplicate removal, the

selection was done in a two-stage process (Title-abstract, Full-text).

Cohen’s kappa coefficient (κ) was calculated after each selection

step for inter-reviewer reliability measurement (23). Disagreements

were resolved by a third author. The data were collected from the

full-text articles and conference abstracts by two independent

reviewers systematically with the use of pre-planned data

extraction tables. These were constructed under the surveillance of

our statistical team and with the consent of all authors of this article.
2.2. Outcomes and extraction

Primary and secondary outcomes were defined. All outcomes

were searched for in all published articles conformant with our

selection criteria. Insufficient or compromised data were not

included in the analysis. The primary outcome was the major

adverse cardiac event (MACE), which includes three

subcomponents: target lesion revascularization (TLR), cardiac death

(CD), and myocardial infarction (MI). These outcomes were also

examined separately. The secondary endpoints were target lesion

thrombosis, target vessel revascularization, and late lumen loss,

which were not found in any of the articles. General patient

characteristics like age, sex, smoking status, and medical

comorbidities like hypertension, diabetes mellitus, dyslipidemia,

chronic kidney disease, and earlier cardiovascular events were

registered if available. There were no assumptions made for missing

values from accessible data. Subgroup analysis was planned to be

performed if at least three studies are present in a given subgroup.
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2.3. Risk of bias assessment

Two independent authors assessed the risk of bias of the included

trials separately. The QUIPS tool was used as an assessment guide for

prognostic studies. It investigates six domains: study participation,

study attrition, prognostic factor measurement, outcome

measurement, study confounding, and statistical analysis and

reporting (24). The disagreements in assessment grades between

the studies were resolved by consensus of the two authors. There

was no automation used in the process.
2.4. Statistical analyses

The odds ratio with 95% CI was used for the effect measure; to

calculate the odds ratio, the total number of patients in each group,

and those with the event of interest were extracted from each study.

Raw data from the selected studies were pooled using a random

effects model with the Mantel-Haenszel method and the Hartung-

Knapp adjustment (25, 26). To estimate τ2 the Paule-Mandel

method was utilized together with the Q profile method to calculate

the confidence interval of τ2 (27, 28). For publication bias evaluation,

a funnel plot of the logarithm of effect size and comparison with the

standard error for each trial was used. Statistical heterogeneity across

trials was assessed by means of Cochrane Q test, and the I2 values

(29). Outlier and influence analyses were carried out in light of the

recommendations of Harrer et al. (28) and Viechtbauer and Cheung

(30). Publication bias was visually assessed with a funnel plot, as the

number of studies was low for all outcomes.
3. Results

3.1. Selection of articles

There were 832 studies in the initial search, four of which were

selected for full-text review. All four articles were included in

further inquiries. The PRISMA flow diagram of the systematic

search and the selection process can be seen in Figure 1 (31).
3.2. Major cardiovascular adverse events

In the meta-analysis, the MACE OR was 1.68 (CI 1.57–1.80,

p < 0.01) in the early vs. late DES-ISR group. This outcome was

identified in two studies (20, 32). In connection with MACE, one

study (20) compared early DES-ISR patients with late DES-ISR

patients and found that the former group showed a significantly

higher risk (25.9% vs. 17.0%; p = 0.04) 12 months after DCB

treatment, OR was 1.68 (CI 0.99–2.86). According to one study

(32) the incidence of MACE in the early DES-ISR group 12

months after DCB treatment was 5 and in the late DES-ISR

group 16 (23.8% vs. 15.8%; P < 0.01), the OR was 1.66 (CI 0.53–

5.18) 12 months after DCB treatment. The summary of the

results can be seen in Figure 2.
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FIGURE 1

Flow diagram of systematic search and article selection.
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3.3. Target lesion revascularization

When TLR was assessed across the included studies, a 1.69 OR

(CI 1.18–2.42, p < 0.01) was observed. TLR was found in three

studies. In one (20), TLR was 47 (24.0) in the early DES-ISR

group and 24 (15.7) in the late DES-ISR group 12 months after

DCB treatment, giving an OR of 1.66 (CI 0.96–2.78). In 187 ISR

cases in the study by Sato et al. (33), the overall TLR rate was

0.33 (128), which distributed as 0.40 (88) in the early and 0.16

(30) in the late DES-ISR group at a median of 12 months after

DCB treatment, the OR was 1.77 (CI 0.94–3.36). Kuramitsu et al.
Frontiers in Cardiovascular Medicine 04205206
(34) found that the TLR rate was significantly higher in the early

ISR group than in the late ISR group (30.0% vs. 18.3%, p =

0.035) 12 months after DCB treatment, which resulted in an OR

of 1.63 (CI 0.78–3.37). The one-year outcomes from the

Kuramitsu study were extracted from the figure “cumulative

incidence of TLR after DCB” in the abstract with the use of Web

Plot Digitizer (35). The TLR endpoint in one study (32) was not

fit for data extraction using this method, as the figure and the

numbers showed ambiguity. Based on this, the author group

decided not to include this study in the statistical analysis. The

summary of the results can be seen in Figure 3.
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FIGURE 2

Forest plot of major cardiac adverse events (MACE).

FIGURE 3

Forest plot of target lesion revascularization (TLR).
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3.4. Cardiac death

One paper reported (20) three (1.5%) cardiac deaths in the

early DES-ISR group and none in the late (p = 0.82). In another

(32) there were no cardiac deaths in either of the groups. In the

studies by Sato et al. and Kuramitsu et al. there was no

information disclosed on the matter.
3.5. Myocardial infarction

In one study there were six (3.0%) myocardial infarctions in the

early and two (1.3%) in the late DES-ISR group (p = 0.29). In one

other (32), data were not extractable for one year. In the studies by

Sato et al. and Kuramitsu et al. there were no data published for

this outcome.
3.6. Target lesion thrombosis

In Koch et al. (20), the rate of target lesion thrombosis was low.

There was one event in the early DES-ISR group (0.5%) and no

events in the late DES-ISR group (0.0%, p = 0.90). In the studies

by Lee et al. (32) and Sato et al. (33) there were no data

published about the outcome. Kuramitsu et al. (34) had low

event numbers (3.3% in early DES-ISR vs. 0.8% in late DES-ISR

group, p = 0.20) in two years; however, the one-year data were

not extractable from the text, and no graphs were available on

this outcome either.
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3.7. Target vessel revascularization

There were no data disclosed in the included studies about this

outcome. No further data were provided on this subject by the

contacted authors.
3.8. Late lumen loss

There were no data disclosed in the included studies about this

outcome. No further data were provided by the contacted authors

on this subject.
3.9. Subgroup analysis

There were not enough number of studies as planned in the

protocol for subgroup analysis, therefore it was not performed.
3.10. Summary of included articles

Sato et al. included 187 patients who encountered ISR after the

implantation of second-generation DES. Their patients received

target lesion revascularization (TLR) with DCB angioplasty. They

received coronary angiography after a median of one-year of

follow-up or symptomatic reasons. Some of the patients

encountered recurrent ISR and received further TLR. As the

primary endpoint, the recurrent TLR was assessed. The cutoff
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between early and late ISR was determined by Receiver Operating

Characteristic curve (n = 131). The early ISR group had ISR within

1.6 years, the late ISR group (n = 56) had the occurrence at more

than 1.6 years after the index procedure.

Lee et al. included 122 patients (122 ISR lesions), treated with

DCB under optical coherence tomography (OCT) examination

before and after DCB, and categorized ISR (<12 months; E-

ISR; n = 21) and late ISR (≥12 months; L-ISR; n = 101).

Associations between OCT-based neointima characteristics and

the period of ISR and also clinical outcomes after DCB were

evaluated. Major adverse cardiac events (MACE) were a

composite of cardiac death, non-fatal myocardial infarction, or

target lesion revascularization (TLR). Although the data for

MACE could be seen in the graphical interpretation for one

year of follow-up, the presented numbers and the figure could

not be definitively determined; therefore, it was not included in

that outcome.

Koch et al. published a pooled analysis including patients with

DES-ISR assigned to treatment with DCB in the setting of the ISAR

DESIRE 3 and 4 trials. According to the time of ISR occurrence

after DES implantation clinical outcomes were evaluated, in

patients presenting with early (≤12 months) vs. late DES-ISR

(>12 months) undergoing treatment with DCB. The primary

endpoint of this analysis was major adverse cardiac event

(MACE), defined as the combined incidence of death, myocardial

infarction and target lesion revascularization (TLR) 12 months

after DCB treatment. Secondary endpoints included the incidence

of death, myocardial infarction, TLR and target lesion

thrombosis 12 months after DCB treatment. The analysis

included 352 patients, 199 patients presented with early-ISR, 153

patients with late-ISR.

Kuramitsu et al. disclosed the results of a total of 239

consecutive patients with 291 ISR lesions after newer-

generation DES were treated with DCB. According to the

timing of ISR, patients were divided into the two groups: early

ISR group (<1 year after the index procedure, n = 103) and

late ISR group (≥1 year after the index procedure, n = 136).

The cumulative incidence of TLR and stent thrombosis (ST)

within the first two years after DES implantation were

assessed. No significant differences in baseline patient and

lesion characteristics were found in the early and late ISR

groups except for a higher prevalence of hemodialysis in the

early ISR group (33.0% vs. 15.4%, p = 0.002). Patient,

intervention and outcome characteristics are summarized in

Table 1.
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3.11. Risk of bias and heterogeneity
assessment

The overall risk of bias was low in two studies and moderate in

the other two. The assessment is summarized in Figure 4. The

included full-text articles discussed patient characteristics. As

patient and publication numbers were limited, no further

heterogeneity assessment was performed.
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FIGURE 4

Risk of bias assessment across included studies.
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4. Discussion

4.1. Main findings

This meta-analysis is the first of its kind to assess the effect of

the early or late presentation of DES-ISR, done here on the basis of

four trials. In the early DES-ISR population treated with DCB, the

risk of having repeated revascularization on the given artery

segment is 69% higher than in late DES-ISR. Patients presenting

with early DES-ISR had 68% higher chance of suffering

myocardial infarction, cardiac death or having repeated

revascularization compared to patients presenting with late DES-

ISR for DCB treatment.

For the TLR outcome, the events were assessed differently in

the trials. In the study by Sato et al., at median one year, a

repeated coronary angiography was performed. The authors did

not disclose any further details on the timing of the coronary

patency reassessment. In the study by Koch et al. a one-year

follow-up was allowed, and if symptoms occurred, repeated

coronary angiography and revascularization were performed

based on the current guidelines of ISR revascularization. Lee

et al. and Kuramitsu et al. followed the same process based on

the available data, but with extended follow-up time. However,

the precise event count at one year follow-up could be extracted

only from the article by Kuramitsu et al. but not from that by

Lee et al. as discussed earlier. Further patient characteristics

assessment was not possible based on the low number of

included trials. This enhances the possibility of confounding bias

present in the outcomes. The reporting bias was medium to low

in the included studies. The certainty of proper outcome

measurement is high as the nature of the observed outcomes is

principally clinically driven. There are no earlier data on this

subject, as DES-ISR is observed to have a relatively low

frequency after initial revascularization.

It is worth mentioning that Sato et al. found on the basis of a

multi-variable analysis that late ISR (Hazard ratio: HR 0.44, 95% CI
Frontiers in Cardiovascular Medicine 07208209
0.29–0.67, p < 0.001), and restenosis type of Mehran Ic (focal

restenosis) (HR 0.57, 95% CI 0.34–0.97, p = 0.04) were the

independent factors related to the recurrent TLR. According to

Kuramitsu et al., hemodialysis (hazard ratio [HR] 3.03, 95%

confidence intervals [CI]: 1.68–5.38, p < 0.001) and diffuse ISR

pattern (HR 2.39, 95% CI: 1.34–4.19, p = 0.004) were predictors

of TLR. In a multivariate analysis by Koch et al. including

diabetic status, clinical presentation, previous coronary bypass

graft, and diameter stenosis after DCB-treatment, the adjusted

hazard ratio showed significantly higher risk for MACE of early

DES-ISR as compared to late DES-ISR (HRadj = 1.8, [95% CI =

1.1–3.0], p = .02). These observations are parallel with the theory

that the simpler and the later presenting subtypes of ISR by

patients with less cardiovascular risk are prone to appear with

better outcomes after recurrent revascularization whereas stent

thrombosis rate did not significantly differ between groups (3.3%

vs. 0.8%, p = 0.20) (36).
4.2. In-stent restenosis characteristics

ISR develops in two distinct, but often mixed histopathological

forms. Neointimal hyperplasia is characterized by the migration

and proliferation of vascular smooth muscle cells (37). The

forming of a novel fibroatheroma within the stent struts, also

called neoatherosclerosis, is a longer-term process, promoting late

DES-ISR and very late stent thrombosis (38). It is characterised

by an accumulation of lipid-laden foamy macrophages, potential

calcification within the neointima with or without necrotic core

formation (6). Neoatherosclerotic ISR appears to develop in

tandem with native atherosclerotic disease progression. Is

suggests similar underlying pathomechanisms, but in

comparison, neoatherosclerosis demonstrates an accelerated

course to de novo atherosclerotic CAD (39).

The ISR IVI appearance is most likely representative of the

underlying histopathology. A homogenous tissue appearance on
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1062130
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Kulyassa et al. 10.3389/fcvm.2023.1062130
OCT has been shown to correspond to neointima and fibrous

connective tissue as a result of smooth muscle cell proliferation.

Conversely, heterogenous tissue patterns are associated with

increased display of fibrin depositions and loose connective tissue

(40). In DES ISR, different types of heterogenous patterns are

observed, which seem to gradually change in time. In an

observational OCT study thin cap fibroatheroma-like pattern

image and intra-intima microvessels were increasing from the

early to the late phase, the speckled pattern image rarefacted

from the early to the late phase (16).

BMS-ISR and different generations of DES-ISR shows

different histopathological and IVI characteristics. BMS-ISR is

characterized by homogeneous tissue rich in smooth muscle

cells, whereas DES restenosis is more often hypocellular and

proteoglycan-rich. A key determining factor in the difference

in OCT findings observed between BMS-ISR and DES-ISR

appears to be the timing of the ISR progression. As studies

pointed out, neoatherosclerosis is more likely to be present in

the setting of DES implantation, where the released anti-

proliferative agents delay vascular healing, promoting the

formation of atheromas (36). In a human pathological study

which examined first generation DES, neoatherosclerosis

occured more frequent and earlier in DES compared to

BMS (38).

Studies also suggest a different time course and different

morphological characteristics in first and second generation DES.

A human autopsy study found that second generation DES

demonstrated greater strut coverage with less inflammation, less

fibrin deposition compared to first generation DES. Nevertheless,

the observed frequencies of neoatherosclerosis in the two groups

were comparable (41). An OCT-driven observational study found

that in second generation DES a heterogeneous pattern was

prevalent both before and after 1 year. Neoatherosclerosis was

more common in the early period in first generation DES, but

after one year, was more prevalent in second generation DES

(17). It has been also demonstrated that OCT findings suggestive

of neoatherosclerosis seem less common in early DES-ISR than

in late DES-ISR (15, 17, 42).
4.3. Clinical implications

According to Lee et al. the incidence of MACE was

significantly higher for lesions with a heterogeneous than with

a non-heterogeneous neointima (43.7% vs. 19.6%; P = 0.018),

but it was not significantly associated with neoatherosclerosis

(33.4% vs. 18.4%; P = 0.168). This parallels the findings of this

meta-analysis that early presenting DES-ISR tends to display

heterogenous tissue characteristics on IVI and is more resistant

to recurrent revascularization with DCB (32). Expert consensus

and guidelines recommend (Class IIa, Level B) the use of IVI

to assess ISR (43, 44). However, it is still not accessible for all-

case utilization based mainly on financial reasons. If IVI is not

available in the decision making, after consideration of the

earlier described mechanisms of DES-ISR, all gathered
Frontiers in Cardiovascular Medicine 08209210
information should be used to tailor the chosen therapeutic

approach.

The presence of a metal scaffold brings some additional

considerations compared with de novo disease, and persistent

issues leading to the original stent failure may need to be

identified and addressed to avoid recurrence. It is important to

note that in the setting of ISR, the following need of repeated

revascularization will be impacted by not only the choice of

treatment modality but also by extrinsic mechanical factors. A

significant proportion of ISR lesions is associated with stent

underexpansion, which may itself be secondary to vessel

calcification. In addition, calcified neoatherosclerotic ISR can also

result in specific challenges with respect to achieving a maximal

acute gain.
4.4. Strengths and limitations

The results show the first statistically significant evidence that

the early presentation of DES-ISR may predict worse outcomes

after DCB revascularization. The results show a marked

difference between the two groups despite the relatively low

study and patient number. A significant proportion of aligned

patient data is missing. This is a considerable limitation for the

implementation of the results of this analysis, also shedding light

on the need for further research on this subject. With the

currently used generation of DES, there is limited evidence of

long-term results. It is important to consider that the incidence

of ISR may also be dependent on the nature of the follow-up,

with increased identification of “silent” ISR in patients who have

undergone a stent implantation and are reassessed without the

presence of recurring symptoms. The different time frames used

to determine early and late DES-ISR are considered a minor

limitation of the meta-analysis, given the tendency for worse

outcomes by developing DES-ISR earlier. There are no data on

the different types of the second-generation DES involved in the

study.
4.5. Conclusion

The age of the implanted stent could be an important

prognostic factor in the case of DES-ISR. If other biological,

technical, and mechanical factors are taken into consideration,

it may assist the optimal choice of a treatment device in this

patient population at high risk for more repeated

revascularization. In order to verify this hypothesis, more

clinical trials in randomized fashion are needed to be carried

out on this subject. If IVI is available and the clinical scenario

allows its use, then that is the preferable method for guiding

therapy of ISR lesions. However, it remains limited in

accessibility, and other relevant information regarding lesion

characteristics seems worth pursuing. Therefore, further data

collection on DES-ISR presentation timing and its effects on

outcomes is also required.
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