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Editorial on the Research Topic
Current trends and approaches in the comprehensive evaluation of
coronary artery disease
Coronary artery disease (CAD) continues to be a significant cause of mortality worldwide in

the field of chronic degenerative diseases. For this reason, any attempt aimed to

understanding its pathophysiologic basis, proper management, and therapy is worthy of

efforts in order to improve both diagnosis and treatment outcomes. The present focused

issue of Frontiers in Cardiovascular Medicine aims to provide an insight on the current

evaluation of CAD by compiling the latest and most up-to-date research studies. The

included papers can be broadly categorized as follows: (a) studies pertaining to molecules

and biomarkers associated with CAD that are useful for an early diagnosis and

understanding of its pathophysiology; (b) studies examining the prognostic factors capable

of predicting clinical outcomes; and (c) practical clinical studies focusing on treatment

methods such as drugs and percutaneous interventions.

Among the initial set of papers, Sun et al. explored the relationships between plasma

Vitamin B5 and CAD, suggesting that plasma vitamin B5 has an L-shaped relationship

with CAD, with a threshold at approximately 40.95 ng/ml. Intriguingly, the observed

association was influenced by smoking. Zhang et al. reviewed the role of suppression of

tumorigenicity 2 (ST2), a member of the interleukin 1 (IL-1) receptor family, and

formally known as interleukin 1 receptor-like 1 (IL1RL-1), as a potential biomarker and

prognostic factor in the diagnosis and management of CAD. This biomarker is indicative

of the extent of plaque accumulation and has the potential to predict the occurrence of

no-reflow events, as well as the prognosis of patients. Bil et al. investigated the role of

distribution width (DW) and red cell distribution width (RDW) in the diagnosis of

coronary microvascular spasm in patients undergoing acetylcholine test. The findings of

the study indicated a correlation between both DW and RDW and poor prognosis in

patients over a 5-year period.

In an elegant meta-analysis, Zhang et al. showed how an elevated blood CXCL12 level

was associated with an increased occurrence of MACEs in patients with CAD, and could

potentially serve as an important prognostic index for CAD. Similarly, Yan et al.

demonstrated that high white blood cell (WBC) count was associated with the risk of
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occurrence of all-cause mortality and cardiac mortality, myocardial

infarction, stroke, unplanned revascularization, and major adverse

cardiovascular and cerebrovascular events following PCI. On the

contrary, Liu et al. utilized an angiography-derived index of

microcirculatory resistance to demonstrate that elevated levels of

syndecan-1, a component of endothelial glycocalyx (EG) that

plays a crucial role in maintaining microvascular homeostasis,

are independently associated with the presence of coronary

microvascular dysfunction and an impaired microvascular

vasodilatory capacity in patients with suspected CAD.

In the second group of papers, Yoshioka et al. explored the

prognostic impact of incident left ventricular systolic dysfunction

following myocardial infarction, suggesting how incident LV

systolic dysfunction during the chronic phase following acute

myocardial infarction (AMI) was significantly associated with

long-term adverse outcomes. Similarly, Tang et al. showed that

LAFI was a strong and independent predictor of adverse events

and can be used for risk stratification in patients with AMI

treated with PCI. In a retrospective study conducted by Fang et

al., it was suggested that urea nitrogen, Killip class II–IV, LVEF,

and NT-ProBNP are independent factors associated with in-

hospital MACE after PCI in STEMI patients, and nomogram

models constructed based on the aforementioned factors have

high predictive efficacy and feasibility.

The third and last group of papers included more clinically

oriented studies. Sheiban et al. provided an insight of the

treatment of coronary bifurcation using either one or two stent

strategy. The rescue salvaging of the side branch in their patients

was found to be associated with a higher rate of 3-year target

lesion failure (TLF), particularly when predilated. Han et al.

reported the results of the China Registry on NSTEMi patients,

suggesting that the early invasive strategy did not reduce the

incidence of MACEs and mortality within 30 days compared

with the delayed invasive strategy. Will et al. confirmed that the

left transradial angiography is associated with a higher first-pass

catheter success rate for coronary artery angiography compared

with the right transradial approach. Legutko et al. suggested that

in discrepant resting full-cycle ratio (RFR)/flow fractional reserve

(FFR) vessels, coronary microvascular dysfunction is more

prevalent than in concordant RFR/FFR measurements. According

to a study of Li et al., the implementation of a risk stratification

program utilizing the Barthel index during hospitalization has
Frontiers in Cardiovascular Medicine 027
the potential to predict outcomes in acute coronary syndrome

(ACS) patients.

In terms of CAD treatment, Yin et al. confirmed that enhanced

external counter pulsation has poor compliance. Conversely, a

meta-analysis conducted by Ma et al. has demonstrated that

Colchicine has a positive effect in reducing the incidence of

MACE, MI, stroke, and revascularization, but may increase the

risk of gastrointestinal complications and diarrhea. Yu et al. have

presented an interesting insight on the anomalous origin of the

coronary artery from the pulmonary artery in patients who have

undergone mitral valve surgery. In addition to the

aforementioned studies, Wang et al. conducted a review of the

available evidence pertaining to the use of artificial intelligence in

developing diagnostic models for coronary artery disease with

imaging markers.

The studies presented are intriguing and surely able to stimulate

the interest of readers. The clinical insights provided in each

publication are anticipated to be incorporated into the research and

clinical practices of cardiovascular professionals around the world.
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Background: Coronary microcirculatory dysfunction is a meaningful factor in the
development of ischemic heart disease. We investigated the relationship between
coronary microvascular spasm and complete blood count indices.

Methods: Between 2010 and 2013, we performed acetylcholine test (AChT) in subjects
with suspicion of angina evoked by epicardial coronary spasm or coronary microvascular
spasm according to COVADIS criteria. We administered acetylcholine in increasing
doses of 25, 50, and 75 µg into the right coronary artery and 25, 50, and 100 µg
into the left coronary artery. Patients were followed up for 60 months.

Results: In total, 211 patients (60.5 ± 7.8 years, 67.8% women) were included in
the study. The AChT revealed angina due to epicardial coronary spasm in 99 patients
(46.9%) and coronary microvascular spasm in 72 (34.1%). White blood cell (WBC), red
blood cell distribution width (RDW), platelets (PLT), mean platelet volume (MPV), and
platelet distribution width (PDW) values were significantly higher in patients with coronary
microvascular spasm than in patients from the other two groups, i.e., epicardial coronary
spasm and negative AChT. PDW showed the highest sensitivity (65%) and specificity
(72%) at the cutoff value of 15.32% [area under the curve, 0.723; 95% confidence
interval (CI) 0.64–0.83; P < 0.001]. Independent risk factors for coronary microvascular
spasm diagnosis using AChT were as follows: female sex (OR, 1.199), PDW (OR, 2.891),
and RDW (OR, 1.567).

Conclusion: PDW and RDW are significantly associated with the diagnosis of coronary
microvascular spasm in patients undergoing AChT as well as with poor prognosis in
such patients at 5 years.

Keywords: RDW, PDW, MPV, acetylcholine test, coronary microcirculation
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Bil et al. Markers for Coronary Microvascular Spasm

INTRODUCTION

Coronary microcirculatory dysfunction is a meaningful factor
in the development of ischemic heart disease (IHD). The long-
term prognosis of coronary microcirculatory dysfunction is often
thought to be relatively benign. Nevertheless, standard medical
management including vasodilators is often ineffective and
sometimes cannot prevent myocardial infarction (MI) with non-
obstructive coronary arteries (MINOCA) or fatal arrhythmias
(1–3).

Although angiographic provocation testing for epicardial
coronary spasm or coronary microcirculatory dysfunction is
available, still many clinicians concentrate only on atherosclerotic
stenoses, with less emphasis on other potential causes like
coronary spasm. Therefore, it is vital to raise more awareness
on epicardial coronary spasm or coronary microcirculatory
dysfunction in clinicians, but also to identify reliable markers for
screening patients who may be candidates for a more proactive
clinical investigation embracing provocative acetylcholine test
(AChT) (4–6).

Interestingly, the red blood cell (RDW) and platelet (PDW)
distribution widths reportedly are strong predictors of the
frequency as well as the outcomes of various cardiovascular
diseases (CVD) (7–10). The mechanism for the links between
increased RDW or PDW values and the CVD prognosis remain
unclear. Nevertheless, recent studies indicated that an interplay
between endothelial dysfunction, chronic inflammatory response
as well as oxidative stress might explain this association (2, 3, 11).

In the literature not many studies have assessed this issue, such
as those evaluating RDW’s predictor role in cardiac syndrome X
(12), RDW in vasospastic angina (13), RDW and plateletcrit (Pct)
in slow flow phenomenon assessment (14), and neutrophil-to-
lymphocyte ratio (NLR) and index of microcirculatory resistance
in patients with ST-segment elevation MI undergoing primary
percutaneous coronary intervention (15). To our knowledge,
there is no data on the association of complete blood count
indices with microvascular spasm evaluated in coronary invasive
provocative tests or in MINOCA patients. Therefore, we assessed
complete blood count indices as potential markers for long-
term outcomes in patients with coronary microvascular spasm.
We compared systemic inflammatory markers such as NLR and
platelet-to-lymphocyte ratio (PLR) as well as various red blood
cells and platelet (PLT) indices such as RDW, mean PLT volume
(MPV), PDW, and Pct.

MATERIALS AND METHODS

Study Population and Study Plan
It was a prospective observational study. We included patients
enrolled to the AChPOL Registry between December 2010 and
March 2013 (Figure 1) (16). We performed AChT in patients
who underwent diagnostic coronary angiography, had non-
obstructive coronary arteries (no epicardial stenosis ≥ 50%),
and were referred for further investigation due to suspicion
of angina evoked by epicardial coronary spasm or coronary
microcirculatory dysfunction according to Coronary Vasomotion

Disorders International Study Group (COVADIS) criteria (17).
The exclusion criteria were as follows: (1) severe chronic
obstructive pulmonary disease, (2) chronic kidney disease with
serum creatinine > 2.0 mg/dL, (3) observed spontaneous spasm,
(4) PLTs were < 100,000/µL, (5) active malignancy or (6)
active infection.

The institutional review board approved the registry protocol,
and all patients provided written informed consent before
enrollment to the AChPOL Registry. Study reporting conformed
to the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement along with references to the
STROBE statement and the broader Enhancing the QUAlity and
Transparency Of health Research (EQUATOR) guidelines (18).

Interventional Procedure and
Concomitant Medications
All patients underwent intracoronary provocation with
acetylcholine (ACh) according to a standardized protocol.
We administered increasing ACh doses over a period of
3 min into the coronary arteries via a diagnostic catheter
[25, 50, and 100 µg for the left coronary artery (LCA), 25,
50, and 75 µg for the right coronary artery (RCA)] (17,
19, 20). We judged the AChT as positive for epicardial
coronary spasm when we observed focal or diffuse reduction of
epicardial coronary diameter ≥ 90% comparing to baseline view
(following intracoronary nitroglycerine infusion) together with
evoking patient’s symptoms and ischemic electrocardiographic
(ECG) changes. We also recorded the location and type of
epicardial coronary spasm. Focal spasm was defined as vessel
narrowing within one isolated or two adjacent coronary
segments according to the segment definition of the American
Heart Association. Diffuse spasm was recognized when
present in ≥ two neighboring coronary segments. Coronary
microvascular spasm was recognized when typical ischemic ST-
segment changes and angina developed with epicardial coronary
spasm < 90% in diameter reduction. Patients with no angina,
spasm, or ST-segment changes were judged to have a negative
AChT response (normal coronary vasoreactivity) (17, 21, 22).
In coronary arteries with stenoses of > 40% the fractional flow
reserve was done, mostly during the initial coronary angiography
(20).

Clinical Follow-Up and Endpoints
All patients were discharged on optimal medical treatment,
including calcium channel blockers (CCB) uptitrated at
the highest tolerated doses. Adverse events were recorded
throughout the follow-up period. Follow-up was performed
at 12, 24, 36, 48, and 60 months by telephone and/or at
clinical visits.

We assessed the rates of death from any cause, cardiac death,
recurrent acute coronary syndrome (ACS), and recurrent angina
requiring hospitalization. Cardiac death was defined as death
from an acute MI, sudden cardiac death, and death due to heart
failure and cardiac procedures. All death cases were deemed
cardiac unless proven otherwise. MI was defined according to the
third universal definition (23).
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FIGURE 1 | The study flowchart. AChT, acetylcholine test.

Laboratory Tests
For complete blood count measurement, venous blood samples
were collected in K2-ethylenediaminetetraacetic acid (EDTA)
tubes at admission before performing catheterization and AChT.
The neutrophil, lymphocyte, PLT, MPV, PDW, and RDW values
were analyzed on an automated hematologic analyzer (Sysmex
Corporation, Kobe, Japan) within 60 min after sample collection.
The laboratory reference values were as follows: PLT 150 to
400 × 109/L; MPV 9.4–12.4 fL; PDW 9.0–17.0 fL, RDW 11.5%–
15%, NLR 1.2–4, and PLR 75–199.

Statistical Analysis
We present the data as means [standard deviation (SD)] or
median [interquartile range (IQR)] or percentage. We used the
χ2 or Fisher’s exact test in all categorical variables, while one-
way analysis of variance or the Kruskal–Wallis H test was used
for all continuous variables. Post hoc analyses using 2-tailed
Tukey’s honestly significant difference test were conducted to
verify the differences between the groups. No corrections for
multiple comparisons were applied.

In the next step, univariable and multivariable logistic
regression analyses were conducted to evaluate the impact of
potential risk factor on odds of microvascular spasm diagnosis.
The stepwise backward regression with AIC minimization
procedure was used on full multivariable model in variables
selection for reduced multivariable model. Then, we used

receiver-operating characteristic (ROC) curves to assess the
diagnostic values of analyzed parameters.

Finally, the time to event data was investigated with
the Kaplan–Meier estimator of survival curve, and a log-
rank test was applied to evaluate the survival distributions
between groups according to AChT results. To identify
independent predictors of MI/chest pain hospitalizations in
coronary microvascular spasm group at 5 years we used Cox
proportional hazard regression models. Demographic, clinical
and laboratory parameters that significantly differed between
subgroups according to the AChT result were included into
the model.

Level of statistical significance was set as 0.05. Two-sided tests
were applied. We performed statistical analyses with R 3.0.2 for
OS (R Foundation, Vienna, Austria). As stated previously, no
formal sample size calculation was performed, as the study had
explorative character and the patients’ number was restricted
by the number of patients referred for the AChT and length of
enrollment period (16).

RESULTS

The enrollment period was from December 2010 to March 2013.
We analyzed 211 patients [mean age 60.5 ± 7.8 years, 143 women
(67.8%)] who underwent the AChT and for whom all required
laboratory tests were available. Relatively high hypertension
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(62.6%, n = 132) and dyslipidemia (45.5%, n = 96) rates were
observed. Table 1 presents the detailed characteristics. The AChT
revealed angina due to epicardial coronary spasm in 99 patients
(46.9%) and coronary microvascular spasm in 72 (34.1%). In 40
(18.9%) patients, the AChT was negative (no symptoms, no ECG
changes, no epicardial spasm, no increased blush).

Table 2 presents 20 complete blood count parameters in three
groups. The following parameters were significantly higher in
patients with coronary microvascular spasm than in patients
from the other two groups, i.e., epicardial coronary spasm and
negative AChT: white blood cell (WBC) count, RDW, PLT count,
MPV, and PDW. Figure 2 shows plots for RDW and PDW in
all three groups.

Next, we performed univariable and multivariable logistic
regression analysis to identify ultimately independent predictors
of coronary microvascular spasm diagnosis in AChT. In the
multivariable logistic regression analysis, the independent risk
factors were female sex [odds ratio (OR), 1.199, 95% CI
1.001–1.329, p = 0.04], PDW (OR, 2.891, 95% CI 1.672–
3.932, p < 0.001), and RDW (OR, 1.567; 95% CI 1.382–1.987,
p < 0.01, Table 3). No significant findings were shown in angina
due to epicardial coronary spasm or negative AChT groups
(data not shown).

TABLE 1 | Baseline clinical characteristics.

Parameter Microvascular
spasm
N = 72

Epicardial
coronary
spasm
N = 99

Negative
AChT
N = 40

P

Age [years] 58.4 ± 8.9 ˆ 59 ± 9.6 ˆ 68.1 ± 10.8 0.02

Females 60 (83.3) ˆ 67 (67.7) ˆ 16 (40) 0.03

Angina:

Exertional 53 (73.6) 30 (30.3) ˆ ,& 29 (72.5) 0.01

At rest 44 (61.1) ˆ 71 (71.7) ˆ 16 (40) 0.02

At night 39 (54.2) ˆ 62 (62.6) ˆ 9 (22.5) 0.01

Arterial hypertension 51 (70.8) ˆ 62 (62.6) 19 (47.5) 0.04

Diabetes type 2 4 (5.6) ˆ 5 (5.1) ˆ 7 (17.5) 0.04

Dyslipidemia 46 (63.9) ˆ ,& 35 (35.4) 15 (37.5) 0.01

Prior MI 23 (31.9) ˆ ,& 19 (19.2) 3 (7.5) 0.04

Atrial fibrillation 4 (5.6) ˆ 7 (7.1) ˆ 16 (40) 0.02

Thyroid disease 19 (26.4) ˆ 23 (23.2) ˆ 1 (2.5) 0.04

Autoimmune disease 5 (6.9) 7 (7.1) 0 0.52

Peptic ulcer disease 12 (16.7) 13 (13.1) 10 (25) 0.19

Smoking 11 (15.3) ˆ 22 (22.2) ˆ 2 (5) 0.04

Medications at discharge:

ASA 57 (79.2) 64 (64.5) ˆ 26 (65.0) 0.02

β-blocker 36 (50.0) 7 (7.1)*, ˆ 21 (52.5) 0.00

Calcium blocker 42 (58.3) ˆ 99 (100.0) ˆ 9 (22.5) 0.00

ACEI/ARB 51 (70.8) 61 (61.6) 29 (72.5) 0.56

Statins 65 (90.3) 77 (77.8) 35 (87.5) 0.23

Nitrates 9 (12.5) 32 (32.3) ˆ 2 (5.0) 0.03

Trimetazidine 23 (31.9) ˆ 22 (22.2) ˆ 8 (20.0) 0.01

VKA 4 (5.6) ˆ 7 (7.1) ˆ 16 (40) 0.02

*Nebivolol; ˆp < 0.05 angina due to epicardial coronary spasm/microvascular
spasm vs. AChT negative; &p < 0.05 angina due to epicardial coronary spasm
vs. microvascular spasm. ACEI, inhibitor of angiotensin convertase enzyme; AChT,
provocative test with acetylcholine; ARB, angiotensin receptor blocker; ASA,
acetylsalicylic acid; MI, myocardial infarction; VKA, vitamin K antagonist.

TABLE 2 | Comparison of values of 20 complete blood count parameters
between groups.

Parameter Microvascular
spasm
N = 72

Epicardial
coronary
spasm
N = 99

Negative AChT
N = 40

P

WBC [x103/µL] 9.11 ± 3.34&, ˆ 8.52 ± 2.68 8.11 ± 3.22 0.04

RBC [x106/µL] 4.55 ± 0.62 4.68 ± 0.54 4.43 ± 0.36 0.732

HGB [g/dL] 13.92 ± 1.83 14.08 ± 1.54 14.19 ± 1.21 0.652

HCT [%] 40.82 ± 4.54 41.75 ± 4.07 41.79 ± 5.04 0.783

MCV [fL] 88.45 ± 4.77 89.79 ± 5.03 90.01 ± 4.67 0.689

MCH [pg] 30.13 ± 4.37 30.66 ± 5.00 30.78 ± 3.63 0.723

MCHC [g/dL] 33.04 ± 1.09 33.74 ± 1.14 33.90 ± 1.25 0.451

RDW [%] 14.95 ± 2.01&, ˆ 13.77 ± 2.43 13.23 ± 1.89 < 0.001

PLT [x103/µL] 267 ± 89 231 ± 125 245 ± 145 0.003

MPV [fL] 11.92 ± 0.89 ˆ 10.88 ± 1.10 10.11 ± 0.78 < 0.001

PCT [%] 0.23 ± 0.08 0.18 ± 0.23 0.18 ± 0.09 0.122

PDW [%] 16.76 ± 5.33 ˆ 14.15 ± 9.28 13.91 ± 6.39 < 0.001

LYM [x103/µL] 3.34 ± 1.95 3.19 ± 2.38 3.01 ± 2.55 0.09

MON [x103/µL] 0.48 ± 0.11 0.43 ± 0.01 0.46 ± 0.12 0.442

NEU [x103/µL] 5.05 ± 2.34 4.78 ± 2.02 4.44 ± 2.87 0.549

EOS [x103/µL] 0.20 ± 0.08 0.11 ± 0.07 0.15 ± 0.02 0.244

BASO [x103/µL] 0.04 ± 0.01 0.01 ± 0.01 0.05 ± 0.01 0.577

NLR 1.58 ± 0.29 1.49 ± 0.57 1.40 ± 0.34 0.06

PLR 79.94 ± 44.90 72.41 ± 35.62 81.3 ± 43.54 0.192

ˆp < 0.05 angina due to epicardial coronary spasm/microvascular spasm
vs AChT negative; &p < 0.05 angina due to epicardial coronary spasm vs
microvascular spasm. BASO, basophil count; EOS, eosinophil count; HCT,
hematocrit; HGB, hemoglobin; LYM, lymphocyte count; MCH, mean cell
hemoglobin; MCHC, mean cell hemoglobin concentration; MCV, mean cell volume;
MON, monocyte count; MPV, mean platelet volume; NEU, neutrophil count; NLR,
neutrophil-lymphocyte ratio; PCT, plateletcrit; PDW, platelet distribution width; PLR,
platelet-lymphocyte ratio; PLT, platelet count; RBC, red blood cell count; RDW, red
cell distribution width; WBC, white blood cell count.

FIGURE 2 | Plots showing RDW and PDW in the study population depending
on the AChT result. ∗p < 0.05.

Furthermore, a ROC analysis was performed for PDW and
RDW as markers in predicting coronary microvascular spasm.
PDW showed the highest sensitivity (65%) and specificity (72%)
at the cutoff value of 15.32% [area under the curve (AUC), 0.723;
95% confidence interval (CI) 0.64–0.83; P < 0.001], and RDW
characterized the following parameters: sensitivity (61%) and
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TABLE 3 | Independent predictors in multivariable logistic regression analysis and
Cox regression analysis.

Variable Multivariable analysis

OR (95% CI) P

Independent predictors of coronary microvascular spasm

Female sex 1.199 (1.001–1.329) 0.04

MPV 1.112 (0.988–1.342) 0.06

PDW 2.891 (1.672–3.932) < 0.001

RDW 1.567 (1.382–1.987) 0.0043

HR (95% CI) P

Independent predictors of MI/chest pain hospitalizations in coronary
microvascular spasm group at 5 years

Female sex 1.433 (1.288–1.782) 0.03

MPV 1.101 (1.002–1.345) 0.04

PDW 2.923 (1.789–3.332) < 0.001

RDW 1.732 (1.431–2.344) 0.003

MPV, mean platelet volume; PDW, platelet distribution width; RDW, red cell
distribution width.

specificity (69%) at the cut-off value of 14.12% (AUC 0.642; 95%
CI 0.543–0.738; P < 0.001).

At the 5-year follow-up (median, 55 months; range, 48–
60 months), in the coronary microvascular spasm group, there
were two non-cardiac deaths (2.8%), while six MIs (5.6%) and
recurrent chest pain requiring hospitalization were observed
in 19 patients (26.4%) (Figure 3). In all patients with MI
control angiography was performed. In case of recurrent chest
pain requiring hospitalization, control angiography was mainly
performed after 18–24 months since the baseline AChT. Only in
two patients (after 48 months and after 54 months) significant
stenoses developed, and in one patient, after fractional flow
reserve assessment, percutaneous coronary intervention with
stent deployment was performed. In Table 4 we present data of

clinical outcomes at 5 years in all three groups. Patients with
microvascular spasm characterized the highest rate of recurrent
chest pain leading to hospitalization, i.e., 26.4% vs. 12.1% in
epicardial coronary spasm vs. 7.5% in AChT negative group
(p = 0.02).

In consequence, we performed Cox regression analysis to
identify independent predictors of MI/chest pain hospitalization
in the coronary microvascular spasm group: female sex (HR,
1.433, 95% CI 1.288–1.782, p = 0.03), MPV (HR, 1.101, 95% CI
1.002–1.345, p = 0.04), PDW (HR, 2.923, 95% CI 1.789–3.332,
p < 0.001) and RDW (HR, 1.732; 95% CI 1.431–2.344, p = 0.003,
Table 3).

DISCUSSION

To the best of our knowledge, our study is the first to investigate
the predictive value of complete blood count indices in patients
with coronary microvascular spasm. We showed that PDW and
RDW were significantly associated with the diagnosis of coronary
microvascular spasm in patients undergoing AChT as well as with
poor prognosis in such patients at the 5-year follow-up.

The RDW is a measure of red blood cell volume variations
(anisocytosis) and can be easily obtained during a routine
complete blood count (24). In general, RDW is used in
the differential diagnosis of anemia, especially that caused by
deficiencies in mineral and vitamin levels, i.e., vitamin B12, folate,
and iron. However, many reports have shown that elevated RDW
level can be associated with CVDs and might be used as a
predictor of high mortality in IHD patients (25), heart failure
(26), and acute MI and also in the general population (27).

Although MPV was always considered a good predictor in
cardiac patients, PDW currently is considered a more specific
PLT reactivity factor (28). The PDW is a parallel measure

FIGURE 3 | Kaplan–Meier curves in the AChPOL population. (A) Event-free survival from recurrent chest pain events requiring hospitalization at 5-year follow-up in
three groups: epicardial coronary spasm, microvascular spasm and negative AChT (B) Event-free survival form myocardial infarction at 5-year follow-up in three
groups: epicardial coronary spasm, microvascular spasm and negative AChT. AChT, provocative test with acetylcholine. Log-rank test: epicardial spasm vs. AChT
negative groups and microvascular spasm vs. AChT negative groups.
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TABLE 4 | 5-year clinical outcomes based on AChT.

Outcome
N (%)

Total population
N = 211

Microvascular spasm
N = 72

Epicardial coronary spasm
N = 99

Negative AChT
N = 40

P

Recurrent chest
pain requiring
hospitalization

34 (16.1) 19 (26.4) 12 (12.1) 3 (7.5) 0.02

Myocardial
infarction

14 (6.6) 6 (5.6) 7 (7.1) 1 (2.5) 0.23

Cardiac death 1 (0.5) 0 1 (1.0) 0 0.89

Death 4 (1.9) 2 (2.8) 2 (2.0) 0 0.67

AChT, acetylcholine provocative test.

to RDW because it shows PLT volume variations (PLTs vary
in size and number of pseudopodia) (29). Elevated PDW
indicates coagulation activation. PDW is valuable in predicting
left ventricular dysfunction in ACS patients undergoing
percutaneous coronary interventions (28). PDW has also been
associated with the IHD severity in ACS patients (30).

Recently, Bekler et al. investigated that higher PDW (>17%)
can be connected to the severity of CAD in patients with acute
cardiac syndrome (30). According to the study, the higher the
PDW, the higher also the Gensini score (a scoring system that
determines the severity of CAD) (OR, 1.91; 95% CI, 1.27–
2.88; P = 0.002). However, higher Gensini score also was
associated with diabetes mellitus and MI (OR, 2.85; 95% CI, 1.91–
4.25; P < 0.001 and OR, 2.67; 95% CI, 1.74–4.1; P < 0.001,
respectively). Nevertheless, no correlation between PDW or MPV
and the prevalence and severity of CAD (OR 0.99; 95% CI, 0.90–
1.09; P = 0.87 and OR, 1.05; 95% CI, 0.95–1.16; P = 0.3; and
adjusted OR, 0.97; 95% CI, 0.87–1.08; P = 0.63; respectively) was
found in a large cohort study by De Luca et al. (31).

One key equivalent of coronary microcirculatory dysfunction
is slow coronary flow (SCF) phenomenon, which can
be recognized as a postponed distal vessel opacification
without significant stenosis on coronary angiography. The
mechanism of this angiographic phenomenon persists unclear,
although a couple of concepts have been suggested, such
as endothelial dysfunction, changes in blood rheological
properties, inflammatory state, elevated uric acid concentration
or conditions linked with an increased PLT volume. RDW and
PDW were investigated to be predictors of the SCF phenomenon.
In a retrospective study on 17,315 patients who underwent
coronary angiography, Akpinar et al. found that elevated levels
of those parameters may contribute to the microvascular blood
flow resistance as the deformability of the cells is impaired (14).
PDW also was associated with the presence and extent of SCF
as reported by Seyyed-Mohammadzad et al. (P = 0.005) (32).
Similar observations were proved in our study except for the
role of Pct value.

Additionally, in our study, although the WBC count was
within the normal limits in all groups, WBCs and neutrophils
were observed in significantly higher numbers in the coronary
microvascular spasm group compared to the other groups.
These findings along with the increased RDW suggested
that coronary microvascular spasm might be a subclinical
inflammatory condition. However, other indices, such as NLR
or PLR did not have a significant role. Altogether, the markers

of increased inflammatory state which hamper the endothelial
dysfunction as well as markers of procoagulant activity may
predict ischemic events in coronary microcirculation. This may
manifest benign as recurrent chest pain decreasing quality of life.
However, it may lead to acute coronary syndromes or malignant
ventricular arrhythmias.

Limitations
The number of enrolled patients as well as the number of adverse
events at follow-up were relatively low. Also, not enrolling
consecutive patients could have been a source of bias. Moreover,
high-sensitivity C-reactive protein or other inflammatory
markers were not evaluated routinely in subjects undergoing
AChT and was not included to verify the inflammatory status.
Moreover, due to the limited population only chosen variables
were used in the regression model.

CONCLUSION

To the best of our knowledge, our study is the first to
investigate the predictive value of complete blood count indices
in patients with coronary microvascular spasm. PDW and RDW
were significantly associated with the diagnosis of coronary
microvascular spasm in patients undergoing AChT as well as with
poor prognosis in such patients at 5-year follow-up.
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Objective: The role of C-X-C motif chemokine 12 (CXCL12) in atherosclerotic

cardiovascular diseases (ASCVDs) has emerged as one of the research hotspots

in recent years. Studies reported that the higher blood CXCL12 level was

associated with increased major adverse cardiovascular events (MACEs), but

the results were inconsistent. The objective of this study was to clarify the

prognostic value of the blood CXCL12 level in patients with coronary artery

disease (CAD) through meta-analysis.

Methods: All related studies about the association between the blood CXCL12

level and the prognosis of CAD were comprehensively searched and screened

according to inclusion criteria and exclusion criteria. The quality of the

included literature was evaluated using the Newcastle-Ottawa Scale (NOS).

The heterogeneity test was conducted, and the pooled hazard risk (HR) or

the odds ratio (OR) with a 95% confidence interval (CI) was calculated using

the fixed-e�ect or random-e�ects model accordingly. Publication bias was

evaluated using Begg’s funnel plot and Egger’s test. Sensitivity analysis and

subgroup analysis were also conducted.

Results: A total of 12 original studies with 2,959 CAD subjects were included in

the final data combination. The pooled data indicated a significant association

between higher CXCL12 levels and MACEs both in univariate analysis (HR

5.23, 95% CI 2.48–11.04) and multivariate analysis (HR 2.53, 95% CI 2.03–

3.16) in the CXCL12 level as the category variable group. In the CXCL12 level

as the continuous variable group, the result also indicated that the higher

CXCL12 level significantly predicted future MACEs (multivariate OR 1.55, 95%

CI 1.02–2.35). Subgroup analysis of the CXCL12 level as the category variable

group found significant associations in all acute coronary syndrome (ACS)

(univariate HR 9.72, 95% CI 4.69–20.15; multivariate HR 2.47, 95% CI 1.79–

3.40), non-ACS (univariate HR 2.73, 95% CI 1.65–4.54; multivariate HR 3.49,

95% CI 1.66–7.33), Asian (univariate HR 7.43, 95% CI 1.70–32.49; multivariate

HR 2.21, 95% CI 1.71–2.85), Caucasian (univariate HR 3.90, 95% CI 2.73–

5.57; multivariate HR 3.87, 95% CI 2.48–6.04), short-term (univariate HR 9.36,

95% CI 4.10–21.37; multivariate HR 2.72, 95% CI 1.97–3.76), and long-term

(univariate HR 2.86, 95% CI 1.62–5.04; multivariate HR 2.38, 95% CI 1.76–

3.22) subgroups. Subgroup analysis of the CXCL12 level as the continuous
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variable group found significant associations in non-ACS (multivariate OR 1.53,

95% CI 1.23–1.92), Caucasian (multivariate OR 3.83, 95% CI 1.44–10.19), and

long-term (multivariate OR 1.62, 95% CI 1.37–1.93) subgroups, but not in

ACS (multivariate OR 1.36, 95% CI 0.67–2.75), Asian (multivariate OR 1.40,

95% CI 0.91–2.14), and short-term (multivariate OR 1.16, 95% CI 0.28–4.76)

subgroups. No significant publication bias was found in this meta-analysis.

Conclusion: The higher blood CXCL12 level is associated with increased

MACEs in patients with CAD, and the blood CXCL12 level may serve as an

important prognostic index for CAD. Integrating the blood CXCL12 level into

CAD risk assessment tools may provide more comprehensive messages for

evaluating and managing patients with CAD.

KEYWORDS

CXCL12, coronary artery disease, acute coronary syndrome, prognosis, MACEs, meta-

analysis

Introduction

Heart disease is the leading cause of death worldwide.

As the most common type of heart disease, coronary artery

disease (CAD) also referred to as coronary heart disease (CHD)

or ischemic heart disease (IHD) affects around 126 million

individuals globally, which is estimated to be 1.72% of the

world’s population in 2017 (1). In China, with the aging of

the population, the prevalence and mortality of CAD have

been increasing continuously within the past two decades (2).

Although with the progress of medical care, the prognosis

of CAD is still not optimistic, especially in acute coronary

syndrome (ACS) (3) and elderly patients (4). Thus, in addition

to diagnosis and therapy, evaluation of prognosis or risk

stratification for patients with CAD is a clinical matter of

great concern.

In fact, many risk stratification tools, such as the GRACE

and CRUSADE scores for assessing the risk of patients with

non-STEMI ACS (5), have been generated for risk classification

for CAD. Although each may have its respective merits, these

risk stratification tools are not comprehensive or have some

limitations. Thus, exploring new strategies or indicators guiding

more precise evaluation of CAD prognosis and directing more

optimized treatment of CAD is of great clinical significance. In

recent years, the clinical prognostic value of novel biomarkers in

CAD has increasingly aroused people’s attention (6).

The C-X-C motif chemokine 12 (CXCL12), also known

as stromal cell-derived factor-1 (SDF-1), is a chemokine

protein that exerts multifaceted roles in atherosclerosis and

other cardiovascular diseases through its classical C-X-C motif

chemokine receptor 4(CXCR4) and atypical ACKR3 (atypical

chemokine receptor 3, also CXCR7) receptors (7, 8). The role

of the CXCL12/CXCR4/ACKR3 system in the pathogenesis

of cardiovascular diseases was a research hotspot in recent

years. Studies reported that CXCL12 gene polymorphisms are

associated with an increased risk of CAD (9, 10), and a high

blood CXCL12 level predicted high coronary events in diabetes

patients (10).

Other studies reported that an increased level of blood

CXCL12 predicted adverse clinical outcomes in CAD. Chang

et al. first reported that a higher serum CXCL12 level positively

predicted 30-day major adverse clinical outcomes in patients

with acute myocardial infarction (AMI) (11). Thereafter, several

studies supported the positive correlation between higher blood

CXCL12 levels and increased risk of future (both short and long

terms) adverse clinical outcomes in patients with CAD (12–14).

However, negative or even opposite results were also reported,

which found no significant correlation between blood CXCL12

levels and CAD prognosis (15), or even higher serum CXCL12

levels predicting lower future cardiovascular events in patients

with CAD (16). Thus, the association between blood CXCL12

levels and future major adverse cardiovascular events (MACEs)

in patients with CAD seems to be controversial.

A good method to resolve the contradictions between

individual studies is meta-analysis. To evaluate the predicting

role of the blood CXCL12 level in the prognosis of

CAD objectively, we reviewed all the related literature

comprehensively and conducted a meta-analysis.

Methods

Search strategy

All related studies about the correlation between blood

CXCL12 level and CAD prognosis were identified by

comprehensive computer-based searches. The retrieved

databases included PubMed, EMBASE, ScienceDirect, Web

of Science, and the China National Knowledge Infrastructure
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(CNKI) database. The keywords used for the literature search

were combined as follows: (“CXCL12” OR “C-X-C motif

chemokine ligand 12” OR “SDF-1” OR “stromal cell-derived

factor-1 ”) and (“coronary artery disease” OR “coronary heart

disease” OR “CAD” OR “CHD” OR “ischemic heart disease”

OR “myocardial infarction” OR “angina” OR “acute coronary

syndrome” OR “STEMI” OR “non-STEMI”) and (“prognosis”

OR “MACE” OR “major adverse cardiovascular events” OR

“adverse outcome”). The last search was updated on 8 June 2022,

and the literature language was limited to English and Chinese.

Data inclusion and exclusion criteria

Data inclusion criteria

The inclusion criteria for eligible studies were as follows:

(1) studies evaluated the association between the blood CXCL12

level and the prognosis of CAD. (2) The CAD diagnostic criteria

were angiographically confirmed CAD or ACS diagnosed

with general standard criteria. (3) Studies were published in

prospective cohort studies. (4) The follow-up duration was at

least 30 days. (5) The actual number of MACEs was presented,

or the hazard ratio (HR)/odds ratio (OR) and 95% confidence

interval (CI) of blood CXCL12 level and MACEs were provided.

Data exclusion criteria

Exclusion criteria included (1) conference abstracts or

reviews; (2) unpublished data; (3) studies with duplicated

publications or studies with partially replicated populations; (4)

primary endpoints and secondary endpoints were not about

death or adverse cardiovascular events; and (5) Newcastle-

Ottawa Scale (NOS) score was <6 scores.

Data extraction

Three reviewers (Zhang, Ding, and Feng) extracted key

data from each included original study independently, and

the extracted data included the name of the first author,

publication year, study type, sample size, region, ethnicity of

the study population, diagnostic criteria for patients with CAD,

methods for measuring CXCL12 level, cutoff or comparison

of CXCL12 level, follow-up duration, measurement of clinical

outcomes, and covariables adjusted in the multivariate model.

For studies in which the CXCL12 level was presented as a

continuous variable, we standardized the group-level exposure

estimates to single units, thereby allowing for combining

the effects of different CXCL12 values in different studies.

All the independently extracted data were compared, and

disagreements were settled by consensus. If these three authors

could not reach a consensus, the results were further arbitrated

by the fourth author (Gao).

Literature quality assessment

The quality was assessed and scored using the Newcastle-

Ottawa Quality Assessment Scale (NOS) (17) system by two

authors independently. The NOS uses a “star” rating system

ranging from zero (worst) to nine stars (best) to judge the quality

of observational studies, and studies with a total score of≥7 were

generally regarded as high quality. Any disagreements about

study quality assessment between the two authors were settled

by consensus or consulted by the third author.

Statistical analysis

STATA 16.0 (STATA Corp., College Station, TX, USA) was

used to carry on the statistical analysis. The pooled HRs or ORs

and 95% CIs were used as the effect indicator to evaluate the

predicting role of the blood CXCL12 level in CAD prognosis.

According to the different variable types of the CXCL12 level

used in each original study, all the included studies were divided

into the CXCL12 level as the category variable group and the

CXCL12 level as the continuous variable group, and the overall

effects were combined separately. Heterogeneity between studies

was assessed using the I2 test, and I2 > 50% and P < 0.1 were

considered existing significant heterogeneity (18). If significant

heterogeneity was found, the random-effects poolingmodel (I-V

heterogeneity) was used to evaluate the pooledHRs or ORs (with

95% CIs); otherwise, the fixed-effect pooling model (inverse

variance) was used to calculate pooled HRs or ORs (with 95%

CIs). The significance of overall effects was tested using the Z-

test (19). Subgroup analysis was performed based on different

ethnicities, CAD types, and follow-up durations to explore the

predicting role of the blood CXCL12 level in the CAD prognosis

more comprehensively. Sensitivity analysis was conducted to

observe the influence of any single study on the pooled HRs or

ORs to evaluate the robustness of overall effects. The potential

publication bias was assessed using Begg’s funnel plot and Egger’s

test. Except for the I2 test for assessing heterogeneity, a 2-tailed

P < 0.05 was considered to be statistically significant.

Results

Literature search and study
characteristics

A total of 1,815 potentially relevant articles were initially

identified according to the search criteria described above. After

screening titles and abstracts, 1,779 studies were excluded for

duplicates, reviews, or being irrelevant. The left 36 articles were

entered full-text assessment for eligibility, and 25 articles were

further excluded for duplicate data, endpoints not about death

or cardiovascular events, study subjects were not patients with
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CAD, detected CXCL12 level not in serum/plasma, or could

not get outcome measurement data. As a result, a total of 11

articles (12 studies) with 2,959 patients with CAD were included

in this meta-analysis for the final data combination. The study

screening process is shown in Figure 1.

Of the included 12 studies, four studies enrolled patients

with STEMI as study subjects, four studies enrolled patients

with CAD as study subjects, and the left four studies enrolled

patients with the acute coronary syndrome. As for the methods

for measuring the CXCL12 level, all the included original studies

detected the CXCL12 level by enzyme-linked immunosorbent

assay (ELISA), with seven studies detected in serum and the

left 5 studies in plasma. According to the variable type of the

CXCL12 level adopted by the authors, the included studies were

divided into two groups: one group incorporated 6 studies with

the CXCL12 level as the category variable, and the other group

consisted of the left sixstudies with the CXCL12 level as the

continuous variable. The pooled data of the two groups were

calculated separately. The main characteristics of the included

studies are presented in Table 1.

CXCL12 level and future clinical
outcomes in patients with CAD

According to the variable type of CXCL12 level adopted in

the original studies, all the included original studies were divided

into CXCL12 level as the category variable group and CXCL12

level as the continuous variable group, and we pooled the data of

the two groups separately. Before calculating pooled HRs/ORs, a

heterogeneity test was conducted. In CXCL12 level as category

FIGURE 1

Flow diagram of the study selection process.

group, heterogeneity was found in univariate analysis (I2 =

91.7%, P < 0.001) but not in multivariate analysis (I2 = 49.4%,

P = 0.095) (Figures 2, 3). In the CXCL12 level as the continuous

variable group, heterogeneity was found in multivariate analysis

(I2 = 78%, P < 0.001) (Figure 4), while univariate analysis data

could not be pooled for only one study presented univariate OR

and 95% CI. Thus, a random-effects model was used to merge

HRs/ORs in univariate analysis of CXCL12 level as category

variable group and in CXCL12 level as the continuous variable

group, while a fixed-effect model was used to merge HRs in

multivariate analysis of CXCL12 level as the category group.

A positive association between higher blood CXCL12 level and

future MACEs was found in both CXCL12 level as category

variable group (univariate HR 5.23, 95% CI 2.48–11.04, P <

0.001; multivariate HR 2.53, 95% CI 2.03–3.16, P < 0.001)

(Figures 2, 3) and CXCL12 level as continuous variable group

(multivariate OR 1.55, 95%CI 1.02–2.35, P = 0.039) (Figure 4).

Publication bias

The Egger’s (26) test and Begg’s funnel plot were used to

evaluate the publication bias of the included studies in both the

CXCL12 level as the category group and the CXCL12 level as the

continuous group. Begg’s test found no significant publication

in all the univariate analysis of CXCL12 level as category group

(Z = 1.13, P = 0.26), the multivariate analysis of CXCL12 level

as category group (Z = 1.71, P = 0.086), and the multivariate

analysis of CXCL12 level as continuous group (Z = 0.75, P

= 0.452). No obvious asymmetry was found in Begg’s funnel

plots for all these three analyses (Figure 5). Since Egger’s test

has a higher sensitivity than Begg’s test, Egger’s test was further

conducted. In addition, Egger’s test also found no significant

publication in all the univariate analysis of CXCL12 level as

category group (t = 0.61, P = 0.577), the multivariate analysis

of CXCL12 level as category group (t = 2.71, P= 0.073), and the

multivariate analysis of CXCL12 level as continuous group (t =

0.04, P = 0.969).

Subgroup analysis

To evaluate the influences of CAD type, ethnicity, and

follow-up duration on the role of the CXCL12 level in

predicting CAD adverse outcomes, a subgroup analysis was

conducted. According to the CAD type of study subjects, the

included studies were divided into ACS subgroup and non-

ACS subgroup; according to the ethnicity of study subjects,

the included studies were divided into Asian subgroup and

Caucasian subgroup; whereas based on different follow-up

durations, the included studies were divided into short-term

subgroup and long-term subgroup, respectively. The results of
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TABLE 1 Clinical characteristics of the included original studies.

Study Region Subjects Study

design

Sample

size

Follow up

(month)

Methods

for

measuring

SDF-1

level

CXCL12

Cutoff or

comparison

(pg/ml)

Outcome

endpoints

HR/OR (95%CI) Adjusted covariates

in multivariate

analysis

NOS score

Univariate Multivariate

Matsuoka et al.

(20)

Japan OMI Prospective

study

192 90 Detected with

ELISA in

plasma

≥2,162 vs.

<2,162

Cardiac death,

non-fatal MI,

refractory

unstable angina

pectoris (UAP),

decompensated

heart failure

1.87

(1.35–2.60)

1.98

(1.38–2.85)

Age, gender, smoking,

hypertension, diabetes,

multivessel disease, BMI,

heart rate, LDL, HDL,

HbA1c, LVEF, GFR, BNP,

CRP, aspirin,

thienopyridines,

b-Blocker, ACEI/ARB,

statin

7

Ghasemzadeh

et al. (12)

USA CAD Prospective

study

186 67.7 Detected with

ELISA in

plasma

>1,734 vs.

<1,734

CV death, MI 3.01

(1.68–5.40)

6.24

(2.61–14.91)

Age, gender, diabetes,

hypertension, smoking,

acute MI, serum

creatinine, LVEF, history

of CABG, statin use,

aspirin use, presence of at

least 50% stenosis in at

least one major epicardial

vessel, LDL

7

Ghasemzadeh

et al. (12)

USA CAD Prospective

study

599 19.2 Detected with

ELISA in

plasma

>2,679 vs.

<2,679

CV death, MI 4.27

(2.30–7.91)

4.36

(2.05–9.28)

Age, gender, diabetes,

hypertension, smoking,

acute MI, serum

creatinine, LVEF, history

of CABG, statin use,

aspirin use, presence of at

least 50% stenosis in at

least one major epicardial

vessel, LDL

7
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TABLE 1 Continued

Study Region Subjects Study

design

Sample

size

Follow up

(month)

Methods

for

measuring

SDF-1

level

CXCL12

Cutoff or

comparison

(pg/ml)

Outcome

endpoints

HR/OR (95%CI) Adjusted covariates

in multivariate

analysis

NOS score

Univariate Multivariate

Tong et al. (13) China ACS Prospective

study

678 18 Detected with

ELISA in

plasma

>2175.1 vs.

<2175.1

Death,

recurrent MI,

advanced HF

10.879

(7.635–15.499)

2.45

(1.71–3.50)

Age, gender, BMI,

smoking, diabetes,

hypercholesterolemia,

hypertension, MI, chronic

HF, revascularization,

ST-depression ≥0.1mV,

troponin I, GFR, delay

time, admission to

balloon time, Killip class,

left main artery disease,

triple vessel disease,

NT-proBNP, hs-CRP,

ACEI, ARB, β-blocker,

statin, aspirin,

clopidogrel, tirofiban

7

Chang et al.

(11)

China

(Taiwan)

AMI Prospective

study

129 1 Detected with

ELISA in

serum

>1,500 vs.

≤1,500

Advanced Killip

score, mortality

26.00

(7.20–93.93)

NA NA 7

Peir’ (14) Spain ACS Prospective

study

254 60 Detected with

ELISA in

plasma

Three tertile

vs. 1+2 tertile

All-cause death 4.90

(2.53–9.50)

2.53

(1.24–5.16)

Age, medical history of

myocardial infarction,

diabetes, chronic kidney

disease, GRACE score,

troponin I peak, three

vessels stenosis,

LVEF≤40%, NSTEMI or

unstable angina

7

Cai et al. (21) China CAD Prospective

study

130 1 Detected with

ELISA in

serum

Continuous

variable

CV death,

recurrent MI,

advanced HF

NA 3.683

(1.131–11.989)

White blood cell, mean

platelet volume,

erythrocyte mean volume,

hs-CRP, CTnI, BNP,

LVEF, apolipoprotein A,

6
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TABLE 1 Continued

Study Region Subjects Study

design

Sample

size

Follow up

(month)

Methods

for

measuring

SDF-1

level

CXCL12

Cutoff or

comparison

(pg/ml)

Outcome

endpoints

HR/OR (95%CI) Adjusted covariates

in multivariate

analysis

NOS score

Univariate Multivariate

apolipoprotein

B, lipoprotein

a, TG, TC,

HDL, LDL

Zhang et al.

(22)

China ACS Prospective

study

214 6 Detected with

ELISA in

serum

Continuous

variable

Total death, CV

death, recurrent

MI, recurrent

angina, stroke,

advanced HF

NA 1.812

(1.187–2.767)

Age, gender, BMI,

smoking, diabetes,

hypertension,

hyperlipidemia, CAD

family history, LVEF,

hs-CRP

6

Yang et al. (23) China CHD Prospective

study

189 12 Detected with

ELISA in

serum

Continuous

variable

CV death,

recurrent MI,

revascularization,

in-stent

thrombosis

NA 1.484

(1.183–1.863)

Hypertension,

hyperlipidemia, diabetes,

number of coronary

artery lesions, length of

coronary artery lesions,

Gensini scores, LVEF,

CRP, TNF-α

6

Yang et al. (24) China AMI Prospective

study

94 12 Detected with

ELISA in

serum

Continuous

variable

CV death,

recurrent

angina,

advanced HF,

malignant

ventricular

arrhythmia

NA 1.733

(1.317–2.281)

Age, gender, BMI,

smoking, alcohol

consumption, diabetes,

blood pressure, TC, TG,

HDL, LDL

6

Cai et al. (16) China STEMI Prospective

study

122 10 Detected with

ELISA in

serum

Continuous

variable

CV death,

recurrent MI,

recurrent

angina,

advanced HF,

malignant

NA 0.246(0.1–

0.603)

Age, hypertension,

diabetes, TC, TG, HDL,

LDL, creatinine level,

cTnI, white blood cell, fast

glucose level

6

(Continued)
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subgroup analysis stratified by CAD type, ethnicity, and follow-

up duration are presented in Table 2. In the CXCL12 level as

the category variable group, all subgroups stratified by CAD

type, ethnicity, and follow-up duration (both in univariate and

multivariate analyses) have significant correlations. However,

in the CXCL12 level as the continuous variable group, the

correlations of the ACS subgroup, Asian subgroup, and short-

term subgroup were not statistically significant, though the

correlations of non-ACS, Caucasian, and long-term subgroups

were significant.

Sensitivity analysis

To test the robustness of the pooled data of our meta-

analysis, a sensitivity analysis was conducted. As a result, in

the CXCL12 level as the category variable group, omitting any

single study had no significant influence on the pooled HRs

in both univariate analysis and multivariate analysis, indicating

the robustness of pooled estimates (Figures 6A,B). However, in

the CXCL12 level as the continuous variable group, each study

except for the study by Cai X et al. had a significant influence on

the overall effect (Figure 6C), suggesting the unstableness of the

pooled estimate in this group.

Discussion

CXCL12 (also referred to as SDF-1) is a member of the CXC

chemokine family and plays a prominent role in hematopoiesis,

angiogenesis, immunogenesis, stem cell mobilization, and tissue

regeneration through its receptors CXCR4 and ACKR3 (7,

27). In the past two decades, the role of CXCL12 and

CXCR4/ACKR3 systems in the pathogenesis of cardiovascular

diseases emerged to be one of the research hotspots of

this field (28). CXCL12 as a chemokine plays multifaceted

roles in the pathogenesis of coronary atherosclerotic heart

disease, both beneficial and detrimental roles of CXCL12 were

reported (7, 29). A variety of studies reported that CXCL12

was cardioprotective after myocardial infarction, attenuated

adverse ventricular remodeling, and preserved ventricular

function after myocardial infarction (30, 31). Exogenous

CXCL12 administration significantly alleviated myocardial

ischemia/reperfusion injury (IRI) and improved post-ischemic

myocardial functional recovery (32). In fact, considering the

critical role of CXCL12 in promoting tissue repair and

myocardial protection, a clinical trial aimed to improve cardiac

function with the treatment of CXCL12 has been conducted.

The STOP-HF randomized Phase II trial evaluated the safety

and efficacy of a single treatment of plasmid CXCL12 delivered

via endomyocardial injection to patients with ischemic heart

failure and demonstrated the potential for attenuating left

ventricular remodeling and improving ejection fraction (EF) in
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FIGURE 2

Forest plot of the association between C-X-C motif chemokine 12 (CXCL12) level as category variable and major adverse cardiovascular events

(MACEs) in patients with coronary artery disease (CAD) (univariate analysis).

FIGURE 3

Forest plot of the association between CXCL12 level as category variable and MACEs in patients with CAD (multivariate analysis).

high-risk ischemic cardiomyopathy (33), further supporting the

cardioprotective role of CXCL12.

However, other studies reported that the higher blood

CXCL12 level correlated with the severity of coronary artery

lesions and predicted adverse clinical outcomes in patients

with stable CAD or acute coronary syndrome, though the

underlying mechanism is unclear. Chang et al. (11) first reported

that the higher serum CXCL12 level predicted 30-day major

adverse clinical outcomes in patients with AMI. Thereafter,

other studies also reported the correlation between higher blood

CXCL12 levels and increased risk of future adverse clinical

outcomes in patients with CAD (12–14). In contrast, negative

or even opposite results were also reported (16). Thus, to

evaluate the correlation between the blood CXCL12 level and

the prognosis of CAD comprehensively and objectively, we

conducted this meta-analysis.

By strict screening, 12 original studies with a total of 2,959

CAD subjects were entered into the final data combination. For

different studies that assigned blood CXCL12 levels as different

variable types, we first divided all the included studies into

CXCL12 level as the category variable group and CXCL12 level

as the continuous variable group and pooled the estimates,
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FIGURE 4

Forest plot of the association between CXCL12 level as continuous variable and MACEs in patients with CAD (multivariate analysis).

respectively. As a result, the pooled data indicated a significant

association between higher CXCL12 levels and future adverse

clinical events both in univariate analysis (pooled HR 5.23, 95%

CI 2.48–11.04, P < 0.001) and multivariate analysis (pooled

HR 2.53, 95% CI 2.03–3.16, P < 0.001) in CXCL12 level as

category variable group. In the CXCL12 level as the continuous

variable group, univariate data were available only in one study,

so we only pooled the multivariate estimates, and the result also

indicated that the higher CXCL12 level significantly predicted

future adverse clinical events (pooled OR 1.55, 95% CI 1.02–

2.35, P= 0.039). These results suggested that the blood CXCL12

level may be a valuable prognostic index for MACEs in patients

with CAD.

Pathophysiologically, there are some differences between

stable CAD and ACS (34), and different races may exert

influences on the clinical characteristics and prognosis of CAD

(35). In addition, the blood CXCL12 level may have different

roles in predicting the short-term or long-term prognosis

of CAD. So, the subgroup analysis stratified by CAD type,

ethnicity, and follow-up duration was conducted to evaluate the

influence of these three covariables on the overall effects. In

the CXCL12 level as the category variable group, each subgroup

(non-ACS or ACS, Caucasian or Asian, and short-term or long-

term) showed a significant association between blood CXCL12

level and future MACEs. But in the CXCL12 level as the

continuous variable group, the results were only significant in

non-ACS, Caucasian, and long-term subgroups, suggesting the

unstableness of the pooled OR in this group. In fact, sensitivity

analysis also suggested that the pooled OR in the CXCL12 level

as the continuous variable group was unstable, for several single

studies, all had a significant influence on the overall pooled

estimate (Figure 6C). In contrast, sensitivity analysis indicated

that the pooled estimates were robust in the CXCL12 level as the

category variable group, and no single study was indispensable

for the significant overall HRs (Figures 6A,B).

Although all the included original studiesmeasured CXCL12

level with ELISA, the detecting substrates were different. In the

CXCL12 level as the continuous variable group, all the included

studies detected CXCL12 level in serum, while in the CXCL12

level as the category group, only one in serum (the other five

studies detected CXCL12 level in plasma) was detected. The

composition of serum and plasma has a small difference, but

the pooled estimates in both groups are all significant, indicating

the consistency of the predicting role of CXCL12 level in serum

and plasma.

Publication bias is a serious problem in the meta-analysis,

whichmay affect the reliability and generalization of conclusions

(36). In this meta-analysis, both Begg’s and Egger’s tests showed

no significant publication bias in univariate and multivariable

analyses of CXCL12 level as category variable group and

multivariable analysis of CXCL12 level as the continuous

variable group, indicating the authenticity and validity of

the conclusions.

As for the mechanism underlying the association between

higher blood CXCL12 levels and poor prognosis of CAD, it

remains to be elucidated. But, existing clues indicated that higher

blood CXCL12 level was associated with more severe coronary

artery lesions (37), and CXCL12 promoted atherosclerosis to
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FIGURE 5

Begg’s funnel plot for evaluating publication bias of included studies. (A) Univariate analysis in CXCL12 level as category variable group (Z = 1.13,

P = 0.26); (B) multivariate analysis in CXCL12 level as category variable group (Z = 1.71, P = 0.086); (C) and multivariate analysis in CXCL12 level

as continuous variable group (Z = 0.75, P = 0.452).

drive CAD progress (38), which may lead to a higher incidence

of adverse cardiovascular events. This may partly account for

themechanism of the association between higher blood CXCL12

levels and poor prognosis of CAD.

Recently, Leberzammer et al. reported that CXCL12

augments platelet aggregation by activating its receptor CXCR4,

while inhibition of CXCR4 attenuates platelet aggregation,

and platelet-specific CXCL12 deficiency in mice limits arterial

thrombosis, indicating the pro-thrombotic function of platelet-

derived CXCL12 (39). In addition, an earlier study reported

that platelet-derived CXCL12 can activate platelets thromboxane

A2-dependently through its receptor CXCR4 (40). In contrast,

higher expression of CXCL12 in platelets is associated with

worse clinical outcomes in patients with CAD (41). In the

CXCL12 level as the continuous variable group of this meta-

analysis, all the original studies detected the CXCL12 level in

serum, as much of serum CXCL12 may potentially be derived

from circulating platelets activated during blood clotting, so

the platelet-derived CXCL12 in serum may have exerted pro-

thrombotic role to trigger adverse cardiovascular events. This

further supports the role of higher blood CXCL12 levels in

predicting the poor prognosis of CAD mechanistically.

CXCR4 andACKR3 are the two receptors of CXCL12 known

so far. CXCR4 is a G protein-coupled receptor (GPCR) and

serves as an amplifier to increase CXCL12-associated signaling

(42). ARKR3 does not couple with G protein; however, it has a

much higher affinity for CXCL12 than CXCR4 and is initially

considered a negative regulator of CXCL12 expression and

function for the primary role of ACKR3 is to internalize and

deliver CXCL12 for lysosomal degradation (43). ACKR3 has also

been reported to be involved in signaling independent of G-

protein (44). CXCR4 and ACKR3 perform both proatherogenic

Frontiers inCardiovascularMedicine 11 frontiersin.org

26

https://doi.org/10.3389/fcvm.2022.938540
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Zhang et al. 10.3389/fcvm.2022.938540

TABLE 2 Subgroup analysis stratified by CAD type, ethnicity, and follow-up duration.

Subgroups Category variable (n= 2,038) Continuous variable (n= 921)

Univariate analysis Multivariate analysis Multivariate analysis

HR (95% CI) I
2 (%) HR (95% CI) I2 (%) OR (95% CI) I2 (%)

ACS 9.72 (4.69–20.15) 70.4 2.47 (1.79–3.40) 0 1.36 (0.67–2.75) 85.3

Non-ACS 2.73 (1.65–4.54) 67.4 3.49 (1.66–7.33) 74.5 1.53 (1.23–1.92) 54.5

Asian 7.43 (1.70–32.49) 96.6 2.21 (1.71–2.85) 0 1.40 (0.91–2.14) 79.5

Caucasian 3.90 (2.73–5.57) 0 3.87 (2.48–6.04) 23.5 3.83 (1.44–10.19) 0

Short term* 9.36 (4.10–21.37) 78.5 2.72 (1.97–3.76) 45.3 1.16 (0.28–4.76) 89.1

Long term* 2.86 (1.62–5.04) 72.5 2.38 (1.76–3.22) 65 1.62 (1.37–1.93) 47

*In the CXCL12 level as the category variable group, the short-term subgroup was defined as a follow-up period <24 months, while the long-term subgroup was defined as ≥24 months;

in the CXCL12 level as the continuous variable group, the short-term subgroup was defined as a follow-up period <12 months, while long-term subgroup defined as ≥12 months.

FIGURE 6

Sensitivity analysis evaluating the influence of any single study on the overall e�ects. (A) Univariate analysis data of the CXCL12 level as category

variable group. (B) Multivariate analysis data of the CXCL12 level as category variable group; (C) Multivariate analysis data of the CXCL12 level as

the continuous variable group.

and athero-protective functions dependent on various cell types.

Both CXCR4 and ACKR3 in macrophages are proatherogenic

(45, 46), and CXCR4 in platelets was also reported to be

proatherogenic (47). However, activation of CXCR4 or ACKR3

in vascular cells limits atherosclerosis progress (48, 49). We

assumed that the proatherogenic role of CXCR4 in both

macrophages and platelets and ACKR3 in macrophages is

accountable for the association between higher blood CXCL12

levels and worse outcomes of CAD.

Atherosclerosis is an inflammatory disease (50), and

CXCL12 was once considered a pro-inflammatory molecule

(51), which may promote the progress of CAD and lead to a
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poor prognosis. However, later findings indicated that CXCL12

may have the opposite role in inflammation (52, 53). So, the

actual mechanism underlying the correlation between higher

blood CXCL12 levels and poor prognosis of CAD is complicated

and warranted to be further explored.

To the best of our knowledge, this is the first meta-analysis

assessing the association between blood CXCL12 levels and the

prognosis of CAD. Inevitably, there are some limitations in

our meta-analysis. First, as aforementioned, sensitivity analysis

indicated the unstableness of pooled OR in the CXCL12 level

as the continuous variable group, suggesting that using the

CXCL12 level as the continuous variable to conduct multivariate

logistic regression to assess the role of the CXCL12 level in

predicting the prognosis of CAD maybe not a good method.

Second, although we conducted subgroup analysis stratified by

CAD clinical type, ethnicity, and follow-up duration, subgroup

analysis stratified by different MACEs could not be conducted

for lack of enough related data. Third, the sample size of a few

included studies was small.

In summary, our meta-analysis illustrated that the higher

blood CXCL12 level is associated with increased MACEs in

patients with CAD, and the blood CXCL12 level may serve

as an important prognostic index for CAD. Integrating blood

CXCL12 levels into CAD risk assessment tools may provide

more comprehensive messages for evaluating and managing

patients with CAD, which are very beneficial for clinical

workers. However, in considering the limitations of our meta-

analysis, further large-scaled multicentered prospective studies

are warranted to demonstrate the predicting role of the blood

CXCL12 level in CAD prognosis, especially to elucidate its role

in predicting specific MACEs.
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Background: The endothelial glycocalyx (EG) is essential for maintaining

microvascular homeostasis. However, the relationship between the EG and

coronary microcirculation remains to be elucidated. One of the main

components of EG is syndecan-1, and its shedding has been claimed to

represent the state of the EG. In this study, we aimed to analyze the association

between syndecan-1 and the coronary microcirculation.

Methods: We enrolled suspected coronary artery disease (CAD) patients

who consecutively underwent coronary angiography (CAG) and angiography-

based analysis of physiological indices in the left anterior descending artery

(LAD). Serum syndecan-1 was measured by enzyme-linked immunosorbent

assay (ELISA). The coronary microcirculation was evaluated by the

presence of coronary microvascular dysfunction (CMD) and an impaired

microvascular vasodilatory capacity (IMVC), which were quantified by an

angiography-derived index of microcirculatory resistance (IMRangio) in the

maximum hyperemic state (H-IMRangio) induced by adenosine triphosphate

and the ratio (RRRangio) of IMRangio in the non-hyperemic phase to

H-IMRangio, respectively.
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Results: A total of 528 patients were enrolled in this study. There was no

difference in epicardial coronary complexity between patients with high

syndecan-1 (HSG) and low syndecan-1 (LSG) levels grouped by the median

concentration of syndecan-1 (SYNTAX: 7[3, 10] vs. 9[4, 12], P = 0.15). However,

H-IMRangio and RRRangio were different between the LSG and HSG groups

(H-IMRangio: 23.64 ± 6.28 vs. 27.67 ± 5.59, P < 0.01; RRRangio: 1.74[1.46,

2.08] vs. 1.55[1.34, 1.72], P < 0.01). Patients with CMD (H-IMRangio > 25)

and patients with IMVC (RRRangio below the median value) both had higher

syndecan-1 levels (CMD: 86.44 ± 54.15 vs. 55.2 ± 43.72, P < 0.01; IMVC:

83.86 ± 55.41 vs. 59.68 ± 45.06, P < 0.01). After adjustment for confounding

factors, HSG remained associated with the presence of CMD and IMVC (CMD:

odds ratio [OR]: 2.769, P < 0.01; IMVC: OR: 1.908, P < 0.01).

Conclusion: High levels of syndecan-1 are independently associated with the

presence of CMD and IMVC among patients with suspected CAD.

KEYWORDS

endothelial glycocalyx, syndecan-1, coronary microcirculation, coronary
microvascular dysfunction, impaired microvascular vasodilatory capacity,
angiography-derived index of microcirculatory resistance

Introduction

The diagnosis and treatment of coronary artery disease
(CAD) mostly focus on epicardial vessels. With the development
of coronary interventions, the tools used to address epicardial
vascular stenosis are becoming increasingly abundant and
advanced. However, various studies have shown that
among patients who are undergoing clinically indicated
coronary angiography, up to 49% do not have significant
stenosis. Of these patients, up to 60% may have coronary
microvascular dysfunction (CMD) (1–3). Over the past 2
decades, understanding of the pathophysiology of CMD has
increased. The incidence of major adverse cardiovascular events
(MACEs) was found to be significantly higher among patients
with CMD than among patients with normal endothelial
function (4–8). One study found that 18, 10, and 5% of patients
with severe, moderate and mild CMD, respectively, had adverse
cardiovascular events (9).

Coronary microvascular functional and structural
abnormalities disrupt vasodilation, thereby limiting increased
coronary blood flow in response to increased myocardial
oxygen demand. Endothelial function is essential for coronary
microcirculation. Functionally intact endothelium, influenced
by local metabolic activity, promotes relaxation that adapts to
the increase in myocardial oxygen demand (10).

The endothelial glycocalyx (EG) is a polymeric sugar-rich
network covering the surface of the vascular endothelium,
consisting of glycosaminoglycans, glycoproteins, glycolipids,
and proteoglycans, including the syndecan family. The

vast majority of the glycocalyx volume is located in the
microcirculation, particularly the capillaries. The EG is essential
for maintaining microvascular homeostasis by modulating
vascular resistance, regulating signals, and exerting a protective
effect against circulating cytokines and cells, which all trigger
alterations in microcirculation (11). Consequently, the EG is
essential for the endothelium to be functionally intact. However,
the relationship between an impaired EG and the development
of CMD has not been confirmed.

The index of microvascular resistance (IMR), obtained by
the fractional flow reserve (FFR) system with the temperature
dilution method, is supposed to be the gold standard for
the evaluation of CMD (12, 13). However, due to the high
costs and operation time requirements, the application of
IMR has certain limitations, especially for consecutive clinical
observation and patients with mild epicardial vascular stenosis.
Quantitative flow ratio (QFR) is a new technique for evaluating
coronary physiological indices without a guidewire based
on coronary angiography images. A novel pressure wire-free
and angiography-based index of microcirculatory resistance
(IMRangio) based on QFR has been demonstrated to be a viable
alternative to IMR obtained by the FFR system and temperature
dilution method, with the potential to significantly simplify the
assessment of CMD in patients with acute and chronic coronary
syndromes regardless of epicardial stenosis (14, 15). With this
technique, the measurement of IMRangio is clearly easier to carry
out in a more general population.

Based on this new technology, we aimed to investigate
the association between the status of the EG and coronary
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microcirculation by assessing serum levels of syndecan-1, a core
component of the EG, and correlate the findings with those of
IMRangio.

Materials and methods

Study design and subjects

This was a single-center, prospective study. We enrolled
consecutive patients who were admitted to the Department
of Cardiology of Yantai Municipal Laiyang Central Hospital
for suspected CAD, which including suspected stable angina
pectoris or asymptomatic myocardial ischemia detected by
physiological assessment or scintigraphy. Patients with a
history of coronary intervention and other heart diseases
(cardiomyopathy, heart valve disease, myocarditis, congenital
heart disease), hematological system disease, cancers, and
hepatic or renal insufficiency as well as patients who had
undergone an invasive operation or had a severe infection
within the previous 3 months were excluded from the
study. In addition, patients with asthma or sick sinus
syndrome and atrial-ventricular block were excluded because
of contraindications to adenosine triphosphate (ATP). The
study was approved by the Ethics Committee of Yantai
Municipal Laiyang Central Hospital, and all patients provided
informed consent.

Anthropometric and laboratory
analysis

On the morning after admission, fasting venous blood
samples were collected from the median cubital vein among
all enrolled patients and tested for routine blood and
biochemical indices. These indicators included fasting blood
glucose, creatinine, total cholesterol (TC), triglycerides (TGs),
low-density lipoprotein cholesterol (LDL), and high-density
lipoprotein cholesterol (HDL), which were all measured with an
automatic analyzer (7600P, HITACHI, Tokyo, Japan).

The serum specimens were also used for the measurement
of the syndecan-1 concentration, which was performed with
a commercially available immunoassay (Human Syndecan-
1 ELISA Kit, Abcam, United Kingdom) according to the
manufacturer’s recommendations.

Angiographic analysis and evaluation
of the coronary microcirculation

The interventional doctors at the hospital used the
standard Judkins technique to perform coronary angiography
and angiographic analysis. A standard dose of 200 µg of

nitroglycerine was intravenously administered to each studied
artery to minimize changes in coronary volume. Ioversol
(50 ml: 33.9 g; Hengrui Pharmaceutical Co., Jiangsu, China), the
contrast agent, was injected at a rate of 3–4 ml/s and 2–3 ml/s
for the left and right coronary arteries, respectively. Images
of the left and right coronary arteries were obtained from at
least 2 views. All angiographies were recorded at a rate of 15
frames/s. Three experienced cardiologists were responsible for
performing and analyzing the angiograms.

All enrolled patients underwent coronary angiography-
based analysis of wire-free physiological indices in the left
anterior descending artery (LAD) by a validated system,
AngioPlus (Pulse Medical Imaging Technology, Shanghai,
China) (16). The coronary angiography images were exported in
DICOM format and transferred to the AngioPlus system in the
Department of Cardiology of the Chinese PLA General Hospital.
Two angiographic images from different angles (≥ 25◦) with
minimal vessel overlap were acquired. The proximal ends were
located at the most proximal segment of the imaged vessel.
The distal ends were located at the most distal anatomical
landmarks, such as side branches. The software reconstructed
a 3D anatomical vessel model without its side branches for the
computation of QFR. The algorithms used for QFR assessment
were described previously (16). Brief description as follows. The
reconstructed vessel segment was automatically divided into
several subsegments along the arterial centreline, with each three
consecutive centreline points forming a subsegment. Typically,
a subsegment has a length of 6 mm. The pressure drop (1P)
for each subsegment was calculated using the stenosis geometry
and contrast-flow velocity (CFV), which can be formulated as
follows:

1P = c1 × CFV + c2 × CFV∧2

Where c1 and c2 are viscosity and expansion loss coefficients
that were determined by the stenosis geometry characterized
by the diseased lumen sizing with respect to the reference
sizing. The computation of CFV was as follow. According
to the length of the centerline, the length of the vessel was
calculated. Considering the frame rate, the curve of vessel length
variation over time (length/time curve) could be derived. The
flow velocity could then be easily calculated by fitting a straight
line to the length/time curve during the phase of contrast
injection, using the least-square method. The slope of this fitting
line defined the rate of length change over time, and hence
the flow velocity.

1P at every position with respect to the most proximal
position is calculated by integrating the pressure drop of all
subsegments proximal to that interrogated location. Thus, the
QFR at the interrogated position can be derived by the following
formula:

QFR =
Pa−

∫
1Pdx

Pa

Where Pa is the aorta pressure and x represents the distance
from the most proximal position to the interrogated position.
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The evaluation of coronary microcirculation was performed
according to IMRangio, which was derived from the calculation
formula of IMR referred to the study of De Maria, G. L. et which
is calculated as follows (15, 17):

IMRangio = Pa × QFR ×
Nframes

fps

Where Pa is the mean baseline aortic pressure; Nframes is
the number of frames for contrast dye traveling from the tip of
the guide catheter to the distal reference; and fps is the frame
rate (prespecified as 15). Figure 1 shows the 3D anatomical
vessel model reconstruction and its automatic analyses of QFR
in the LAD, which was carried out by the AngioPlus system
and the derived calculation of IMRangio. With reference to the
optimal cut-off values determined by previous studies, coronary
microvascular dysfunction (CMD) in this study was defined as
an H-IMRangio value greater than 25 (15).

Physiological indices were obtained in the non-hyperemic
and maximum hyperemic states. A maximal hyperemic state
was achieved with intravenous infusion of ATP at a rate of
140 µg/kg/min. The angiography-based resistive reserve ratio
(RRRangio) was calculated for enrolled patients as the ratio of
IMRangio in the non-hyperemic state (NH- IMRangio) and the
maximum hyperemic state (H-IMRangio) as follows:

RRRangio =
NH−IMRangio
H−IMRangio

RRRangio is a measurement of coronary microvascular
vasodilatory capacity, describing the ability of the
microcirculation to respond to a vasodilatory stimulus
regardless of epicardial stenosis (15, 18, 19). Due to the lack
of reference on the optimal cut-off value to define impaired
coronary vasodilator capacity (IMVC) using RRRangio,
referring to the methods of previous studies (15, 18, 19), we used
RRRangio below the median value was used to define IMVC.

Statistics

Data are expressed as frequencies and percentages for
categorical variables and as the means ± standard deviations (if
normally distributed) or as medians with interquartile ranges (if
non-normally distributed) for continuous variables. Continuous
variables were compared using Student’s t test or the Mann–
Whitney U test. Variables relevant to the multivariable models
were selected by their clinical significance and a threshold
P value < 0.1 from the univariate analyses. Binary logistic
regression analysis was performed to assess independent factors
associated with CMD or IMVC. The area under the receiver-
operating characteristic curve (AUC) was calculated to evaluate
the predictive ability of syndecan-1 for CMD or IMVC. Analyses
were performed using GraphPad Prism (version 5.0.1, San
Diego, CA, United States). A P value < 0.05 was considered
statistically significant.

Results

Enrolled patient characteristics

A total of 528 patients were consecutively enrolled in this
study. The median age of the enrolled patients was 68 years,
and the proportion of males was 49.2%. Using the median
syndecan-1 level of the enrolled patients as the cutoff value
(52.9 ng/ml), all subjects were divided into two groups: a high
syndecan-1 group (HSG) and a low syndecan-1 group (LSG).
The baseline characteristics are listed in Table 1. Patients in the
HSG were older than those in the LSG. A higher prevalence of
diabetes mellitus was observed in the HSG. Four hundred and
twenty patients were enrolled in this study due to suspected
angina pectoris and there was no significant difference between
LSG and HSG. The other demographic factors did not differ
significantly. Other than serum albumin, the two groups showed
no significant differences in laboratory tests. The levels of
serum albumin were higher in the HSG than in the LSG
(51.06± 6.27 ng/ml vs. 44.38± 5.64 ng/ml, P < 0.01).

Angiographic findings and
physiological indices

Angiographic findings and physiological indices are
presented in Table 2. Coronary complexity, which was reflected
by the SYNTAX score, was not significantly different between
the LSG and HSG (7[3, 10] vs. 9[4, 12], P = 0.15). There was no
difference in the proportion of one-vessel disease and 3-vessel
disease between the two groups (one-vessel disease: 39.8 vs.
35.6%, P = 0.37; 3-vessel disease: 8.3 vs. 9.47%, P = 0.76).

Physiological indices of the LAD were evaluated. A total of
146 patients had ischemic stenosis (QFR < 0.8) in the LAD,
and a total of 280 patients were diagnosed with CMD. The
proportion of patients with an ischemic LAD in the HSG was
23.9%, which was not different from that in the LSG (23.9 vs.
31.4%, P = 0.06). Among all the enrolled patients, there was
no significant difference in the IMRangio between patients with
ischemic stenosis in the LAD compared and patients without
ischemic stenosis (26.26 ± 6.61 vs. 25.44 ± 6.14, P = 0.18).
The mean resting flow velocity of the two groups was not
different (0.19 ± 0.1 m/s vs. 0.17 ± 0.1 m/s, P = 0.78). After
ATP infusion, the mean flow velocities in the LSG significantly
increased (0.42 ± 0.09 m/s vs. 0.28 ± 0.1 m/s, P < 0.01).
Referring to the evaluation of coronary microcirculation, the
NH-IMRangio showed no difference between the HSG and LSG
(32.95 [26.06, 41.48] vs. 34.78 [27.76, 41.68], P = 0.1). However,
the H-IMRangio was significantly lower in the LSG (23.64± 6.28
vs. 27.67 ± 5.59, P < 0.01). Moreover, we found that the
proportion of CMD in the HSG was significantly higher than
that in the LSG (66.7% vs. 39.4%, P < 0.01). In addition,
this study found that RRRangio was significantly higher in the
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FIGURE 1

Example of an enrolled 65-year-old patient who was analyzed with the AngioPlus System to obtain the value of the quantitative flow ratio (QFR)
and derivation of the angiography-based index of microcirculatory resistance (IMRangio). First, we obtained a 3D anatomical vessel model
without its side branches (c) for the computation of the QFR by two angiographic images with different angles (≥ 25◦) and minimal vessel
overlap (a,b). Second, the value of IMRangio was derived according to the mean baseline aortic pressure (Pa), the number of frames for contrast
dye traveling from the tip of the guiding catheter to the distal reference (Nframes) and the value of the QFR (d).

LSG (1.74[1.46, 2.08] vs. 1.55[1.34, 1.72], P < 0.01), and the
proportion of patients with IMVC in the LSG was higher than
that in the HSG (60.6% vs. 41.67%, P < 0.01).

Association of coronary
microcirculation and the endothelial
glycocalyx

The serum syndecan-1 concentration was significantly
different when enrolled patients were grouped according to
the presence of CMD and IMVC (CMD vs. non-CMD:
86.44 ± 54.15 vs. 55.2 ± 43.72 ng/ml, P < 0.01, Figure 2A;
IMVC vs. non-IMVC: 83.86 ± 55.41 vs. 59.68 ± 45.06 ng/ml,
P < 0.01, Figure 2B). It has been reported that syndecan-
1 was significantly elevated in patients with diabetes (20,
21). Among enrolled patients, there was significant different
between patients with DM and without DM (DM vs. non-
DM:84.81± 53.51 vs. 61.14± 48.05 ng/ml, P< 0.01). To further
clarify the association between EG shedding and coronary
microcirculation in patients without DM, we further analyzed
the difference of syndecan-1 among patients without DM
(CMD vs. non-CMD: 77.36 ± 55.27 vs. 45.9 ± 33.79 ng/ml,
P < 0.01, Figure 2C; IMVC vs. non-IMVC: 73.58 ± 57.23 vs.
51.51 ± 36.92 ng/ml, P < 0.01, Figure 2D). Logistic regression
analysis was applied to screen out the independent factors
associated with the presence of CMD and IMVC (Table 3).
When variables with P < 0.1 in univariable regression analysis
were tested in a multivariable model, high syndecan-1 levels
and diabetes mellitus (DM) were found to be independently
associated with the presence of CMD (high syndecan-1 level:
odds ratio (OR) = 2.769, 95% confidence interval (95% CI):
1.817–4.22, P < 0.01; DM: OR = 1.79, 95% CI: 1.167–2.744,
P = 0.01) and IMVC (high syndecan-1 level: OR = 1.908, 95% CI:

1.261–2.888, P < 0.01; DM: OR = 1.466, 95% CI: 1.018–2.112,
P = 0.04).

Receiver operating characteristic
(ROC) analysis of syndecan-1 to
identify CMD and impaired
microvascular vasodilatory capacity

Receiver operating characteristic curves were constructed
to assess the ability of the syndecan-1 value to identify CMD
and IMVC. As shown in Figure 3A, the area under the curve
(AUC) of syndecan-1 for CMD was 0.7 (95% CI: 0.65–0.74,
P < 0.01), with a cutoff value of 46.99 ng/ml (sensitivity 60.89%
and specificity 71.43%). As shown in Figure 3B, the AUC of
syndecan-1 for IMVC was 0.64 (95% CI: 0.59–0.68, P < 0.01),
with a cutoff value of 54.11 ng/ml (sensitivity 59.85% and
specificity 62.12%).

Discussion

To assess the relationship between the EG and coronary
microcirculation, we quantitatively evaluated coronary
microcirculation using an angiographic-based functional
analysis of the LAD and applied the measurement of serum
syndecan-1 to reflect the state of the EG. The main findings
of this study are that a high serum syndecan-1 level was
independently associated with the presence of CMD and an
impaired microvascular vasodilatory capacity.

Recently, the important role of CMD in cardiovascular
disease has been increasingly recognized. Up to 14% of
patients with myocardial infarction are found to have non-
obstructive coronary arteries (MINOCA) (22), which represents
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TABLE 1 Differences in baseline characteristics of patients grouped by the median syndecan-1 level.

Clinical characteristics ALL (n = 528) HSG (n = 264) LSG (n = 264) P

Age, y 68 (61, 76) 67 (59, 74) 70 (62, 78) 0.01

Male, n (%) 260 (49.24%) 126 (47.73%) 134 (50.76%) 0.54

Body mass index, kg/m2 28.65± 3.65 28.72± 0.23 28.58± 0.22 0.68

Diabetes mellitus, n (%) 237 (44.89%) 84 (31.82%) 153 (57.95%) <0.01

Hypertension, n (%) 396 (75.00%) 193 (73.11%) 203 (76.89%) 0.37

Hypercholesterolemia, n (%) 200 (37.88%) 104 (39.39%) 96 (36.36%) 0.53

Current smoker, n (%) 110 (20.83%) 50 (18.94%) 60 (22.73%) 0.34

Total cholesterol, mg/dl 4.52 (3.52, 6.4) 4.64 (3.54, 6.39) 4.43 (3.52, 6.43) 0.86

HDL-C, mg/dl 1.1 (0.92, 1.29) 1.13 (0.94, 1.35) 1.08 (0.91, 1.25) 0.13

Total triglyceride, mg/dl 2.37 (1.21, 4.05) 2.33 (1.14, 4.1) 2.43 (1.32, 3.96) 0.74

LDL-C, mg/dl 2.97± 1.13 2.94± 0.07 2.99± 0.06 0.60

Creatinine, µmol/L 87.7 (71.46, 115.84) 87.96 (72.33, 116.87) 87.1 (68.92, 112.93) 0.40

Albumin, g/L 47.72± 6.83 51.06± 6.27 44.38± 5.64 <0.01

White blood cells (109/L) 7.29 (5.05, 9.26) 7.1 (5.1, 9.38) 7.36 (5.03, 9.20) 0.58

Red blood cells (109/L) 4.21 (3.45, 4.81) 4.17 (3.45, 4.78) 4.24 (3.46, 4.82) 0.86

Platelet count (109/L) 215 (143, 295) 216 (143, 292) 215 (143, 296) 0.58

Hemoglobin (g/L) 116.5 (103, 133.75) 119 (103, 134) 115 (103, 132) 0.19

Aspirin, n (%) 192 (36.36%) 95 (35.98%) 97 (36.74%) 0.93

ACEI/ARB, n (%) 238 (45.08%) 125 (47.35%) 113 (42.80%) 0.34

Beat receptor blocker, n (%) 104 (19.70%) 47 (17.80%) 57 (21.59%) 0.33

CCB, n (%) 108 (20.45%) 49 (18.56%) 59 (22.35%) 0.33

Statin, n (%) 318 (60.23%) 150 (56.82%) 168 (63.64%) 0.13

Suspected symptomatic CAD, n (%) 420 (79.55%) 202 (76.52%) 218 (82.85%) 0.08

Continuous variables are reported as the means ± standard deviations (if normally distributed) or as medians with interquartile ranges for continuous variables (if non-normally
distributed); categorical variables are expressed as numbers (percentages). HSG, high syndecan-1 group; LSG, low syndecan-1 group; HDL-C, high-density lipoprotein cholesterol; LDL-C:
low density lipoprotein cholesterol; ACEI/ARB, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers; CCB, calcium channel blocker.

a diagnostic and therapeutic dilemma since many patients are
discharged without a clear etiology for its clinical presentation
(23, 24). As a result, patients may be treated inappropriately
or not treated at all. In addition, heart failure with preserved
ejection fraction (HFpEF) is viewed as the most intractable
fortress in the battle against the prevention and treatment
of cardiovascular disease (25). CMD was found to be closely
associated with the development and progression of HFpEF.
Amelioration of CMD may be a breakthrough in improving the
prognosis of HFpEF (26, 27).

However, the exploration on risk factors for CMD is
relatively limited. Among the recognized risk factors, female
sex was once considered an important factor affecting its
occurrence, except for DM. CDM related disease, such as
MINOCA, is even once called “female-pattern” cardiovascular
disease (28). But several real-world studies in recent years have
found that men and women actually differ little in the incidence
of CMD (5, 29, 30). In this study population, we similarly did
not find an independent association between gender and the
occurrence of CMD. Therefore, there were much work remained
to be done to unearth the factors associated with CMD.

The EG is an important component in the maintenance of
microcirculation (31). Syndecan-1 is a specific core component

of the glycocalyx, and elevated serum concentration of
syndecan-1 are highly sensitive and specific for reflecting the
degree of EG disruption. However, there is still a lack of
recognized normal reference range. The largest study to date on
concentration of serum syndecan-1 showed that the median of
serum syndecan-1 was 19.3 ng/ml (Quartile: 13.7–27.3 ng/ml),
which was significantly lower than 48.81 ng/ml (Quartile: 25.34–
91.19 ng/ml) in our study (32). We supposed that it may be due
to aging and a relatively high proportion of complications in our
enrolled patients. Another informative study on syndecan-1 in
CAD patients suggested the median of serum syndecan-1 was
99 ng/ml, which was also significantly different from our data
(33). According to the published research on serum syndecan-
1, the fluctuation range of syndecan-1 is largely varied. The
structural variability of EG is large, which ranges from 200 to
2,000 nm in thickness. The instability of its structure may be the
main reason for large diversity of serum syndecan-1 (34). We
expect more studies with large samples to emerge, helping us to
further clarify the reference range of serum syndecan-1.

The concentration of serum syndecan-1 has been
found to be significantly elevated in patients with systemic
microcirculatory changes, such as sepsis, diabetes and advanced
age (20, 21, 35–37). In our study, the shedding of the glycocalyx,
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TABLE 2 Angiographic findings and physiological indices between the patients grouped by the median syndecan-1 level.

HSG (n = 264) LSG (n = 264) P

Angiographic findings

1-vessel disease, n (%) 94 (35.6%) 105 (39.8%) 0.37

2-vessel disease, n (%) 145 (54.9%) 137 (52%) 0.54

3-vessel disease, n (%) 25 (9.47%) 22 (8.3%) 0.76

SYNTAX score 13 (6, 18) 7 (3, 10) <0.01

Physiological indices of LAD

QFR 0.85 (0.75, 0.91) 0.88 (0.80, 0.94) 0.02

QFR < 0.8, n (%) 83 (31.4%) 63 (23.9%) 0.06

Resting flow velocity, m/s 0.17± 0.1 0.19± 0.1 0.78

Hyperemic flow velocity, m/s 0.28± 0.1 0.42± 0.09 <0.01

CFR 1.98± 0.62 2.32± 0.43 <0.01

H-IMRangio 27.67± 5.59 23.64± 6.28 <0.01

NH- IMRangio 34.78 (27.76, 41.68) 32.95 (26.06, 41.48) 0.1

RRRangio 1.55 (1.34, 1.72) 1.74 (1.46, 2.08) <0.01

IMVC, n (%) 160 (60.6%) 110 (41.67%) <0.01

CMD, n (%) 176 (66.7%) 104 (39.4%) <0.01

Continuous variables are reported as the means ± standard deviations (if normally distributed) or as medians with interquartile ranges for continuous variables (if non-normally
distributed); categorical variables are expressed as numbers (percentages). HSG, high syndecan-1 group; LSG, low syndecan-1 group; SYNTAX scores, synergy between percutaneous
coronary intervention with taxus and cardiac surgery scores; QFR, quantitative flow ratio; CFR, coronary flow reserve which computed as the ratio of hyperemic flow velocity and resting
flow velocity; H-IMRangio, angiography-derived index of microcirculatory resistance in the maximum hyperemic state; NH-IMRangio, angiography-derived index of microcirculatory
resistance in the non-hyperemic state; RRRangio, angiography-based resistive reserve ratio.

syndecan-1, differed significantly between patients with and
without diabetes among the enrolled patients and between
patients grouped according to the median age, which was
consistent with previous studies. However, in our cohort, there
was no significant difference in the proportion of patients
with symptoms between HSG and LSG. This may be related
to the relatively stable condition of the enrolled patients. It
has no effect on the shedding of EG by the stimulation of a
state of relative no stress. In addition, asymptomatic patients
were with older age and more diabetes, which promoting the
shedding of EG and making up for the elevation of syndecan-1
caused by uncomfortable symptoms. Notably, a significant
difference in albumin levels was found between patients
grouped by syndecan-1 levels. This may be relevant to the
protective function of albumin in the EG. Plasma albumin is
physiologically bound within the EG, thus contributing to the
stability of the layer. Preclinical studies have illustrated the
mechanism of albumin and its effects in models of hemorrhagic
shock, endotoxemia, vascular permeability and ischemia. The
results from in vitro and in vivo experiments illustrate the
multifunctional nature of albumin, including the maintenance
of glycocalyx integrity, partial restoration of impaired vascular
permeability and improvement of the microcirculation (38).
This result provides a new perspective on strategies for
EG-related diseases in the future.

The current study addressed an additional controversial
question regarding whether EG shedding, syndecan-1, is
associated with lesions of coronary epicardial arteries. Nemoto

et al. considered EG impairment to be of little relevance to
the complexity of epicardial lesions (33), while an earlier study
performed by Xiangjun Xue et al. found a certain association
between the shedding of the glycocalyx and the extent of
coronary lesions (39). The results of the current study are
similar to previous findings obtained by Nemoto et al. on
this issue. However, the reasons for the different results of
various studies need to be further studied. The author supposed
that the different proportions of the endothelial barrier in the
formation of coronary atherosclerotic plaques may determine
the different strengths of the relationship between the EG and
coronary lesions.

With the abundance of evaluation methods for coronary
microcirculation, we have had an increasing understanding
of CMD. These methods include calculation of IMR by FFR
systems and evaluation by non-invasive methods such as CFR
evaluated by ultrasound, Cardiac magnetic resonance, PET/CT
or dynamic myocardial perfusion computer tomography.
However, traditional non-invasive evaluation methods can only
evaluate surrogate markers of coronary function. Moreover,
contrary to obstructive CAD in which perfusion abnormalities
have regional distribution, myocardial impairment in CMD
may be a generalized process resulting in diffuse myocardial
perfusion abnormalities (40). Therefore, non-invasive ischemia
tests may be normal. CMD exists regardless of epicardial
stenosis. One of the most important features of IMR in
assessing coronary microcirculation is that it is not affected
by the degree of epicardial vascular stenosis, which is one
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FIGURE 2

Scatter Plot showed difference in serum syndecan-1 concentration between different groups. The green horizontal line reflects the average
value, and the blue horizontal line reflects the standard error. (A) Shows the difference between CMD and non-CMD (86.44 ± 54.15 vs.
55.2 ± 43.72, P < 0.01). (B) Shows the difference between IMVC and non-IMVC (83.86 ± 55.41 vs. 59.68 ± 45.06, P < 0.01). (C) Shows the
difference between CMD and non-CMD among patients without diabetes mellites (77.36 ± 55.27 vs. 45.9 ± 33.79, P < 0.01). (D) Shows the
difference between IMVC and non-IMVC among patients without diabetes mellites (IMVC vs. non-IMVC: 73.58 ± 57.23 vs. 51.51 ± 36.92,
P < 0.01). CMD, coronary microvascular dysfunction; IMVC, impaired microvascular vasodilatory capacity. **P < 0.01.

of the greatest advantages of IMR measurement (41, 42).
Measurement of IMRangio has the both advantages invasional
methods and non-invasional ones, which is regarded as a
highly potential and effective way to evaluate CMD. Regarding
the measurement of physiological indices in coronary arteries,
we chose to conduct these in the LAD because the IMR
had poor numerical agreement among different coronary
arteries (43). All analyses conducted in the LAD would
be more comparable among all the enrolled patients. In
addition, stenosis in vessels could not affect the determination
of the IMR. Consequently, measuring it in the LAD was
not affected by the presence of lesions in the LAD (41).
Our study similarly confirmed that the IMR of patients
grouped by whether the QFR was less than 0.8 was not
significantly different.

Based on analysis of the relationship between the
endothelium and glycocalyx, the impact of the glycocalyx
on microcirculation is two-sided (34). On the one hand,
glycocalyx disruption promotes endothelial apoptosis and
endothelial-to-mesenchymal transition and then affects the

myocardial microvessel density (27, 44). On the other hand,
the glycocalyx is not accessible for flowing red blood cells and
greatly hinders plasma flow in the axial direction, causing
a reduction in functionally perfused capillary volume (45).
In the state of non-hyperemia, the data from our study
show no association between the EG and NH-IMRangio. It
is possible that the positive and negative factors that affect
microcirculation resistance have reached a certain balance in
long-term adaptation. However, the flow velocity in the LAD
showed differences, leading to differences in H-IMRangio and
the presence of IMVC between patients grouped by syndecan-1
in the hyperemic state obtained by injection of ATP. One of the
mechanisms of the ATP-induced increase in microcirculatory
flow is achieved by reducing glycocalyx exclusion properties
(45). Therefore, in good condition, the EG fully contributed
to the expansion effect of ATP on the microcirculation. We
supposed that the flow velocity difference in the state of
hyperemia may be related to impairments in the EG and the
resulting limited space for adenosine to exert its effects on
glycocalyx exclusion property reduction.
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TABLE 3 Association of coronary microvascular dysfunction and impaired microvascular vasodilatory capacity with other independent variables
determined by the multivariable logistic regression models.

Odd ratio 95% CI SE P

Factors related to coronary microvascular dysfunction. Variables selected by univariable regression analysis included high syndecan-1 level, age, male sex, current smoker,
body mass index, hypertension, total cholesterol, diabetes mellitus, albumin

High syndecan-1 level 2.769 1.817, 4.22 0.215 <0.01

Age 1.001 0.982, 1.021 0.010 0.90

Male 1.023 0.678, 1.545 0.210 0.91

Current smoker 1.262 0.754, 2.112 0.263 0.38

Body mass index 0.968 0.920, 1.018 0.026 0.21

Diabetes mellitus 1.790 1.167, 2.744 0.218 0.01

Total cholesterol 1.139 0.781, 1.661 0.193 0.50

Albumin 1.090 0.926, 1.283 0.083 0.30

Factors related to impaired microvascular vasodilatory capacity. Variables selected by univariable regression analysis included syndecan-1, age, male sex, body mass index,
low-density lipoprotein cholesterol, creatinine, diabetes mellitus, albumin

High syndecan-1 level 1.908 1.261, 2.888 0.211 <0.01

Age 1.001 0.982, 1.019 0.009 0.94

Male 0.885 0.62, 1.264 0.182 0.50

Body mass index 0.961 0.915, 1.010 0.025 0.12

low density lipoprotein cholesterol 0.93 0.793, 1.091 0.081 0.38

Creatinine 0.996 0.99, 1.002 0.003 0.15

Diabetes mellitus 1.466 1.018, 2.112 0.186 0.04

Albumin 0.098 0.952, 1.008 0.015 0.16

FIGURE 3

Receiver operating characteristic (ROC) curve of serum syndecan-1 for the prediction of CMD and IMVC. The areas under the ROC curve for
CMD (A) and IMVC (B) were 0.7 (95% CI: 0.65–0.74, P < 0.01) and 0.64 (95% CI: 0.59–0.68, P < 0.01), respectively. For the prediction of CMD
and IMVC, the cutoff values of syndecan-1 were 46.99 ng/ml (sensitivity 60.89% and specificity 71.43%) and 54.11 ng/ml (sensitivity 59.85% and
specificity 62.12%), respectively. CMD, coronary microvascular dysfunction; IMVC, impaired microvascular vasodilatory capacity.

The impact of EG impairment caused by COVID-19
on the microcirculation has been repeatedly demonstrated
as the epidemic spread. EG protection has regained a
focus in the domain of panvascular disease (46). Our
study focuses on the association between the EG and
coronary microcirculation, finding that increased EG shedding
is independently associated with the presence of CMD,
and the impact of the EG on CMD may mainly be

achieved by decreasing microvascular vasodilatory capacity.
CMD, which is independent of the occurrence of epicardial
coronary artery disease, accounts for a large proportion
of patients with angina. Although mature interventional
techniques to relieve the stenosis of epicardial vessels,
the means to prevent and relieve CMD are relatively
scarce. Therapy, such as sulodexide has been attracted great
attention for its protective effects on the EG (47). This
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study may provide a new direction for the management of
patients with angina caused by CMD from the perspective of
glycocalyx protection.

Study limitations

Some limitations of our study must be noted. First, the
enrolled patients had suspected CAD. The included population
was relatively limited. Expanding the inclusion criteria may
yield different results. Second, we did not collect data pertaining
to the long-term serial coronary microvascular changes of the
enrolled patients. There was no further analysis of whether
syndecan-1 had an impact on the changes in coronary
microcirculation. Third, limited by the inclusion criteria, we
could not exclude selection bias for patients who underwent
angiography, especially with a low proportion of patients
with a higher stage of CKD. Fourth, the gold standard for
evaluating coronary microcirculation is the IMR measured by
the temperature dilution method and pressure wire. Although
there was good accuracy of coronary angiography-based analysis
of wire-free physiological indices in the evaluation of coronary
microcirculation, there might be deviation in the results.

Conclusion

A high level of syndecan-1, which reflects impairment of
the EG, is independently associated with the presence of CMD
and IMVC among patients with suspected CAD. This finding
suggests an association between EG disruption and impaired
coronary microcirculation. Further studies are required to
demonstrate the causal relationship of the EG in the initiation
and development of CMD. Furthermore, this study may provide
new insight into improving the prognosis of CMD-related
diseases from the perspective of EG protection.
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Background: Several trials have considered the safety and clinical benefits

of colchicine as a treatment option for secondary prevention in patients

with coronary atherosclerotic heart disease (CAD), but its safety and clinical

benefits remain controversial. The purpose of this study was to explore the

clinical benefits of colchicine, focusing on certain subgroups of patients.

Methods: Randomized controlled trials (RCTs) of colchicine in subjects with

acute or chronic CAD compared with controls were included to assess all-

cause mortality, non-cardiovascular mortality, gastrointestinal adverse effects,

diarrhea, MACE, cardiovascular mortality, MI, stroke, and revascularization.

We analyzed the association of cardiovascular, mortality, and gastrointestinal

risk with colchicine in all subjects. We also focused on the cardiovascular

risk of colchicine in subgroups with different drug doses, different treatment

durations, age, gender, and associated comorbidities.

Results: This meta-analysis included 15 clinical RCTs, including 13,539

subjects. Colchicine reduced the risk of MACE (RR: 0.65; 95% CI: 0.38–0.77,

p for heterogeneity < 0.01; I2 = 70%; p < 0.01), stroke (RR: 0.48; 95% CI:

0.30–0.76; p heterogeneity = 0.52; I2 = 0%; p < 0.01), MI by 40% (RR: 0.60;

95% CI: 0.43–0.83; p for heterogeneity = 0.01; I2 = 59%; p < 0.01) and risk

of revascularization (RR: 0.68; 95% CI: 0.56–0.83; p for heterogeneity = 0.17;

I2 = 40%; p < 0.01), but had no significant effect on risk of cardiovascular

death and risk of all-cause mortality. In addition, colchicine increased the

risk of gastrointestinal side effects and diarrhea. In a subgroup analysis,

low-dose colchicine and treatment duration > 1 month reduced the risk

of MACE, MI, stroke, and revascularization. Also, the cardiovascular benefits

of colchicine were observed in subjects up to 65 years of age. The results

showed that hypertension and diabetes did not have a specific effect on

colchicine and MACE risk.

Conclusion: Colchicine has a positive effect in reducing the incidence

of MACE, MI, stroke, and revascularization, but can increase the risk

of gastrointestinal and diarrhea events. Low-dose colchicine significantly
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reduces the risk of MACE more than high-dose colchicine, and the benefits of

long-term treatment are higher than those of short-term treatment. Long-

term low-dose colchicine treatment may significantly reduce the risk of

cardiovascular events. Furthermore, colchicine significantly reduced the risk

of cardiovascular events in patients up to 65 years of age, but it did not

appear to reduce cardiovascular risk in patients over 65 years of age or in

preoperative PCI patients.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/],

identifier [CDR42022332170].

KEYWORDS

coronary heart disease, secondary prevention, colchicine, dose, randomized
controlled trial

Introduction

In recent years, there has been increasing evidence
that inflammation plays a key role in the development
of atherosclerosis and other cardiovascular diseases (1, 2).
Colchicine is a drug with potent anti-inflammatory effects (3).
At low doses, it inhibits microtubule growth, while at high
doses it supports microtubule depolymerization. Colchicine’s
effect on microtubule protein disruption inhibits the action
of the NLRP3 inflammasome, resulting in reduced secretion
of pro-inflammatory cytokines and inhibition of neutrophil
extracellular traps (NETs) formation (4–6). In this context,
colchicine has emerged as a new treatment option for
cardiovascular diseases.

Clinical trials on the effects of colchicine on cardiovascular-
related outcomes in patients with coronary artery disease
continue to emerge, Many clinical studies have shown that
colchicine significantly reduces the risk of cardiovascular events
in patients with coronary artery disease (7, 8), and Several meta-
analyses have also shown that colchicine reduces inflammation
levels in patients with unstable coronary atherosclerotic
heart disease (CAD) (9) and may be considered as a first-
line treatment for secondary prevention in patients with
coronary artery disease (10). Few meta-analyses, however, have
focused on the long-term cardiovascular risk of colchicine
in patients of varied ages, as well as the cardiovascular
outcomes of PCI pre-operative treatment. Therefore, we
conducted a meta-analysis to evaluate the clinical efficacy
and safety of colchicine in the secondary prevention of
coronary heart disease, We also focused on the differences
in cardiovascular events between studies based on follow-
up duration and age, as well as the relationship between
colchicine and cardiovascular events in terms of dose, gender,
and associated comorbidities.

Materials and methods

This meta-analysis followed Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines
(11). The protocol of this meta-analysis was registered on the
PROSPERO database1 with Registration Number 42022332170.

Search strategy

The search strategy was conducted in accordance with the
Participant, Intervention, Comparison, Outcome, and Study
Design (PICOS) format as follows: P = adults at least 18
years old with CAD or diagnosed CAD; I = Colchicine; C =
control group with or without placebo; O = primary outcome
was cardiovascular outcomes, including major cardiovascular
events (MACEs), coronary revascularization and all-cause
death. Secondary outcomes were non-cardiovascular mortality,
gastrointestinal adverse events, and diarrhea; MACEs refer to
cardiovascular death, myocardial infarction (MI), and non-fatal
ischemic stroke. S = Randomized controlled trials (RCT).

We searched databases including PubMed, Cochrane
library, and Clinicaltrial.gov to screen all the eligible RCTs
published before 2022.4.20, Language is limited to English. The
keyword terms used were “colchicine” and “coronary heart
disease” or “coronary syndrome” or “myocardial infarction”
or “STEMI” or “stable angina” or “PCI” or “percutaneous
coronary intervention” and “randomized controlled trial”
(see Supplementary Material for detailed database search
strategies). Trials were included if they met the following
criteria. If multiple reports described the same trial, the most
recent full text was selected for inclusion in this study.

1 https://www.crd.york.ac.uk/prospero/
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Inclusion criteria
The RCTs enrolled adults over the age of 18 with coronary

artery disease, regardless of whether they had undergone PCI.
No restrictions on country/region, language, or race.

The RCT was designed to compare colchicine treatment
with a control group with or without a placebo.

The outcomes of the RCT included one of the following
events: MACE; cardiovascular death; MI; stroke; and
revascularization; all-cause death; non-cardiovascular death;
gastrointestinal adverse effects; diarrhea.

Data extraction

In each RCT, we extracted the first author, publication year,
trial location, participant characteristics, a dose of colchicine,
treatment duration, subject number of colchicine treatment
group and control group, Mean age of subjects, the sex
ratio of colchicine treatment and control groups, number of
diabetes and non-diabetes, follow-up time, reported endpoints,
and study design.

CAD is defined as an acute or chronic coronary syndrome
(CCS). (i) Acute coronary syndromes (ACS) include unstable
angina, non-ST-segment elevation myocardial infarction
(NSTEMI) and ST-segment elevation myocardial infarction
(STEMI). (ii) CCS, also called stable angina or stable
ischemic heart disease, which includes a history of angina
symptoms, asymptomatic myocardial ischemia, or myocardial
revascularization in patients with stable angina.

The final results of the included studies were completed
independently by the two researchers, and any disagreements
were resolved through consultation.

Assessment of methodological quality

We assessed the risk of bias for inclusion in the
methodological quality of RCTs based on the Cochrane
Collaboration risk of bias tool (11): Elements of the Cochrane
Collaboration risk of bias tool for assessment included random
sequence generation, allocation concealment, participant and
personnel blinding, blinding of outcome assessment, incomplete
outcome data, no selective outcome reporting and other sources
of bias. Any disagreements in the quality assessment are resolved
through discussion between the two evaluators and, if necessary,
the involvement of a third reviewer to reach a consensus.

Subgroup analysis

Several RCTs showed that the most common side effect of
oral colchicine is gastrointestinal discomfort (12, 13). This effect
is dose-dependent and can resolve during continued treatment

or after withdrawal of colchicine (14). To identify the effect
of colchicine dose on acute or chronic CAD, we divided the
included studies into low-dose studies with a dose of 0.5 mg and
high-dose studies with a dose of 1 mg.

To further analyze the effect of study follow-up time on the
outcome endpoints, we performed subgroup analyses according
to the length of follow-up in three subgroups: ≤ 1 month,
> 1 month and < 1 year, and ≥ 1 year (median follow-up
time). In addition, we analyzed a study on the preoperative
treatment of PCI with colchicine, A meta-regression analysis of
age was also conducted to determine the correlation between the
variables and the results, we performed meta-regression analyses
of age to find correlations between variables and outcomes,
we also conducted subgroup analyses of age (mean age), sex,
and associated comorbidities to find out the factors influencing
colchicine on cardiovascular outcomes.

Statistical analysis

We analyzed the number of endpoint events and the number
of patients in the included RCT and subgroup data. We
assessed the risk of bias using Peter’s test and regression test
for funnel plot asymmetry. I2 and p-values were used to test
for heterogeneity in each RCT. A fixed effects model was used
when I2 < 50% and P > 0.10. A random-effects model was used
if I2 > 50% or P < 0.10. We performed sensitivity analyses to
reduce and exclude sources of heterogeneity: (1) When at least
three RCTs were combined for the same endpoint outcome, we
removed each study in turn and measured the change in I2.
If omitting a particular RCT resulted in a significant decrease
in I2, that RCT was the cause of heterogeneity. (2) The meta-
regression method was used to investigate the relationship
between subject age, nationality, and outcome. We performed
subgroup analyses according to colchicine dose, study follow-
up time, age, the timing of dosing, smoking, hypertension,
diabetes or not, and gender. In this meta-analysis, p < 0.05
was considered statistically significant. R (version 4.1.2) was
used to calculate statistical tests [relative risk (RR), confidence
intervals, sensitivity analysis, and I2 tests]. Tables, regression
plots, and forest plots generated by R (version 4.1.2) were used
to display the data.

Results

This study retrieved 648 articles, and 432 studies were
identified after eliminating duplicates. Subsequently, after
excluding non-RCTs, intervention subjects, outcome indicators
that did not match, and ongoing clinical trials with preliminary
results, we included 15 RCTs in our meta-analysis. including
13,543 subjects(Figure 1). These subjects included patients with
both acute and CCS, and a proportion of the population had
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FIGURE 1

Flow diagram of the study selection process.

undergone PCI. A total of 6,817 subjects were treated with
colchicine, whereas 6,726 subjects were in the control trial.
Figure 1 displays the determination of relevant RCTs and finally
retrieved the process of obtaining the final literature. Table 1
shows the characteristics of the finally included 15 RCTs (see
Supplementary Material).

According to the design of each RCT, we used the Cochrane
tool to score 15 RCTs for risk of bias. Figure 2 demonstrates the
methodological quality for each RCT and showed the risk of bias
of RCTs included in our meta-analysis was low (Figure 2).

Endpoints

Cardiovascular outcomes
Among the included RCTs, a total of seven studies

reported MACE, defined as a composite of cardiovascular
death, non-fatal ischemic stroke, and non-fatal MI), with

nine RCTs reporting cardiovascular death, six RCTs reporting
stroke, and nine RCTs reporting MI, and five RCTs reporting
revascularization, respectively. Compared with controls,
treatment with colchicine reduced the risk of MACE by 46%
(RR: 0.65; 95% CI: 0.38–0.77, p for heterogeneity < 0.01;
I2 = 70%; p < 0.01) and stroke by 52% (RR: 0.48; 95% CI:
0.30–0.76; p for heterogeneity = 0.52; I2 = 0%; p < 0.01), a
40% reduction in risk of MI (RR: 0.60; 95% CI: 0.43–0.83; p
for heterogeneity = 0.01; I2 = 59%; p < 0.01), a 32% reduction
in risk of incidence of revascularization (RR: 0.68; 95% CI:
0.56–0.83; p for heterogeneity = 0.17; I2 = 40%; p < 0.01).
However, colchicine did not reduce the risk of cardiovascular
death compared with controls(RR: 0.77; 95% CI: 0.53–1.12; p
for heterogeneity = 0.18; I2 = 34%; p = 0.17) (Figure 3).

All-cause and non-cardiovascular deaths
All-cause mortality was reported in 13 trials (n = 13,288)

and colchicine did not reduce the risk of death from any
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TABLE 1 Main characteristics of included RCTs.

Study Country Study
design

Character
istics

Participants,
n (%)

(treatment/
control)

Mean age
(years)

(treatment/
control)

Male
(treatment/
control)

Diabetes
mellitus, n

(%)
(treatment/
control)

Dose Endpoints assessed Follow-
up
duration
(months)

O’Keefe
et al. (24)

America Single center,
double-blind
RCTs

CCS patients
undergoing
angioplasty

130 67 62 111 58 16 8 0.5 mg
twice
daily

1. Mean coronary artery lumen
diameter 2. Recurrent ischemia 3.
Adverse reactions 4. All-cause
death

5.5

Raju et al.
(17)

Australia Single center,
double-blind
RCTs

ACS patients 40 40 59 57.2 34 (85%) 37 (92.5%) 7 (17.5%) 6 (15%) 1 mg
per day

1. The blood level of hs-CRP 2.
platelet function 3. Death 4.
myocardial infarction 5. stroke 6.
Adverse events

1.03

Nidorf et al.
(13)

Australia Single center,
triple-blind
RCTs

Stable coronary
disease

282 250 66 ± 9.6 67 ± 9.2 222 (89%) 251 (89%) 69 (28%) 92 (33%) 0.5 mg
per day

1. Acute coronary syndrome 2.
Out-of-hospital cardiac arrest 3.
Non-cardiac ischemic stroke 4.
Death

36

Deftereos
et al. (25)

Greece Single center,
double-blind
RCTs

Diabetic ACS
and CCS
patients
undergoing PCI
with BMS

100 96 63.6 ± 6.9 63.7 ± 7.2 63 (63%) 65 (68%) 100 (100%) 96 (100%) 0.5 mg
twice
daily

1. Angio-ISR 2, IVUS-ISR 3,
angiographic and IVUS
parameters of lumen loss and
in-stent neointimal hyperplasia 4.
Death events 5. Coronary
revascularization 6. Adverse
reactions

6

Gianno
poulos et al.
(18)

Greece Single center,
triple-blind
RCTs

ACS and CCS
patients
undergoing
CABG

30 29 64.9 ± 10.1 65.6 ± 9.5 21 (70%) 20 (69%) 11 (38%) 14 (47%) 0.6 mg
twice
daily

1. Maximal hsTnT concentration
within 48 h after surgery 2.
Maximal CK-MB levels and area
3. Adverse reactions

8 days after
surgery.

Deftereos
et al. (19)

Greece Single center,
triple-blind
RCTs

ACS patients 77 74 58 58 52 (68%) 52 (70%) 19 (26%) 13 (17%) 0.5 mg
twice
daily

1. CK-MB 2. hs-TnT 3. Left
ventricular ejection fraction 4.
Adverse reactions 5. Death events

Lasting 5
days

Zarpelon
et al. (20)

Brazil Single center,
double-blind
RCTs

ACS and CCS
patients
undergoing
AF-POMR

71 69 61.5 ± 10.3 60.3 ± 8.1 49 (69%) 46 (66.7%) 42 (59.2%) 30 (43.5%) 0.5mg
twice
daily

1, AF-POMR rate 2, death from
any cause 3, hospital length of
stay 4, postoperative infection.

Hospitali
zation time

Akodad
et al. (15)

France Single center,
double-blind
RCTs

ACS patients
undergoing PCI

23 21 60.1 ± 13.1 59.7 ± 11.4 19 (82.5%) 16 (76.2%) 3 (13%) 3 (14.3%) 1 mg
per day

1, CRP peak value during the
index hospitalization 2, troponin
peak 3, tolerance of colchicine 4,
hospitalization duration, 5, major
adverse cardiac events

1

(Continued)
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TABLE 1 (Continued)

Study Country Study
design

Character
istics

Participants,
n (%)

(treatment/
control)

Mean age
(years)

(treatment/
control)

Male
(treatment/
control)

Diabetes
mellitus, n

(%)
(treatment/
control)

Dose Endpoints assessed Follow-
up
duration
(months)

Hennessy
et al. (23)

Australia Single center,
double-blind
RCTs

ACS patients 119 118 61 61 89 (75%) 93 (79%) 27 (23%) 25 (21%) 0.5 mg
per day

1. The proportion of patients with
a residual CRP level ≥ 2 mg/L at
30 days 2. 30-day CRP changes 3.
The proportion of recruited
patients completing the study; 4.
Adverse events; 5.
Participant-reported compliance
with study medications; 6. Death
and major cardiovascular events

1

Mewton
et al. (26)

Iran Single center,
double-blind
RCTs

ACS patients
undergoing PCI

101 91 NC NC NC NC NC NC NC 1, Thrombolysis in myocardial
infarction (TIMI) score; 2,
TMPG; 3, TFC; 4, MACE

1

Tardif et al.
(8)

Canada Multicenter,
triple-blind
RCTs

ACS and CCS
patients
undergoing PCI

2,366 2,379 60.6 ± 10.7 60.5 ± 10.6 1,894
(80.1%)

1,942
(81.6%)

462 (19.5%) 497 (20.9%) 0.5 mg
per day

1. The proportion of patients with
a residual CRP level ≥ 2 mg/L at
30 days 2. 30 days CRP change 3.
the proportion of recruited
patients completing the study; 4.
adverse events; 5.
participant-reported compliance
with study medications; 6. death
and major cardiovascular events

22.6

Tong et al.
(22)

Australia Multicenter,
triple-blind
RCTs

ACS or CCS
patients

396 399 59.7 ± 10.2 60.0 ± 10.4 322 (81%) 310 (78%) 75 (19%) 76 (19%) 0.5 mg
per day

A residual CRP level ≥ 2 mg/L at
30 days 2. 30 days CRP change 3.
the proportion of recruited
patients completing

12

Shah et al.
(16)

Germany Single center,
triple-blind
RCTs

ACS or
suspected
ischemic heart
disease patients
with possible
PCI

206 194 65.9 ± 9.9 66.6 ± 10.2 193 (93.7%) 181 (93.3%) 114 (55.3%) 117 (60.3%) 1.8 mg
before
under
went
PCI

The study; 4. adverse events; 5.
participant-reported

1

Nidorf et al.
(7)

Australia Multicenter,
triple-blind
RCTs

ACS or CCS
patients

2,762 2,760 65.8 ± 8.4 65.9 ± 8.7 2,305
(83.5%)

2,371
(85.9%)

492 (17.8%) 515 (18.7%) 0.5mg
per day

Compliance with study
medications; 6. death and

28.6

Akrami
et al. (12)

Iran Single center,
triple-blind
RCTs

ACS patients
undergoing PCI
or medical
treatment

120 129 56.9 ± 7.56 56.89 ± 7.45 86 (71.7%) 87 (67.4%) 27 (22.5%) 32 (24.8%) 0.5 mg
per day

Major cardiovascular events 6
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FIGURE 2

Risk of bias plot. (A) Risk of bias summary; (B) risks of bias of
each included study.

cause compared with controls (RR: 1.07; 95% CI: 0.85–1.36;
p for heterogeneity p = 0.56; I2 = 19%; p = 0.27), Seven
studies reported non-cardiovascular mortality, and similarly,
colchicine was not significantly associated with the risk of non-
cardiovascular mortality compared with controls (RR: 1.38; 95%
CI: 1.00–1.90; p for heterogeneity p = 0.36; I2 = 7%; p = 0.05)
(Figure 4).

Gastrointestinal adverse events and diarrhea
All 14 RCT (n = 13,311) reported gastrointestinal adverse

events, with a significantly higher incidence in the colchicine
treatment group than in the control group (RR: 2.07; 95% CI:

1.45–2.95; p for heterogeneity p< 0.01; I2 = 76%; p = 0.04). Also,
the risk of diarrhea was higher in the colchicine treated group
compared to the control group (RR: 3.26; 95% CI: 1.29–8.25; p
for heterogeneity p < 0.01; I2 = 83%; p = 0.01) (Figure 5).

Depending on the heterogeneity of the included RCT, we
used either a random effects model or a fixed effects model for
data analysis, and we used the Peters test and funnel plot for
testing the risk of bias at p < 0.05, which was symmetrical from
the point of view of the geometry in Figure 6. This indicates
that the risk of bias was low for the RCT included in our
meta-analysis. we also performed a meta-regression analysis to
determine outcome-related variables (Figure 7).

Subgroup analysis

Duration of follow-up visits
Among the included studies, 7 studies had a follow-up

time of ≤ 1 month (15–21), 5 studies had a follow-up time
of > 1 month and ≤ 1 year (12, 22–25), and 3 studies had a
follow-up time of > 1 year (7, 8, 13). First, regardless of the
length of follow-up, we found no significant effect of colchicine
on cardiovascular mortality, non-cardiovascular mortality, and
all-cause mortality compared to controls. Secondly, we found
that colchicine treatment significantly increased the incidence
of gastrointestinal adverse events compared to the control
group when the follow-up period was < 1 year but had no
significant effect on the incidence of gastrointestinal adverse
events compared to the control group when the follow-up
period was > 1 year (RR: 1.06; 95% CI: 0.94–1.20; p for
heterogeneity p = 0.01; I2 = 78%; p = 0.55); In addition, when
follow-up was ≤ 1 month, the colchicine treatment group
had no significant effect on cardiovascular outcomes, all-cause
mortality, and non-cardiovascular mortality, whereas when
follow-up was > 1 month in the study, colchicine administration
reduced the risk of MACE, MI, stroke, revascularization, and
non-cardiovascular mortality (Figure 8).

Dose of colchicine
Six RCTs applied low doses of colchicine (dose = 0.5 mg)

to 13,165 subjects (7, 8, 12, 13, 22, 23),and eight other RCTs
applied high doses of colchicine (dose ≥ 1 mg) to 1,295 subjects
(7, 15–18, 20, 24, 25), One trial did not report a definitive
dose (21). In our study, a subgroup analysis was conducted to
establish the relationship between colchicine and cardiovascular
risk. No significant differences were demonstrated in CV
mortality and all-cause mortality compared to controls for either
low or high dose colchicine; low dose colchicine significantly
reduced the risk of MACE (RR: 0.65; 95% CI: 0.56–0.75; p
for heterogeneity p < 0.01; I2 = 80%; p < 0.01), MI (RR:
0.66;95%CI:0.56–0.79;p for heterogeneity p < 0.01; I2 = 71%;
p < 0.01), stroke (RR:0.45;95%CI:0.28–0.73;p for heterogeneity
p = 0.55; I2 = 0%; p < 0.01), and revascularization in subjects
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FIGURE 3

Comparison of colchicine treatment vs. control group on the risks of (A) MACE, (B) CV death, (C) stroke, (D) MI, (E) Revascularization. MACE,
major adverse cardiovascular events; CV death, cardiovascular death; MI, myocardial infarction.
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FIGURE 4

Comparison of colchicine treatment vs. control group on the risks of (A) All-cause death; (B) non-CV death. Non-CV death, Non-cardiovascular
death.

(RR:0.68;95%CI:0.56–0.83;p for heterogeneity p = 0.08; I2 =
60%; p = 0.02). However, high-dose colchicine did not show
similar benefits for MACE, MI, stroke, or revascularization.
Finally, both high and low doses of colchicine increased the risk
of gastrointestinal events compared to the control group, but
low-dose colchicine treatment was not significantly associated
with the occurrence of diarrhea (RR: 1.15; 95% CI: 0.96–1.37; p
for heterogeneity p = 0.02; I2 = 84%; p = 0.33) (Figure 9).

Age
The mean age of subjects in 11 RCTs was ≤ 65 years (8, 12,

15, 17, 19–22, 24–26) and the age of subjects in the other 4 RCTs
was > 65 years (7, 13, 16, 18),For all-cause deaths, CV deaths
and non-CV deaths, colchicine had no effect at all age groups,
In contrast, colchicine treatment significantly reduced the risk
of MACE(RR: 0.69; 95% CI: 0.56–0.84; p for heterogeneity p =
0.06; I2 = 54%; p = 0.02), stroke(RR: 0.35; 95% CI: 0.16–0.74;
p for heterogeneity p = 0.54; I2 = 0%; p < 0.01), MI(RR: 0.73;
95% CI: 0.59–0.91; p for heterogeneity p = 0.03; I2 = 62%; p =
0.03) and revascularization(RR: 0.69; 95% CI: 0.57–0.83; p for
heterogeneity p = 0.17; I2 = 40%; p < 0.01) in subjects up to 65

years of age, but did not show significant differences in subjects
over 65 years of age (Figure 10).

Dosing before percutaneous coronary
intervention

Two RCTs (15, 16) reported the number of MACE events
in patients after pre-PCI dosing. Pre-PCI colchicine did not
have a significant effect on improving the risk of cardiovascular
MACE in patients compared to the control group (RR: 0.90; 95%
CI: 0.54–1.51; p for heterogeneity p = 0.99; I2 = 0%; p = 0.70)
(Figure 11).

Related comorbidities
Two RCTs reported the number of MACE events in patients

with diabetes and hypertension (7, 8) colchicine reduces the risk
of MACE in patients with or without diabetes or hypertension.
(diabetes: RR: 0.77; 95% CI: 0.60–0.99; p heterogeneity p = 0.27;
I2 = 16%; p = 0.03; non-diabetes: RR: 0.73; 95% CI: 0.61–0.86; p
heterogeneity p= 0.14; I2 = 55%; p= 0.02;hypertension: RR: 0.71;
95% CI: 0.59–0.86; p heterogeneity p = 0.44; I2 = 0%; p < 0.01;
non-hypertension: RR: 0.76; 95% CI: 0.62–0.94; p heterogeneity

Frontiers in Cardiovascular Medicine 09 frontiersin.org

51

https://doi.org/10.3389/fcvm.2022.947959
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-947959 September 6, 2022 Time: 16:46 # 10

Ma et al. 10.3389/fcvm.2022.947959

FIGURE 5

Comparison of colchicine treatment vs. control group on the risks of (A) GI side effect; (B) diarrhea. GI side effect, gastrointestinal side effects.

p = 0.78; I2 = 0%; p = 0.01) (Figure 12). Two RCTs reported the
number of MACE events in patients with previous PCI or CABG
(7, 8).,Patients with a reduced risk of MACE after colchicine
compared to controls, regardless of whether PCI or CABG had
been performed previously(prior PCI or GABG: RR: 0.74; 95%
CI: 0.62–0.88; p heterogeneity p = 0.24; I2 = 28%; p < 0.01; non-
PCI or GABG: RR: 0.73; 95% CI: 0.58–0.93; p heterogeneity p =
0.96; I2 = 0%; p < 0.01) (Figure 12).

Sex and smoking
Two RCTs reported the number of MACE events in male

and female subjects (7, 8). The results showed that colchicine
treatment significantly reduced the risk of MACE in men (RR:
0.70; 95% CI: 0.60–0.82; p heterogeneity p = 0.86; I2 = 0%; p <

0.01), but had no significant effect on the risk of events in women
(RR: 0.24; 95% CI: 0.19–0.32; p heterogeneity p< 0.01; I2 = 99%;
p = 0.31) (Figure 12). Two RCTs reported the number of MACE
events in smoking and non-smoking subjects (7, 8),Colchicine
significantly reduced the risk of MACE in non-smoking subjects
compared with controls (RR: 0.70; 95% CI: 0.60–0.81; p for
heterogeneity p = 0.69; I2 = 0%; p< 0.01), but had no significant

effect on the risk of events in smoking subjects(RR:0.94; 95%
CI:0.67–1.31; p for heterogeneity p = 0.92; I2 = 0%; p = 0.72)
(Figure 12).

Discussion

This study aimed to analyze the effect of colchicine on
cardiovascular risk by pooling available clinical trials. The study
indicates that when compared with the control group (with
or without placebo), the colchicine treatment group reduced
the risk of MACE, MI, non-fatal stroke, and revascularization
in patients with coronary artery disease; however, it did not
reduce the risk of all-cause death, cardiovascular death, or
non-cardiovascular death in patients with coronary artery
disease. Long-term low-dose Colchicine significantly increases
cardiovascular benefits in patients with coronary artery disease
compared to high-dose Colchicine, interestingly, colchicine
reduced cardiovascular risk in patients under the age of 65,
but there was no significant correlation in patients over the
age of 65. At the same time, when given before surgery to a
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FIGURE 6

The detection of publication bias. Funnel chart.

group of patients with PCI, colchicine did not have any long-
term effects.

We showed that the colchicine treatment group had a
lower risk of MACE, MI, non-fatal stroke, and revascularization
than the control group (with or without placebo). However,
colchicine did not improve all-cause mortality or cardiovascular
mortality in patients with coronary artery disease, nor did it
reduce the risk of non-cardiovascular mortality in patients, as

previous meta-analyses had found (10). However, The non-
cardiovascular death rate was higher in the colchicine group
compared to the control group in two large RCT (n = 5,522; n
= 4,745) (7, 8). We were surprised to discover that colchicine
may increase the risk of non-cardiovascular mortality when
we excluded the Tong DC-2020 (n = 795) study from the
meta-analysis(RR:1.42; 95% CI:1.01–1.98; p for heterogeneity;
p = 0.44; I2 = 0%; p = 0.04) (22). Therefore, we think that
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FIGURE 7

Regression plot exhibiting association between age and nationality of patients and major adverse cardiovascular events.
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FIGURE 8

Forest plot of subgroup of study with different follow-up duration. MACE, major adverse cardiovascular events; CV death, cardiovascular death;
MI, myocardial infarction; Non-CV death, Non-cardiovascular death. *Random-effect model.

FIGURE 9

Forest plot of subgroup of the application dose of colchicine. MACE, major adverse cardiovascular events; CV death, cardiovascular death; MI,
myocardial infarction; Non-CV death, Non-cardiovascular death. *Random-effect model.
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FIGURE 10

Forest plot of subgroup of subjects with varied age. MACE, major adverse cardiovascular events; CV death, cardiovascular death; MI, myocardial
infarction; Non-CV death, Non-cardiovascular death. *Random-effect model.

FIGURE 11

Forest plot of subgroups of MACE from studies with pre-surgical colchicine treatment. MACE, major adverse cardiovascular events.

FIGURE 12

Forest plot of subgroup of the diabetes or not, sex, prior PCI or not, hypertension or not, and frequency of smoking. MACE, major adverse
cardiovascular events. *Random-effect model.

colchicine’s effects on non-cardiovascular mortality should be
interpreted with care. To verify this reliability, more substantial
RCTs are required.

At the same, subgroup analysis by colchicine dose
showed that lower doses of colchicine reduced the risk of

cardiovascular outcomes (MACE, MI, stroke, revascularization),
whereas higher doses did not show a significant advantage
in reducing the risks of cardiovascular outcomes. In a meta-
analysis conducted by Thomas et al., a subgroup analysis was
performed according to the colchicine dose used in each of
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the included studies, reporting outcomes including all-cause
death, cardiovascular death, stroke/TIA, MI, and ischemia-
driven revascularization, contradicting our findings in that they
concluded that there was no significant difference between
high and low doses regarding the incidence of stroke/TIA and
ischemia-driven revascularization (27). This could be because
we have clearly defined stroke as a non-fatal stroke, with
both deaths from stroke and non-fatal stroke included in their
outcome indicators. At the same time, we found that colchicine
increased the risk of gastrointestinal symptoms at both high and
low doses, but the effect was less at low doses than at high doses
(high dose RR: 1.10, low dose RR: 3.42), confirming previous
findings (14, 28, 29).

In addition, we discovered that differences in the duration
of study follow-up contributed to differences in outcomes, as
colchicine is frequently used as a lifelong treatment for chronic
disease and the duration of treatment affects long-term benefits
and harms. A meta-analysis by Xia et al. showed that colchicine
treatment with a follow-up of more than 6 months significantly
reduced the incidence of major adverse cardiovascular events in
patients with coronary artery disease (30). Which is consistent
with our results, but they did not specify the efficacy of short-
term colchicine treatment; Tien et al. previously reported an
association between colchicine and the incidence of treatment-
time MI in patients with coronary artery disease after PCI (31),
but some subjects who had not undergone PCI were excluded
from their study, which may have led to some bias. Their
meta-analysis revealed that short-term (less than 6 months)
treatment with colchicine significantly reduced the risk of MI
after PCI compared to long-term treatment. To reduce bias,
we included all patients with acute and chronic CAD in our
study and divided the follow-up into three subgroups: 1 month,
> 1 month and 1 year, and 1 year. In studies with less than
1 month of follow-up, we discovered that colchicine was not
associated with a benefit in cardiovascular outcomes; however,
in studies with longer follow-up, colchicine produced a more
notable cardiovascular benefit when compared to controls.
Gastrointestinal adverse events are colchicine’s most common
side effects (32). We found that the effects of colchicine on
gastrointestinal side effects were less noticeable with longer
follow-up. This could also be because the COLCOT (8) and
LoDoCo2 trials (7), which had large sample sizes, were included
in the subgroup of units that were followed for more than a
year. As a result, more data are required to determine the risk of
adverse gastrointestinal events over the duration of the study’s
follow-up. In addition, colchicine did not affect improving all-
cause and cardiovascular mortality in coronary artery disease
patients, regardless of dose or duration of follow-up.

Inflammation is a major factor in atherosclerosis (33, 34).
In theory, reducing inflammation levels could be a therapeutic
option to reduce cardiovascular risk in patients with CAD.
Bytyçi et al. recently conducted a meta-analysis that found
that giving colchicine for 24 h reduced inflammatory markers

(hs-CRP, IL-1, IL-6, and IL-18) in patients with unstable CAD
(9). Meanwhile, the COPE-PCI trial by Cole et al. showed that
when colchicine was given before PCI, it was associated with a
reduction in perioperative myocardial injury and lower levels
of pre-PCI Inflammation (35). Colchicine’s anti-inflammatory
effect in CAD patients is well known. Surprisingly, we conducted
a subgroup analysis of MACE events in subjects who had
received preoperative colchicine for PCI and discovered that
preoperative colchicine treatment did not affect the incidence
of distant MACE events in patients. As far as we know, this
study is the first to analyze the efficacy of colchicine in patients
after preoperative administration of PCI. Unfortunately, due to
the limited number of articles and the lack of substantial data
to make definitive recommendations, this conclusion should be
considered exploratory and further future studies are needed to
demonstrate the long-term cardiovascular benefits of colchicine
in patients after PCI.

When the included RCT studies were categorized by age,
we discovered that colchicine had no correlation with age
for all-cause, cardiovascular, and non-cardiovascular mortality.
Colchicine produced a greater cardiovascular benefit in subjects
up to 65 years of age compared to controls, whereas no
significant differences were observed in subjects over 65
years of age. In the CARDIA study, Lloyd-Jones et al. (36)
demonstrated that the occurrence of cardiovascular disease is
closely related to a person’s age group. The over-65 age group
is at higher risk than other age groups, with approximately
60–80% of people facing subclinical cardiovascular disease, this
may explain the result, in subjects of the aging population, the
cardiovascular benefits of colchicine were outweighed by risk
factors associated with their age.

This study encounters some limitations. (1)The majority
of the RCTs included in this study were conducted in
Western countries, and there was a lack of data on Asians,
which may have resulted in bias. (2)Although we included as
many RCTs that met the inclusion criteria as possible, the
number of studies included in some subgroup analyses was
relatively small. More research is still required to support our
results. (3)When performing subgroup analyses for age, we
chose the mean age of the study for analysis, which may
have been biased. (4)There was considerable heterogeneity in
comparing some outcome indicators (MI, MACE) and we
tried to eliminate this heterogeneity by sensitivity analysis
and subgroup analysis. (5) Differences in sample size between
large and small trials may affect our results. The previously
mentioned limitations require more large-scale RCTs to
investigate further.

Conclusion

In this study, a meta-analysis of 15 RCTs was conducted
to explore the clinical benefits and safety of colchicine after
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its treatment for coronary heart disease. We found that
colchicine treatment reduced the risk of MACE, MI, stroke,
and revascularization but had no significant effect on all-cause
mortality, cardiovascular, or non-cardiovascular mortality. In
addition, colchicine may increase the risk of gastrointestinal
adverse effects, and long-term low-dose colchicine treatment
may reduce the incidence of cardiovascular events compared
to higher doses, but colchicine does not appear to reduce
cardiovascular risk in patients over 65 years of age or
preoperative PCI, which needs to be evaluated and explored in
more large sample RCTs.
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The IL-33/ST2 L signaling pathway is involved in the pathophysiological

processes of several diseases and mainly exerts anti-inflammatory and

antifibrotic e�ects. Soluble suppression of tumorigenicity 2 (sST2), which

serves as a competitive inhibitory molecule of this pathway, is a member of

the interleukin (IL)-1 family, a decoy receptor for IL33, thought to play a role in

cardiac remodeling and the inflammatory process. However, the association

between sST2 and coronary artery disease (CAD), one of the most common

causes of heart failure, is still being explored. We therefore reviewed the

research on sST2 in the field of CAD, including reflecting the atherosclerosis

burden, predicting no-reflow, predicting prognosis, responding to myocardial

remodeling, and guiding management, hoping to provide cardiologists with

new perspectives.

KEYWORDS

sST2, coronary artery disease, myocardial infarction, LVR, management

Introduction

Suppression of tumorigenicity 2 (ST2) is a member of the interleukin 1 (IL-1)

receptor family and is formally known as interleukin 1 receptor-like 1 (IL1RL-1). It was

first described in 1989 but remained an orphan receptor mainly related to immune and

inflammatory diseases for years (1). In 2005, ST2 was reported to be expressed in cardiac

cells in response to myocardial stress, and interleukin 33 (IL-33) was reported to be the

ligand of ST2 (2). Since then, its role in cardiovascular diseases has been of great concern.

The ST2 gene is located on human chromosome 2q12 and encodes two main protein

isoforms: transmembrane receptor (ST2 L) and truncated soluble receptor (sST2). The

interaction between IL-33 and ST2 L mediates anti-inflammatory and antifibrotic effects

(3). For instance, the activation of mitogen-activated protein kinase (MAPK) and nuclear

factor (NF-kB) signaling originates from the binding of IL-33 to ST2 L, which produces

various downstream effects in target cells in the presence of additional interleukin-1

receptor accessory protein (IL-1RacP) receptor protein molecules. In contrast, when

IL-33 binds to sST2, it prevents and blocks these effects (4). While sST2 can be secreted

into the circulation and functions as a decoy receptor for IL-33, it is unavailable to ST2 L,

which abolishes the cardioprotective effects of IL-33/ST2. Meanwhile, ST2 is established

as a selective marker of T helper type 2 (Th2) lymphocytes, which are also expressed

on mast cells, epithelial cells, endothelial cells, smooth muscle cells, neonatal cardiac

fibroblasts, and cardiac myocytes. More specifically, sST2 can serve as a non-invasive
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FIGURE 1

Role of sST2 in diseases of various systems.

diagnostic and prognostic marker for lung, gastric, breast,

pancreatic, colon, and other cancers (5–7); can be present in

diseases associated with a predominantly Th2 response, such

as asthma, pulmonary fibrosis, and rheumatoid arthritis (8, 9);

can be useful for risk stratification and prediction of prognosis

in patients with suspected sepsis (10, 11); and can enhance the

development of fibrosis, hypertrophy, remodeling of the heart

muscle, and progression of heart failure (12, 13) (Figure 1).

Although sST2 is involved in the pathophysiology of several

diseases, an increasing number of recent studies have focused

on heart disease, especially heart failure. Since sST2 is less

influenced by age and renal insufficiency than N-terminal pro-

B-type natriuretic peptide (NT-proBNP) and high-sensitivity

troponin T (hs-TnT) (14, 15), it has been entered into guidelines

in heart failure and considered to provide additive prognostic

value and as a guide to therapy decision-making of heart

failure (16).

Coronary artery disease (CAD), especially acute coronary

syndrome (ACS), is one of the most common causes of mortality

throughout the world, despite technological improvements, new

drugs, and an increasing level of awareness (17, 18). In fact,

timely diagnosis allows physicians to stratify their patients

by risk and consequently provide them with the opportunity

to select appropriate treatments. Biomarkers that help refine

diagnosis, risk stratification, and prognostic assessment are

needed. In recent years, the role of ST2 in the pathophysiology

of CAD and the clinical value of this biomarker in acute ST-

segment elevation myocardial infarction (STEMI) have broadly

expanded. In this study, we aimed to reappraise the current

knowledge on sST2 in CAD (Figure 2).

Association with coronary
atherosclerotic burden

The “inflammatory hypothesis” of atherosclerosis postulates

that inflammatory cell signaling drives the formation, growth,

and ultimately the instability of atherosclerotic plaques, setting

up the substrate for the thrombotic response that causes

myocardial damage or infarction (19). In the arterial wall,

the interaction between IL-33 and ST2 L directs the immune

response toward a T helper 2, macrophage 2 phenotype, limiting

plaque inflammation and evolution. In contrast, sST2 blocks

the protective effects of IL-33 on atherosclerotic plaques by

sequestering IL-33 (20).

Pfetsh et al. observed a strong correlation between elevated

sST2 levels and inflammatory markers (hs-CRP and IL-6)

that may reflect the presence of chronic inflammation in the

pathophysiology of atherosclerosis (21). In addition to being

closely related to the progression of atherosclerotic lesions,

sST2 has been reported as a biomarker for the stability and

complexity of coronary atherosclerosis. Previous studies have

shown that an increased sST2 level is a strong marker of

increased risk for mortality and adverse cardiac events, such

as recurrent MI and stroke, in patients with AMI (22). Zhang

et al. revealed that plasma sST2 levels were significantly higher

in ACS patients with complex lesions than in those with simple

lesions, which indicated that sST2 may be a new marker for

assessing the stability and complexity of atherosclerotic plaques

(23). However, the above study also showed that there were no

correlations between plasma sST2 level and stenosis severity,

measured by the number of culprit vessels and Gensini score.

Dieplinger et al. came to the same conclusion as above, which

elucidated that sST2 was not related to the angiographic severity

of CAD (24). The reason for higher sST2 levels in patients with

complex lesions than in patients with simple lesions in ACS was

explained in the study of Demyanet et al., which showed that

sST2 may play a role in the development of vulnerability and

plaque rupture, which occurs most predominantly in the ACS

population (25).

Based on the above studies, Luo et al. prospectively enrolled

120 patients to assess plaque vulnerability by coronary computed

tomography angiography (CCTA) (26). Their study showed

that higher serum sST2 levels were associated with higher

plaque vulnerability. However, the two prevailing intracoronary

imaging techniques in clinical practice, IVUS, which allows

macroscopic visualization of the structure of the entire vessel

wall, and OCT, which allows microscopic visualization of the

subtle structure of the wall, complement each other and can be
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FIGURE 2

Research progress on sST2 in the field of coronary heart disease.

used as an important tool for identifying vulnerable plaques (27–

29). Therefore, studies using IVUS andOCT as outcomes should

be conducted to further validate the correlation between sST2

and plaque vulnerability.

Meanwhile, the coronary artery calcium score (CACS) is a

marker of atherosclerotic plaque burden and an independent

predictor of coronary events. In the study by Oh et al. (30),

researchers enrolled 456 subjects to illustrate that, compared

with hsCRP, sST2 does not improve net reclassification for

predicting a high-risk CACS, defined as CACS ≥300 Agatston

units. Overall, sST2 may reflect the atherosclerotic burden in

unstable, complex atherosclerotic lesions, but further studies are

needed to focus on this issue.

Predict no-reflow phenomenon after
percutaneous coronary intervention

The no-reflow phenomenon is defined as insufficiency

of myocardial perfusion despite the mechanically responsible

lesion being opened. The no-reflow phenomenon rate can reach

as high as 50% in ACS patients (31) and restrain the positive

effects of percutaneous coronary intervention (PCI). As there

is limited treatment of no-reflow, it is more important to

prevent it from occurring (32). Clinicians are committed to

finding markers or clinical conditions that can predict no-

reflow. It was demonstrated that sST2, a biomarker related

to inflammatory activity, is one of the independent predictors

of the no-reflow phenomenon in STEMI patients undergoing

primary PCI. Somuncu et al. (33) included 379 patients

who underwent PCI treatment for STEMI to determine the

relationship between sST2 and the no-reflow phenomenon.

Higher levels of sST2 patients had a significantly higher level

of no-reflow compared with lower levels of sST2 (OR: 2.741 CI

95% 1.433–5.244, p= 0.002). Furthermore, after adjustment for

potential confounders, it was found that being in a high-sST2

group was one of the independent predictors of no-reflow [area

under the curve (AUC), 0.699; 95% confidence interval (CI),

0.65–0.75; P < 0.001].

Since the above study showed that sST2 can predict the

no-reflow phenomenon in STEMI patients, experts then turned

their attention to non-ST-segment elevation acute coronary

syndrome (NSTE-ACS). Zhang et al. (34) revealed similar

results, which pointed out that although the predictive ability

was low, sST2 had a predictive value for no-reflow [area under

the curve (AUC), 0.662; 95% confidence interval (CI), 0.53–

0.79; P = 0.015]. It also had independent predictive value

after adjusting for confounding factors [odds ratio (OR), 3.802;

95% CI, 1.03–14.11; P = 0.046]. However, both studies were

single-center studies, and the number of patients included

was relatively small. More importantly, they only detected the

sST2 level of patients at the time of admission but did not

observe subsequent changes. Thus, more high-quality trials

should be carried out to determine the relationship between

sST2 and no-reflow.

As a prognostic biomarker of CAD

Shimpo et al. demonstrated that sST2 levels can predict

mortality and heart failure in MI patients by extracting sST2
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from the serum of 810 AMI patients (35). Then, Sabatine et al.

measured ST2 at baseline in 1,239 patients with STEMI from

the CLARITY-TIMI 28 trial, which showed that a high baseline

ST2 level, irrespective of baseline features and NT-proBNP, is

a strong predictor of cardiovascular mortality and heart failure

in STEMI, and the combination of ST2 and NT-proBNP greatly

enhances risk stratification (36). At the same time, studies have

shown that sST2 is also an independent predictor of future

death or heart failure in patients with acute chest pain in the

emergency department (37). In contrast, sST levels did not

predict the occurrence of MACEs in STEMI patients in the study

by Kim et al. (38). The reason for this phenomenon may be that

sST2 levels begin to rise at 3 h after STEMI and peak at 12 h. The

length of time after AMI onset to reperfusion affects myocardial

injury, which is associated with an increase in biomechanical

strain, leading to higher sST2 levels. Themedian time from onset

to PCI for patients in this study was 2.7–2.8 h, which is shorter

than in other studies (38). These patients, on the one hand, had

a short period of myocardial ischemia and may not have been

severely injured; on the other hand, they may have had an earlier

measurement of sST2, resulting in sST2 not yet being elevated

to the desired level. As in STEMI patients, the prognostic

predictive role of sST2 in patients with chronic coronary artery

disease (SCAD) remains controversial. The 13-year follow-up

results of the KAROLA study suggest that sST2 levels can be

an independent predictor of mortality in SCAD patients but

do not predict non-fatal cardiovascular events (21). Similarly,

the results from the Ludwigshafen Risk and Cardiovascular

Health Study also elucidated that increased sST2 levels were

an independent predictor of long-term all-cause mortality in

patients with SCAD (24). However, Demyanets et al. came to the

opposite conclusion, stating that sST2 was not associated with

mortality in SCAD patients, despite a strong relationship with

mortality in STEMI patients (25). Hughes et al. also showed that

sST2 does not function as a predictor of cardiovascular events

in the general population (39). The reason for this discrepancy

may be because the latter study included not only patients with

unstable coronary plaque but also patients with stable coronary

artery disease, which interfered with the results.

Although many studies have confirmed that sST2 has a

strong predictive effect on the prognosis of heart failure, the

number of studies on sST2 and the prognosis of CAD, both in

ACS and chronic coronary syndrome (CCS), is limited, and their

findings are controversial. Therefore, more studies should be

conducted in the future to further explore the prognostic effect

of sST2 on CAD.

Reflect left ventricular remodeling
after acute myocardial infarction

Left ventricular remodeling (LVR) refers to changes in

the shape and size of the whole left ventricle after acute

myocardial infarction (AMI). Important pathological features

of postinfarction LV remodeling include infarct expansion,

myocardial hypertrophy, cardiac fibrosis, and ventricular

dilation, which are mainly due to inflammatory responses and

neuroendocrine activation (40, 41). The development of adverse

LVR after AMI remains a significant problem despite current

achievements in invasive and pharmacological treatment (40).

Meanwhile, ST2 regulates the expression of

proinflammatory cytokines from macrophages and prevents

uncontrolled inflammatory reactions in the MI region. The

sST2 level could be responsible for myocardial fibrosis and

LVR, which could affect the prognosis after MI (40, 42). By

constructing a mouse model of MI, Ghali et al. illustrated

that IL-33 administration was associated with deterioration

of cardiac function and ventricular remodeling. This study

validated the role of the IL-33/ST2 axis in LVR after MI and laid

the theoretical foundation for subsequent clinical studies (42).

Thus, several studies using cardiac magnetic resonance (CMR)

or echocardiography (ECHO) as a measure of LVR have been

performed to demonstrate the relationship between sST2 and

LVR after MI. Weir et al. included 100 patients with AMI for

whom serum biomarkers were measured and CMR scans were

performed and demonstrated a direct relationship between

sST2 and LVR (43). It was also shown that sST2 was higher in

individuals with microvascular obstruction (MVO), which is

related to a more significant LVR and a poorer cardiovascular

prognosis following AMI (44, 45). Kercheva et al. reached a

similar conclusion from ECHO endpoints that the rise in serum

sST2 was strongly associated with LVR after 6 months (46).

Another similar study also found that sST2 levels correlated with

both early LVR (<3 months) and late LVR (>3 months) (47).

Based on these studies, using novel drugs that may antagonize

this pathway, e.g., novel interleukin-1 monoclonal antibodies to

antagonize the process of LVR, becomes theoretically possible,

but this builds on more experiments demonstrating the causal

relationship between sST2 and LVR (47).

Currently, mainly instrumental markers, such as the

parameters of ECHO and CMR, are used to indicate the

development of adverse LVR (48). The quest for a practical

and reliable biomarker of adverse LVR, which would allow us

to predict this disease in its early stages based on an exact

assessment date, appears to be promising (49). Since both

hemodynamic stress and an inflammatory nature are involved

in the pathophysiological process of LVR, indicators that might

reflect this process, such as NT-proBNP and hsCRP, have been

of interest to cardiologists (36). Unlike NT-ProBNP, which

responds to cardiac mechanical stress, sST2 reflects the degree

of necrosis and inflammatory response of cardiomyocytes (50).

Meanwhile, the dynamics of serum levels are different, which

affects the timing and purpose of their clinical application. The

level of sST2 decreased rapidly during the 7 days after MI;

however, the level of NT-proBNP decreased effectively after the

first 7 days (46). Then, Pecherina et al. performed a correlation
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analysis of echocardiographic parameters and serum biomarkers

in patients with STEMI and preserved left ventricular ejection

fraction, which showed that sST2 predicted LVR better than

NT-proBNP (AUC 0.8 and 0.7, respectively), and several other

biomarkers, such as matrix metalloproteinases (MMPs) and

galectin-3, were also included in the study, illustrating that

biomarkers combined with imaging findings can better predict

the occurrence of LVR (51).

Moreover, several studies have found a link between sST2

and circulating aldosterone, implying that the IL-33/sST2

signaling system and the RAAS are linked (43). This raises

the possibility of a direct role for the IL-33/sST2 system

in the pathogenesis of postinfarction remodeling. Studies are

already underway in this area, and the effects of drugs such as

eplerenone, spironolactone, and beta-blockers on the IL-33/sST2

axis are gradually being discovered by cardiologists (52, 53), but

more research is still needed in this area to find an optimal

strategy to detect and cope with ventricular remodeling in an

early stage after MI.

As help for management of
myocardial infarction

The IL-33/ST2 signaling pathway is involved in various

adverse pathophysiological processes after infarction, such as

fibrosis, inflammation, and hypertrophy, which are important

targets for a variety of neuroendocrine antagonists currently

available to improve the prognosis of MI patients. Xia et al.

demonstrated that beta-blockers could inhibit fibrosis, reduce

infarct size, and improve cardiac function by enhancing the

IL-33/ST2 signaling pathway through the construction of an

AMI mouse model and that this effect results in a decrease

in serum sST2 levels (54). It is possible that measurement of

serum sST2 levels may reflect the efficacy of beta-blockers in

patients with AMI. Next, Gaggin et al. performed a post-hoc

analysis of the PROTECT study in which the group of patients

who received high-dose beta-blockers with low sST2 levels

had the best prognosis, suggesting that sST2 levels can assist

cardiologists in selecting the best treatment option for patients

with MI (53). Like beta-blockers, mineralocorticoid receptor

antagonists (MRAs) are also widely used as neuroendocrine

antagonists that can inhibit myocardial remodeling and improve

prognosis in patients with MI. Other studies have also shown

that both eplerenone and spironolactone antagonize aldosterone

and are able to enhance the IL-33/ST2 signaling pathway while

decreasing serum sST2 levels. Therefore, the detection of serum

sST2 levels can also reflect the efficacy of these drugs (52, 55).

Conclusion and clinical perspectives

Soluble ST2 is a promising biomarker in cardiology, not

only in heart failure but also in CAD. As a biomarker related

to inflammation and fibrosis, sST2 has important clinical value

in CAD, which may guide prognosis prediction, treatment plan

selection, risk assessment, and long-term management of MI

patients. In this article, we reviewed the use of sST2 in coronary

artery disease, including reflecting plaque burden, predicting no-

reflow events, predicting the prognosis of patients, reflecting

LVR, and guiding the management of patients with MI. We

hope that, in the near future, new studies will be conducted

to better characterize and understand the relationship between

sST2 and CAD.
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Introduction: We sought to investigate the prognostic impact of incident left

ventricular (LV) systolic dysfunction at the chronic phase of acute myocardial

infarction (AMI).

Materials and methods: Among 2,266 consecutive patients admitted for AMI,

1,330 patients with LV ejection fraction (LVEF) ≥ 40% during hospitalization

who had LVEF data at 6 months after AMI were analyzed. Patients were divided

into three subgroups based on LVEF at 6 months: reduced-LVEF (<40%), mid-

range-LVEF (≥ 40% and < 50%) and preserved-LVEF (≥ 50%). Occurrence of

a composite of hospitalization for heart failure or cardiovascular death after

6 months of AMI was the primary endpoint. The prognostic impact of LVEF at

6 months was assessed with a multivariate-adjusted Cox model.

Results: Overall, the mean patient age was 67.5 ± 11.9 years, and LVEF

during initial hospitalization was 59.4 ± 9.1%. The median (interquartile range)

duration of follow-up was 3.0 (1.5–4.8) years, and the primary endpoint

occurred in 35/1330 (2.6%) patients (13/69 [18.8%] in the reduced-LVEF,

9/265 [3.4%] in the mid-range-LVEF, and 13/996 [1.3%] in the preserved-

LVEF category). The adjusted hazard ratio for the primary endpoint in the

reduced-LVEF vs. mid-range-LVEF category and in the reduced-LVEF vs.

preserved-LVEF category was 4.71 (95% confidence interval [CI], 1.83 to 12.13;

p < 0.001) and 14.37 (95% CI, 5.38 to 38.36; p < 0.001), respectively.

Conclusion: Incident LV systolic dysfunction at the chronic phase after

AMI was significantly associated with long-term adverse outcomes. Even

in AMI survivors without LV systolic dysfunction at the time of AMI, post-

AMI reassessment and careful monitoring of LVEF are required to identify

patients at risk.

KEYWORDS

acute myocardial infarction, left ventricular ejection fraction, left ventricular systolic
dysfunction, prognosis, reassessment
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Introduction

In the primary percutaneous coronary intervention (PCI)
era, an increased risk of late-onset heart failure (HF) and
mortality as post-acute myocardial infarction (AMI) events is
still an important clinical issue. Hence, a better risk stratification
system to prevent those adverse events at the remote phase
of AMI is of clinical importance. At the acute phase of acute
coronary syndrome (ACS) including AMI, several established
risk scores, such as TIMI (1) and GRACE (2), are universally
used to predict prognosis. In addition, previous reports have
suggested that some clinical manifestations, such as lack of
reperfusion therapy (3), frailty (4), nutritional status (5), and
a combination of multiple blood variables (6, 7) obtained at
the acute-phase of AMI could predict adverse events after AMI.
Thus, while the prognostic value of several clinical indicators in
the acute phase of AMI has been established, predictors of long-
term prognosis in the chronic phase of AMI have not yet been
fully established.

Left ventricular ejection fraction (LVEF) is one of the most
general indicators of left ventricular (LV) systolic function and
is widely available in clinical settings. Existence of LV systolic
dysfunction at the acute phase of AMI is well-known as a strong
predictor for adverse prognosis after AMI (8). On the other
hand, LVEF often changes dynamically through chronic LV
remodeling after AMI (9), and this change in LVEF during the
post-AMI period also has prognostic impact (10, 11). Thus, a
chronic transition to LV systolic dysfunction can occur even
in patients with AMI without systolic dysfunction at the acute
phase of AMI, possibly adding to the risk of adverse events at the
remote phase of AMI. However, the detailed clinical features and
prognostic impact of incident reduced LVEF at the remote phase
of AMI remain poorly elucidated. Focusing on newly developed
LV systolic dysfunction at the chronic phase of AMI may help
in understanding this clinical unmet need better. Herein, we
sought to clarify the clinical features of incident LV systolic
dysfunction at the remote phase of AMI and its prognostic
impact among AMI survivors without LV systolic dysfunction
at the acute phase of AMI.

Materials and methods

Design and population

This was a single-center, retrospective, observational study
performed at Miyazaki Medical Association Hospital in Japan.
A total of 2,266 consecutive patients admitted for AMI, with
either ST-segment elevation myocardial infarction (STEMI) or
non-ST-segment elevation myocardial infarction (NSTEMI),
from February 2008 to January 2016 were eligible. Exclusion
criteria were history of myocardial infarction, death within
6 months after AMI, admission due to worsening HF within

6 months after AMI, LVEF < 40% during index hospitalization,
and no follow-up LVEF data at 6 months after AMI. According
to LVEF at 6 months after AMI (within 1 month either side of
6 months), patients were divided into three subgroups: reduced-
LVEF (< 40%), mid-range-LVEF (≥ 40% and < 50%), and
preserved-LVEF (≥ 50%).

All procedures were followed in accordance with the
ethical standards of the responsible committee on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1964 and later revisions. All patients
provided informed consent for both the procedure and the
subsequent data collection and analysis for research purposes.
Ethics approval was obtained from the Institutional Review
Board of Miyazaki Medical Association Hospital (2019-23).

Definition and diagnosis of
ST-segment elevation myocardial
infarction and non-ST-segment
elevation myocardial infarction

Diagnosis of STEMI and NSTEMI, based on the 2007
universal definitions (12), was made by each cardiologist.
STEMI and NSTEMI were defined as follows: for STEMI,
patients had to have chest symptoms, ST-segment elevation
in 2 contiguous leads or left bundle branch block, and
an elevated biochemical marker of myocardial necrosis
(high-sensitivity troponin T > 0.032 ng/mL or creatine
phosphokinase [CPK] at least two times the upper limit of
normal), whereas for NSTEMI, patients had to have chest
symptoms, ST-segment depression or T-wave inversion in
2 contiguous leads, and an elevated biochemical marker
of myocardial necrosis. The therapeutic strategies for AMI
treatment depended on the practice of each individual
cardiologist, but all treatments followed the guidelines set forth
by the Japanese Circulation Society and the American College of
Cardiology/American Heart Association for the diagnosis and
treatment of AMI (13).

Data collection and endpoints

Data collected included clinical characteristics and
demographics during initial hospitalization, such as medical
history, presenting signs and symptoms, results of blood tests,
electrocardiography, cardiac procedures, and clinical outcomes.
Transthoracic echocardiography was also carried out during
index hospitalization and at around 6 months after AMI, and
LVEF was estimated by the standard biplane Simpson method.
In addition, all blood biomarkers were measured within 24 h
after admission as acute phase data. Clinical follow-up was
carried out through clinic visits, telephone calls, and records
from hospital admissions.
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FIGURE 1

Flow diagram of the study cohort. AMI, acute myocardial infarction; LVEF, left ventricular ejection fraction.

The primary endpoint was a composite of hospitalization for
HF or cardiovascular death occurred after 6 months of AMI. The
diagnosis of HF was made based on the latest local guidelines,
in which HF is diagnosed by the presence of at least one sign
(rales, peripheral edema, ascites, or radiographic evidence of
pulmonary congestion) and one symptom (dyspnea, orthopnea
or edema), regardless of ejection fraction (14). Cardiovascular
death was defined as the primary cause of death determined
to be atherosclerotic cardiovascular disease, arrhythmia, heart
failure, or sudden cardiac death. The secondary endpoints
included the individual components of the primary endpoint
and all-cause death.

Statistical analysis

For continuous variables, normally distributed data are
reported as the mean ± standard deviation; non-parametric
data are reported as the median and interquartile range
(IQR). For categorical variables, data are presented as count
and percentage. Comparisons of continuous variables between
groups were performed with the Wilcoxon-test or Kruskal
Wallis tests, as appropriate. Comparisons of categorical
variables were assessed with the chi-square or Fisher’s exact
test, as appropriate. A paired sample t-test was used to

compare LVEF at index hospitalization and 6 months after
AMI. LVEF trajectories from index hospitalization for AMI to
6 months post-AMI were demonstrated using parallel plots.
Clinical factors associated with LVEF category decline over the
6 months after AMI were assessed by logistic regression analysis
adjusting for confounding factors (age, sex, STEMI, Killip class,
culprit lesions (left anterior descending artery or left main
trunk), use of mechanical support, maximum CPK [natural
log-transformed], estimated glomerular filtration rate [eGFR],
LVEF during index hospitalization and use of each medication
at discharge; angiotensin-converting enzyme inhibitor [ACE-
I] or angiotensin II receptor blocker [ARB] and β-blocker).
The cumulative incidence of each endpoint was also calculated
according to the Kaplan–Meier method, and the effects of
LVEF 6 months after AMI on primary and secondary endpoints
were determined with a multivariate Cox proportional hazards
regression model adjusting for confounding factors (age, sex,
STEMI, use of mechanical support, max CPK [natural log-
transformed], eGFR, LVEF during index hospitalization and
use of each medication at discharge; ACE-I or ARB and β-
blocker). Time at risk was defined starting on the day of the
6-month LVEF measurement. A two-sided P value < 0.05
was considered statistically significant. All statistical analyses
were performed with JMP R© 15 (SAS Institute Inc., Cary, NC,
USA).
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TABLE 1 Patient background characteristics, procedural information, and medications at discharge.

Variable Overall
n = 1,330

LVEF category 6 months after AMI P-value
(among LVEF categories)

Preserved-LVEF (≥ 50%)
n = 996

Mid-range-LVEF (≥ 40% and < 50%)
n = 265

Reduced-LVEF (< 40%)
n = 69

Age, years 67.5 ± 11.9 67.5 ± 11.9 67.7 ± 11.7 68.0 ± 11.7 0.928

Male 986 (74.1) 717 (72.0) 213 (80.4) 56 (81.2) 0.007

Body mass index, kg/m2 24.2 ± 3.6 24.2 ± 3.8 24.0 ± 3.4 24.1 ± 3.1 0.579

eGFR, mL/min/1.73 m2 68.0 ± 22.0 68.8 ± 21.3 66.5 ± 23.0 61.6 ± 26.7 0.025

Medical history

Hypertension 928 (69.8) 713 (71.6) 165 (62.3) 50 (72.5) 0.014

Dyslipidemia 695 (52.3) 536 (53.8) 126 (47.6) 33 (47.8) 0.145

Diabetes mellitus 413 (31.1) 311 (31.2) 84 (31.7) 18 (26.1) 0.642

STEMI 911 (68.5) 649 (65.2) 213 (80.4) 49 (71.0) < 0.001

NSTEMI 419 (31.5) 347 (34.8) 52 (19.6) 20 (29.0)

Onset-to-admission time, min 180 (120-420) 180 (120-420) 180 (60-420) 240 (120-870) 0.108

Delayed arrival (≥ 48 h after onset) 35 (3.0) 27 (3.0) 7 (2.9) 1 (1.7) 0.804

Killip class ≥ 3 55 (4.2) 31 (3.1) 16 (6.0) 8 (11.6) 0.003

Culprit lesion < 0.001

LMT 27 (2.0) 18 (1.8) 8 (3.0) 1 (1.4)

LAD 566 (42.6) 396 (39.7) 132 (49.8) 38 (55.1)

LCX 165 (12.4) 124 (12.8) 32 (12.1) 9 (13.0)

RCA 483 (36.3) 383 (38.5) 86 (32.5) 14 (20.2)

MVD and others 89 (6.7) 75 (8.3) 7 (2.6) 7 (10.1)

Revascularization 1,266 (95.1) 949 (95.3) 253 (95.5) 64 (93.0) 0.676

PCI 1,227 (92.3) 922 (92.6) 242 (91.3) 63 (91.3) 0.765

CABG 39 (2.8) 27 (2.7) 11 (4.2) 1 (1.4) 0.481

Mechanical support 108 (8.1) 69 (6.9) 29 (10.9) 10 (14.5) 0.045

IABP 108 (8.1) 69 (6.9) 29 (10.9) 10 (14.5) 0.045

ECMO 8 (0.6) 6 (0.6) 2 (0.8) 0 0.629

Peak CPK, IU/L 1,417 (471-3,152) 1,124 (376-,367) 3,253 (1,159-5,319) 2,625 (981-5,764) < 0.001

Hospital stay, days 15 (12-19) 14 (12–) 17 (14-22) 17 (14-23) < 0.001
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Results

Patient clinical characteristics during
index hospitalization for acute
myocardial infarction

Among a total of 2,266 consecutive patients eligible for
this study, a total of 936 patients were excluded; thus,
a total of 1,330 patients were analyzed (Figure 1). Their
background characteristics, procedural information during
index hospitalization, and medications at discharge are shown
in Table 1. The mean patient age was 67.5 ± 11.9 years, with
74.1% being male. Electrocardiography revealed that 68.5%
were STEMI, and almost all patients (95.1%) received primary
revascularization (92.3% for PCI). Most patients received
standard medical therapies after AMI at discharge.

Left ventricular ejection fraction
trajectories from index hospitalization
for acute myocardial infarction to
6 months post-acute myocardial
infarction

Overall, mean LVEF during index hospitalization and
6 months after AMI was 59.4 ± 9.1% and 49.0 ± 13.5%
(p < 0.001), respectively (Table 1). The detailed trajectories of
LVEF from index hospitalization to 6 months after AMI are
shown in Figure 2A. A total of 69 patients (28/1,110 [2.5%]
initially in the preserved-LVEF and 41/220 [18.6%] initially
in the mid-range-LVEF categories) newly developed reduced-
LVEF at 6 months, and a total of 170/1,100 (15.5%) patients
initially in the preserved-LVEF category declined to the mid-
range-LVEF category at 6 months (Figure 2B). Conversely, a
total of 84/220 (38.2%) patients initially in the mid-range-LVEF
category climbed from that to the preserved-LVEF category at
6 months. The LVEF categories in the other patients remained
unchanged at 6 months after AMI.

Detailed clinical information at the time of index
hospitalization in the three subgroups stratified by LVEF
category at 6 months after AMI is also provided in Table 1. The
subgroups with mid-range- and reduced-LVEF at 6 months
after discharge, relative to the preserved-LVEF subgroup, were
more likely to have a higher proportion of males, a lower eGFR,
and a more severe clinical course of AMI.

The multivariate logistic regression analysis revealed
that among 239 patients whose LVEF category declined
at 6 months after AMI, male sex and peak CPK were
independently associated with the decline, while LVEF during
index hospitalization and use of ACE-I or ARB at discharge
were inversely associated with a decline (Table 2). Among
those factors, the use of ACE-I or ARB at discharge
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FIGURE 2

LVEF trajectories from index hospitalization for AMI to 6 months post-AMI. (A) Individual trajectories of LVEF over the 6 months after AMI. Blue,
gray, red lines indicate patients with increased, unchanged, and declined LVEF, respectively. (B) Changes in LVEF categories. The numbers in the
figure indicate the number of patients whose LVEF category changed or did not change 6 months after AMI. AMI, acute myocardial infarction;
LVEF, left ventricular ejection fraction.

was solely an independent negative predictor of a two-
step LVEF category decline (Table 3). Notably, ACE-I or
ARB therapy was not an independent predictor of improved
LVEF at 6 months, but female sex and LVEF during
hospitalization were found to be associated (Supplementary
Table 1).

Clinical endpoints

The median (interquartile range) duration of follow-up
6 months after AMI was 3.0 (1.5–4.8) years. Overall, the
primary composite endpoint of hospitalization for HF or
cardiovascular death occurred in 35/1,330 (2.6%) patients
(13/996 [1.3%] in the preserved-LVEF, 9/265 [3.4%] in the
mid-range-LVEF, and 13/69 [18.8%] in the reduced-LVEF
categories, Log-rank p < 0.001); individual components of
the primary composite endpoint occurred in 21/1,330 (1.6%)
patients for hospitalization for HF and 19/1,330 (1.4%) patients
for cardiovascular death (Table 4). The adjusted hazard ratio
(HR) for the primary endpoint in the reduced-LVEF vs. mid-
range-LVEF categories and in the reduced-LVEF vs. preserved-
LVEF categories was 4.71 (95% confidence interval [CI], 1.83 to
12.13; p < 0.001) and 14.37 (95% CI, 5.38 to 38.36; p < 0.001),
respectively (Figure 3A). These were almost consistent across
the individual components of primary composite endpoint;
hospitalization for HF and cardiovascular death (Figures 3B,C).
All-cause death occurred in 50/1,330 (3.8%) patients in the
overall cohort (23/996 [2.3%] in the preserved-LVEF, 15/265
[5.7%] in the mid-range-LVEF, and 12/69 [17.4%] in the
reduced-LVEF categories, Log-rank p < 0.001). The adjusted

HR for all-cause death in the reduced-LVEF vs. mid-range-
LVEF categories and in the reduced-LVEF vs. preserved-LVEF
categories was 2.16 (95% CI, 0.89 to 5.25; p = 0.087) and 6.13
(95% CI, 2.38 to 15.81; p < 0.001), respectively (Figure 3D).

Discussion

This is the report to demonstrate the clinical features of
chronic transit of LVEF and incident LV systolic dysfunction
at the chronic phase of AMI and its long-term prognostic
impact in AMI survivors. Our findings underscore the clinical
importance of monitoring LVEF through the post-AMI phases,
even in survivors without LV systolic dysfunction at the
acute phase of AMI.

In the past two decades, widespread technical innovations in
primary coronary revascularization for AMI have dramatically
increased the number of AMI survivors. Accordingly, an
increased risk of HF and mortality at the post-AMI phase
has become an emerging clinical issue of concern, urgently
requiring accurate and reliable risk stratification to predict
such remote-phase adverse events (15). Traditionally, some
risk prediction models, such as GRACE and TIMI, both of
which consist of indicators obtained at the acute phase of
AMI, have been universally used to predict the prognosis
of patients with AMI (1, 2). On the other hand, such
indicators obtained during the acute phase are highly variable,
depending on the individual clinical situation and the
course of treatment during the acute to post-AMI phases.
Therefore, risk stratification based on the clinical index
obtained at the chronic phase and its change from the acute
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TABLE 2 Logistic regression analysis to identify clinical factors associated with LVEF category decline over the 6 months after AMI.

Variable Odds ratio 95% CI P-value

Age, per 1 year 1.01 0.99-1.03 0.075

Male 1.76 1.19-2.63 0.005

STEMI 0.73 0.49-1.10 0.135

Killip class ≥ 3 1.07 0.51-2.23 0.853

Culprit lesion: LAD or LMT 1.27 0.93-1.74 0.131

Use of mechanical support 0.90 0.51-1.60 0.735

Peak CPK, ln U/L 1.64 1.40-1.93 < 0.001

eGFR, per 1 mL/min/1.73 m2 0.99 0.99-1.00 0.205

LVEF during index hospitalization, per 1% 0.96 0.94-0.98 < 0.001

Use of ACE-I or ARB at discharge 0.62 0.44-0.86 0.004

Use of β-blocker at discharge 1.10 0.80-1.51 0.548

CI, confidence interval; other abbreviations, see Table 1.

TABLE 3 Logistic regression analysis to identify clinical factors associated with a decline in LVEF category over the 6 months after AMI.

Variable One-step LVEF category decline* Two-step LVEF category decline**

Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Age, per 1 year 1.01 0.99-1.03 0.071 1.00 0.97-1.04 0.897

Male 1.77 1.16-2.69 0.008 1.42 0.51-4.00 0.503

STEMI 0.82 0.53-1.26 0.359 0.47 0.18-1.23 0.125

Killip class ≥ 3 1.09 0.50-2.34 0.833 0.93 0.18-4.81 0.935

Culprit lesion: LAD or LMT 1.23 0.88-1.70 0.222 1.39 0.63-3.08 0.421

Use of mechanical support during procedures 0.74 0.40-1.36 0.328 2.28 0.76-6.88 0.142

Peak CPK, ln U/L 1.63 1.37-1.93 < 0.001 1.45 0.98-2.16 0.057

eGFR, per 1 mL/min/1.73 m2 0.99 0.99-1.00 0.158 0.99 0.98-1.02 0.843

LVEF during index hospitalization, per 1% 0.96 0.94-0.98 < 0.001 0.99 0.95-1.04 0.696

Use of ACE-I or ARB at discharge 0.70 0.49-0.99 0.044 0.39 0.17-0.86 0.020

Use of β-blocker at discharge 1.07 0.77-1.49 0.697 1.23 0.55-2.76 0.613

*For 211 patients whose LVEF declined from preserved- to mid-range-LVEF or mid-range- to reduced-LVEF at 6 months after AMI. **For 28 patients whose LVEF declined from
preserved- to reduced-LVEF at 6 months after AMI. Abbreviations, see Tables 1, 2.

TABLE 4 Clinical events.

Outcomes Overall
n = 1,330

LVEF category 6 months after AMI P-value
(Log-rank)

Preserved-LVEF (≥ 50%)
n = 996

Mid-range-LVEF
(≥ 40% and < 50%)

n = 265

Reduced-LVEF (< 40%)
n = 69

Composite outcome 35 (2.6) 13 (1.3) 9 (3.4) 13 (18.8) < 0.001

Hospitalization for heart failure 21 (1.6) 7 (0.7) 6 (2.3) 8 (11.6) < 0.001

Cardiac death 19 (1.4) 6 (0.6) 5 (1.9) 8 (11.6) < 0.001

All-cause death 50 (3.8) 23 (2.3) 15 (5.7) 12 (17.4) < 0.001

Data are shown as number (%). Abbreviations, see Table 1.

to the chronic phase may contribute to the improvement
of a longer-term prognostic ability for patients who have
experienced AMI. However, there are few studies on long-term
prognostic prediction based on the clinical data obtained at
the chronic phase.

LVEF is an established indicator of LV systolic function,
and LV systolic dysfunction (reduced LVEF) at the acute phase
of AMI is also well-recognized as an independent predictor
of adverse outcomes (16, 17). However, it is still clinically
controversial whether the sole use of LVEF measured only at the
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FIGURE 3

Clinical events during follow-up, according to LVEF category 6 months after AMI. (A) Composite primary endpoint (hospitalization for heart
failure or cardiovascular death). (B) Hospitalization for heart failure. (C) Cardiovascular death. (D) All-cause death. The hazard ratio was adjusted
by age, sex, STEMI, maximum creatine phosphokinase (natural log-transformed), LVEF during index hospitalization, eGFR, use of mechanical
support, and use of each medication (ACE-I, ARB, and β-blockers) at discharge. ACE-I, angiotensin-converting enzyme inhibitor; AMI, acute
myocardial infarction; aHR, adjusted hazard ratio; ARB, angiotensin II receptor blocker; CI, confidence interval; LVEF, left ventricular ejection
fraction; STEMI, ST-segment elevation myocardial infarction.

acute phase is sufficient to predict the long-term prognosis (18).
Moreover, substantial patients often exhibit mildly reduced- or
preserved-LVEF immediately following AMI, and the majority
of adverse events after AMI develop in that patient population
without overt LV dysfunction at the acute-phase (19, 20).
Therefore, it is clinically important to assess the mechanism
by which patients without LV systolic dysfunction at the acute
phase of AMI develop adverse events at the remote phase. In
this context, we hypothesized that LVEF at the chronic phase
would be a predictor of subsequent events in survivors with
preserved LVEF at the acute phase, and then evaluated the long-
term prognostic impact according to LVEF at the chronic phase
and its trajectory from the acute to the chronic phases.

After the onset of AMI, immediate coronary
revascularization and subsequent optimal medical therapies
help to prevent adverse LV remodeling and thereby improve
LV systolic function. To date, several studies of subjects with
reduced LVEF at the time of AMI have demonstrated that
chronic LVEF recovery was associated with better outcomes

in comparison with survivors without LVEF recovery (11, 21).
Chew et al. followed patients with only reduced EF during the
acute phase of myocardial infarction (22). They demonstrated
that the absence of LVEF recovery is associated with an
increased risk of death. This suggests that patterns of chronic
change in LVEF following AMI can further discriminate AMI
survivors who are at increased risk of death. However, it is
uncertain how the LVEF status in patients with preserved
LVEF at the time of AMI transitions over time. Further,
the clinical characteristics of the trajectory pattern of LVEF
are unknown. Compared to a study in which AMI patients
with preserved LVEF in the acute phase were excluded, the
present study excluded AMI patients with reduced LVEF in the
acute phase, and focused on chronic changes in AMI patients
with preserved LVEF.

Our findings underscore that careful post-AMI
reassessments are required to monitor the LVEF trajectory
and identify potential patients who need additional medical
and/or device therapies, even in patients with preserved LVEF
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at the time of AMI. However, despite guideline-directed
recommendations (23, 24), previous studies have shown that
the frequency of post-AMI LVEF reassessment was relatively
low in patients with LV systolic dysfunction at the time of AMI
(25, 26). A recent cohort study from Canada also demonstrated
that approximately 1 in 3 patients with mildly reduced LVEF
following AMI did not undergo LVEF reassessment within
6 months after AMI (27). The low frequency of post-AMI LVEF
reassessment indicates a missed opportunity for appropriate
care, especially for LV systolic dysfunction. Importantly, few
data on the rate of post-AMI LVEF reassessment in patients with
preserved LVEF at the time of AMI are currently available, and
it is likely even less frequent for such patients. In addition, given
our findings that incident LV systolic dysfunction 6 months
after AMI was associated with poor outcomes, improvements
in the quality of post-AMI management are urgently needed,
including post-AMI LVEF reassessment, irrespective of LVEF
status at index AMI.

The development of HF remains a major issue in AMI
patients. Several clinical features, such as elevated levels of
natriuretic peptides and a clinically severe AMI disease course
are known to be risk factors (28). Delayed arrival causes a
delay in reperfusion therapy, which often results in a larger
infarct size and increased risk of HF (29). In the present
study cohort, the frequency of delayed arrival after AMI onset
in the subgroup with EF ≥ 40% and < 50% at 6 months
after AMI was higher than that in the subgroup with reduced
LVEF (< 40%) at 6 months. This might be associated with
the higher peak CPK levels in the former subgroup. Several
previous reports have addressed the potential risk predictors
for the occurrence of early- and late-onset HF after AMI.
However, the factors were diverse (30), and no specific factor
was identified for either early- or late-onset HF (31, 32). In
terms of echocardiographic parameters, there have been also
several reports on the evaluation of chronic LVEF at a single
point in time and the development of HF (33). However, LVEF
dynamics and the assessment of late-onset HF according to
their trajectories in the remote phase of AMI have not yet
been fully studied.

In the present study, we found that the prevalence of
incident LV systolic dysfunction 6 months after AMI was
5.2% among AMI survivors without LV systolic dysfunction
at the time of AMI, and such patients were associated with
poor long-term prognosis compared to subjects without it.
This indicates the clinical need for early identification of
patients at risk for LVEF decline during the chronic phase
of AMI. In this context, male sex, peak CPK level, LVEF at
the time of AMI, and use of ACE-I or ARB at discharge
were independent predictors of LVEF decline 6 months after
AMI. In particular, the use of ACE-I or ARB at discharge
was solely an independent negative predictor of a two-step
decline in LVEF category. In the previous PREAMI (Perindopril
and Remodeling in Elderly With Acute Myocardial Infarction)

study, Ferrari et al. also demonstrated that 12 months of ACE-
I perindopril therapy rescued adverse LV remodeling in elderly
patients with a LVEF 40% or more following AMI (34). This is
likely comparable to our findings from multivariate regression
analyses. Although no relationship between the prevention
of adverse LV remodeling and better clinical outcomes was
observed in that study, the short observation period (12 months)
might have affected the outcome. Compared to that study, the
strength of our study is that we reassessed the LVEF 6 months
after AMI and then had a longer follow-up period (median
3 years). On the other hand, Park et al. reported that the
dose of ARB had no impact on LV remodeling in patients
with mid-range LVEF following AMI (35). Taken together,
these findings suggest the importance of administering ACE-
I or ARB, even in the absence of LV systolic dysfunction
immediately after AMI.

Limitations

Some limitations must be taken into account. First, this
was a retrospective, observational study carried out in a
relatively small number of subjects at a single center, which
limits the generalizability of our findings. It should also be
noted that primary coronary revascularization and subsequent
oral medication delivery were performed based on the latest
local treatment guidelines. However, decision-making regarding
hospitalization for HF was the choice of each physician;
therefore, relevant endpoints were partly based on physicians’
subjective judgment. Second, because the study cohort included
only survivors 6 months after AMI to collect remote data on
LVEF, a potential selection bias should be noted. Accordingly,
the occurrence of composite clinical events (hospitalization
for HF and cardiovascular death) was low (2.3%) during the
follow-up duration. Additionally, patients with reduced LVEF
at 6 months already had worsening of some clinical indicators,
such as lower EF and eGFR levels and a higher proportion of
patients with Killip class ≥ 3, at index hospitalization, and this
patient subgroup was therefore not entirely representative of the
overall cohort. Third, our study cohort included both STEMI
and NSTEMI, with two-thirds of subjects showing STEMI; this
rate is higher relative to a contemporary cohort for AMI in Japan
(36, 37). The prognostic impact of LVEF at the chronic phase
was not investigated separately between STEMI and NSTEMI
due to the limited small sample size in our cohort. Fourth,
the rate of prescribing optimal drug therapy after AMI was
lower than expected in our cohort. Specifically, a relatively
small proportion of subjects was treated with β-blockers due
mainly to tolerability, and this was similar to previous reports in
Japan (36, 37). However, we cannot exclude the possibility that
such incomplete implementation of optimal medical therapy
after AMI might have affected the patients’ prognosis and our
findings. Finally, the present analysis did not account for any
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clinical information that may have affected long-term prognosis
in survivors of AMI, including biomarkers, at the chronic
phase other than LVEF. Therefore, further studies are needed
to investigate the clinical parameters related to LVEF dynamics
and assess the prognostic relationships between their trajectories
in the remote phase of AMI.

Conclusion

Our findings suggest that incident LV systolic dysfunction
at the chronic phase after AMI was significantly associated with
long-term adverse outcomes. Therefore, even in AMI survivors
without LV systolic dysfunction at the time of AMI, post-AMI
reassessment and careful monitoring of LVEF are required to
identify patients at risk. Patient with risk factor, such as male sex
and higher peak CPK should be followed more carefully.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were
reviewed and approved by The Institutional Review
Board of Miyazaki Medical Association Hospital. The
patients/participants provided their written informed consent
to participate in this study.

Author contributions

GY and AT designed the research, project conception,
development of overall research plan, study oversight, and

wrote the manuscript. GY, KNi, NW, YS, and MN conducted
the research, hands-on conduct of the experiments, and data
collection. GY, AT, and AK analyzed the data or performed
statistical analysis. MN and KNo revised the manuscript. GY
and AT had primary responsibility for the final content. All
authors read and approved the final manuscript.

Acknowledgments

This work was supported by the Japan Society for the
Promotion of Science KAKENHI Grant Number: JP21K08130
and Takeda Science Foundation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.1009691/full#supplementary-material

References

1. Granger CB, Goldberg RJ, Dabbous O, Pieper KS, Eagle KA, Cannon CP, et al.
Predictors of hospital mortality in the global registry of acute coronary events. Arch
Intern. Med. (2003) 163:2345–53. doi: 10.1001/archinte.163.19.2345

2. Abu-Assi E, Ferreira-Gonzalez I, Ribera A, Marsal JR, Cascant P, Heras M,
et al. Do GRACE (Global Registry of Acute Coronary events) risk scores still
maintain their performance for predicting mortality in the era of contemporary
management of acute coronary syndromes? Am Heart J. (2010) 160:826-834.e1-3.
doi: 10.1016/j.ahj.2010.06.053

3. Boersma E, Mercado N, Poldermans D, Gardien M, Vos J, Simoons ML. Acute
myocardial infarction. Lancet. (2003) 361:847–58. doi: 10.1016/S0140-6736(03)
12712-2

4. Nishihira K, Yoshioka G, Kuriyama N, Ogata K, Kimura T, Matsuura H, et al.
Impact of frailty on outcomes in elderly patients with acute myocardial infarction

who undergo percutaneous coronary intervention. Eur Heart J Qual Care Clin
Outcomes. (2021) 7:189–97. doi: 10.1093/ehjqcco/qcaa018

5. Yoshioka G, Tanaka A, Nishihira K, Shibata Y, Node K. Prognostic impact
of serum albumin for developing heart failure remotely after acute myocardial
infarction. Nutrients. (2020) 12:2637. doi: 10.3390/nu12092637

6. Goriki Y, Yoshioka G, Natsuaki M, Shinzato K, Nishihira K, Kuriyama N, et al.
Simple risk-score model for in-hospital major bleeding based on multiple blood
variables in patients with acute myocardial infarction. Int J Cardiol. (2022) 346:1–7.
doi: 10.1016/j.ijcard.2021.11.046

7. Goriki Y, Tanaka A, Nishihira K, Kawaguchi A, Natsuaki M, Watanabe N,
et al. A novel predictive model for in-hospital mortality based on a combination
of multiple blood variables in patients with ST-segment-elevation myocardial
infarction. J Clin Med. (2020) 9:852. doi: 10.3390/jcm9030852

Frontiers in Cardiovascular Medicine 10 frontiersin.org

76

https://doi.org/10.3389/fcvm.2022.1009691
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1009691/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1009691/full#supplementary-material
https://doi.org/10.1001/archinte.163.19.2345
https://doi.org/10.1016/j.ahj.2010.06.053
https://doi.org/10.1016/S0140-6736(03)12712-2
https://doi.org/10.1016/S0140-6736(03)12712-2
https://doi.org/10.1093/ehjqcco/qcaa018
https://doi.org/10.3390/nu12092637
https://doi.org/10.1016/j.ijcard.2021.11.046
https://doi.org/10.3390/jcm9030852
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1009691 September 24, 2022 Time: 15:55 # 11

Yoshioka et al. 10.3389/fcvm.2022.1009691

8. Shimizu A. What are the most useful predictors of cardiac mortality in patients
post myocardial infarction? Circ J. (2013) 77:319–20. doi: 10.1253/circj.CJ-12-1542

9. Gajarsa JJ, Kloner RA. Left ventricular remodeling in the post-infarction heart:
a review of cellular, molecular mechanisms, and therapeutic modalities. Heart Fail
Rev. (2011) 16:13–21. doi: 10.1007/s10741-010-9181-7

10. Nienhuis MB, Ottervanger JP, Dambrink JH, de Boer MJ, Hoorntje JC,
Gosselink AT, et al. Comparative predictive value of infarct location, peak CK, and
ejection fraction after primary PCI for ST elevation myocardial infarction. Coron
Artery Dis. (2009) 20:9–14. doi: 10.1097/MCA.0b013e32831bd875

11. Chew DS, Heikki H, Schmidt G, Kavanagh KM, Dommasch M, Bloch
Thomsen PE, et al. Change in left ventricular ejection fraction following first
myocardial infarction and outcome. JACC Clin Electrophysiol. (2018) 4:672–82.
doi: 10.1016/j.jacep.2017.12.015

12. Thygesen K, Alpert JS, White HD. Universal definition of myocardial
infarction. J Am Coll Cardiol. (2007) 50:2173–95. doi: 10.1016/j.jacc.2007.09.011

13. O’Gara PT, Kushner FG, Ascheim DD, Casey DE Jr., Chung MK, de
Lemos JA, et al. 2013 ACCF/AHA guideline for the management of ST-
elevation myocardial infarction: a report of the American College of Cardiology
Foundation/American Heart Association Task Force on Practice Guidelines.
Circulation. (2013) 127:e362–425.

14. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et al.
2016 ESC guidelines for the diagnosis and treatment of acute and chronic heart
failure: the task force for the diagnosis and treatment of acute and chronic heart
failure of the European society of cardiology (ESC)developed with the special
contribution of the heart failure association (HFA) of the ESC. Eur Heart J. (2016)
37:2129–200. doi: 10.1093/eurheartj/ehw128

15. Smith LN, Makam AN, Darden D, Mayo H, Das SR, Halm EA, et al. Acute
myocardial infarction readmission risk prediction models: a systematic review
of model performance. Circ Cardiovasc Qual Outcomes. (2018) 11:e003885. doi:
10.1161/CIRCOUTCOMES.117.003885

16. Halkin A, Stone GW, Dixon SR, Grines CL, Tcheng JE, Cox DA, et al. Impact
and determinants of left ventricular function in patients undergoing primary
percutaneous coronary intervention in acute myocardial infarction. Am J Cardiol.
(2005) 96:325–31. doi: 10.1016/j.amjcard.2005.03.069

17. Solomon SD, Skali H, Anavekar NS, Bourgoun M, Barvik S, Ghali JK,
et al. Changes in ventricular size and function in patients treated with valsartan,
captopril, or both after myocardial infarction. Circulation. (2005) 111:3411–9. doi:
10.1161/CIRCULATIONAHA.104.508093

18. Dagres N, Hindricks G. Risk stratification after myocardial infarction: is left
ventricular ejection fraction enough to prevent sudden cardiac death? Eur Heart J.
(2013) 34:1964–71. doi: 10.1093/eurheartj/eht109

19. Gorgels AP, Gijsbers C, de Vreede-Swagemakers J, Lousberg A, Wellens
HJ. Out-of-hospital cardiac arrest–the relevance of heart failure. The maastricht
circulatory arrest registry. Eur Heart J. (2003) 24:1204–9. doi: 10.1016/S0195-
668X(03)00191-X

20. Mäkikallio TH, Barthel P, Schneider R, Bauer A, Tapanainen JM, Tulppo MP,
et al. Prediction of sudden cardiac death after acute myocardial infarction: role
of Holter monitoring in the modern treatment era. Eur Heart J. (2005) 26:762–9.
doi: 10.1093/eurheartj/ehi188

21. Parodi G, Memisha G, Carrabba N, Signorini U, Migliorini A, Cerisano G,
et al. Prevalence, predictors, time course, and long-term clinical implications of left
ventricular functional recovery after mechanical reperfusion for acute myocardial
infarction. Am J Cardiol. (2007) 100:1718–22. doi: 10.1016/j.amjcard.2007.07.022

22. Chew DS, Wilton SB, Kavanagh K, Southern DA, Tan-Mesiatowsky LE, Exner
DV. Left ventricular ejection fraction reassessment post-myocardial infarction:
current clinical practice and determinants of adverse remodeling. Am Heart J.
(2018) 198:91–6. doi: 10.1016/j.ahj.2017.11.014

23. O’Gara PT, Kushner FG, Ascheim DD, Casey DE Jr., Chung MK, de
Lemos JA, et al. 2013 ACCF/AHA guideline for the management of ST-elevation
myocardial infarction: executive summary: a report of the American College
of Cardiology Foundation/American Heart Association Task Force on Practice
Guidelines. Circulation. (2013) 127:529–55.

24. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H,
et al. 2017 ESC guidelines for the management of acute myocardial infarction in
patients presenting with ST-segment elevation: the task force for the management
of acute myocardial infarction in patients presenting with ST-segment elevation of
the European society of cardiology (ESC). Eur Heart J. (2018) 39:119–77.

25. Miller AL, Gosch K, Daugherty SL, Rathore S, Peterson PN, Peterson
ED, et al. Failure to reassess ejection fraction after acute myocardial infarction
in potential implantable cardioverter/defibrillator candidates: insights from the
translational research investigating underlying disparities in acute myocardial
infarction patients’ health status (TRIUMPH) registry. AmHeart J. (2013) 166:737–
43. doi: 10.1016/j.ahj.2013.07.019

26. Pokorney SD, Miller AL, Chen AY, Thomas L, Fonarow GC, de Lemos JA,
et al. Reassessment of cardiac function and implantable cardioverter-defibrillator
use among medicare patients with low ejection fraction after myocardial infarction.
Circulation. (2017) 135:38–47. doi: 10.1161/CIRCULATIONAHA.116.02
2359

27. Wilton SB, Bennett MT, Parkash R, Kavanagh K, Jolicoeur EM, Halperin F,
et al. Variability in reassessment of left ventricular ejection fraction after myocardial
infarction in the acute myocardial infarction quality assurance canada study. JAMA
Netw Open. (2021) 4:e2136830. doi: 10.1001/jamanetworkopen.2021.36830

28. Haeck JD, Verouden NJ, Kuijt WJ, Koch KT, Van Straalen JP, Fischer J,
et al. Comparison of usefulness of N-terminal pro-brain natriuretic peptide as
an independent predictor of cardiac function among admission cardiac serum
biomarkers in patients with anterior wall versus nonanterior wall ST-segment
elevation myocardial infarction undergoing primary percutaneous coronary
intervention. Am J Cardiol. (2010) 105:1065–9. doi: 10.1016/j.amjcard.2009.12.003

29. De Luca G, Suryapranata H, Ottervanger JP, Antman EM. Time delay to
treatment and mortality in primary angioplasty for acute myocardial infarction:
every minute of delay counts. Circulation. (2004) 109:1223–5. doi: 10.1161/01.CIR.
0000121424.76486.20

30. López de Sá E. [Late-onset heart failure following myocardial infarction:
putting the jigsaw together]. Rev Esp Cardiol. (2005) 58:1258–60. doi: 10.1016/
S1885-5857(06)60411-8

31. Choi H, Seo JY, Shin J, Choi BY, Kim YM. A long-term incidence of heart
failure and predictors following newly developed acute myocardial infarction:
a 10 years retrospective cohort study with Korean national health insurance
data. Int J Environ Res Public Health. (2021) 18:6207. doi: 10.3390/ijerph1812
6207

32. Sulo G, Igland J, Nygård O, Vollset SE, Ebbing M, Cerqueira C, et al. Trends
in the risk of early and late-onset heart failure as an adverse outcome of acute
myocardial infarction: a cardiovascular disease in Norway project. Eur J Prev
Cardiol. (2017) 24:971–80. doi: 10.1177/2047487317698568

33. Huang H, Liu J, Lei M, Yang Z, Bao K, Li Q, et al. A universal new definition
of heart failure with improved ejection fraction for patients with coronary artery
disease. Front Physiol. (2021) 12:770650. doi: 10.3389/fphys.2021.770650

34. Ferrari R. Effects of angiotensin-converting enzyme inhibition with
perindopril on left ventricular remodeling and clinical outcome: results of the
randomized Perindopril and Remodeling in Elderly with Acute Myocardial
Infarction (PREAMI) Study. Arch Intern Med. (2006) 166:659–66. doi: 10.1001/
archinte.166.6.659

35. Park K, Kim YD, Kim KS, Lee SH, Park TH, Lee SG, et al. The impact of a
dose of the angiotensin receptor blocker valsartan on post-myocardial infarction
ventricular remodelling. ESC Heart Fail. (2018) 5:354–63. doi: 10.1002/ehf2.
12249

36. Miyachi H, Takagi A, Miyauchi K, Yamasaki M, Tanaka H, Yoshikawa M,
et al. Current characteristics and management of ST elevation and non-ST elevation
myocardial infarction in the Tokyo metropolitan area: from the Tokyo CCU
network registered cohort. Heart Vessels. (2016) 31:1740–51. doi: 10.1007/s00380-
015-0791-9

37. Natsuaki M, Morimoto T, Watanabe H, Nakagawa Y, Furukawa Y, Kadota
K, et al. Ischemic and bleeding risk after percutaneous coronary intervention in
patients with prior ischemic and hemorrhagic stroke. J Am Heart Assoc. (2019)
8:e013356. doi: 10.1161/JAHA.119.013356

Frontiers in Cardiovascular Medicine 11 frontiersin.org

77

https://doi.org/10.3389/fcvm.2022.1009691
https://doi.org/10.1253/circj.CJ-12-1542
https://doi.org/10.1007/s10741-010-9181-7
https://doi.org/10.1097/MCA.0b013e32831bd875
https://doi.org/10.1016/j.jacep.2017.12.015
https://doi.org/10.1016/j.jacc.2007.09.011
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1161/CIRCOUTCOMES.117.003885
https://doi.org/10.1161/CIRCOUTCOMES.117.003885
https://doi.org/10.1016/j.amjcard.2005.03.069
https://doi.org/10.1161/CIRCULATIONAHA.104.508093
https://doi.org/10.1161/CIRCULATIONAHA.104.508093
https://doi.org/10.1093/eurheartj/eht109
https://doi.org/10.1016/S0195-668X(03)00191-X
https://doi.org/10.1016/S0195-668X(03)00191-X
https://doi.org/10.1093/eurheartj/ehi188
https://doi.org/10.1016/j.amjcard.2007.07.022
https://doi.org/10.1016/j.ahj.2017.11.014
https://doi.org/10.1016/j.ahj.2013.07.019
https://doi.org/10.1161/CIRCULATIONAHA.116.022359
https://doi.org/10.1161/CIRCULATIONAHA.116.022359
https://doi.org/10.1001/jamanetworkopen.2021.36830
https://doi.org/10.1016/j.amjcard.2009.12.003
https://doi.org/10.1161/01.CIR.0000121424.76486.20
https://doi.org/10.1161/01.CIR.0000121424.76486.20
https://doi.org/10.1016/S1885-5857(06)60411-8
https://doi.org/10.1016/S1885-5857(06)60411-8
https://doi.org/10.3390/ijerph18126207
https://doi.org/10.3390/ijerph18126207
https://doi.org/10.1177/2047487317698568
https://doi.org/10.3389/fphys.2021.770650
https://doi.org/10.1001/archinte.166.6.659
https://doi.org/10.1001/archinte.166.6.659
https://doi.org/10.1002/ehf2.12249
https://doi.org/10.1002/ehf2.12249
https://doi.org/10.1007/s00380-015-0791-9
https://doi.org/10.1007/s00380-015-0791-9
https://doi.org/10.1161/JAHA.119.013356
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-945451 September 29, 2022 Time: 13:15 # 1

TYPE Systematic Review
PUBLISHED 04 October 2022
DOI 10.3389/fcvm.2022.945451

OPEN ACCESS

EDITED BY

Gianluca Rigatelli,
Hospital Santa Maria della Misericordia
of Rovigo, Italy

REVIEWED BY

Natallia Maroz-Vadalazhskaya,
Belarusian State Medical University,
Belarus
Antonis Sakellarios,
University of Ioannina, Greece
Filippo Cademartiri,
Gabriele Monasterio Tuscany
Foundation (CNR), Italy

*CORRESPONDENCE

Kunlun He
kunlunhe@301hospital.com.cn

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Coronary Artery Disease,
a section of the journal
Frontiers in Cardiovascular Medicine

RECEIVED 16 May 2022
ACCEPTED 31 August 2022
PUBLISHED 04 October 2022

CITATION

Wang X, Wang J, Wang W, Zhu M,
Guo H, Ding J, Sun J, Zhu D, Duan Y,
Chen X, Zhang P, Wu Z and He K
(2022) Using artificial intelligence
in the development of diagnostic
models of coronary artery disease with
imaging markers: A scoping review.
Front. Cardiovasc. Med. 9:945451.
doi: 10.3389/fcvm.2022.945451

COPYRIGHT

© 2022 Wang, Wang, Wang, Zhu, Guo,
Ding, Sun, Zhu, Duan, Chen, Zhang,
Wu and He. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Using artificial intelligence in the
development of diagnostic
models of coronary artery
disease with imaging markers: A
scoping review
Xiao Wang1,2,3†, Junfeng Wang4†, Wenjun Wang1,2,3†,
Mingxiang Zhu1,2,3, Hua Guo5, Junyu Ding5, Jin Sun1,2,3,
Di Zhu1,2,3, Yongjie Duan1,2,3, Xu Chen1,2,3, Peifang Zhang6,
Zhenzhou Wu6 and Kunlun He 1,2,3*
1Key Laboratory of Ministry of Industry and Information Technology of Biomedical Engineering
and Translational Medicine, Chinese PLA General Hospital, Beijing, China, 2Beijing Key Laboratory
for Precision Medicine of Chronic Heart Failure, Chinese PLA General Hospital, Beijing, China,
3Medical Big Data Research Center, Chinese PLA General Hospital, Beijing, China, 4Division
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Background: Coronary artery disease (CAD) is a progressive disease of the

blood vessels supplying the heart, which leads to coronary artery stenosis

or obstruction and is life-threatening. Early diagnosis of CAD is essential for

timely intervention. Imaging tests are widely used in diagnosing CAD, and

artificial intelligence (AI) technology is used to shed light on the development

of new imaging diagnostic markers.

Objective: We aim to investigate and summarize how AI algorithms are used

in the development of diagnostic models of CAD with imaging markers.

Methods: This scoping review followed the Preferred Reporting Items

for Systematic Reviews and Meta-Analyses extension for Scoping Reviews

(PRISMA-ScR) guideline. Eligible articles were searched in PubMed and

Embase. Based on the predefined included criteria, articles on coronary

heart disease were selected for this scoping review. Data extraction was

independently conducted by two reviewers, and a narrative synthesis

approach was used in the analysis.

Results: A total of 46 articles were included in the scoping review. The

most common types of imaging methods complemented by AI included

single-photon emission computed tomography (15/46, 32.6%) and coronary

computed tomography angiography (15/46, 32.6%). Deep learning (DL) (41/46,

89.2%) algorithms were used more often than machine learning algorithms

(5/46, 10.8%). The models yielded good model performance in terms of

accuracy, sensitivity, specificity, and AUC. However, most of the primary

studies used a relatively small sample (n < 500) in model development, and

only few studies (4/46, 8.7%) carried out external validation of the AI model.
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Conclusion: As non-invasive diagnostic methods, imaging markers integrated

with AI have exhibited considerable potential in the diagnosis of CAD. External

validation of model performance and evaluation of clinical use aid in the

confirmation of the added value of markers in practice.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42022306638], identifier [CRD42022306638].

KEYWORDS

coronary artery disease, artificial intelligence, diagnosis, prediction model, imaging,
scoping review

Introduction

Cardiovascular disease (CVD), with a broad definition,
refers to a group of disorders of the heart and blood vessels
and is the main reason of death globally. CVD has several
subtypes, among which coronary artery disease (CAD) is the
most prevalent and remains one of the main causes of morbidity
and mortality (1). CAD, including heart attack, acute myocardial
infarction (MI), stable and unstable angina pectoris (AP), and
sudden cardiac death (2), can affect heart functioning and brain
processing (3) and further lead to cognitive impairment (4). As a
result, CAD became one of the major global economic burdens
in healthcare.

Invasive coronary angiography (ICA) is the reference
standard for the diagnosis of CAD, especially obstructive
disease; however, people who underwent ICA may suffer
from complications (5) such as bleeding, pseudoaneurysm,
and hematoma. Medical imaging, as a non-invasive technique,
has developed from lesion recognition to functional imaging
like diagnosis and evaluation of disease, especially radiological
methods (6). Previous studies showed that the diagnostic
accuracy of coronary computed tomographic angiography
(CCTA) for coronary atherosclerosis is comparable to that of
invasive techniques due to its potential to identify and describe
plaques (7), and the clinical use of MRI techniques in CAD is
now widely available in many aspects of CAD (8). The rapid
growth of medical imaging data accelerates the discovery of new
imaging markers for diagnosis, prediction, or stratification of
CAD, which is also known as radiomics. Artificial intelligence
(AI), as a technology to enable problem-solving by simulating
human intelligence (9), plays an important role in imaging
marker derivation and model development in this field.

The application of AI in medical imaging is an
interdisciplinary work and involves researchers from different
backgrounds. Thus, there are significant differences in
study design, medical imaging technique, AI algorithm, and
performance evaluation in diagnostic models of CAD. In this
scoping review, we aim to investigate and summarize how AI
algorithms are used in the development of diagnostic models of

CAD with imaging markers and to discover the knowledge gaps
to point out the direction for future research.

Methods

This scoping review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses extension
for Scoping Reviews (PRISMA-ScR) guideline (10), and
a completed PRISMA-ScR checklist was provided in
the Supplementary Material 1. The protocol of the
systematic review and methodological quality assessment
was registered with the International Prospective Register of
Systematic Reviews (PROSPERO) with the registry number
CRD42022306638.

This scoping review is part of the project, aiming to provide
an understanding of the role of medical imaging markers
integrated with AI for the diagnosis of CAD. For the purpose of
this scoping review, the term CAD includes AP, coronary artery
disease, coronary stenosis, myocardial infarction, coronary
artery atherosclerosis, and coronary artery vulnerable plaque,
which can completely or partially block the blood flow of
the major arteries of the heart, as these are the terms used
to describe the same medical condition that causes lesions in
blood vessels supplying the heart and lead to ischemic heart
disease in the International Classification of Diseases (ICD-10)
(Supplementary Material 2).

Inclusion and exclusion criteria

Publications of primary research on the development of
diagnostic models of CAD using AI techniques based on
imaging, regardless of targeted patients, data sources, or study
design, were included in the review. Exclusion criteria were
(1) publications not in English or not using human data or
not imaging tests, (2) models not developed for diagnosis,
(3) meta-research studies (e.g., reviews of prediction models),
(4) conference abstracts, (5) studies that are only focused on
automatic segmentation of images or extraction of medical
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image parameters, and (6) diagnostic models developed or
validated not associated with CAD.

Identification of eligible publications

Eligible publications for this scoping review were selected
from a systematic review and methodological quality assessment
on the image-based diagnostic models with AI in CVD
performed by the same research group. The systematic literature
search was conducted in PubMed and Embase, and the search
strategy information can be found in the public online protocol.

Studies identified by the search strategy were imported into
EndNote for checking duplicates. After removing duplicates,
titles and abstracts were screened independently by two authors
to identify eligible studies. The potentially eligible studies were
independently checked with full text by the same two researchers
for final inclusion. As the last step, models for the diagnosis of
CAD were selected for this scoping review.

Data extraction

Data were collected on general information of articles (first
author, year of publication, title, journal, and DOI), study
characteristics (date of submission, acceptance, publication,
country of author, and study), population characteristics (age-
group, clinical setting, and participant inclusion), AI technique
characteristics (purpose/use of the AI technique and AI
models/algorithms), data set characteristics (data set size, data
types, type of imaging, number of image features, reference/gold
standard, competitor, data sources, study design, internal
validation, and external validation), and diagnostic model
characteristics (clinical effectiveness). We then performed a
double data extraction for all included articles on the basis of
detailed explanations for each item (Supplementary Material
3). If multiple models were established in an article, only one
model was selected based on the following criteria in order:
(1) the one with the largest total sample size, (2) the one with
the largest number of events, and (3) the one with the highest
predictive performance. A total of two reviewers (two of WW,
HG, JD, JS, YD, MZ, DZ, and XW) independently extracted data
from each article using a data extraction form designed for this
review. Disagreements were resolved through discussion, and if
necessary, the final judgment was made by a third reviewer (JW).

Data synthesis

On account of the heterogeneity in selected studies, a
narrative synthesis of the extracted data was performed.
Numbers and percentages were used to describe categorical
data, and the distribution of continuous data was assessed and

described using median and IQR. We also summarized the
characteristics of the included articles in this scoping review by
descriptive statistics and data visualization. In the process of
analysis, all the statistical analyses were performed by R version
3.6.1 and RStudio version 1.2.5001, and graphic charts and tables
were used to present the results.

Results

Selection of publications

After removing duplicates, screening titles and abstracts,
and checking the full text, a total of 110 eligible articles were
identified for the systematic review and methodological quality
assessment on the image-based diagnostic models with AI in
CVD, of which 46 were about the diagnosis of CAD and thus
were selected for this scoping review. A complete list of the
included studies and their characteristics is available in the
Supplementary Material 4.

Characteristics of the included studies
Coronary artery disease is a progressive disease and also a

general term for a class of diseases. Of the 46 studies included,
54.4% were specifically for CAD (11–35) as the research
disease, and the other specific diseases were named coronary
artery atherosclerosis (10.8%) (36–40), coronary artery stenosis
(15.3%) (41–47), coronary artery calcium (4.3%) (48, 49), MI
(10.8) (50–54), myocardial ischemia (2.1%) (55), and regional
wall motion abnormalities (2.1%) (56) (Figure 1).

Approximately, half of the included studies were conducted
in years 2020 (12/46, 26.0%) (14, 15, 17, 19, 20, 25, 26, 30,
36, 37, 45, 56) and 2021 (12/46, 26.0%) (13, 16, 21, 24, 29, 33,
39, 40, 43, 46, 50, 53) (Figure 2). The corresponding authors
of the included studies were from 13 countries, including the
United States (14/46, 30.3%) (12, 16, 21, 22, 29, 31, 34, 36, 39,
41, 42, 48, 49, 53), China (11/46, 23.9%) (15, 19, 20, 35, 37, 38,
40, 45, 46, 52, 54), Japan (8/46, 17.3%) (17, 23, 25, 27, 28, 32, 55,
56), Greece (2/46, 4.3%) (13, 14), and Netherlands (2/46, 4.3%)
(44, 47), whereas Italy (26), Canada (11), India (30), Korea (24),
New Zealand (50), Russia (43), Sweden (51), Turkey (18), and
the United Kingdom (33) each had only one study (1, 2.1%). In
most of the articles, corresponding authors and study cohorts
were from unified countries. Only one study involved cross-
country collaborations, with the authors of the article being from
India, while the study cohort was from China. Supplementary
Table 1 shows the all characteristics of the studies included in
our review.

Of all the included articles, 44 articles mentioned the date
of submission and date of acceptance, and the time from
submission to acceptance varied from 19 days to 466 days, with
the median of 105 days and the interquartile range of [66.25,
162.75]. Except for six articles being published in journals not
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FIGURE 1

CAD types in the included publications.

FIGURE 2

Number of publications by year and country.
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having an impact factor (IF) yet, the IF of the other 40 articles
ranged from 0.785 to 22.673, with the median of 3.6645 and
the interquartile range of [2.52775, 7.887]. As can be seen
in Figure 3, the time needed for a decision of acceptance
was positively correlated with the journal IF (Spearman rank
correlation = 0.24). Supplementary Table 2 shows the time from
submission to acceptance and the IF of all included articles.

The colors represent the sample size of the model training
data set, and the AUC of each model is presented as the
radius of the bubble.

Data sources and study designs in the
included studies

For data sources, private data (data collected by centers)
(35/46, 76.0%) (11–21, 23, 24, 27, 33–50, 53, 54, 56) were the
most commonly used data sources for the development of AI
models. Except for one article for which the data source is
unclear (28), public data (10/46, 21.7%) were the other sources
of data for AI models (22, 25, 26, 29–32, 51, 52, 55). Most studies
were single-center studies, accounting for 76.0% (35/46), and
19.5% (9/46) were multi-center studies (16, 20, 29, 33, 41, 42,
51, 53, 55). There were three major types of study designs: cohort
study (30/46, 65.2%) (11–28, 36–38, 40–43, 46–50), case–control
(8/46, 17.3%) (34, 35, 39, 44, 52–54, 56), and nested case–control
(1/46, 2.1%) (33), whereas for the other 15.3% of the studies
(7/46) (29–32, 45, 51, 55), the type of study design could not be
determined based on the information in the article.

Of the 41 (89.2%) studies that reported sample size on
patient level, eight (17.3%) studies used data sets of less than
100 samples (11, 12, 19, 34, 35, 37, 43, 46), 20 (43.5%) studies
used data sets with 100–500 samples (14–16, 18, 23, 26, 31, 32,
36, 39, 40, 44, 47, 48, 51–56), five (10.8%) studies used data sets
with 500–1,000 samples (13, 24, 25, 30, 33), and eight (17.3%)
studies used data sets with more than 1,000 samples (20–22,
27–29, 41, 42). The other five (10.8%) studies directly selected
relevant medical imaging scans or videos as training samples
with a sample size between 63 and 4,664 (17, 38, 45, 49, 50)
(Figure 3).

Population characteristics in the
included studies

Across the populations studied, most studies had no age
restrictions on the study population (39/46, 86%), while other
studied populations included people older than 18 years (4/46,
8.6%) (19, 35, 39, 45), people older than 40 years (1/46, 2.1%)
(15), or older adults (above the age of 65 years) (2/46, 4.3%)
(32, 55). In the included articles, most of the study population
was patients who were hospitalized (34/46, 74.1%), and some
studies included the general population (3/46, 6.5%) (24, 26, 27)

or outpatients (3/46, 6.5) (25, 31, 39), while one study dealt with
coronial postmortem examination (1/46, 2.1%) (50), and the
population of the rest of the studies was unclear (5/46, 10.8%)
(22, 38, 45, 49, 52).

Outcome and reference standards in
the included studies

The main outcome of the diagnostic models was classified
into three formats: binary (e.g., the status of CAD, yes or no)
(34/46, 74.1%), ordinal (e.g., severity grading of CAD) (8/46,
17.3%) (16, 19, 29–33, 55), and multinomial (e.g., multiple
diseases or classification of CAD) (4/46, 8.6%) (18, 46, 50, 51).

Reference standards for determining the outcomes were
only mentioned in 36 of the 46 studies. Experts (11/46, 23.9%)
(11, 16, 20, 21, 36, 38, 39, 45, 48, 49, 52), such as cardiologists or
radiologists, and coronary angiography (13/46, 28.3%) (12–15,
17–19, 33, 41–43, 46, 53) were the two main reference standards.
Coronary angiograms and experienced physicians (6/46, 13.0%)
(28, 29, 31, 32, 51, 55), fractional flow reserve (FFR) (4/46, 8.6%)
(34, 35, 44, 47), and clinical characteristics, electrocardiogram,
and laboratory test index (2/46, 4.3%) (40, 54) were used as the
reference standards for CAD in other studies.

Types of medical imaging and artificial
intelligence algorithms in the included
studies

The included studies demonstrate 10 types of medical
imaging that have been used to diagnose CAD with AI
techniques. The most common medical imaging used was
computed tomography (CT), comprising 73.9% (34/46) of
the studies, which included single-photon emission computed
tomography (SPECT) (15/46, 32.6%) (12–14, 17, 18, 21, 27–
29, 31, 32, 41, 42, 51, 55), coronary computed tomography
angiography (CCTA) (15/46, 32.6%) (15, 16, 19, 23, 26, 30, 34–
36, 39, 40, 44, 46–48), optical coherence tomography (OCT)
(3/46, 6.5%) (11, 37, 38), and non-contrast CT (1/46, 2.1%)
(49). Other more commonly used medical imaging techniques
were ultrasonography (5/46, 10.8%) (22, 24, 33, 53, 56), MR
(2/46,4.3%) (52, 54), and X-ray (2/46, 4.3%) (43, 45). In contrast,
the least commonly used images were coronary angioscopy
(1/46, 2.1%) (25), histological slides (1/46, 2.1%) (50), and facial
photo (1/46, 2.1%) (20). In the process of model development,
the majority of the studies focused only on using various
characteristics of medical imaging of participants, although few
articles clearly defined the image features. Other combinations
of data in some included studies, such as demographic data
(5/46, 10.8%) (18, 20, 21, 29, 30), clinical data (2/46, 4.3%) (13,
27), and laboratory data (1/46, 2.1%) (31), were also used to
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FIGURE 3

Relationship between the time needed for acceptance for publication and the journal impact factor.

FIGURE 4

Imaging types and AI methods.
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evaluate their effect on the performance of the AI technology
to predict the diagnosis of CAD.

Many different AI algorithms were applied to explore the
diagnostic value of information from images. AI algorithms
were classified into deep learning (DL) (41/46, 89.2%) (12, 14–
29, 31, 32, 34–42, 44–56) and machine learning (ML) (5/46,
10.8%) (11, 13, 30, 33, 43), as shown in Figure 4.

Model performance measures used in
the included studies

Different indicators were used in the validation process of
different models, and we only summarized the commonly used
validation indicators: accuracy, sensitivity, specificity, and the
area under the curve (AUC).

The accuracy of the diagnostic models was reported in 26
studies, and the accuracy level ranged from 57 to 100%. The
accuracy level was < 70% in three studies (18, 26, 28), 70–90% in
12 studies (13, 14, 19, 20, 32, 35, 38, 40, 45, 47, 48, 53), and > 90%
in 11 studies (11, 15, 16, 22, 24, 36, 39, 46, 49, 50, 52).

Sensitivity was reported in 32 studies and ranged from 47
to 97.14%. The sensitivity level was < 70% in five studies (26,
32, 36, 42, 53), 70–90% in 19 studies (13, 14, 18–21, 29, 31, 33,
34, 39–41, 43–47, 54), and > 90% in eight studies (11, 12, 15,
16, 35, 48, 52, 55). Moreover, specificity was reported in only
30 studies and ranged from 48.4 to 99.8%. The specificity level
was < 70% in nine studies (15, 18, 20, 29, 31, 40–42, 44), 70–90%
in 11 studies (12–14, 19, 21, 26, 32, 33, 35, 47, 48), and > 90% in
10 studies (11, 16, 34, 36, 39, 46, 52–55).

The area under the curve was only reported in 29 studies,
ranging from 0.74 to 0.98 (Figure 3). In seven studies, the AUC
was below 0.80 (13, 15, 18, 20, 44, 47, 53); in nine studies, it was
between 0.8 and 0.9 (19, 21, 23, 29, 32, 33, 38, 41, 42); and in 13
studies, it was above 0.9 (24, 25, 27, 33–36, 39, 49, 51, 54–56).
However, among all the included articles, only four carried out
external validation of the AI model, accounting for a proportion
of 8.6% (20, 29, 33, 39).

Competitor and clinical effectiveness
of developed models in the included
studies

After the AI models were developed, 11 articles compared
the performance of the model with clinicians, including experts
(10/46, 21.7%) (12–18, 33, 53, 56) and less experienced clinicians
(1/46, 2.1%) (49). Some models in the included studies (13/46,
28.3%) were compared with previously existing or published
models (20–23, 27, 28, 37, 38, 43, 45, 47, 52, 54). Other methods
used for comparison with models in the included studies include
total perfusion deficit (2/46, 4.3%) (41, 42), CCTA (1/46, 2.1%)
(19), and conventional 120 kVp images (1/46, 2.1%) (46), and

the rest of the studies (18/46, 39.1%) (11, 24–26, 29–32, 34–36,
39, 40, 44, 48, 50, 51, 55) have no information about competitors
of the AI models.

However, few developed models of CAD have been used in
clinical practice or prospective studies to prove their clinical
applicability. Only one article (1/46, 2.1%) (51) mentioned
that some physicians of the invited hospitals used the model
system and generally found it easy to use and of value in their
clinical practice.

Discussion

Principal findings and the implications
for practice and research

In this review, we explored the use of imaging disease
markers in the diagnosis of CAD with AI. This review has
highlighted a few salient points and some research gaps which
have the potential to guide future research and enhance the value
of new imaging disease markers for medical decisions.

First, in a total of 46 included studies, it is obvious that
the number of studies increased in the past 20 years, especially
in the recent 2 years (12 in 2020 and 12 in 2021), which is
not surprising given that the use of AI technology in medical
care, especially the diagnosis of common diseases, became
a hot topic. Some developed countries have a long history
of carrying out research on AI-based diagnostic prediction
models of CAD, such as Japan (1992) and the United States
(2004). In recent years (2018–2021), China is the fastest
growing country in the establishment of AI models, and the
final proportion of articles included is 26.0%, second to the
United States (30.3%).

Second, there is significant heterogeneity in the study design.
The study design of more than half of the articles was a cohort
study as the primary studies we included are predominantly
retrospective in nature. The common data sources are mostly
private data and single-center studies, mainly from different
clinical settings in different hospitals in different countries,
which cannot be shared by the general public. The performance
of models based on these data cannot be effectively verified, so it
cannot be widely applied to other sources of data. It is important
to emphasize that the generalizability of data and reproducibility
of methods (57) are crucial to making new imaging disease
markers interpretable and translatable to clinical care for an AI
diagnostic model.

Third, most included studies used experts, such as
cardiologists or radiologists, and coronary angiography as the
reference standards. CAD, the most common clinical heart
disease, is a progressive pathological process with varying
degrees of severity and clinical symptoms for different patients.
Although coronary angiography was often used as the gold
standard for CAD in clinical settings, it may be invalid,
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especially in patients who have intermediate severity of stenosis
(58–60). In the process of establishing CAD diagnostic models
using imaging as disease markers, we should carefully select the
appropriate reference standard so that the model can obtain
more accurate diagnostic performance in prospective research
or clinical practice.

Fourth, the most often used outcome is binary (disease
versus no disease) in studies using imaging markers integrated
with AI techniques, without classifying diseases or grading their
level of severity. This explains the rapid and single application
of imaging disease markers developed with AI in the reviewed
studies. Future research should explore the fusion methods of
image features and AI technology to attain higher prediction
accuracy in terms of the coronary lesions that occur in the
patient and the severity of CAD.

Fifth, we identified the features of AI techniques as observed
in the literature. For AI models, DL techniques were used much
more than ML techniques. DL can learn from unstructured
data, and the information obtained in the learning process is
of great help to the interpretation of image data. Therefore, it
is understandable that most researchers used DL techniques as
they achieved far more results in image recognition than using
other related technologies.

Sixth, in this scoping review, a variety of imaging types can
be used together with AI in the diagnosis of CAD. Ordinarily,
experts in different hospitals make their own judgments about
CAD based on the types of medical imaging they specialize in.
Thus, it may be related to the strengths of different imaging
tests in different hospitals or the professional habits of each
doctor. Based on our findings, CCTA and SPECT were the
most used non-invasive imaging modality for AI applications.
One explanation for this is that radiomics features extracted
by CCTA and SPECT showed good diagnostic accuracy for
the identification of coronary lesions, coronary plaques, and
coronary stenosis.

Seventh, less than one-fifth of the articles used data other
than image features in the process of model development, such
as clinical data and demographic data, which can contribute
to the early prediction of CAD. Furthermore, we should also
evaluate the potential of laboratory data and genetic data, as a
combination of data with image features, in the early diagnostic
prediction of CAD. The earlier the diagnostic prediction
time, the more effective a medical or surgical treatment that
the physicians can give the patients with CAD, which can
significantly reduce the risk of death.

Eighth, the sample size was less than 1,000 in most
of the included articles, regardless of whether the research
subjects were patients or relevant medical imaging scans or
videos. Sample size plays a more important role than model
performance in determining the impact of the study, quantified
by the journal IF (Figure 3). In future studies, AI models should
be trained and validated on a larger data set and have a larger
healthy control sample, preferably from public sources.

Ninth, several articles claimed that their AI models had
a higher performance than existing models or methods (20–
22, 27, 28, 38, 45–47, 49, 52, 54). Furthermore, some articles
compared with experts (experienced radiologists) and readers
(board-certified radiologists) indicated that image-based AI
improved the non-invasive diagnosis of CAD (12–16, 23, 33,
53, 56). Although most of the included diagnostic models
were verified internally, different model performance measures
were used in the validation process of different models. As
we calculated, nearly 90% of the AI diagnostic prediction
models using imaging as a marker for diagnosing CAD in
our included articles were not externally validated. So, we
suggest that clinicians and researchers should conduct external
validation or prospective studies to explore the use of imaging
markers integrated with AI in clinical settings and compare the
performance of different imaging models used to diagnose CAD
by using relatively uniform indicators.

Last and interestingly, a positive correlation was observed
between the time needed for acceptance for publication and the
journal IF: the higher the IF of the journal, the longer the review
and decision time required. The IF is calculated from how many
times articles in the same journal have been cited and usually
is seen as an indicator of influence. One possible explanation
might be that low-impact journals were less strict than high-
impact journals; thus, the decision of acceptance was given fast.
Researchers who aim to publish their models in high-impact
journals need to take the risk of not being published timely.

Strengths and limitations

The present review was conducted to address the use of
all types of imaging disease markers developed with AI in the
diagnosis of CAD, with no restrictions on targeted patients, data
sources, or study design. Simultaneously, we also explored the
features of AI techniques and data sources that were used to
develop these models.

Recent reviews focused on the detection of CAD using
AI techniques (61) or on machine learning quantitation of
CVD (including CAD) (62). The previous review assessed the
clinical effectiveness of the use of medical imaging, such as
computed tomography angiography (CTA), instead of ICA (63).
This review explored and summarized the application of new
imaging disease markers developed with AI in the diagnosis of
CAD, which gives a deeper insight into the fusion of imaging
and AI in medicine.

We have included any primary research publication (in
English) related to image-based diagnostic models with AI
of CAD for reducing the selection bias. Furthermore, study
selection and data extraction involved two reviewers working
independently, and disagreements in the process were resolved
through discussion, and if necessary, the final judgment was
given by a third senior reviewer.
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This review included only PubMed and Embase databases,
which led to the loss of some gray literature and other potentially
relevant studies in other databases. The exclusion of non-
English studies may lead to an oversight of relevant articles in
other languages. In some of the included articles, we could not
extract all the information from the description and reporting
of the diagnostic model according to the contents in the data
extraction form. Adherence to the Transparent Reporting of
a multivariable prediction model for Individual Prognosis Or
Diagnosis (TRIPOD) Statement (64, 65) and the Standards for
Reporting of Diagnostic Accuracy Studies (STARD) Statement
(66, 67) should be recommended for authors. In this scoping
review, we only summarized the types of imaging disease
markers developed with AI, but not compared models using
different types of imaging or the performance of different
models using the same type of imaging. As it is part of our
overall systematic review project, the assessment of the possible
methodological quality and risk of bias in the included literature
will be reserved for later research studies.

Conclusion

The current scoping review included 46 studies that focused
on the use of imaging markers integrated with AI as diagnostic
methods for CAD in all clinical settings. We explored and
summarized the types of images and the classification of AI
in these models. We have also provided information about the
data source and study design commonly used in the diagnostic
models and strongly recommend external validation of the
models and prospective clinical studies in the future. With the
advance in medical imaging data, AI has exhibited considerable
potential in clinical decision support and analysis in multiple
medical fields. The integrated development of imaging and AI
can assist clinicians to make more accurate medical decisions for
different diseases, including CAD, which can improve clinical
efficiency while avoiding the wastage of medical resources and
reducing the economic burden on patients.
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The impact of coronary
microvascular dysfunction on
the discordance between
fractional flow reserve and
resting full-cycle ratio in
patients with chronic coronary
syndromes

Jacek Legutko1,2, Lukasz Niewiara2,3, Bartlomiej Guzik1,2,

Piotr Szolc1,2, Jakub Podolec1,2, Marcin Nosal4,

Marta Diachyshyn2, Krzysztof Zmudka1,2 and

Paweł Kleczynski1,2*

1Department of Interventional Cardiology, Institute of Cardiology, Jagiellonian University Medical

College, John Paul II Hospital, Krakow, Poland, 2Clinical Department of Interventional Cardiology,

John Paul II Hospital, Krakow, Poland, 3Department of Emergency Medicine, Faculty of Health

Sciences, Jagiellonian University Medical College, Krakow, Poland, 4Center of Invasive Cardiology,

Angiology and Electrotherapy, Krosno, Poland

Background: Resting full-cycle ratio (RFR) is an alternative to fractional flow

reserve (FFR) for the evaluation of borderline coronary artery lesions. Although

FFR and RFR results are discordant in some cases, factors associated with the

discordance remain unclear. The role of coronary microvascular dysfunction

(CMD) is discussed as a potential mechanism to explain these discrepancies.

Aim: The study aimed to assess concordance between RFR and FFR in a

real-life cohort from a high-volume center regarding the role of CMD.

Methods: Consecutive patients with borderline coronary lesions undergoing

coronary functional testing for chronic coronary syndromes were included in

the study. Measurements of RFR and FFR were performed alongside additional

coronary flow reserve (CFR), resistance reserve ratio (RRR), and an index of

microcirculatory resistance (IMR) measurements. CMD was defined according

to the current guideline by either IMR ≥25 or CFR ≤2.0 in vessels with no

significant stenosis.

Results: Measurements were performed in 157 coronary arteries, in 101

patients, with a median age of 66 y., 74% male, with prior history of arterial

hypertension (96%), dyslipidaemia (91%), and diabetes (40%). The median value

of vessel diameter stenosis was 45% according to QCA.

Overall, FFR and RFR values were significantly correlated (r = 0.66, p < 0.001),

where positive FFR/negative RFR and negative FFR/positive RFR were observed

in 6 (3.8%) and 38 (24.2%) of 157 vessels. The RFR/FFR discrepancy was present

in 44 (28%) of measurements. CMD was confirmed in 28 (64%) of vessels

with discrepant RFR/FFR and in 46 (41%) of vessels with concordant results

Frontiers inCardiovascularMedicine 01 frontiersin.org

89

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.1003067
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.1003067&domain=pdf&date_stamp=2022-10-05
mailto:kleczu@interia.pl
https://doi.org/10.3389/fcvm.2022.1003067
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1003067/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Legutko et al. 10.3389/fcvm.2022.1003067

(p = 0.01). In discordant RFR/FFR vessels, as compared to concordant ones,

significantly lower values of CFR [median 1.95 (IQR: 1.37, 2.30) vs. 2.10 (IQR:

1.50, 3.00), p= 0.030] and RRR [median 2.50 (IQR: 1.60, 3.10) vs. 2.90 IQR (1.90,

3.90), p = 0.048] were observed.

Main predictors of RFR/FFR discrepancy in a univariate regression analysis

were: higher age of patients [OR = 1.06 (1.01; 1.10), p = 0.010], presence of

CMD [OR = 2.51 (1.23; 5.25), p = 0.012], lower CFR [OR = 1.64 (1.12; 2.56),

p = 0.018], and lower RRR values [OR = 1.35 (95% CI: 1.03; 1.83), p = 0.038].

Conclusion: In discrepant RFR/FFR vessels, CMD is more prevalent than in

concordant RFR/FFRmeasurements, which can be driven by lower CFR or RRR

values. Further research is needed to confirm this observation.

KEYWORDS

coronary microvascular dysfunction (CMD), fractional flow reserve (FFR), resting-full

cycle ratio, borderline lesions, coronary artery disease, chronic coronary syndromes,

concordance

Introduction

Fractional flow reserve measurement (FFR) is a gold

standard to obtain information about ischemia in an invasive

setting (1). Nevertheless, full stable hyperaemia is an absolute

necessity to get adequate FFR results (2–6).

To avoid this inconvenience, new non-hyperemic invasive

indices calculated in different cardiac cycle phases, are being

developed and introduced to contemporary practice (7–10).

Resting full cycle ratio (RFR) is one of the new non-

hyperemic indices, assessed during the whole cardiac cycle, with

performance confirmed in real-world practice (9, 11).

Unfortunately, not all measurements of RFR and FFR

provide concordant results, and there is a considerable number

of discrepancies between those two indices.

Several clinical and angiographic risk factors for

this discrepancy have been reported (11–15). A few

pathomechanisms of RFR/FFR discrepancy are discussed,

however precise data are scarce.

Coronary microvascular dysfunction (CMD) is highly

prevalent in patients presenting with chronic coronary

syndromes (CCS), and as RFR is a non-hyperemic index,

some concerns may arise about the potential role of CMD in a

discrepancy between hyperemic FFR assessment and RFR-based

decision on revascularization. However, RFR-related data in this

context are scarce.

The CMD may be a potential contributor to differences in

CFR and RRR values reported in the context of discordance

between FFR and another non-hyperemic pressure-derived

index, i.e., iFR (16). Similarly, microvascular dysfunction

was discussed in terms of RFR and FFR discrepancy,

nevertheless, this issue was not directly measured and reported

in contemporary literature (15).

Aim

To assess concordance between RFR and FFR in a real-life

cohort from a high-volume center regarding the role of coronary

microcirculatory function.

Materials and methods

The study was a prospective registry of patients with

CCS undergoing coronary angiography. All procedures were

performed with Helsinki Declaration and were approved by the

local bioethics committee. Quantitative coronary angiography

(QCA) was performed by an independent core lab analyst

blinded to the results of FFR/RFR. Using the guide catheter

for calibration and an edge detection system (CAAS 5.7 QCA

system, PieMedical, Maastricht, The Netherlands), the reference

vessel diameter and minimum lumen diameter were measured,

and the percent diameter stenosis was calculated.

Physiologic measurements

In all vessels with borderline lesions (i.e., 40–90% of

diameter stenosis) both resting (Pd/Pa, resting full-cycle ratio)

and hyperemic (FFR) indices were assessed using pressure

wire (PressureWire X, Abbott US), with hyperaemia induced

by constant infusion of adenosine i.v. according to body

weight (140 ug/kg/min) (17, 18). Resting full-cycle ratio was

defined as lowered filtered Pd/Pa value during 4 cardiac cycles.

Coronary flow reserve and index of myocardial resistance were

assessed by room-temperature intracoronary saline infusion

and calculated using Coroflow ver. 3 software (Abbott, US).
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FFR/RFR assessment was performed by an independent analyst,

blinded to clinical and angiographic data.

Cut-o� values

Values of FFR ≤0.80 and RFR ≤0.89 were assumed

hemodynamically significant, also CFR <2.0 and IMR >25U

were considered abnormal (1).

Coronary microcirculatory dysfunction was defined

according to current ESC guidelines as IMR >25U or CFR

<2.0 where the lesion was assessed to be hemodynamically

non-significant (1).

Statistical analysis

Continuous data were presented as a mean value with

standard deviation for normally distributed variables or by a

median with an interquartile range for non-normally distributed

values. Categorical data were presented as a percentage of

the full group. A comparison of continuous variables was

performed using the t-Student test or U-Mann Whitney

test according to normality status by the Shapiro-Wilk test.

Correlation between continuous values was assessed with

Pearson R. Receiver operating curve for RFR to detect FFR

<0.80 was analyzed, using Youden criteria to calculate the best

RFR threshold.

Logistic regression was used to determine independent

RFR/FFR discrepancy predictors, those with p < 0.1 in

univariate analysis were included in multivariate models. In all

analyses, a level of p < 0.05 was considered significant.

All analyses were performed in R statistical language (R core

group, Vienna, AU), using R-studio ver 1.3, tidyverse packages

ecosystem, and ggstatsplot package for graphical presentation

of results.

Results

The analysis included 101 patients with chronic

coronary syndromes and a median age of 66 years, of

which 26% were women, mostly overweight [median

BMI 28.1 kg/m2 (IQR 26.0; 31.8)], 44% were current

or former smokers, 25 patients had a history of prior

myocardial infarction.

The discrepancy between RFR and FFR ischemia

assessment in at least one vessel was present in 27

patients (27%).

Most of the patients were treated with ACE

inhibitors/ARB and beta-blockers, and 40% had a history

of diabetes. Detailed patient characteristics are presented

in Table 1.

TABLE 1 Baseline clinical data.

Characteristic N = 101a

Age, (years) 66 (59, 73)

Sex

Female 26 (26%)

Male 75 (74%)

BMI, (kg/m2) 28.1 (26.0, 31.8)

Medical history

Diabetes 42 (42%)

Smoking status

Never 52 (56%)

Current 19 (20%)

In the past 22 (24%)

Arterial hypertension treatment 97 (96%)

Dyslipidemia treatment 92 (91%)

Prior AMI 25 (24.7%)

Echocardiography

LVEF (%) 55 (50, 60)

LVMI g/m2 108 (89.4; 128)

Laboratory parameters

LDL (mmol/l) 2.22 (1.79, 2.86)

HGB (g/dl) 13.9 (13.1; 15.1)

Serum creatinine (µmol/l) 82.0 (71.0; 93.0)

Pharmacotherapy

ASA 91 (90%)

Beta-blockers 86 (85%)

DHP-Ca clockers 33 (33%)

Non-DHP Ca blockers 9 (9.0%)

ACEI or ARB 91 (91%)

Patient level RFR/FFR concordance

RFR and FFR discordant at least one vessel 27 (27%)

RFR and FFR concordant 74 (73%)

aMedian (IQR); n (%); ACEI, angiotensin-converting enzyme inhibitors; AMI, acute

myocardial infarction; ARB, angiotensin receptor blockers; ASA, acetylsalicylic acid;

BMI, body mass index; DHP, dihydropyridine; LDL, low-density lipoprotein; LVEF, left

ventricle ejection fraction.

Per vessel analysis—RFR performance

The analysis included 157 vessels, predominantly left

anterior descending arteries (88 vessels), with median artery

stenosis of 45% (IQR: 40.50%) and a median FFR of 0.84

(IQR: 0.78, 0.91). Overall, FFR and RFR values showed a

good correlation (R = 0.66, p < 0.001, Figure 1 left panel),

while positive FFR with negative RFR and negative FFR with

positive RFR were seen in 6 (3.8%) and 38 (24.2%) of 157

vessels, respectively. The discrepancy between RFR and FFR-

based decisions on revascularization was present in 44 (28%) of

measurements. Discordance was present in 30% of LAD lesions

and 26% of non-LAD lesions (p= 0.6).

Bland-Altman plot confirmed the moderate agreement of

RFR with FFR values, with a median difference between both
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FIGURE 1

Correlation between RFR and FFR (left panel), coronary microvascular dysfunction prevalence (right panel).

indices of 0.04 (95% CI 0.02, 0.09, Supplementary Figure 1

Right panel).

AUC for RFR to detect FFR ≤0.80 was 0.865 (95% CI:

0.805–0.925), with an optimal cut-point RFR of 0.88 (see

Supplementary Figure 1 Left panel). The diagnostic accuracy

of RFR was good, with a sensitivity of 75.9% and specificity

of 81.6%.

Coronary physiology analysis

The presence of CMD was confirmed in 28 (64%) of vessels

with discrepant RFR/FFR results and in 46 (41%) of vessels with

concordant results (p= 0.01, Figure 1 panel right). In discordant

RFR/FFR vessels, as compared to concordant ones, significantly

lower values of CFR [median 1.95 (IQR: 1.37, 2.30) vs. 2.10 (IQR:

1.50, 3.00), p = 0.030] and RRR [median 2.50 (IQR: 1.60, 3.10)

vs. 2.90 IQR (1.90, 3.90), p= 0.048] were observed. There was no

significant difference between discordant and concordant vessels

in terms of IMR value [median 22 (IQR: 16, 30) vs. 19 (IQR: 13,

26), p= 0.082, respectively]. Detailed results of the angiographic

and functional coronary assessment are presented in Table 2.

RFR/FFR discrepancy predictors

Main predictors of RFR/FFR discrepancy in a univariate

regression analysis were: higher age of patients [OR = 1.06

(1.01; 1.10) for additional year, p = 0.010], presence of CMD

[OR = 2.51 (1.23; 5.25), p = 0.012], lower CFR [OR = 1.64

(1.12; 2.56) for decrease of 1 unit, p = 0.018], and lower RRR

values [OR = 1.35 (95% CI: 1.03; 1.83) for decrease of 1 unit,

p= 0.038].

Lower CFR values, lower RRR values, and the presence of

CMD in the analyzed territory, after adjustment for sex and

age, remained independent predictors of discordance between

RFR and FFR in multivariate regression analysis with ORadjusted
= 1.69 (95% CI: 1.15; 2.70, p = 0.016), ORadjusted = 1.37

(95% CI: 1.04; 1.89, p = 0.024) and ORadjusted = 2.40 (95%

CI: 1.15, 5.14, p = 0.019), respectively. Detailed results of

uni- and multivariate regression analysis are presented in

Table 3.

Discussion

Resting full-cycle ratio is one of several new, non-hyperemic

physiological indices, assessed during a whole cardiac cycle,

providing convenient, on-table proof of ischemia.

Several studies showed a significant level of discrepancy

between RFR and FFR-based decisions on revascularization

(12, 15, 19–21). These studies explored angiographic and clinical

markers of this discrepancy. Noteworthy, none of them analyzed

the coronary microcirculatory status of patients.

In the current study, we provide additional data validating

RFR as a non-hyperemic index in a real-life cohort of patients

with chronic coronary syndromes and present evidence for

the higher prevalence of coronary microcirculatory dysfunction
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TABLE 2 Angiographic and functional characteristics of analyzed vessels.

Characteristic Overall

(N = 157)

RFR FFR concordant

(N =113)

RFR FFR discordant

(N = 44)

P-valuea

Artery tested 0.8

LAD 88 (57%) 62 (56%) 26 (60%)

LCx 39 (25%) 28 (25%) 11 (26%)

RCA 27 (18%) 21 (19%) 6 (14%)

Angiographic analysis

QCA DS [%] (IQR) 45 (40, 50) 45 (40, 50) 44 (39, 48) 0.3

Reference diameter [mm]

(IQR)

2.7 (2.4; 3.0) 2.7 (2.4; 3.0) 2.6 (2.4; 2.98) >0.9

Lesion length [mm] (IQR) 17.1 (10.9; 24.7) 17.4 (10.7; 25.0) 16.8 (11.5; 22.5) 0.9

Epicardial artery stenosis assessment

RFR, median (IQR) 0.89 (0.84, 0.94) 0.92 (0.83, 0.95) 0.88 (0.85, 0.89) <0.001

FFR, median (IQR) 0.84 (0.78, 0.91) 0.84 (0.76, 0.91) 0.84 (0.82, 0.86) 0.6

Coronary microcirculation assessment

CMD status, n (%) 0.010

CMD confirmed 74 (47%) 46 (41%) 28 (64%)

No CMD 83 (53%) 67 (59%) 16 (36%)

CFR (IQR) 2.10 (1.50, 2.70) 2.10 (1.50, 3.00) 1.95 (1.37, 2.30) 0.031

Tmn resting [s] 0.63 [0.45; 1.01] 0.63 [0.45; 1.00] 0.62 [0.44; 0.97] 0.565

IMR (IQR) 20 (13, 28) 19 (13, 26) 22 (16, 30) 0.082

RRR (IQR) 2.70 (1.80, 3.70) 2.90 (1.90, 3.90) 2.50 (1.60, 3.10) 0.048

aWilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test. CMD, coronary microcirculatory dysfunction; CFR, coronary flow reserve; FFR, fractional flow reserve; RFR,

resting full-cycle ratio; RRR, relative reserve ratio; QCA, qualitative coronary analysis.

in patients with discordant RFR and FFR-based decision

on revascularization as compared to those with concordant

RFR/FFR results.

RFR performance in intermediate
coronary stenosis

Overall, our data confirm a particularly good correlation

between RFR and FFR values. A similar, good correlation was

described by Svanerud et al. with R2 = 0.557 (9). Consistently,

Ohashi et al. showed an even better RFR to FFR positive

correlation (r = 0.774, p < 0.001) (14). The ICC value showed

moderate concordance between RFR and FFR values, however,

one needs to remember that RFR, as a non-hyperemic index,

records systematically higher values.

An optimal cut-off value of 0.89 to detect significant lesions

was originally reported by Svanerud (9), however other authors

suggested different values ranging up to 0.90–0.92 (13, 14). In

our analysis, the optimal cut-off for RFR was calculated on 0.88,

which is similar and concurs with available data.

Regardless of the report, all authors agree there is a

considerable level of discrepancy between RFR and FFR-

based decisions on revascularization. In our cohort in over

one-fourth of measurements, both indices suggested different

classifications of lesions. Goto et al. reported a similar level

of discrepant measurements, reported in over 19.6% of cases

(15). A big-scale retrospective analysis performed by Lee et al.

and including 1,024 vessels, suggested a lower number of

discrepancies between RFR and FFRmeasurements, observed in

13.1% of cases.

Clinical and angiographic risk factors of
discrepancy

Reasons for RFR/FFR discrepancies were analyzed by Goto,

who suggested, that end-stage renal disease with hemodialysis

and the presence of peripheral artery disease were risk factors

for low RFR/high FFR phenotype of discrepancy (15). Muroya

et al. compared both phenotypes of RFR/FFR discrepancy

and reported anemia as a risk factor for high FFR/low RFR

phenotype compared to low FFR/high RFR patients (12).

In our analysis, only the higher age of patients remained an

independent clinical risk factor for discrepancy.

Currently published data suggest an association between

the analyzed vessel and the level of discordance, especially

when comparing LAD and non-LAD lesions (14, 15). In our
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TABLE 3 Univariate and multivariate regression analysis of RFR/FFR discordance predictors.

Characteristic Univariate

OR (95% CI)

P-value Multivariate

OR (95% CI)

P-value

Age (+ year) 1.06 (1.01, 1.10) 0.009 1.05 (1.01, 1.10)# 0.023

Male sex 0.52 (0.24, 1.14) 0.10 0.68 (0.30, 1.55)## 0.400

BMI (+1 kg/m2) 0.95 (0.86, 1.03) 0.20 — —

Diabetes 1.36 (0.67, 2.75) 0.40 — —

Smoking 0.19 — —

Never Reference — —

Current 1.61 (0.60, 4.14) — —

In the past 2.19 (0.92, 5.20) — —

PAD 0.46 (0.02, 2.96) 0.53 — —

LVEF (+5% increase) 0.88 (0.73, 1.06) 0.17 — —

LDL (+1 mmol/l) 0.94 (0.68, 1.26) 0.69 — —

ACEI or ARB use 0.60 (0.21, 1.87) 0.36 — —

Beta-blockers use 2.28 (0.81, 8.20) 0.13 — —

Vessel tested 0.75 — —

LAD Reference — —

LCx 0.94 (0.40, 2.13) — —

RCA 0.68(0.23, 1.80) — —

RFR (0.05 lower) 1.30 (1.01, 1.67) 0.049 1.22 (0.94, 1.61)### 0.130

FFR (0.05 lower) 0.93 (0.75,1.14) 0.44 NA

CFR (1 unit decrease) 1.66 (1,13, 2.56) 0.007 1.69 (1.15, 2.70)### 0.016

IMR_calc_Yong (1 unit

increase)

1.02 (0.99, 1.04) 0.17

RRR (1 unit decrease) 1.35 (1.04, 1.85) 0.38 1.37 (1.04, 1.89)### 0.024

CMD confirmed 2.55 (1.25, 5.33) 0.010 2.40 (1.15, 5.14)### 0.019

—Not applicable; # adjusted for sex only; ## adjusted for age only; ### adjusted for sex and age; ACEI, angiotensin; ARB, angiotensin receptor blockers; BMI, body mass index; CFR-

coronary flow reserve; DHP dihydropyridine, CMD, coronary microcirculatory dysfunction; FFR, fractional flow reserve; LAD, left anterior descending, LCx, left circumflex; LDL,

low-density lipoprotein; LVEF, left ventricle ejection fraction; PAD, peripheral artery disease; RCA, right coronary artery; RFR, resting full-cycle ratio; RRR, relative reserve ratio.

analysis discordance was also numerically more often when

LAD lesions were assessed, however, there was no statistically

significant difference. Noteworthy, neither percent diameter

stenosis, lesion length nor a reference diameter was associated

with the discordance, which is consistent with data presented

by Goto et al. (15). On the contrary, Wienemann et al.

reported focal lesion as a potential risk factor for RFR/FFR

discordance (21).

Coronary microcirculation dysfunction as
a potential mechanism of discrepancy

In our study presence of CMDwas an independent predictor

of RFR/FFR discordance, driven rather by decreased CFR values

than elevated coronary microcirculatory resistance.

This is a unique observation regarding RFR validation,

as available data focus on clinical and angiographic

factors influencing agreement between RFR and FFR

assessment (13, 15).

Lower CFR measured by the thermodilution method, as

observed in our study in discrepant RFR/FFR cases, can be

attributed to both higher baseline flow velocity (meaning

the presence of baseline hyperaemia) and decreased ability

to accelerate coronary flow (i.e., microvascular dysfunction).

Similar reasoning may be referred to low RRR values in

discrepant cases. Both mechanisms may be a reason to develop

a low RFR/high FFR phenotype of discrepancy.

Our analysis revealed no change in baseline transit time and

the observed difference in CFR is probably due to decreased

coronary microvascular reactivity. It is particularly important to

emphasize a need for resting baseline conditions to perform any

functional coronary physiology testing.

On the other hand, high resting index/low FFR discrepancy

phenotype may be caused by hyperactivity of coronary

microcirculation, a high amount of myocardium supplied by the

artery, or a particularly low baseline coronary flow in a specific

area (16). In our analysis, neither vessel bed nor increased

microvascular reactivity was observed in the discordant

RFR/FFR group. Neither of those proposed pathomechanisms
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was sufficiently researched in terms of RFR/FFR concordance

and are only hypotheses to be checked. Further research is

needed, as our study was not powered to verify them.

Finally, one should note, that the potential influence of

coronary microvascular dysfunction may be less pronounced

when the highest-pressure gradient is calculated during

the whole cardiac cycle, compared to diastolic-part only

calculations, as in the case of iFR.

Study limitations

Our study has some limitations. Firstly, this is a single-

center analysis. Nevertheless, it was performed in a high-volume

referral center and included 157 vessels in over 100 patients,

showing a real-life population undergoing functional assessment

of intermediate coronary lesions.

Secondly, coronary microcirculation was assessed by an

invasive thermodilution method. This approach was driven

both by pragmatic reasons and by current chronic coronary

syndrome guidelines.

Thirdly, the analyzed group consisted only of patients with

chronic coronary syndrome. Therefore, obtained results cannot

be used in an acute coronary syndrome setting, where coronary

microcirculatory dysfunction may be even more prevalent than

in a stable group of patients.

Finally, a sparse number of patients in the low FFR/high

RFR cohort precluded an in-depth comparison of discrepant

phenotypes, which can be improved by extending the

study group.

Conclusion

In discrepant RFR/FFR vessels, CMD is more prevalent than

in concordant RFR/FFR arteries. The observed discrepancy may

be driven by lower CFR or RRR values rather than elevated IMR

levels. Further research on a wider population, in a multi-center

setting, is needed to confirm our observation.
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17. Legutko J, Kleczyński P, Dziewierz A, Rzeszutko Ł, Dudek D. Adenosine
intracoronary bolus dose escalation versus intravenous infusion to induce
maximum coronary hyperemia for fractional flow reserve assessment. Kardiol Pol.
(2019) 77:610–7. doi: 10.5603/∗KP.a2019.0060

18. Legutko J, Dziewierz A, Rzeszutko L, Dudek D, Kleczynski P. Comparison of
hyperemic efficacy between femoral and antecubital fossa vein adenosine infusion
for fractional flow reserve assessment. Adv Int Cardiol /Post Kardiol Int. (2019)
15:52–8. doi: 10.5114/AIC.2019.83652

19. Hoshino M, Yonetsu T, Sugiyama T, Kanaji Y, Hamaya R, Kanno Y, et al.
All resting physiological indices may not be equivalent: comparison between
the diastolic pressure ratio and resting full-cycle ratio. Circ J. (2020) 84:1147–
54. doi: 10.1253/circj.CJ-19-1110

20. Lee JM, Choi KH, Park JJ, Hwang D, Rhee TM, Kim J, et al. Physiological
and clinical assessment of resting physiological indexes: resting full-cycle ratio,
diastolic pressure ratio, and instantaneous wave-free ratio. Circulation. (2019)
139:889–900. doi: 10.1161/CIRCULATIONAHA.118.037021

21. Wienemann H, Meyer A, Mauri V, Baar T, Adam M, Baldus
S, et al. Comparison of resting full-cycle ratio and fractional flow
reserve in a german real-world cohort. Front Cardiovasc Med. (2021)
8:1973. doi: 10.3389/fcvm.2021.744181

Frontiers inCardiovascularMedicine 08 frontiersin.org

96

https://doi.org/10.3389/fcvm.2022.1003067
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1016/j.jacc.2010.04.012
https://doi.org/10.1016/S0140-6736(15)00057-4
https://doi.org/10.1056/NEJMoa1205361
https://doi.org/10.1016/j.carrev.2017.12.014
https://doi.org/10.1253/circj.CJ-19-0230
https://doi.org/10.4244/EIJ-D-18-00342
https://doi.org/10.1016/J.JCIN.2020.04.040
https://doi.org/10.1002/CCD.28523
https://doi.org/10.1002/CCD.28835
https://doi.org/10.1016/j.jjcc.2020.10.014
https://doi.org/10.1007/S00380-020-01638-5
https://doi.org/10.1007/s00380-020-01763-1
https://doi.org/10.1016/J.JCIN.2019.06.044
https://doi.org/10.5603/$^{\ast }$KP.a2019.0060
https://doi.org/10.5114/AIC.2019.83652
https://doi.org/10.1253/circj.CJ-19-1110
https://doi.org/10.1161/CIRCULATIONAHA.118.037021
https://doi.org/10.3389/fcvm.2021.744181
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


fcvm-09-953420 September 30, 2022 Time: 15:51 # 1

TYPE Original Research
PUBLISHED 06 October 2022
DOI 10.3389/fcvm.2022.953420

OPEN ACCESS

EDITED BY

Dobrin Vassilev,
University of Ruse, Bulgaria

REVIEWED BY

Hao Lai,
Fudan University, China
Giovanni Battista Luciani,
University of Verona, Italy

*CORRESPONDENCE

Jian Zhuang
zhuangjian5413@163.com

†These authors have contributed
equally to this work and share first
authorship

SPECIALTY SECTION

This article was submitted to
Coronary Artery Disease,
a section of the journal
Frontiers in Cardiovascular Medicine

RECEIVED 26 May 2022
ACCEPTED 07 September 2022
PUBLISHED 06 October 2022

CITATION

Yu J, Ren Q, Liu X, Chen T, Liufu R,
Wen S, Chen J, Cen J and Zhuang J
(2022) Anomalous left coronary artery
from the pulmonary artery: Outcomes
and management of mitral valve.
Front. Cardiovasc. Med. 9:953420.
doi: 10.3389/fcvm.2022.953420

COPYRIGHT

© 2022 Yu, Ren, Liu, Chen, Liufu, Wen,
Chen, Cen and Zhuang. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Anomalous left coronary artery
from the pulmonary artery:
Outcomes and management of
mitral valve
Juemin Yu1,2†, Qiushi Ren1,2†, Xiaobing Liu1†, Tianyu Chen1,
Rong Liufu1, Shusheng Wen1, Jimei Chen1, Jianzheng Cen1

and Jian Zhuang1*
1Department of Cardiovascular Surgery, Guangdong Cardiovascular Institute, Guangdong
Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China,
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Objective: Use of concomitant mitral valve repair remains controversial in

the anomalous left coronary artery from the pulmonary artery (ALCAPA) with

mitral regurgitation (MR). This study aimed to evaluate postoperative mitral

valve function and explore the indication for concomitant mitral valve repair.

Materials and methods: The medical records of 111 patients with ALCAPA

and MR who underwent ALCAPA surgery between April 2006 and November

2020 were reviewed. The patients were categorized into three groups for

comparison, namely, group I consisted of 38 patients with trivial or mild

MR who underwent ALCAPA repair only; group II consisted of 37 patients

with moderate or severe MR who similarly had only surgery of the ALCAPA

performed; and group III consisted of 36 patients who had concomitant mitral

valve repair for moderate or severe MR.

Result: Overall mortality was 7.2% (8 of 111). The mortality of group II (16.2%,

6 of 37) was higher than those of groups I (5.3%, 2 of 38) and III (0%, 0 of

36) (p = 0.027). All three patients who underwent mitral valve reintervention

were in group II. At the last follow-up, none of the patients had more than

moderate MR in group I. The percentage of patients with improved MR grade

was 79.4% (27 of 34) in group III and 51.4% (19 of 37) in group II (p = 0.001). The

multivariate logistic regression revealed that concomitant mitral valve repair

(adjusted odds ratio = 4.492, 95% CI: 1.909–12.794; p < 0.001) was the major

factor influencing MR grade improvement.

Conclusion: The long-term outcomes after ALCAPA repair were favorable. For

mild MR, ALCAPA repair only can be performed. For moderate and severe MR,

we suggest concomitant mitral valve repair.

KEYWORDS

congenital heart disease, anomalous left coronary artery from the pulmonary artery
(ALCAPA), mitral regurgitation, concomitant mitral valve repair, outcome
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Introduction

The anomalous left coronary artery from the pulmonary
artery (ALCAPA) is a rare congenital anomaly of coronary
anatomy, with an incidence of approximately 1 in
300,000 births (1, 2). In the first few weeks of life due
to the closure of the ductus arteriosus, pressure in the
pulmonary arteries decreases, pulmonary vascular resistance
decreases, and LCA perfusion decreases. These changes are
associated with a range of adverse outcomes, such as left
ventricular dysfunction, left ventricular dilatation, and mitral
regurgitation (MR).

Currently, surgical treatment of ALCAPA has positive
outcomes. However, whenever MR is present, the decision
to intervene has always been controversial. Brown et al.
(3) argued that concurrent mitral valve intervention is
unnecessary for patients with ALCAPA. However, Biçer
et al. (4) noted that despite the low rate of mitral valve
reintervention, more than moderate preoperative MR
required attention. Similarly, Weixler et al. (5) believed
that patients with more than moderate MR had a higher risk
of reintervention after surgery. This study aimed to evaluate
the long-term outcome of mitral valve repair and explore
the indications for mitral valve intervention by reviewing
cases at our center.

Materials and methods

From April 2006 to November 2020, 128 patients
underwent ALCAPA repair at Guangdong Provincial
People’s Hospital. After reviewing the medical records of
all potential cases, 111 cases were obtained for this study.
Two patients who underwent mitral valve repair due to
MR prior to ALCAPA repair were excluded. In addition,
two other patients without preoperative echocardiographic
records were excluded. Seven patients had normal mitral
valve function before the operation, two patients had
undergone the Takeuchi procedure, three patients had
undergone left coronary ligation with coronary bypass
surgery, and one patient had undergone left coronary
ligation without coronary bypass surgery. The following
data were retrieved from the clinical records: demographic
variables, preoperative and postoperative transthoracic
echocardiographic findings, surgical findings, and further
interventions required after the initial operation. This study
was approved by the ethics committee of Guangdong Provincial
People’s Hospital on 12 September 2019 [Approval ID No.:
GDREC2019338H(R2)]. The approval included a waiver of
informed consent.

Based on the severity of MR and the surgical procedures
performed, the patients were categorized into three groups for

comparison. Group I consisted of 38 patients with trivial or mild
MR who underwent ALCAPA repair only. Group II consisted
of 37 patients with moderate or severe MR who similarly had
only surgery of the ALCAPA performed. Group III consisted
of 36 patients who had moderate or severe MR and underwent
concomitant mitral valve repair in addition to ALCAPA repair.

Echocardiogram Z-scores of MR, left ventricular ejection
fraction (LVEF), and left ventricular end-diastolic diameter
(LVEDD) were obtained (6). The degree of MR was graded as
none, trivial, mild, moderate, or severe (7). Echocardiography
was performed before operation, 1 week before discharge,
and 3 and 6 months after the operation to evaluate coronary
and pulmonary artery stenosis, ventricular function, and MR.
Subsequently, all patients underwent regular echocardiography
examinations annually. The severity of MR at the last follow-
up was used in the outcome analysis. Improvement in the
degree of MR was defined as a reduction in the degree
of MR at the most recent follow-up compared with the
preoperative MR. Early postoperative death was defined as
predischarge hospital death, and long-term death was defined
as postdischarge death.

All patients underwent surgical correction by median
sternotomy. The aorta was cross-clamped, and the right
and left pulmonary arteries, superior vena cava, and inferior
vena cava were snared. Cardioplegia was induced in the
aortic root and main pulmonary artery. The right atrium
was incised, the pulmonary artery was transected, the orifice
of the LCA was determined, and the LCA position was
observed. The LCA button was clipped from the pulmonary
artery, and an appropriate size was cut in an appropriate
aortic location for coronary reimplantation. For patients with
moderate or severe MR, the decision to perform concomitant
mitral valve intervention was made according to surgeons’
preferences and MR degree. A total of 36 (32.4%) patients
underwent concomitant mitral valve intervention. Patients in
group III underwent different techniques for mitral valve repair
(Table 1).

Continuous variables are expressed as mean and standard
deviation for normally distributed data or median and range for
non-normally distributed data. Data were assessed for normality
of distribution using the Shapiro–Wilk test. Differences in
normally distributed variables among the three groups were
determined using a one-way analysis of variance with post-
hoc comparisons using the Bonferroni test. Furthermore,
analysis of non-normally distributed data was performed
using the Kruskal–Wallis test with post-hoc comparisons using
Dunn’s multiple comparison test. The classification variables
are represented by appropriate frequencies or percentages,
and the intergroup differences of variables were analyzed
using Fisher’s exact test. Confounders were controlled using
multivariate logistic regression. A p-value of < 0.05 was
considered statistically significant. All reported p-values were
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TABLE 1 MV pathology and operative techniques of MV repair in all
36 patients of group III.

MV pathology No. of
patients

MV repair technique

Ring dilatation 22 Annuloplasty with mattress

Prolapse of anterior
leaflet, ring dilatation

5 Annuloplasty with mattress

Prolapse of anterior
leaflet

1 Annuloplasty with mattress

Prolapse of A2 and A3 1 Mitral valvuloplasty with Gore-Tex
suture as an artificial chordae
tendineae

Ring dilatation, Ischemia
of papillary muscle

1 Annuloplasty with mattress

Ischemia of papillary
muscle

1 Annuloplasty with mattress

prolapse of mitral valve 1 Annuloplasty with mattress

Partial adhesion of
subvalvular chordae
tendon

2 Mechanical Valve Implantation

N/A 2 N/A

MV, mitral valve; N/A, not applicable.

bilateral. All data were analyzed using SPSS version 26.0
(Chicago, Illinois SPSS).

Results

Baseline characteristics

The preoperative characteristics of all patients are
summarized in Table 2. The median age at surgery was
9 months (range: 1 month to 44 years), and the median follow-
up period was 5.5 years (range: 0.5–15.03 years). Patients in
group I were older and heavier than those in group II (p = 0.007,
p = 0.009). Group I had the lowest LVEDD Z-score among the
three groups (p = 0.003). Fewer patients in group I required
preoperative inotropic support than in group III (p = 0.008).
Age at the time of surgery, weight at the time of surgery,
preoperative LVEF, and preoperative LVEDD were comparable
between groups II and III.

Surgical outcome

The surgical outcomes of all patients are summarized in
Table 3. No differences in cardiopulmonary bypass time and
aortic occlusion time were found among the three groups
(p = 0.208, p = 0.130). The postoperative mechanical ventilation
time of group I was less than those of groups II and III
(p = 0.032). However, no significant difference existed between
group II and group III. No difference in ICU time existed among

the three groups (p = 0.096). Postoperative hospital stay length
was shorter in group I than those in other groups (p = 0.009).
Six patients, including one patient in group I, one patient in
group III, and four patients in group II, were assisted with
extracorporeal membrane oxygenation (ECMO) after surgery
(p = 0.319).

The median follow-up period was 5.49 years (range: 0.5–
15.03 years). A total of six early deaths and two late deaths were
recorded, with a total mortality rate of 7.2%. Two patients each
in groups I and III were lost to follow-up during the follow-
up period. One patient had mild MR preoperatively in group
I and died postoperatively on the 7th day due to severe low
cardiac output syndrome. One patient died after 158 days. This
outcome was obtained by telephone follow-up; therefore, the
specific cause of death was not ascertained. In addition, none
of the patients had mitral valve reintervention. In group II, five
patients died early, three patients died postoperatively within
5 days due to low cardiac output syndrome, and two patients
died postoperatively on the 7th and 9th days due to sudden
cardiac arrest secondary to ventricular fibrillation. Among
the patients who died early, three patients had severe MR
preoperatively, two patients had moderate MR preoperatively,
and one patient had mild MR preoperatively. One patient died
after 359 days during follow-up; this outcome was obtained
by telephone follow-up. Three patients underwent mitral valve
surgery due to severe MR at 2, 3, and 4 years after the initial
surgery. From the intraoperative, postoperative, and follow-up
echocardiography, none of the patients had coronary artery
stenosis and pulmonary artery stenosis. Group III had no deaths
and reinterventions. Group II had a higher mortality rate than
group III (6/37 vs. 0/34; p = 0.027), and group II had a higher rate
of long-term mitral valve reintervention than group III (3/31 vs.
0/34; p = 0.031).

Left ventricular function

In group I, the median LVEF was 62% (range = 16–78%)
before surgery, 56% (range = 12–73%) before discharge, and
69% (range = 32–82%) at the last follow-up. LVEF at the most
recent follow-up was better than those recorded preoperatively
and before discharge (p < 0.001; p < 0.001). Compared with
preoperative LVEF, postoperative LVEF decreased (p = 0.003).
The preoperative median LVEDD Z-score, 1.69 (range = –3.97
to 7.32), was poorer than the postoperative median LVEDD
Z-score, 0.24 (range = –3.46 to 7.56) (p < 0.001).

In group II, the median LVEF was 44.5% (range = 20–
86%) before surgery, 56% (range = 15–80%) before
discharge, and 69% (range = 32–82%) at the last follow-
up. LVEF at the most recent follow-up was better than
those recorded preoperatively and before discharge
(p < 0.001; p < 0.001). Compared with the preoperative
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TABLE 2 The preoperative characteristics of all patients.

Characteristic All (n = 111) Group I (n = 38) Group II (n = 37) Group III (n = 36) p-value

Female gender, n 69 (62.2) 23 (60.5) 23 (62.2) 23 (63.9) 0.969

Age at surgery, years 0.75 (0.08, 49) 3.5 (0.08, 42)a 0.58 (0.17, 37)b 0.67 (0.08, 44)a,b 0.007

Weight at surgery, kg 7.5 (3.5, 67) 12.75 (3.5, 67)a 6.5 (3.8, 48.5)b 6.75 (4.2, 50.5)a,b 0.009

Positive inotropic drugs, n 54 (48.6) 11 (28.9)a 20 (54.1)a,b 23 (63.9)b 0.08

Mechanical ventilation, n 7 (6.3) 3 (7.9) 3 (8.1) 1 (2.8) 0.696

LVEDD Z-score 3.93 (–3.97, 7.89) 1.68 (–3.97, 7.32)a 4.67 (–1.09, 7.64)b 4.29 (0.25, 7.89)b 0.003

LVEF (%) 53 (16, 86) 62 (16, 78) 44 (20, 86) 58.5 (21, 78) 0.118

MR < 0.001

Trivial 11 (9.9) 11 (28.9) 0b 0b

Mild 27 (24.3) 27 (71.1)

Moderate 45 (40.5) 0a 27 (73.0)b 18 (450)c

Server 28 (25.2) 0a 10 (27)b 18 (50)c

Values are presented as median (range), n (%). Each superscript letter indicates a subset of group categories whose column proportions do not differ significantly from each other
at the 0.05 level. LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; MR, mitral regurgitation.

TABLE 3 Surgical outcomes.

Variable Group I Group II Group III p-value

Aortic cross-clamping time (min) 78 (38, 250) 75 (25, 149) 76 (53, 135) 0.130

Cardiopulmonary bypass time (min) 144.5 (66, 517) 136 (58, 532) 159.5 (76.354) 0.208

Mechanical ventilation time (h) 16 (3, 528)a 57.25 (4, 476)b 50.25 (5, 696)b 0.032

Intensive care unit stay (d) 3 (1, 38) 4 (1, 47) 4 (1, 41) 0.096

Postoperative hospital stays (d) 8 (2, 45)a 14 (5, 55)b 15 (4, 65)b 0.009

Mortality 2 (5.6)a,b 6 (16.2)a 0b 0.027

Reoperation 0a 3 (9.4)b 0a 0.031

Values are presented as median (range), n (%). Each superscript letter indicates a subset of group categories whose column proportions do not differ significantly from each other
at the 0.05 level.

LVEF, the median LVEF at discharge was not different
(p = 0.068). The preoperative median LVEDD Z-score, 4.67
(range = –1.09 to 7.64), was poorer than the postoperative
median LVEDD Z-score, 1.32 (range = –3.67 to 5.61)
(p < 0.001).

In group III, the median LVEF was 58.5% (range = 21–78%)
before surgery, 54.5% (range = 11–79%) before discharge,
and 68% (range = 19–85%) at the last follow-up. LVEF
at the recent follow-up was better than those recorded
preoperatively and before discharge (p < 0.001; p = 0.004).
Compared with preoperative LVEF, postoperative LVEF
decreased (p = 0.042). The preoperative median LVEDD
Z-score, 4.297 (range = 0.25–7.89), was poorer than the
postoperative median LVEDD Z-score, 1.57 (range = –4.26 to
4.61) (p < 0.001).

No significant differences in LVEF were observed among the
three groups preoperatively and at the last follow-up (p = 0.085;
p = 0.774; p = 0.638). Patients in group I had lower LVEDD
Z-scores than those in other two groups (p = 0.003), and no
significant differences in LVEDD Z-scores were observed among
the three groups after surgery.

Mitral valve function

Preoperatively, the MR grade was trivial in 11 (28.9%)
patients and mild in 27 (71.1%) patients in group I. At
the last follow-up, none of the patients in group I had
more than moderate MR and underwent reintervention for
MR. Figures 1, 2 illustrate the changes in MR among the
preoperative, postoperative, and last follow-up periods for
groups II and III. Preoperatively, 27 and 18 patients had
moderate MR in groups II and III, respectively. A total of 10 and
18 patients had severe MR in groups II and III, respectively. At
the last follow-up, three patients had trivial MR, 13 patients had
mild MR, nine patients had moderate MR, and three patients
had severe MR in group II. Three patients had no MR, three
patients had mild MR, 14 patients had moderate MR, and three
patients had severe MR in group III. The percentage of patients
with improved MR grades was 79.4% (27 of 34 patients) in
group III and 51.4% (19 of 37 patients) in group II (p = 0.001).
Multivariate logistic regression findings for independent risk
factors for the MR grade improvement are provided in Table 4.
From the multivariate logistic regression analysis, concomitant

Frontiers in Cardiovascular Medicine 04 frontiersin.org

100

https://doi.org/10.3389/fcvm.2022.953420
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-953420 September 30, 2022 Time: 15:51 # 5

Yu et al. 10.3389/fcvm.2022.953420

FIGURE 1

The changes in mitral regurgitation among preoperative,
postoperative, and last follow-up periods in group II.

FIGURE 2

The changes in mitral regurgitation among preoperative,
postoperative, and last follow-up periods in group III.

mitral valve repair (adjusted odds ratio = 4.492, 95% CI: 1.909–
12.794; p < 0.001) was the major factor influencing MR grade
improvement.

Discussion

The main finding of this study is that for patients with
ALCAPA and moderate or severe MR, concomitant mitral valve
repair in ALCAPA repair is feasible. Our data suggest that

TABLE 4 Multivariate analysis for the degree of mitral regurgitation
improved after the operation.

Variable Odds ratio 95% CI p-value

Age 0.943 0.844–1.054 0.300

Weight 1.045 0.974–1.121 0.217

Concomitant MV repair 5.889 2.132–16.263 0.001

LVEF 1.008 0.973–1.044 0.656

LVEDD Z-score 1.131 0.853–1.499 0.394

MR*

Mild 1.042 0.227–4.779 0.958

Moderate 2.049 0.421–9.986 0.374

Server 3.013 0.523–17.366 0.217

MV, mitral valve; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular
ejection fraction; MR, mitral regurgitation. *Odds ratios for patients with preoperative
MR of other grades compared with preoperative MR of trivial.

concomitant mitral valve repair should be performed in patients
with ALCAPA and moderate and severe MR. The reasons are as
follows:

1. For mild MR, even without mitral valve
intervention, no MR function deterioration or MR
reintervention was needed.

2. Mitral function was better in patients who underwent
concomitant mitral valve repair than in those who
underwent ALCAPA repair only (79.4% vs. 51.4%;
p = 0.008).

3. Patients who underwent concomitant mitral valve repair
had higher survival rate and reintervention exclusion rate
(83.8% vs. 100%, p = 0.027; 90.6% vs. 100%, p = 0.031;
respectively).

Our data suggest that concomitant mitral valve repair
for ALCAPA with moderate or severe MR had no poor
early outcomes than ALCAPA repair only. However,
some clinicians (3, 8) believe that concomitant mitral
valve repair will prolong the aortic occlusion time,
increasing postoperative mortality and postoperative
complications. In our cohort, the aortic occlusion time
and cardiopulmonary bypass time of patients who
underwent concomitant mitral valve intervention were
similar to those of other patients who underwent ALCAPA
repair only. No significant differences in postoperative
mechanical ventilation time and postoperative ICU
time existed between groups II and III. In addition, no
mortality was recorded in group III. According to Triglia
et al. (9), Alexi et al. (10), and Isomatsu et al. (11),
concomitant mitral valve repair does not result in adverse
consequences after the operation. Other studies reported
that mitral valve repair can improve the early postoperative
cardiac output and can be conducive to early recovery
of cardiac function (12, 13). Concomitant mitral valve
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repair for moderate or severe MR does not result in poor
outcomes in the early postoperative period and has similar
perioperative recovery.

Our data suggest that patients with ALCAPA and moderate
or severe MR who did not undergo concomitant mitral
valve intervention had higher mortality and reintervention
rates than those who underwent concomitant mitral valve
intervention. In our study, the total mortality was 7.2%, of
which 5.4% occurred prior to discharge from the hospital.
This finding is similar to findings from studies reported in
recent years (14–17). The long-term reintervention rate was
3%. One case of moderate MR and two cases of severe MR
were recorded among patients who underwent reintervention.
Before reintervention, these patients had severe MR, suggesting
that some patients with moderate MR may progress even
after ALCAPA repair only. In our cohort, postoperative
death and mitral valve reintervention were both present in
group II, and no cases of death and reintervention were
reported in group III. Weixler et al. (5) reported an early
mortality rate of 6.9% and a mitral valve reintervention
rate of 10.25% in patients who underwent ALCAPA repair
only. Furthermore, no death and mitral valve reintervention
were reported in the surgical group during the same period.
Zhang et al. (18) indicated that concurrent mitral valve
repair could result in better postoperative recovery and
higher survival rate.

The MR improvement in concomitant mitral valve repair
was significantly higher than in ALCAPA repair only. The
number of patients with improved MR in group III was more
than that in group II. Moreover, more patients with severe
preoperative MR in group III underwent concomitant
mitral valve repair. These data suggest an association
between concomitant mitral valve repair and mitral valve
improvement. Furthermore, our multivariate analysis of
MR grade improvement revealed that concomitant mitral
valve repair was a major factor influencing the long-term
improvement of MR degree, which further confirmed our
inference. We speculate that for moderate and severe MR,
the extent of damage to the mitral valve is high that the mere
correction of anomalous coronary arteries and recovery of
the double coronary flow are insufficient for the functional
recovery of the mitral valve, requiring a concomitant mitral
valve repair. In addition, Weixler et al. (5) reported similar
improvements in mitral valve function, with 89% in the
concomitant mitral valve repair group and 41% in the no mitral
valve repair group.

In this study, no significant differences in the recovery
of ventricular function existed among the three groups.
After ALCAPA repair, the left ventricular function of most
patients returned to normal regardless of concomitant mitral
valve intervention, which is similar to that reported in
most literature (19–21). In addition, we found that the left
ventricular diameter of most patients improved significantly

before discharge, and the LVEF did not improve immediately.
This may mean that ventricular morphology recovery is faster
than function recovery after ALCAPA repair. However, this
study was retrospective, and this conclusion needs verification
by further studies. Cochrane et al. (22) and Imamura et al.
(23) reported similar results on left ventricular recovery.
In group III, the early postoperative LVEF was lower than
the preoperative LVEF. We considered this because MR
was reduced, and LV afterload, ejection resistance, and
LV myocardial contractility were restored after concomitant
mitral valve repair, resulting in a corresponding decrease in
ejection fraction.

This study had some limitations which should be noted.
The critical limitation was that this study was retrospective
and participant selection was non-randomized. In this
study, we could not preclude results being influenced
by differences between the surgical period and surgeon,
which may limit meaningful comparison of outcomes
between concomitant mitral valve repair and no repair. In
addition, some patients failed to complete the examinations
on time when they were followed up. Therefore, some
data were missing.

Conclusion

Surgical treatment of ALCAPA has good efficacy, with
acceptable mortality and an expected reintervention rate.
Postoperative cardiac function mostly recovers, but ventricular
diameter recovers faster than ejection fraction. For the
management of the mitral valve, we recommend concomitant
mitral valve repair for moderate or severe MR and ALCAPA
repair only for mild and trivial MR.
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Provisional stenting with side
branch rescue stenting is
associated with increased
3-year target lesion failure in
patients with acute coronary
syndrome and coronary
bifurcation lesions
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Teguh Santoso3, Muhammad Munawar4, Fei Ye2,
Nailiang Tian2 and Shao-Liang Chen2* on behalf of
DKCRUSH Investigators
1Division of Cardiology, Pederzoli Hospital-Peschiera del Garda, Verona, Italy, 2Division
of Cardiology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China, 3Division
of Cardiology, Medistra Hospital, University of Indonesia Medical School, Jakarta, Indonesia,
4Division of Cardiology, Binawaluya Cardiac Center, Jakarta, Indonesia

Background: Provisional stenting (PS) is the main treatment for a majority

of coronary bifurcation lesion and includes PS with 1-stent and PS with 2-

stent. However, the treatment difference between PS with 1-stent and with

2-stent remains unclear in patients with the acute coronary syndrome (ACS)

and coronary bifurcation lesions.

Materials and methods: Overall, 820 ACS patients with Medina 1,1,1 or

0,1,1 coronary bifurcation lesion who had completed 3-year follow-up

were included and assigned to the PS with 1-stent (n = 519) or the PS

with 2-stent (n = 301) according to the use of final stenting technique.

The primary endpoint was the target lesion failure (TLF) at 3 years since

stenting procedures.

Results: At 3-year follow-up, TLF occurred in 85 (16.4%) patients in the PS

with 1-stent group and 69 (22.9%) in the PS with 2-stent group (hazard ratio

[HR] 1.52, 95% confidence interval [CI] 1.06–2.17, p = 0.021), mainly driven

by a higher rate of target lesion revascularization (TLR) in the PS with 2-

stent group (13.0% vs. 8.3%, HR 1.65, 95% CI 1.04–2.61, p = 0.033). Complex

bifurcations, side branch (SB) pretreatment, intravascular imaging guidance,

and hyperlipidemia were the four predictors for 3-year TLF. SB pretreatment

was associated with increased 3-year TLR, leading to an extremely higher 3-

year TLF.
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GRAPHICAL ABSTRACT

Landmark analysis of target lesion failure and target lesion revascularization.

Conclusion: Provisional with 2-stent for patients with ACS is associated

with a higher rate of 3-year TLF, mainly due to increased requirement

of revascularization. SB pretreatment should be avoided for simple

bifurcation lesion.

KEYWORDS

acute coronary syndrome (ACS), coronary artery bifurcation lesions, provisional
stenting, drug-eluting stent, target lesion failure

Introduction

Coronary artery bifurcation lesions involve three vessel
segments (proximal main vessel [MV], distal MV, and side
branch [SB]), leading to technical challenging of bifurcation
stenting and suboptimal clinical outcomes (1, 2). While
upfront two-stent approach (like DK crush stenting) has been
demonstrated to be associated with less rate of target lesion
failure (TLF) for the treatment of patients with bifurcation
lesions localizing at distal left main (LM) or having higher
complexity (3, 4), provisional stenting (PS) is still accepted to
be a major technique for simple bifurcation lesions (2, 5–7).
PS requires a jailed wire or balloon in the SB, which could
rescue an SB at risk of occlusion after stenting MV. Thus, PS
could be shifted to PS with 1-stent or PS with 2-stent, with
a rate of crossover to 2-stent varying from 2 to 40% (2, 4–
9), depending on the performance of SB pretreatment and

Abbreviations: PS, provisional stenting; ACS, acute coronary syndrome;
TLF, target lesion failure; TVF, target vessel failure; TLR, target lesion
revascularization; SB, side branch; MV, main vessel; DK crush, double
kissing crush; KBI, kissing balloon inflation; TIMI, thrombolysis in
myocardial infarction; POT, proximal optimization technique; QCA,
quantitative coronary analysis; TVMI, target vessel myocardial infarction;
ST, stent thrombus; DAPT, dual antiplatelet therapy; PMI, periprocedural
myocardial infarction; PCI, percutaneous coronary intervention; CABG,
coronary artery bypass graft.

final kissing balloon inflation (KBI), lesions’ complexity, flow-
limiting dissection, severely compromised ostial SB induced by
plaque or carina shifting, and criteria for treating SB in clinical
trials. As a result, PS with SB rescue stenting is unavoidable for
complex bifurcations (4, 9). However, there is a paucity of data
showing the difference in clinical outcomes between PS with 1-
stent and PS with 2-stent among patients with acute coronary
syndrome (ACS) and bifurcation lesions. Accordingly, this study
includes all ACS patients with bifurcations who underwent the
PS approach and had completed 3-year clinical follow-up from
previous four trials (4, 9–11) with a view to identify the rate of
crossover to 2-stent, the difference in 3-year TLF between PS
with 1-stent and with 2-stent, and the independent factors of 3-
year TLF.

Materials and methods

Study design

We included data of the following clinical trials with
only Medina 1,1,1 and 0,1,1 bifurcation lesions in patients
with ACS: DKCRUSH II (10), DKCRUSH V (9), DKCRUSH
VI (11), and DEFINITION II (4; Figure 1). All patients
were prospectively followed up till January 1, 2022. The

Frontiers in Cardiovascular Medicine 02 frontiersin.org

106

https://doi.org/10.3389/fcvm.2022.910313
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-910313 October 11, 2022 Time: 10:22 # 3

Sheiban et al. 10.3389/fcvm.2022.910313

FIGURE 1

Study flowchart. Description: 820 patients with acute coronary syndrome (ACS) were assigned to the provisional stenting (PS) with 1-stent and
the PS with 2-stent groups.

study protocol was approved by the ethics committee at each
participating center and complied with the Declaration of
Helsinki. All patients provided written informed consent for
participation in the respective trials. All authors had free access
to the database.

Patient population

Overall, 1,825 patients with coronary bifurcation lesions
from the four clinical trials were screened. We excluded 1,005
patients because of upfront 2-stent (n = 753) at randomization,
SB pretreatment leading to the urgent requirement of stenting
SB before stenting the MV (n = 35), and stable angina patients
(n = 217). Finally, 820 patients with ACS who underwent PS
were included (Figure 1), with 519 patients assigned to the PS
with 1-stent group and 301 patients assigned to the PS with
2-stent group.

Provisional stenting procedures

The PS approach has been previously described (4, 9–
11). In brief, the MV and SB are wired. Predilation was left
to the operator’s discretion, although predilating the SB is
discouraged. A new-generation drug-eluting stent was used in
the bifurcation lesions. A stent with a stent/artery ratio of 1.1:1
was implanted in the MV, and then the proximal optimization
technique (POT) using non-compliant balloons (balloon/stent

ratio of 1:1, > 18 atm) was performed. Ballooning or stenting
the SB after MV stenting is performed only if the SB ostium
is severely compromised or has a Type B/C dissection or
thrombolysis in myocardial infarction (TIMI) flow < 3. If SB
dilatation or stenting is required, the SB is rewired through a
distal cell of the MV stent, followed by re-POT, KBI, and final
POT using non-compliant balloons with a suggested inflation
pressure of >18 atm.

Medications and follow-up

All patients were treated with aspirin preprocedure and
300 mg loading dose of clopidogrel or 180 mg ticagrelor if
they were not under chronic dual antiplatelet therapy (DAPT).
After the intervention, they received 100 mg/day aspirin
indefinitely and 75 mg/day clopidogrel or 180 mg (90 mg,
bid) ticagrelor for at least 12 months. A clinical follow-up
was performed at 1 and 12 months and annually subsequently
through 3 years.

Follow-up coronary angiography was scheduled at
13 months (after ascertainment of the primary clinical
endpoint) unless performed earlier for clinical indications.
Quantitative coronary analysis (QCA) was analyzed at a
central core laboratory using the Cardiovascular Angiographic
Analysis System (CAAS) II software (Pie Medical Imaging,
The Netherlands), as previously described (4). Restenosis was
defined as a QCA DS > 50% at follow-up.
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Endpoints and definitions

The primary endpoint was TLF at 3 years, defined as
the composite of cardiac death, target vessel MI (TVMI), or
clinically driven TLR. Death from cardiac causes was defined as
any death without a clear non-cardiac cause. Protocol-defined
periprocedural MI (within 48 h) was defined as a creatine
kinase-MB (CK-MB) > 10 × upper reference limit (URL) of
the assay or > 5 × URL plus either (1) new pathological Q
waves in ≥ 2 contiguous leads or new left bundle branch block
(LBBB); (2) angiographically documented graft or coronary
artery occlusion or new severe stenosis with thrombosis; (3)
imaging evidence of new loss of viable myocardium; or (4)
new regional wall motion abnormality. Spontaneous MI (after
48 h) was defined as a clinical syndrome consistent with MI
with a CK-MB or troponin > 1 × URL and new ST-segment
elevation or depression or other findings as above. All MIs were
considered TVMI unless there was clear evidence that they were
attributable to a non-target vessel (4, 12). Clinically driven TLR
was defined as angina or ischemia referable to the target lesion
requiring repeat PCI or coronary artery bypass graft. Secondary
endpoints included cardiac death, TVMI, clinically driven TLR,
and stent thrombus (ST). Definite or probable ST according to
the Academic Research Consortium (13) was the major safety
endpoint. All events were adjudicated by a central committee
using original source documents blinded to the treatment.

Statistical analysis

Baseline characteristics are reported as counts and
percentages or mean ± standard deviation (SD). The chi-
squared or Fisher’s exact test was used to compare categorical
variables. Student’s t-test or Wilcoxon rank-sum scores for non-
normally distributed data were used to compare continuous
variables. Time-to-first event curves were generated using
Kaplan–Meier analysis and compared using the log-rank test.
Cox regression was also used to compare the differences in both
primary and secondary endpoints, with outputs of hazard ratio
(HR), 95% confidence interval (CI), and p-value. Multivariate
analysis was performed to identify the independent factors of
3-year TLF. All statistical tests were two-sided, and a p-value
of <0.05 was considered statistically significant. All analyses
were performed using SPSS version 26.0 (SPSS Institute Inc.,
Chicago, Illinois, USA).

Results

Baseline clinical characteristics

Baseline clinical characteristics were well comparable
between the groups (Table 1), except for unstable angina (85.0%

in the 2-stent group vs. 75.3% in the 1-stent group, p = 0.001)
and ST-segment elevation MI (4.7% in the 2-stent group vs.
12.1% in the 1-stent group, p < 0.001). Diabetes was present in
27.6% of patients.

Lesion characteristics and procedures

Multivessel disease was present in 52.2% of patients,
and the mean SYNTAX score was 26 (Table 2). Notably,
37.4% of the lesions were localized in the distal LM.
Complex bifurcation lesions were seen in 59.1% of patients
in the 2-stent group, compared to 43.0% in the 1-stent
group (p < 0.001), with an extremely higher rate of SB
lesion length ≥ 10 mm in the 2-stent group (42.9% vs.
32.2%, p = 0.002), as confirmed by the QCA analysis
(Table 3).

The trans-radial approach was predominantly used
(82%, Table 2). In the 2-stent group, SB pretreatment was
used in 56.8%, significantly different from 32.2% in the
1-stent group (p < 0.001), resulting in more frequent use
of KBI in the 2-stent group (95.3 vs. 41.4%, p < 0.001).
Final POT was only used in 89.4% of patients in the
2-stent group, lower than 94.8% in the 1-stent group
(p < 0.001). Complete revascularization was achieved
in 68.4% of patients in the 2-stent group, compared to
62.0% in the 1-stent group (p < 0.001). IVUS guidance
was only used in <30.0% of patients, without a significant
difference between the groups. The two-stent strategy
was associated with longer procedural time and more
contrast volume compared with the PS with 1-stent
approach.

Quantitative coronary analysis

Except for longer SB lesion length, the 2-stent group also had
a more severe SB diameter stenosis (54.1 vs. 44.7%, p < 0.001)
at baseline. At 3 years since procedures, a total of 427 (52.1%)
patients underwent repeat angiography, with 246 (30.0%) at
13 months and 181 (22.1%) after 13 months. The in-stent
restenosis (ISR) rate in the MV was non-significantly different
between the 2 groups (Table 3). In the 2-stent group, the rate of
ISR at the ostial SB was 13.3%, compared to 29.4% in the 1-stent
group (p < 0.001).

Clinical outcomes

At 3 years, DAPT was prescribed to 203 (39.1%) patients
in the PS with 1-stent and 198 (65.8%) in the PS with 2-stent
(p < 0.001). Ticagrelor (90 mg; twice a day) was administered in
58.6% of patients in the PS with 2-stent group and 38.2% in the
PS with 1-stent group (p < 0.001).
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TABLE 1 Baseline characteristics.

PS with 1-stent (n = 519) PS with 2-stent (n = 301) P-value

Age, year 64.6 ± 9.8 64.4 ± 10.1 0.721

Male, n (%) 399 (76.9) 228 (75.7) 0.733

Hypertension, n (%) 343 (66.1) 203 (67.4) 0.702

Systolic blood pressure, mmHg 133 ± 16 134 ± 18 0.384

Diastolic blood pressure, mmHg 79 ± 10 79 ± 10 1.000

Heart rate, beats per minute 73 ± 12 73 ± 10 0.706

Hyperlipidemia, n (%) 214 (41.2) 111 (36.9) 0.236

Diabetes, n (%) 147 (28.3) 81 (26.9) 0.687

Current smoker, n (%) 101 (19.6) 63 (21.1) 0.601

Renal dysfunction, n (%) 15 (2.9) 10 (3.3) 0.834

Previous PCI, n (%) 92 (17.7) 55 (18.3) 0.851

Previous CABG, n (%) 3 (0.6) 1 (0.3) 1.000

Previous MI, n (%) 69 (13.3) 50 (16.6) 0.217

Stroke, n (%) 45 (8.7) 22 (7.3) 0.597

Peripheral arterial disease, n (%) 21 (4.0) 16 (5.3) 0.390

Heart failure, n (%) 58 (11.2) 37 (12.3) 0.651

Atrial fibrillation, n (%) 10 (1.9) 8 (2.7) 0.623

eGFR < 60 ml/min/1.73m2 77 (14.8) 37 (12.3) 0.310

Presentation, n (%)

Unstable angina 388 (75.3) 256 (85.0) 0.001

STEMI > 24 h 63 (12.1) 14 (4.7) <0.001

NSTEMI > 24 h 68 (13.1) 31 (10.3) 0.235

PS, provisional stenting; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft; MI, myocardial infarction; eGFR, estimated glomerular filtration rate; STEMI,
ST-segment elevation myocardial infarction; NSTEMI, ST-segment elevation myocardial infarction.

A 1-year clinical follow-up was completed in all patients.
The primary endpoint of TLF at 1 year occurred in 69 (13.3%)
patients in the PS with 1-stent group and 49 (16.3%) patients in
the PS with 2-stent group (HR 1.09, 95% CI 0.61–1.98, p = 0.751)
(Table 4). The rates of TVMI, cardiac death, TLR, and ST at
1 year were also non-significantly different between the two
groups.

At 3 years, 12 (1.6%) patients were lost to the follow-up, with
7 (2.3%) in the PS with 2-stent group and 5 (0.9%) in the PS with
1-stent group. TLF at 3 years occurred in 85 (16.4%) patients
in the PS with 1-stent group and 69 (22.9%) in the PS with 2-
stent group (HR 1.52, 95% CI 1.06–2.17, p = 0.021, Table 4 and
Figure 2A), mainly driven by increased TLR (8.3% vs. 13.0%,
HR 1.65, 95% CI 1.04–2.61, p = 0.033, Table 4 and Figure 2B),
without statistical differences in cardiac death, TVMI, and ST.
By landmark analysis (Graphic Abstract), the rates of TLF and
TLR at 1 year were comparable between PS with 1-stent and PS
with 2-stent; however, the increased rate of TLR from year 1 to
year 3 was 3.5% in the PS with 2-stent group (4.7 vs. 1.9%, HR
2.44, 95% CI 1.08–5.49, p = 0.031, Graphic Abstract), resulted in
a significant difference in TLF after 1 year between the PS with
2-stent (6.6%) and the PS with 1-stent (3.1%, HR 2.19, 95% CI
1.13–4.22, p = 0.020).

By multivariate analysis, SB pretreatment (HR 1.66, 95% CI
1.19–2.31, p = 0.003), complex bifurcation lesions (HR 2.76, 95%

CI 1.42–5.38, p = 0.003), without intravascular imaging (HR
1.51, 95% CI 1.07–2.14, p = 0.020), and hyperlipidemia (HR
1.15, 95% CI 1.04–1.88, p = 0.006) were the four independent
factors of 3-year TLF. SB pretreatment was performed because
operators were worried about the abrupt closure of an SB
after ballooning or stenting MV. Supplementary Table 1 shows
that the SB pretreatment subgroup had a longer lesion length
(mean length of 14.47 vs. 12.25 mm, p = 0.001) and more
severe disease (mean diameter stenosis of 51.99 vs. 42.96%) in
the SB compared to those in the non-pretreatment subgroup.
Subsequent clinical follow-up demonstrated a higher rate of 30-
day PMI (8.6%) in the SB pretreatment subgroup, compared to
4.8% (p = 0.036) in the non-pretreatment subgroup. At 1- and 3-
year follow-up, the increased rates of TVMI and TLR in the PS
with 2-stent group led to significantly different TLF rates in the
pretreatment subgroup (18.9 and 24.6%) when compared with
11.2% (p = 0.002) and 14.7% (p = 0.001) in the non-pretreatment
subgroup, respectively (Supplementary Figure 1).

Discussion

This analysis for the first time compared the difference
in clinical outcome between the PS with 1-stent and the
PS with 2-stent for patients with ACS. The major findings
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TABLE 2 Lesions and procedural characteristics.

PS with 1-stent (n = 519) PS with 2-stent (n = 301) P-value

Multiple vessel disease, n (%) 282 (54.3) 151 (50.2) 0.276

SYNTAX Score, scores 25.68 ± 10.9 26.27 ± 11.2 0.458

≤22 scores, n (%) 213 (41.0) 117 (38.9) 0.541

23∼32 scores, n (%) 167 (32.3) 95 (31.6) 0.855

≥32 scores, n (%) 139 (26.8) 89 (29.6) 0.391

Lesion location, n (%) 0.429

LAD-LCX 178 (34.3) 122 (40.5)

LAD-D 265 (51.1) 140 (46.5)

LCX-OM 54 (10.4) 28 (9.3)

Distal RCA 22 (4.2) 11 (3.7)

True bifurcation lesions, n (%) 464 (89.6) 280 (93.0) 0.104

Complex bifurcation lesion, n (%) 223 (43.0) 178 (59.1) <0.001

No. lesion, n 2.20 ± 0.91 2.24 ± 0.95 0.642

No. treated lesion, n 1.96 ± 0.81 2.02 ± 0.86 0.481

SB lesion length ≥ 10 mm, n (%) 167 (32.2) 129 (42.9) 0.002

≥Moderate calcification, n (%) 156 (30.1) 85 (28.2) 0.633

Chronic total occlusion, n (%) 37 (7.1) 32 (10.6) 0.119

Thrombus-containing lesion, n (%) 22 (4.2) 6 (2.0) 0.110

TIMI flow < 3 prior-to PCI, n (%)

Main vessel 99 (9.1) 62 (20.6) 0.172

Side branch 40 (7.7) 27 (9.0) 0.859

Trans-radial approach, n (%) 368 (83.1) 216 (82.8) 0.427

MV pretreatment, n (%) 216 (41.6) 59 (19.6) <0.001

SB pretreatment, n (%) 167 (32.2) 171 (56.8) <0.001

IVUS guidance, n (%) 123 (23.7) 66 (21.9) 0.606

MV stent

No. stent, n 1.65 ± 0.68 1.55 ± 0.67 0.054

Average diameter, mm 3.05 ± 0.61 3.09 ± 0.39 0.327

Average length, mm 43.66 ± 20.09 41.91 ± 21.37 0.241

Proximal optimization technique, n (%) 492 (94.8) 269 (89.4) 0.005

Balloon diameter, mm 3.79 ± 0.61 3.86 ± 0.43 0.689

Inflation pressure, atm 17.97 ± 3.21 17.73 ± 3.99 0.812

Final kissing inflation, n (%) 215 (41.4) 287 (95.3) <0.001

Complete revascularization, n (%) 322 (62.0) 206 (68.4) <0.001

Contrast volume, ml 158 ± 79 183 ± 84 <0.001

Procedural time, min 55.8 ± 37.2 65.3 ± 36.0 <0.001

PS, provisional stenting; LAD, left anterior descending artery; LCX, left circumflex; D, diagonal; OM, obtuse marginal; RCA, right coronary artery; SB, side branch; PCI, percutaneous
coronary intervention; MV, main vessel; IVUS, intravascular ultrasound.

are (1) PS with 2-stent is associated with a higher rate of
TLF at 3-year follow-up, largely driven by an increased 3-
year rate of TLR, compared to those in the PS with 1-
stent group; (2) by multivariate analysis, SB pretreatment,
complex bifurcation lesions, without intravascular imaging, and
hyperlipidemia were the four independent factors of 3-year
TLF; and (3) the rate of TLF at 3-year follow-up in the SB
pretreatment subgroup is significantly higher than that in the
no pretreatment subgroup, mainly induced by the extreme
increments in TVMI and TLR.

The PS with 2-stent is a rescue strategy for SB and reduces
the incidence of SB occlusion and PMI and is required in 2–40%
of bifurcation lesion treated by provisional approach (2, 4–9).
This wide discrepancy in the rate of cross-over to two stents is
due to the different criteria for treating SB from previous trials
(4–9). For example, SB TIMI flow < 3 was the only criterion
for stenting SB in the BBC ONE trial (6), and composite
criteria of TIMI flow < 3, Type B or C dissection, and severely
compromised in the SB after stenting MV were more commonly
used in others (2–5, 7, 9–11). While a few risk stratifications have
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TABLE 3 Quantitative angiographic analysis.

PS with 1-stent (n = 286) PS with 2-stent (n = 141) P-value

MV lesion length, mm 32.34 ± 16.79 27.52 ± 16.58 0.003

Proximal MV 12.66 ± 9.56 10.89 ± 10.32 0.016

Distal MV 19.43 ± 12.92 17.86 ± 14.21 0.118

SB lesion length, mm 12.04 ± 7.75 15.11 ± 7.18 <0.001

Distal bifurcation angle, 0◦

Prior-to 72.2 ± 39.5 82.8 ± 41.8 0.001

Post-stenting 69.5 ± 38.2 77.1 ± 42.3 0.020

Follow-up 73.9 ± 40.3 70.9 ± 40.7 0.462

Proximal MV reference diameter, mm

Prior-to 3.19 ± 0.49 3.16 ± 0.51 0.385

Post-stenting 3.28 ± 0.49 3.39 ± 0.47 0.002

Follow-up 3.26 ± 0.49 3.29 ± 0.46 0.491

Proximal MV MLD, mm

Prior-to 1.78 ± 0.82 1.77 ± 0.79 0.888

Post-stenting 2.89 ± 0.55 3.08 ± 0.49 <0.001

Acute gain 1.11 ± 0.79 1.32 ± 0.74 <0.001

Follow-up 2.81 ± 0.58 2.83 ± 0.58 0.658

Late loss 0.11 ± 0.38 0.19 ± 0.39 0.019

Proximal MV diameter stenosis, %

Prior-to 45.0 ± 22.9 43.6 ± 23.1 0.421

Post-stenting 12.1 ± 9.9 9.3 ± 6.8 <0.001

Follow-up 11.8 ± 9.8 11.4 ± 9.3 0.588

Restenosis, n (%) 3 (1.0) 2 (1.3) 0.667

Distal MV reference diameter, mm

Prior-to 2.65 ± 0.46 2.69 ± 0.51 0.231

Post-stenting 2.74 ± 0.43 2.82 ± 0.42 0.023

Follow-up 2.77 ± 0.44 2.77 ± 0.40 0.943

Distal MV MLD, mm

Prior-to 1.21 ± 0.59 1.15 ± 0.63 0.214

Post-stenting 2.37 ± 0.46 2.46 ± 0.43 0.003

Acute gain 1.15 ± 0.61 1.31 ± 0.63 0.001

Follow-up 2.26 ± 0.54 2.23 ± 0.54 0.570

Late loss 0.13 ± 0.38 0.22 ± 0.44 0.013

Distal MV diameter stenosis, %

Prior-to 53.8 ± 21.4 56.9 ± 22.9 0.050

Post-stenting 14.5 ± 10.8 12.9 ± 8.8 0.033

Follow-up 17.5 ± 14.4 18.6 ± 15.3 0.383

Restenosis, n (%) 12 (4.2) 8 (5.7) 0.244

SB reference diameter, mm

Prior-to 2.37 ± 0.44 2.47 ± 0.43 0.002

Post-stenting 2.27 ± 0.46 2.58 ± 0.37 <0.001

Follow-up 2.28 ± 0.47 2.50 ± 0.39 <0.001

SB MLD, mm

Prior-to 1.29 ± 0.39 1.29 ± 0.57 0.997

Post-stenting 1.42 ± 0.59 2.16 ± 0.40 <0.001

Acute gain 0.12 ± 0.54 0.99 ± 0.54 <0.001

Follow-up 1.43 ± 0.59 1.83 ± 0.61 <0.001

Late loss 0.04 ± 0.43 0.29 ± 0.52 <0.001

(Continued)
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TABLE 3 (Continued)

PS with 1-stent (n = 286) PS with 2-stent (n = 141) P-value

SB diameter stenosis, %

Prior-to 44.7 ± 20.6 54.1 ± 18.9 <0.001

Post-stenting 37.2 ± 20.6 13.8 ± 10.1 <0.001

Follow-up 33.8 ± 23.1 24.8 ± 20.9 <0.001

Restenosis, n (%) 90 (31.5) 22 (15.6) <0.001

Ostial SB 84 (29.4) 19 (13.5) <0.001

PS, provisional stenting; MV, main vessel; MLD, minimal lumen diameter; SB, side branch.

TABLE 4 Clinical results.

PS with 1-stent (n = 519) PS with 2-stent (n = 301) Adjusted

HR 95% CI p

30 days, n (%)

TLF 34 (6.6) 24 (8.0) 1.24 0.83–1.85 0.296

Cardiac death 5 (1.0) 1 (0.3) 0.34 0.04–2.95 0.329

TVMI 30 (5.8) 22 (7.3) 1.29 0.73–2.27 0.388

PMI 16 (3.1) 8 (2.7)

TLR 4 (0.8) 1 (0.3) 0.43 0.05–3.86 0.450

Stent thrombosis 6 (1.2) 5 (1.7) 1.44 0.44–4.77 0.547

1-year, n (%)

TLF 69 (13.3) 49 (16.3) 1.09 0.61–1.98 0.751

Cardiac death 11 (2.1) 5 (1.7) 0.78 0.27–2.27 0.648

TVMI 33 (6.4) 29 (9.6) 1.57 0.93–2.64 0.089

STEMI 2 (0.4) 4 (1.3)

TLR 33 (6.4) 25 (8.3) 1.33 0.78–2.29 0.296

Stent thrombosis 11 (2.1) 10 (3.3) 1.59 0.66–3.78 0.297

Definite 3 (0.6) 4 (1.3)

Probable 8 (1.6) 6 (2.0)

3-year, n (%)

TLF 85 (16.4) 69 (22.9) 1.52 1.06–2.17 0.021

Cardiac death 19 (3.7) 12 (4.0) 1.09 0.52–2.28 0.814

TVMI 41 (7.9) 36 (12.0) 1.58 0.99–2.54 0.056

TLR 43 (8.3) 39 (13.0) 1.65 1.04–2.61 0.033

Stent thrombosis 16 (3.1) 16 (5.3) 1.77 0.87–3.58 0.116

Definite 5 (1.0) 6 (1.8)

Probable 11 (2.1) 9 (2.7)

PS, provisional stenting; HR, hazard ratio; CI, confidence interval; TLF, target lesion failure; TVMI, target vessel myocardial infarction; PMI, periprocedural myocardial infarction; TLR,
target lesion revascularization.

been proposed to predict the occurrence of clinical events after
the PS or upfront two-stent techniques (3, 14–16), the difference
in treatment effect between the PS with 1-stent and the PS
with 2-stent remained understudied. To echo this issue, Song
et al. (17, 18) for the first time randomized 258 patients with a
coronary bifurcation lesion to the conservative and aggressive
groups according to the criteria for SB intervention after MV
stenting (for non-LM bifurcations, the criterion for SB treatment
was TIMI < 3 [conservative] or diameter stenosis > 75%
[aggressive]; for LM bifurcation lesions, the criterion for SB

treatment was diameter stenosis > 75% [conservative] or > 50%
[aggressive]). The study reported that at a 3-year follow-up,
the primary endpoint (target vessel failure [TVF]) occurred in
11.7% of the conservative group vs. 20.8% of the aggressive
group (p = 0.049). Although no significant differences were
observed in the incidence of TVF between groups at 1 year,
landmark analysis between 1 and 3 years showed significantly
less TVF in patients assigned to the conservative strategy (2.6
vs. 12.7%; p = 0.004). Conservative treatment for SB obviously
had a less requirement of additional SB stent. However, the real
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FIGURE 2

Kaplan–Meier survival rate. PS, provisional stenting; HR, hazard ratio; CI, confidence interval. (A) Target lesion failure. (B) Target lesion
revascularization.

difference in TVF between the PS with 1-stent and 2-stent could
not be directly derived from that study with a small sample
size. In this study, we found that a higher rate of 3-year TLF
in the PS with 2-stent group was predominantly induced by
the increased requirement of TLR after 1-year follow-up, which
indicated the reduction in the durability of the second stent in
the SB. While the crossover to the 2-stent technique was an
independent predictor of TVF (4, 17, 18), we further found
that complex bifurcation lesions, SB pretreatment, IVUS use,
and hyperlipidemia were the four predictors of 3-year TLF. In
this study, IVUS was only used in less than 30% of procedures;
although it was equally used in the two groups, the results

still recommended the importance of routine use of IVUS in
improving the clinical outcome after the PS approach (19–
21). In contrast, complex bifurcation defined by DEFINITION
criteria (3, 4, 8) was associated with a higher rate of crossover to
two stents and a subsequent increased rate of MI and TLR. As
a result, an upfront two-stent approach may be an appropriate
option for real complex bifurcation lesions.

Side branch pretreatment mirrors the complexity of a given
bifurcation lesion, particularly in the SBs having a higher grade
of diameter stenosis, as shown by our data. To answer the
correlation of the SB pretreatment with increased TVF, Song
et al. (22) reported that an additional SB stent was frequently
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required in the SB pretreatment group and that SB pretreatment
increased the rate of TLR and TVF at 24-month follow-up,
similar to our results. Recently, a meta-analysis (23) including
the four studies demonstrated that bifurcation lesions stented
without SB predilation demonstrated lower OR of requiring
further SB intervention compared with lesions receiving upfront
SB predilation. In fact, our result showed a prediction of
SB pretreatment for PMI. More recently, Sheiban et al. (12)
reported that PMI was positively correlated with TLF at 1-
year follow-up after stenting bifurcation lesions. Conclusively,
the routine performance of SB pretreatment before the PS
procedures was not recommended by the current consortium
(24) and previous clinical trials (4–9). SB pretreatment should
be avoided for simple bifurcation lesions (short lesion length and
less severe disease in the SB).

Acute coronary syndrome is a stage where coronary plaques
become unstable (25). The COBIS Registry showed a lower rate
of 3-year TLF after the PS approach for patients with ACS but
no difference between the PS and upfront 2-stent for patients
without ACS (26), confirmed by another study of Korean team
which further found that SB lesion length was an independent
factor of TLF (27). The underlying mechanisms for a higher
rate of TLF in patients with ACS were multifactorial, of them
DAPT might be one major reason (25). However, this study
reported more frequent prescription of DAPT in the PS with 2-
stent group and DAPT was not the factor for predicting TLF.
This may again address the critical importance of intravascular
imaging in guiding SB treatment.

Limitations

This study has some limitations. First, the non-randomized
feature raised concerns about the exact different treatment
effects between the PS with 1-stent and the PS with 2-stent
as SB rescue stenting was performed in the scenario that SB
was severely compromised or had complications induced by
pretreatment. Thus, a randomized study using physiological
assessment as the sole criterion for treating SB after stenting
MV is crucial. Second, we did not compare the difference in
clinical outcome between the PS with T and the PS with T-and-
Protrusion (TAP) (4, 9, 10, 24) when a second stent was required
in the SB. When an SB needed to be dilated after MV stenting,
rewire was recommended across the distal cell of the MV
stent (24). However, a very narrow space at the ostial SB after
stenting MV did not allow precisely rewiring (from proximal or
distal cell) so long as successfully crosses the struts to restore
the SB flow, particularly for complex bifurcations (4). Finally,
intravascular imaging was not routinely used because imaging
guidance was not recommended in the studies (4, 9–11).
Therefore, an intravascular imaging-guided stenting bifurcation
is highly recommended. For this issue, two ongoing studies (28,
29) would launch their results, demonstrating the advantage of
intravascular imaging guidance in treating a bifurcation lesion.

Conclusion

Provisional stenting with 2-stent is associated with
a higher rate of 3-year TLF, mainly due to increased
requirement of revascularization. A further study
identifying the underlying mechanisms correlated with
stent failure is warranted.
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Aim: The relationship of vitamin B5 and coronary heart disease (CHD) is still

uncertain. This case–control study was performed to evaluate the relationship

between the plasma vitamin B5 concentration and the risk of CHD.

Materials and methods: The study involved 429 patients with >70% stenosis

of the coronary arteries on coronary angiography and 429 matched controls

were included for age ± 2 years, gender, and date of coronary angiography

examination ± 180 days. Logistic regression analyses were performed to

evaluate the association between plasma vitamin B5 and the risk of CHD.

Results: An L-shaped relationship was found between the plasma vitamin B5

concentration and CHD. Compared with patients with low vitamin B5 (first

quartile, <27.6 ng/ml), the odds ratio (OR) and 95% confidence interval (CI)

for participants in the third quartile (34.9–44.0 ng/ml) and fourth quartile

(≥44.0 ng/ml) were 0.42 (95% CI, 0.26–0.70) and 0.49 (95% CI, 0.29–0.82),

respectively. In the threshold effect analysis, the risk of CHD significantly

decreased as the vitamin B5 concentration increased (per 10 ng/ml increment:

OR, 0.71; 95% CI, 0.57–0.89) in participants with a plasma vitamin B5

concentration of <40.95 ng/ml; however, an increased plasma vitamin B5

concentration was no longer associated with a decreased risk of CHD (per

10 ng/ml increment: OR, 1.00; 95% CI, 0.87–1.14) in participants with a plasma

vitamin B5 concentration of ≥40.95 ng/ml. The association between vitamin

B5 and CHD was stronger in ever or current smokers than non-smokers

(p-interaction = 0.046).

Conclusion: Plasma vitamin B5 has an L-shaped relationship with CHD, with a

threshold around 40.95 ng/ml. This association was modified by smoking.
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Introduction

In spite of the improvements in prevention and treatment,
coronary heart disease (CHD) remains one of the most common
non-communicable diseases and leading cause of death globally
(1). The burden of CHD is also increasing in Chinese population
in recent decades (2). The prevalence of ischemic heart disease
(IHD) nearly doubled since 1990, reaching approximately 23
million in 2016 (2).

At present, identification and management of traditional
risk factors for CHD are the main focus of the clinical
guidelines, including smoking, dyslipidemia, hypertension,
obesity, diabetes, and physical inactivity (3–6). However, in
light of rising CHD prevalence and recognition of residual risk
despite the effort to control traditional risk factors, there is a
clear need to explore non-traditional risk or protective factors.
In this regard, a better understanding the role of micronutrients
is highlighted by the US precision nutrition initiative (7).

Along this line, vitamin B5 is of considerable interest. It
belongs to the family of water-soluble B vitamin, also known as
pantothenic acid or pantothenate or “anti-stress vitamin” (8, 9).
Vitamin B5 was first discovered by Williams et al. (10) in 1933 as
an essential nutrient for yeast. One important fact is that vitamin
B5 must be obtained from various dietary sources or intestinal
bacteria, because human body cannot synthesize B5 (11). The
vitamin B5 obtained from food is in the form of coenzyme
A (12). Therefore, clinicians infrequently encounter vitamin
B5 deficiency, the clinical manifestations of which include
generalized malaise, burning foot syndrome (13), insomnia, and
autoimmune arthritis (14). Vitamin B5 can also be obtained
from intestinal bacterial sources, suggesting that the intestinal
microbiome might impact the concentration of vitamin B5 in
plasma (12, 15).

The importance of vitamin B5 is dictated by its role in
cellular metabolism. It is the key precursor to the biosynthesis
of coenzyme A, which is important in the synthesis and
degradation of fatty acids, synthesis of phospholipids, synthesis
of heme, and operation of the tricarboxylic acid cycle (16, 17).
Furthermore, pantethine, the disulfide derivative of vitamin
B5, can reduce the concentrations of low-density lipoprotein
cholesterol (LDL-C), very-low-density lipoprotein (VLDL), total
cholesterol, triglyceride, and apolipoprotein B and increase
the concentrations of high-density lipoprotein cholesterol and
apolipoprotein A-1 (18). Therefore, it has been regarded as
a nutritional supplement in the United States since 1992
(15). Pantethine is well-tolerated and has a low occurrence
(3.6%) of mild gastrointestinal adverse effects (19). Pantethine
can also reportedly improve the function of platelet, exert
an antioxidant effect, protect the endothelium (20, 21),
modify lipid deposition, and reduce fatty streak formation
in major arteries (18, 22). Vitamin B5 deficiency may be
related to a relative “hyperadrenergic” state, increasing the
risk of hypertension, arrhythmia, stroke, and some other

diseases (14). Moreover, dexpanthenol, the precursor to
vitamin B5, is reportedly beneficial in rats with ischemia–
reperfusion injury of the brain and cardiovascular system
(23). According to several studies, vitamin B5 might also be
related to obesity (24) and visceral fat accumulation (VFA)
(25). There are also reports on the association between B5 and
hypertension (26, 27). Previous study had also stated a dietary
multivitamin, multimineral and phytonutrient supplement,
which contained vitamin B5, could lower homocysteine
level (28).

When it comes to CHD, there are many unsettled questions
regarding the role of vitamin B5. This case-control study sought
to advance our understanding on the association of vitamin
B5 with risk of CHD in Chinese men and women undergoing
coronary angiography by involving patients with CHD and
matched controls from hospital, with a particular attention
to the effect modification by or joint effects with traditional
CVD risk factors.

Materials and methods

Study participants

Participants were enrolled from 1 January 2016 to 31
December 2019 in Peking University First Hospital, Beijing,
China. A case-control study design was used. The inclusion
criteria were examination by coronary angiography, provision
of written informed consent, and storage of frozen blood
samples in the Peking University First Hospital biorepository.
Exclusion criteria were as follows: a history of physician
diagnosed CHD; serum cardiac troponin (cTnI) ≥ 0.04 ng/ml;
inability to provide informed consent; refusal to supply a
venous blood sample. One thousand nine hundred and sixty
six individuals were included. Then a CHD case was defined
as a patient with >70% stenosis of the coronary arteries on
coronary angiography and non-CHD controls were defined as
a patient with <30% coronary stenosis. In total, we matched
429 patients with CHD with an equal number of controls
for age ± 2 years, gender, and date of coronary angiography
examination ±180 days. Figure 1 showed the flow chat of the
enrollment. All participants provided written informed consent,
and the study protocol was approved by the ethics committee
of both Peking University and Peking University First Hospital.
The study was conducted in accordance with the Declaration of
Helsinki.

Measurement of vitamin B5 and
covariates

The plasma vitamin B5 concentration was measured using
liquid chromatography tandem mass spectrometry. The linear
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FIGURE 1

The flow chat of the enrollment.

range for plasma vitamin B5 was 2.5–1,000 ng/ml. The precision
within and between batches was <15%.

For each participant, we reviewed the medical records
and abstracted the following variables: gender; age; height;
weight and body mass index (BMI); date of coronary
angiography examination; systolic blood pressure (SBP);
fasting plasma glucose (FPG) concentration; plasma
creatinine concentration; plasma LDL-C concentration;
plasma homocysteine concentration; smoking status (current,
never, or ever); drinking status (current, never, or ever);
diagnosis of hypertension, diabetes, and dyslipidemia; and use
of antihypertensive, hypoglycemic, and lipid-lowering drugs.

Statistical analysis

Continuous data are presented as mean ± standard
deviation for normally distributed variables and as median
(interquartile range) for non-normally distributed variables.
Categorical variables are presented as number and percentage.
Differences between two groups were compared using t-tests
for normally distributed continuous variables including age,
BMI, SBP, LDL-C, FPG, Crea; Mann–Whitney U-test for

non-normally distributed continuous variables including
homocysteine, VB5; and χ2 tests for categorical variables
including smoking status, drinking status, diagnosis of
disease, medication.

Odds ratios (ORs) and 95% confidence intervals (CIs)
of CHD were estimated by modeling the plasma vitamin
B5 concentration as continuous as well as categorical
variables using conditional logistic regression, conditioned
on the matching factors of age, gender, and operation
time with and without adjusting for BMI; SBP; FPG;
smoking status; drinking status; discharge diagnosis
of hypertension, diabetes, and dyslipidemia; use of
antihypertensive, hypoglycemic, and lipid-lowering drugs;
LDL-C concentration, and plasma creatinine concentration.
We also assessed the possible modifications of the association
between the plasma vitamin B5 concentration and CHD
by including interaction terms in the logistic regression
models. Interactions between subgroups and the vitamin
B5 concentration were examined by likelihood ratio
testing. A smoothing function and two-piecewise linear
regression model were used to examine the threshold
effect of the plasma vitamin B5 concentration on CHD.
A two-tailed p-value of <0.05 was considered statistically
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TABLE 1 Characteristics of cases and controls.

Characteristicsa Total Non-CHD controls CHD cases P-valueb

N 858 429 429

Female, n (%) 456 (53.1) 228 (53.1) 228 (53.1) 1

Age, years 63.5 ± 10.4 63.1 ± 10.3 63.9 ± 10.5 0.241

BMI, kg/m2 26.1 ± 3.7 26.2 ± 3.7 25.9 ± 3.7 0.298

SBP, mm Hg 133.0 ± 15.8 132.4 ± 15.6 133.6 ± 16.1 0.262

LDL-C, mmol/l 2.3 ± 0.8 2.4 ± 0.8 2.3 ± 0.8 0.05

FPG, mmol/l 7.0±3.0 6.5 ± 2.5 7.5 ± 3.4 <0.001

Crea, µmoI/l 82.0 ± 49.3 80.2 ± 53.3 83.8 ± 45.0 0.276

Homocysteine, µmoI/l 13.4 (10.3, 17.3) 13.5 (10.0, 17.7) 13.4 (10.5, 16.9) 0.859

Smoking status, n (%) 0.005

Never 499 (59.4) 272 (64.6) 227 (54.2)

Ever 158 (18.8) 64 (15.2) 94 (22.4)

Current 183 (21.8) 85 (20.2) 98 (23.4)

Drinking status, n (%) 0.988

Never 590 (70.9) 297 (70.7) 293 (71.1)

Ever 82 (9.9) 42 (10.0) 40 (9.7)

Current 160 (19.2) 81 (19.3) 79 (19.2)

Diagnosis of disease, n (%)

Hypertension 600 (69.9) 280 (65.3) 320 (74.6) 0.003

Diabetes 361 (42.1) 139 (32.4) 222 (51.7) <0.001

Dyslipidemia 669 (78.0) 317 (73.9) 352 (82.1) 0.004

Medication, n (%)

Antihypertensive 476 (55.5) 226 (52.7) 250 (58.3) 0.099

Hypoglycemia 263 (30.7) 97 (22.6) 166 (38.7) <0.001

Lipid-lowering 411 (47.9) 171 (39.9) 240 (55.9) <0.001

VB5, ng/ml 34.9 (27.6, 44.0) 36.9 (29.2, 44.7) 33.3 (26.7, 42.7) 0.006

aNormally distributed variables were presented as mean ± standard deviation, non-normally were presented as median (interquartile range) and categorical variables are presented as
number and percentage. bDifferences between two groups were compared using t-tests for normally distributed continuous variables, Mann–Whitney U-test for non-normally distributed
continuous variables and χ2 tests for categorical variables. VB5, vitamin B5; CHD, coronary heart disease; BMI, body mass index; SBP, systolic blood pressure; LDL-C, low-density
lipoprotein cholesterol; FPG, fast plasma glucose; Crea, plasma creatinine; HTD, hypertension drugs.

significant in all analyses, which were performed using R
software version 3.6.3.

Results

Patient characteristics

This case–control study involved 429 cases and 429
matched controls and the characteristics of both groups
were showed in Table 1. The median plasma vitamin B5
concentration was 33.3 ng/ml (interquartile range, 26.7–
42.7 ng/ml) among CHD cases, and 36.9 ng/ml (interquartile
range, 29.8–45.1 ng/ml) among controls. CHD cases had a
higher FPG concentration, lower frequency of current smoking,
lower plasma vitamin B5 concentration, and higher frequency
of hypertension, diabetes, plasma homocysteine levels and
hyperlipidemia. Participants’ characteristics at different plasma
vitamin B5 concentrations are shown Supplementary Table 1,

and participants’ characteristics stratified by smoking status are
shown Supplementary Table 2.

Association between plasma vitamin
B5 and coronary heart disease

In Figure 2 we showed the smoothing curve between the
plasma vitamin B5 concentration and CHD in overall sample
(Figure 2A) and stratified by smoking status (Figure 2B),
adjusted for gender; age; BMI; SBP; FPG concentration;
drinking status; discharge diagnosis of hypertension, diabetes,
and dyslipidemia; LDL-C concentration; and plasma creatinine
concentration. The smooth curve shows an L-shaped
relationship between the plasma vitamin B5 concentration
and CHD in overall sample.

In Table 2 we summarized the univariate and multivariate
OR (95% CI) of CHD in relation to the plasma vitamin B5
concentration (as a categorical variable and in quartiles) in
overall sample and stratified by gender. In overall sample,
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FIGURE 2

(A) Smoothing curve showing the effects of plasma vitamin B5 on the risk of coronary heart disease (CHD). (B) Smoothing curve showing the
effects of plasma vitamin B5 on the risk of CHD stratified by smoking status.

compared with patients with a low vitamin B5 concentration
(first quartile, <27.6 ng/ml), the OR (95% CI) for participants
in the third quartile (34.9–44.0 ng/ml) and fourth quartile
(≥44.0 ng/ml) was 0.42 (95% CI, 0.26–0.70) and 0.49 (95% CI,
0.29–0.82), respectively. In males, compared with patients with
a low vitamin B5 concentration (first quartile, <27.6 ng/ml),
the OR (95% CI) for participants in the third quartile
(34.9–44.0 ng/ml) and fourth quartile (≥44.0 ng/ml) was
0.27 (95% CI, 0.12–0.62) and 0.29 (95% CI, 0.13–0.66),
respectively. In females, this association was insignificant,
although the gender interaction effect was insignificant
(p = 0.067).

Although higher plasma vitamin B5 quartiles were
associated with a lower frequency of CHD, a threshold effect
was found for this association. In the threshold effect analysis,
the risk of CHD significantly decreased as the plasma vitamin
B5 concentration increased (per-10 ng/ml increment: OR, 0.71;
95% CI, 0.57–0.89) in participants with a plasma vitamin B5
concentration of <40.95 ng/ml; however, increased plasma
vitamin B5 was no longer associated with a decreased risk of
CHD (per 10 ng/ml increment: OR, 1.00; 95% CI, 0.87–1.14)
in participants with a plasma vitamin B5 concentration of
≥40.95 ng/ml. The p of the log likelihood ratio test comparing
the two-piecewise model with the linear logistic regression
model was 0.026 (Table 3).

Subgroup and interaction analyses

In the stratified analyses to assess the relationship between
the plasma vitamin B5 concentration (<27.6 vs. ≥27.6 ng/ml)

and CHD in the various subgroups, none of the following
variables significantly modified the association between vitamin
B5 and CHD: age (<60 vs. ≥60 years, p-interaction = 0.346);
gender (p-interaction = 0.067); BMI (<24, 24–28, and
≥28 kg/m2, p-interaction = 0.698); alcohol drinking status
(never, ever, or current; p-interaction = 0.402); plasma creatinine
concentration (<82 vs. ≥82 µmol/l, p-interaction = 0.238); and
diagnosis of hypertension (no or yes, p-interaction = 0.837),
diabetes (no or yes, p-interaction = 0.686), and dyslipidemia
(no or yes, p-interaction = 0.807). However, the smoking
status modified the association between vitamin B5 and the
risk of CHD, the association between vitamin B5 and CHD
was stronger in ever or current smokers than non-smokers
(p-interaction = 0.046, Table 4). Participants’ characteristics
stratified by smoking status are shown Supplementary
Table 2.

Discussion

To our knowledge, there are limited studies that specifically
examined vitamin B5 and CHD. From mechanistic perspective,
our study findings are biologically plausible. The possible
mechanism between vitamin B5 and CHD can be postulated
to involve inflammatory events. It is widely accepted that
CHD manifests with chronic low-grade inflammation, while
vitamin B5 has an antioxidant effect in the inflammatory
process underlying the pathogenesis of atherosclerosis (8). Jung
et al. (29) reported that high dietary vitamin B5 intake was
significantly related to a lower serum C-reactive protein (CRP)
concentration at the 5 years follow-up in South Korea; CRP
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TABLE 2 Association of vitamin B5 with risk of coronary heart disease (CHD).

VB5, ng/ml Cases (%) Model 1a Model 2b

OR (95% CI) P-value OR (95% CI) P-value

Overall sample

Quartiles

Q1 (<27.6 ng/ml) 126 (58.6) Ref Ref

Q2 (27.6–34.9 ng/ml) 110 (51.4) 0.77 (0.53, 1.11) 0.161 0.70 (0.42, 1.15) 0.155

Q3 (34.9–44.0 ng/ml) 94 (43.9) 0.55 (0.38, 0.81) 0.003 0.42 (0.26, 0.70) <0.001

Q4 (=44.0 ng/ml) 99 (46.0) 0.61 (0.41, 0.89) 0.010 0.49 (0.29, 0.82) 0.007

Categories

Q1 (<27.6 ng/ml) 126 (58.6) Ref Ref

Q2–Q4 (≥27.6 ng/ml) 303 (47.1) 0.64 (0.47, 0.88) 0.005 0.53 (0.35, 0.80) 0.002

Male

Quartiles

Q1 (<27.6 ng/ml) 71 (65.1) Ref Ref

Q2 (27.6–34.9 ng/ml) 50 (50.0) 0.54 (0.31, 0.95) 0.034 0.40 (0.19, 0.87) 0.020

Q3 (34.9–44.0 ng/ml) 39 (41.9) 0.36 (0.20, 0.66) <0.001 0.27 (0.12, 0.62) 0.002

Q4 (≥44.0 ng/ml) 41 (41.0) 0.36 (0.20, 0.64) <0.001 0.29 (0.13, 0.66) 0.003

Categories

Q1 (<27.6 ng/ml) 71 (65.1) Ref Ref

Q2–Q4 (≥27.6 ng/ml) 130 (44.4) 0.42 (0.26,0.68) <0.001 0.32 (0.17,0.62) <0.001

Female

Quartiles

Q1 (<27.6 ng/ml) 55 (51.9) Ref Ref

Q2 (27.6–34.9 ng/ml) 60 (52.6) 1.04 (0.64, 1.72) 0.865 1.17 (0.56, 2.44) 0.669

Q3 (34.9–44.0 ng/ml) 55 (45.5) 0.77 (0.46, 1.28) 0.317 0.55 (0.27, 1.12) 0.102

Q4 (≥44.0 ng/ml) 58 (50.4) 0.95 (0.57, 1.60) 0.852 0.83 (0.38, 1.80) 0.643

Categories

Q1 (<27.6 ng/ml) 55 (51.9) Ref Ref

Q2–Q4 (≥27.6 ng/ml) 173 (49.4) 0.91 (0.60, 1.38) 0.673 0.79 (0.44, 1.41) 0.419

aConditioned on the matching factors of age, gender, and operation time. bConditioned on the matching factors of age, gender, and operation time and adjusted for BMI; SBP; fasting
plasma glucose concentration; smoking status; drinking status; diagnosis of hypertension, diabetes, and dyslipidemia; LDL-C concentration; plasma creatinine concentration; and use of
antihypertensive, hypoglycemic and lipid-lowering medications. VB5, vitamin B5; CHD, coronary heart disease; OR, odds ratio; CI, confidence interval; Ref, reference; BMI, body mass
index; SBP, systolic blood pressure; LDL-C, low-density lipoprotein cholesterol.

TABLE 3 Threshold effect analysis of vitamin B5 (per 10 ng/ml) on coronary heart disease (CHD) using piecewise logistic regression.

Threshold effect analysis B SE Exp (B) Z value OR (95% CI) P

Model comparison

Model I

One line model −0.12 0.05 0.89 −2.22 0.89 (0.80, 0.99) 0.026

Model II

VB5 turn point (K) 40.95 ng/ml

<K, effect 1 −0.34 0.11 0.71 −2.98 0.71 (0.57, 0.89) 0.003

>K, effect 2 0 0.07 1 −0.07 1.00 (0.87, 1.14) 0.945

Log likelihood ratio test P-value 0.026

Adjustment was performed for gender; age; BMI; SBP; fasting plasma glucose concentration; drinking status; diagnosis of hypertension, diabetes, and dyslipidemia; LDL-C concentration;
plasma creatinine concentration; and use of antihypertensive, hypoglycemic, and lipid-lowering medications. CHD, coronary heart disease; OR, odds ratio; CI, confidence interval; VB5,
vitamin B5; BMI, body mass index; SBP, systolic blood pressure; LDL-C, low-density lipoprotein cholesterol. A smoothing function and two-piecewise logistics regression model were
used to examine the threshold effect of the plasma VB5 concentration on CHD. The turning point was determined using trial and error, including selection of turning points along a
predefined interval and then choosing the turning point that gave the maximum model likelihood. A log likelihood ratio test was used to compare the two-piecewise model with the linear
logistic regression model.
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TABLE 4 Subgroup and interaction analyses for the association between vitamin B5 (quartiles 2–4 vs. 1) and coronary heart disease (CHD).

Subgroup B5 Q1 (<27.6 ng/ml) case (%) B5 Q2–4 (≥27.6 ng/ml) case (%) OR (95% CI) P P-interaction

Gender 0.067

Male 71 (65.1) 130 (44.4) 0.39 (0.23, 0.67) <0.001

Female 55 (51.9) 173 (49.4) 0.77 (0.47, 1.26) 0.302

Age, years 0.346

<60 55 (59.1) 76 (41.5) 0.45 (0.25, 0.80) 0.007

≥60 71 (58.2) 227 (49.3) 0.64 (0.40, 1.01) 0.054

BMI, Kg/m2 0.698

<24 38 (58.5) 86 (51.8) 0.69 (0.35, 1.34) 0.271

24–28 58 (59.2) 134 (46.9) 0.48 (0.28, 0.82) 0.007

≥28 27 (56.2) 80 (44.2) 0.59 (0.29, 1.22) 0.155

Crea, µ mol/l 0.238

<82 89 (57.4) 174 (43.7) 0.48 (0.31, 0.74) <0.001

≥82 37 (62.7) 128 (52.9) 0.78 (0.40, 1.53) 0.468

Smoking status 0.046

Never 50 (45.5) 177 (45.5) 0.82 (0.51, 1.31) 0.402

Ever 29 (74.4) 65 (54.6) 0.26 (0.10, 0.67) 0.006

Current 42 (70) 56 (45.5) 0.39 (0.19, 0.81) 0.011

Drinking status 0.402

Never 80 (54.1) 213 (48.2) 0.65 (0.42, 0.99) 0.046

Ever 14 (70) 26 (41.9) 0.30 (0.09, 1.02) 0.054

Current 26 (65) 53 (44.2) 0.44 (0.19, 1.01) 0.052

Hypertension 0.837

No 43 (53.1) 66 (37.3) 0.53(0.29, 0.97) 0.04

Yes 83 (61.9) 237 (50.9) 0.58(0.37, 0.91) 0.019

Diabetes 0.686

No 70 (49.3) 137 (38.6) 0.59 (0.38, 0.92) 0.02

Yes 56 (76.7) 166 (57.6) 0.51 (0.27, 0.96) 0.036

Dyslipidemia 0.807

No 25 (51) 52 (37.1) 0.52 (0.25, 1.09) 0.084

Yes 101 (60.8) 251 (49.9) 0.58 (0.38, 0.87) 0.009

Adjusted, if not stratified, for gender; age; BMI; SBP; fasting plasma glucose concentration; smoking status; drinking status; diagnosis of hypertension, diabetes, and dyslipidemia; LDL-
C concentration; plasma creatinine concentration; and use of antihypertensive, hypoglycemic, and lipid-lowering medications. OR, odds ratio; CI, confidence interval; CHD, coronary
heart disease; BMI, body mass index; SBP, systolic blood pressure; LDL-C, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; Crea, plasma creatinine; Q1, quartile 1;
Q2–4, quartile 2–4.

can directly bind LDL-C and is involved in the formation
of foam cells in the inflammatory process. Additionally, the
findings of Scheurig et al. (30) indicated that multivitamin
supplements, including vitamin B5, were associated with lower
CRP concentrations among female patients. He et al. (31)
stated that vitamin B5 might promote neutrophils to secrete
anti-inflammatory cytokines to reduce the recruitment or
activation of macrophages in early infection. In this way, vitamin
B5 might regulate the macrophages in the early process of
atherosclerosis.

In support of our findings, previous studies showed
that vitamin B5 is also associated with several risk factors
of CHD, such as dyslipidemia, hypertension, and obesity.
An association between vitamin B5 and the lipid-regulating
effect of pantethine has been supported by some experiments

(18, 19). A randomized controlled trial by Evans et al.
(15) also suggested that pantethine, synthesized from
vitamin B5 in the body, can lower the concentrations of
total cholesterol, LDL-C, very-low-density lipoprotein, and
triglycerides in patients with a low to moderate risk of
CVD. Although the mechanism underlying the ability of
pantethine to reduce blood lipids is unclear, dyslipidemia
plays a major role in the development of CVD (32). In the
present study, the diagnosis of CHD in all participants was
based on coronary angiography, which is more accurate
than other methods.

Vitamin B5 was also proven to be associated with
hypertension in some animal experiments (33–35). Koyanagi
et al. (26) reported that residents with lower serum vitamin B5
concentrations living in rice field areas were more likely to be
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diagnosed with hypertension than residents with higher serum
vitamin B5 concentrations living in upland villages in Japan, this
relationship was also confirmed by a survey launched in black
South African children (27).

There is also some evidence of a relationship between
vitamin B5 and obesity. According to a survey among male
adolescents (24), higher dietary vitamin B5 intake was
associated with a greater likelihood of obesity prevention
in male adolescents. Another study in Japan (25) focused
on the relationship between vitamin B5 and VFA, a
persuasive predictor of CVD. One of the conclusions was
that vitamin B5 was significantly inversely correlated with
VFA. These associations between vitamin B5 and CHD
risk factors may also help explain the association between
vitamin B5 and CHD.

The correlation between B vitamin supplementation and
its protective effect against CVD seems to be attributed to a
decreased serum homocysteine (Hcy) concentration (28), which
is harmful to the myocardium at a high level (36). However,
no previous studies have directly investigated the relationship
between vitamin B5 and Hcy or CHD. The mechanisms
underlying this correlation are not well-established. The above-
mentioned study was based on multivitamin supplements
which contained vitamin B5. Therefore, the effect of reducing
homocysteine may be the joint effect of multiple vitamins
supplementation. We further examined the relationship
between vitamin B5 and homocysteine, and the results showed
that the two were not related. More qualified researches
are needed to investigate the relationship of vitamin B5
and homocysteine.

We also observed a stronger correlation in smokers
than non-smokers (p for interaction = 0.046). Smoking
was related to the increasement of activation of neutrophil
and macrophages (37). And vitamin B5 could reduce the
recruitment or activation of macrophages (31), which
could be an explanation of the interaction of smoking
status and vitamin B5.

In order to make the characteristics between CHD cases
and controls more differentiated, we included patients with
severe coronary artery stenosis (>70% stenosis of the coronary
arteries on coronary angiography) as CHD cases. In this
way, we hoped to make the relationship between vitamin
B5 and coronary heart disease more apparent and easier to
discover. The clinical situations of these patients with elevated
myocardial enzymes were more complex. These patients may
have acute coronary syndrome, cardiomyopathy, or heart failure
and the vitamin status could be affected (38, 39). So, we
excluded these patients.

Our study findings have several strengths. Vitamin B5 was
previously hardly considered to be associated with CHD and our
study implied the potential correlations. This could provide us a
new point of view to understand the mechanism of CHD. Our
study was well-designed by including a relatively large number

of patients with comprehensive clinical data, which made the
results more credible.

A few limitations of this study require mentioning. First, this
is a case–control study, and we can’t get a causal relationship
between vitamin B5 and CHD. Hence, further epidemiological
studies and subsequent clinical trials should be conducted
to examine the role of vitamin B5 in the development of
CHD. Second, selection bias inevitably exists, although we used
strict statistical matching of age, gender, and the date of the
coronary angiography examination to minimize confounders
and maximize comparability. Third, methodological biases exist.
We could not include all the confounders in the regression
models. But we looked through all the variables that we could
get from the electrical medical records and include variables
that could have an effect on vitamin B5 or CHD. Fourth,
our study is limited by the lack of long-term observation
of the plasma vitamin B5 concentration. Vitamin B5 was
measured only once, and potential fluctuation was not taken
into account. Fifth, we did not check the vitamin B5 intake in
everyday diet, and this might cause the bias. Finally, the study
was carried out in a hospital setting containing only Chinese
men and women, the generalizability of the study should be
assessed when it applies to other populations with different
characteristics in future work.

Our findings, if further confirmed by future studies, offers a
new venue for preventing or treating CHD, given that vitamin
B5 supplementation is simple, safe, and inexpensive. According
to NIH website (40), people can obtain pantothenic acid by
eating a variety of foods, including beef, poultry, seafood,
organ meats, eggs and milk, vegetables such as mushrooms
(especially shiitakes), avocados, potatoes, and broccoli, whole
grains, such as whole wheat, brown rice and oats, peanuts,
sunflower seeds, and chickpeas. If the “L” shaped association is
true, it also implies that finding a dose that is appropriate for a
patient is needed.

Conclusion

In summary, this hospital-based case-control study showed
a significant L-shaped relationship of the plasma vitamin
B5 concentration with CHD, with a threshold around
40.95 ng/ml. The smoking status significantly modified
this association, which was stronger in ever or currently
smoking participants. Our findings provided a new idea
for preventing or treating CHD and further studies are
needed to confirm.
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Objective: Although an invasive strategy has been recommended within 24 h

for patients with non-ST-segment elevation myocardial infarction (NSTEMI),

the optimal timing of the invasive strategy remains controversial. We sought to

investigate the association between the different timings of invasive strategies

and clinical outcomes in patients with NSTEMI.

Materials and methods: Patients admitted with NSTEMI from the Evaluation

and Management of Patients with Acute ChesT pain in China (EMPACT)

registry between January 2016 and September 2017 were included. The

primary outcomes were major adverse cardiac events (MACEs) within 30 days.

Multivariable logistic regression was performed to assess independent risk

factors for MACEs.

Results: A total of 969 patients with NSTEMI from the EMPACT Registry were

eligible for this study. Coronary angiography (CAG) was performed in 501

patients [<24 h, n = 150 (15.5%); ≥ 24 h, n = 351 (36.2%)]. The rate of MACEs

at 30 days in all patients was 9.2%, including 54 (5.6%) deaths. Patients who

underwent CAG had a lower rate of MACEs and mortality than those who

did not receive CAG (MACEs: 5.6% vs. 13.0%, P < 0.001; mortality: 1.6% vs.

9.8%, P < 0.001). Nonetheless, no statistically significant difference was found

in the rates of MACEs and mortality between the early (< 24 h) and delayed
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(≥ 24 h) CAG groups. Older age (OR: 1.036, 95% CI: 1.007, 1.065, P = 0.014),

and acute heart failure (OR: 2.431, 95% CI: 1.244, 4.749, P = 0.009) increased

the risk of MACEs and protective factors were underwent CAG (OR: 0.427,

95% CI: 0.219, 0.832, P = 0.012) or PCI (OR: 0.376, 95% CI: 0.163, 0.868,

P = 0.022). In the multilevel logistic regression, older age (OR: 0.944, 95% CI:

0.932, 0.957, P < 0.001), cardiogenic shock (OR: 0.233, 95% CI: 0.079, 0.629,

P = 0.009), pulmonary moist rales (OR: 0.368, 95% CI: 0.197, 0.686, P = 0.002),

and prior chronic kidney disease (OR: 0.070, 95% CI: 0.018, 0.273, P < 0.001)

was negatively associated with CAG.

Conclusion: This real-world cohort study of NSTEMI patients confirmed

that the early invasive strategy did not reduce the incidence of MACEs and

mortality within 30 days compared with the delayed invasive strategy in

NSTEMI patients.

KEYWORDS

non-ST-segment-elevation myocardial infarction, coronary angiography,
percutaneous coronary intervention, major adverse cardiac events, mortality

Introduction

Acute myocardial infarction (AMI) has a significant
worldwide health impact and is a leading cause of mortality
and disability (1–3). Based on electrocardiogram (ECG)
characteristics, AMI can be classified into ST-segment elevation
myocardial infarction (STEMI) and non-ST-segment elevation
myocardial infarction (NSTEMI). The risk of recurrent
cardiovascular events is higher in both STEMI and NSTEMI
patients, but NSTEMI patients have higher long-term mortality
and greater cardiovascular risk than STEMI patients (4, 5).
Furthermore, the proportion of patients with NSTEMI has
increased since the 1990s and NSTEMI has become the leading
cause of emergency admissions for AMI patients in Europe,
the USA, and China (6–10). NSTEMI patients are older and
more often female than STEMI patients (11). In addition,
the clinical manifestations of NSTEMI patients are diverse,
ranging from asymptomatic patients to those with persistent
myocardial ischemia, heart failure (HF), cardiogenic shock, and
even cardiac arrest. Therefore, the management of NSTEMI is
complicated. Recently, an early invasive strategy (within the first
24 h after hospital admission) was recommended for NSTEMI
patients, but the optimal timing of the invasive strategy remains
to be further explored (12).

Few studies have focused on the optimal timing of invasive
strategies for the Chinese NSTEMI population. In the present
study, we sought to investigate the association between the
different timings of invasive strategies and clinical outcomes
in NSTEMI patients using data from the Evaluation and
Management of Patients with Acute ChesT pain in China
(EMPACT) registry (13).

Materials and methods

Study population

The methods of the EMPACT registry (NCT02536677)
have been previously described (13). In short, EMPACT
was a multicenter prospective registry collecting the clinical
characteristics and outcomes of emergency department (ED)
patients experiencing acute chest pain and acute coronary
syndrome (ACS)-related symptoms from 22 representative
public hospitals in Shandong Province, China. Consecutive
NSTEMI cases enrolled in the EMPACT registry from January
1, 2016, to September 30, 2017, were eligible for this study.
The diagnosis of NSTEMI has been covered in extensive detail,
including European and US clinical practice guidelines (12, 14).
In short, cardiac troponin elevation with ischemic symptoms or
ECG changes but without new persistent ST-segment elevation
are defined as NSTEMI. Elevated troponin is defined as
a measurement exceeding the 99th percentile of the upper
reference limit. Eventually, 969 patients with NSTEMI were
eligible for this study. The Ethics Committee of Qilu Hospital
of Shandong University approved the study (No.2015-058), and
all patients provided written informed consent.

Timing of angiography and
percutaneous coronary intervention

For the present analysis, patients were categorized into 3
groups according to the time of their first coronary angiography
(CAG) after admission: no, early (<24 h), or delayed (≥24 h)
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CAG. Patients undergoing percutaneous coronary intervention
(PCI) were categorized into 2 groups according to the time of
their first PCI after admission: the early PCI group (<24 h), and
the delayed PCI group (≥24 h).

Follow-up and definitions of outcomes

Follow-up began at discharge and lasted 30 days for
outcome confirmation. The primary outcomes were major
adverse cardiac events (MACEs) within 30 days, which is
a composite of death from all causes, non-fatal myocardial
infarction (MI), urgent revascularization, stroke, cardiac arrest,
and cardiogenic shock.

Statistical analysis

Categorical variables were expressed as numbers
(percentages) and compared by the chi-square test or Fisher’s
exact test as appropriate. Continuous variables were described
as medians (interquartile ranges) and compared by the
Mann-Whitney U-test.

To evaluate the relationship between the different timings of
invasive strategies and the incidence of MACEs, we constructed
univariable and multivariate logistic regression modes. Any
variables having P < 0.1 in the univariate analyses were included
in the multivariate regression analysis. Thus, multivariable
models included the following variables: undergoing CAG,
undergoing PCI, undergoing delayed CAG, undergoing delayed
PCI, older age, body mass index (BMI), acute heart failure (HF),
systolic blood pressure, cardiogenic shock, diabetes, prior HF,
prior stroke, and pulmonary moist rales. Secondary analyses
examined the associations between the different timings of
invasive strategies and MACEs within prespecified subgroups.
Subgroups were selected to focus on the types of patients
expected to benefit (or harm) from the early invasive strategy,
including age (< 75 years or ≥ 75 years), sex, and the presence
of heart failure.

Factors associated with CAG occurrence were assessed
by a multiple logistic regression initially including all the
variables having P < 0.1 in the univariate analyses and then
we applied a stepwise backward selection of the variables which
remained significant (P < 0.05). The following variables were
included in the multivariate model: older age, cardiogenic shock,
pulmonary moist rales, and prior CKD. Sensitivity analyses
were performed to test the stability of results by removing
patients with cardiogenic shock, and patients with cardiogenic
shock and prior CKD.

Statistical analyses were performed using SAS software,
version 9.4 (SAS Institute, Cary, NC, US). Two-sided P-values
< 0.05 were considered statistically significant.

FIGURE 1

Flow diagram of patient selection. AMI, acute myocardial
infarction; STEMI, ST-segment elevation myocardial infarction;
UA, unstable angina; NSTEMI, non-ST segment elevation
myocardial infarction; CAG, coronary angiography.

Results

Baseline characteristics

A total of 969 NSTEMI patients were eligible from the
EMPACT registry according to inclusion and exclusion criteria
(Figure 1). 150 NSTEMI patients (15.5%) underwent early
CAG and 351 NSTEMI patients (36.2%) received delayed
CAG (Supplementary Table 1). 332 NSTEMI patients (34.3%)
underwent PCI. Among them, 103 underwent early PCI and
229 underwent delayed PCI (Supplementary Table 2). Table 1
shows the clinical characteristics of NSTEMI patients. 355
(36.6%) patients were females. The mean age was 67 years
old, and 28% of patients were current smokers. Comorbidities
of diabetes, hypertension, and hyperlipidemia accounted for
25.5, 60.1, and 9.5% of all patients, respectively. On admission,
the mean blood pressure was 146/86 mm Hg and the mean
heart rate was 79 beats/min. Of all patients, 12.7% experienced
acute HF, and 2.3% experienced cardiogenic shock. Patients who
did not undergo CAG were more likely to be female (42.5%
vs. 31.1%, P < 0.001) and older (71.5 years old vs. 64 years
old, P < 0.001).

Emergency medication

Aspirin, adenosine diphosphate (ADP) receptor antagonists,
and Low molecular weight heparins were given in 49.7, 41.5, and
27.2% of all NSTEMI patients, respectively. NSTEMI patients
who did not receive CAG were less likely to receive aspirin
(46.8% vs. 52.5%, P = 0.076), ADP receptor antagonist (35.9%
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TABLE 1 Baseline clinical characteristics for NSTEMI patients.

All
(n = 969)

NO CAG
(n = 468)

CAG
(n = 501)

P-value

Demographic

Female sex, n (%) 355 (36.6) 199 (42.5) 156 (31.1) <0.001

Age, mean (SD), y 67 (60, 76) 71.5 (63, 80) 64 (55, 71) <0.001

BMI (SD), kg/m2 24.7 (22.9, 26.9) 24.3 (22.5, 26.3) 25.1 (23.2, 27.3) <0.001

Current smoker 271 (28.0) 105 (22.4) 166 (33.1) <0.001

Medical history, n (%)

premature CHD family history 105 (10.8) 38 (8.1) 67 (13.4) 0.009

Prior MI 203 (20.9) 122 (26.1) 81 (16.2) <0.001

Prior PCI 116 (12.0) 51 (10.9) 65 (13.0) 0.320

Prior CABG 32 (3.3) 22 (4.7) 10 (2.0) 0.019

Diabetes 247 (25.5) 135 (28.8) 112 (22.4) 0.021

Hypertension 582 (60.1) 278 (59.4) 304 (60.7) 0.685

Hyperlipidemia 92 (9.5) 41 (8.8) 51 (10.2) 0.451

Prior HF 35 (3.6) 27 (5.8) 8 (1.6) 0.001

Prior CKD 24 (2.5) 21 (4.5) 3 (0.6) <0.001

Chronic lung disease 43 (4.4) 31 (6.6) 12 (2.4) 0.001

Peripheral arterial disease 5 (0.5) 5 (1.1) 0 (0) 0.026

Prior stroke 125 (12.9) 79 (16.9) 46 (9.2) <0.001

On presentation

Systolic blood pressure (mm Hg), mean (SD) 146 (126, 165) 143 (125, 163.5) 148 (127, 166) 0.063

Diastolic blood pressure (mm Hg), mean (SD) 86 (74, 98.5) 82 (71, 95.5) 88 (76, 100) <0.001

Heart rate (beats/min), mean (SD) 79 (68, 93) 81 (70, 96) 77 (66, 89) <0.001

Cardiogenic shock, n (%) 22 (2.3) 17 (3.6) 5 (1.0) 0.006

HF, n (%) 123 (12.7) 69 (14.7) 54 (10.8) 0.064

Abnormal heart auscultation, n (%) 101 (10.4) 62 (13.2) 39 (7.8) 0.005

Pulmonary moist rales, n (%) 71 (7.3) 56 (12.0) 15 (3.0) <0.001

Lower extremity edema, n (%) 47 (4.9) 32 (6.8) 15 (3.0) 0.005

Biochemical indices were positive, n (%)

D-dimer 125 (33.4) 85 (49.7) 40 (19.7) <0.001

BNP 112 (45.0) 59 (49.6) 53 (40.8) 0.163

NSTEMI, non-ST segment elevation myocardial infarction; CAG, coronary angiography; BMI, body mass index; CHD, coronary heart disease; MI, myocardial infarction; PCI,
percutaneous coronary intervention; CABG, coronary artery bypass grafting; HF, heart failure; CKD, chronic kidney disease; BNP, brain sodium peptide.

vs. 46.7%, P = 0.001), and low molecular weight heparin (22.9%
vs. 31.3%, P = 0.003) than NSTEMI patients who received CAG.
NSTEMI patients who underwent CAG were more likely to
receive statins (34.1% vs. 23.9%, P< 0.001), nitrate esters (51.1%
vs. 48.7%, P = 0.459), and Chinese patent drugs (38.5% vs. 31.8%,
P = 0.030) than NSTEMI patients who did not undergo CAG
(Table 2).

Thirty-days outcomes

The rate of MACEs in all patients was 9.2%, including 54
(5.6%) deaths (Table 3). Patients who underwent CAG had a
lower rate of MACEs and mortality than those who did not
receive CAG (MACEs: 5.6% vs. 13%, P < 0.001; mortality:
1.6% vs. 9.8%, P < 0.001). However, there was no statistically

significant difference in the rates of MACEs and mortality
between the early and delayed CAG groups (MACEs: 6.7% vs.
5.1%, P = 0.492; mortality: 2.0% vs. 1.4%, P = 0.701). Moreover,
when 30-day outcomes were compared among patients who
received PCI at different times, there were no statistically
significant differences either (Supplementary Table 3). There
were also no statistically significant differences in the rates of
MACEs of NSTEMI patients undergoing early CAG vs. delayed
CAG when subgroup analysis was performed according to age,
sex, or the presence of HF (Supplementary Table 4).

Bleeding and procedural complications

Bleeding complications were shown in Supplementary
Table 5. There was no statistically significant difference in
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TABLE 2 Emergency medication for NSTEMI patients in the EDs.

ALL
(n = 969)

NO CAG
(n = 468)

CAG P-value
(yes vs. no)

Total
(n = 501)

Early CAG
(n = 150)

Delayed CAG
(n = 351)

P-value
(Early vs.
delayed)

Aspirin, n % 482 (49.7) 219 (46.8) 263 (52.5) 77 (51.3) 186 (53.0) 0.734 0.076

ADP receptor Antagonists, n % 402 (41.5) 168 (35.9) 234 (46.7) 72 (48) 162 (46.2) 0.704 0.001

Statins, n % 283 (29.2) 112 (23.9) 171 (34.1) 46 (30.7) 125 (35.6) 0.285 <0.001

Nitrate esters, n % 484 (49.9) 228 (48.7) 256 (51.1) 69 (46.0) 187 (53.3) 0.136 0.459

LMWH, n % 264 (27.2) 107 (22.9) 157 (31.3) 19 (12.7) 138 (39.3) <0.001 0.003

Chinese patent drug, n % 342 (35.3) 149 (31.8) 193 (38.5) 34 (22.7) 159 (45.3) <0.001 0.030

NSTEMI, non-ST segment elevation myocardial infarction; EDs, emergency departments; CAG, coronary angiography; ADP, adenosine diphosphate; LMWH,
low molecular weight heparin.

TABLE 3 30 days outcomes of patients with NSTEMI undergoing CAG.

ALL
(n = 969)

NO CAG
(n = 468)

CAG P-value
(yes vs. no)

Total
(n = 501)

Early CAG
(n = 150)

Delayed
CAG

(n = 351)

P-value
(Early vs.
delayed)

All, n % 89 (9.2) 61 (13.0) 28 (5.6) 10 (6.7) 18 (5.1) 0.492 <0.001

Death, n % 54 (5.6) 46 (9.8) 8 (1.6) 3 (2) 5 (1.4) 0.701 <0.001

Myocardial infarction, n % 9 (0.9) 3 (0.6) 6 (1.2) 1 (0.7) 5 (1.4) 0.674 0.508

Emergency revascularization, n % 2 (0.2) 0 (0) 2 (0.4) 1 (0.7) 1 (0.3) 0.510 0.500

Cardiogenic shock, n % 33 (3.4) 21 (4.5) 12 (2.4) 5 (3.3) 7 (2.0) 0.356 0.073

Cardiac arrest/ventricular Fibrillation, n % 36 (3.7) 28 (6) 8 (1.6) 5 (3.3) 3 (0.9) 0.056 <0.001

Stroke, n % 10 (1.0) 4 (0.9) 6 (1.2) 2 (1.3) 4 (1.1) 1.000 0.754

NSTEMI, Non-ST segment elevation myocardial infarction; CAG, coronary angiography.

the rates of bleeding complications between the early and
delayed CAG groups (11.3% vs. 6.8%, P = 0.109). Moreover,
no statistically significant difference was found in the rates of
procedural complications between the early and delayed PCI
groups (14.6% vs. 10.5%, P = 0.357) (Supplementary Table 6).

Independent predictors of the rate of
major adverse cardiac events in
patients with non-ST-segment
elevation myocardial infarction

Table 4 and Figure 2 show the logistic regression model
with the odds ratio (OR) and 95% confidence interval (CI) of
the predictors of the rate of MACEs. Older age (OR: 1.036,
95% CI: 1.007, 1.065, P = 0.014) and acute HF (OR: 2.431, 95%
CI: 1.244, 4.749, P = 0.009) increased the risk of MACEs and
protective factors were associated with CAG (OR: 0.427, 95% CI:
0.219, 0.832, P = 0.012) or PCI (OR: 0.376, 95% CI: 0.163, 0.868,
P = 0.022). The timing of undergoing CAG (OR: 0.923, 95% CI:
0.271, 3.149, P = 0.899) or PCI (OR: 0.817, 95% CI: 0.138, 4.833,

P = 0.823), BMI (OR: 0.938, 95% CI: 0.859, 1.025, P = 0.159),
cardiogenic shock (OR: 2.273, 95% CI: 0.605, 8.535, P = 0.224),
diabetes (OR: 1.610, 95% CI: 0.890, 2.916, P = 0.116), prior
HF (OR: 1.036, 95% CI: 0.348, 3.086, P = 0.949), prior stroke
(OR: 1.389, 95% CI: 0.707, 2.731, P = 0.304), and pulmonary
moist rales (OR: 1.460, 95% CI: 0.670, 3.181, P = 0.341) are not
independent influences on the rate of MACEs.

Independent predictors of undergoing
coronary angiography in patients with
non-ST-segment elevation myocardial
infarction

Table 5 and Figure 3 show the logistic regression model with
OR (95% CI) of the predictors of undergoing CAG. Older age
(OR: 0.944, 95% CI: 0.932, 0.957, P < 0.001), cardiogenic shock
(OR: 0.233, 95% CI: 0.079, 0.629, P = 0.009), pulmonary moist
rales (OR: 0.368, 95% CI: 0.197, 0.686, P = 0.002), and prior CKD
(OR: 0.070, 95% CI: 0.018, 0.273, P < 0.001) were negatively
associated with CAG. The OR value of the variables in the three
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TABLE 4 Univariate analysis of the rate of MACEs of NSTEMI patients.

Variables OR 95% CI P-value

CAG 0.246 0.134, 0.452 <0.001

Age 1.062 1.035, 1.088 <0.001

Sex 1.518 0.908, 2.536 0.112

Current smoker 0.588 0.308, 1.120 0.106

BMI 0.898 0.827, 0.976 0.012

Heart rate 1.001 0.990, 1.012 0.823

Systolic blood pressure 0.985 0.976, 0.993 <0.001

Diastolic blood pressure 0.976 0.963, 0.990 0.001

Cardiogenic shock 7.425 2.910, 18.95 <0.001

Abnormal heart auscultation 1.272 0.588, 2.752 0.542

Acute HF 3.626 2.053, 6.404 <0.001

Pulmonary moist rales 3.378 1.708, 6.681 <0.001

Lower extremity edema 0.980 0.296, 3.247 0.973

Prior CABG 1.512 0.448, 5.107 0.506

Prior CKD 2.108 0.611, 7.265 0.238

Chronic lung disease 0.332 0.045, 2.451 0.280

Diabetes 1.885 1.109, 3.204 0.019

Prior HF 2.517 0.942, 6.730 0.066

premature CHD family history 0.695 0.272, 1.773 0.446

Prior MI 1.559 0.882, 2.757 0.127

Prior stroke 2.490 1.364, 4.544 0.003

NSTEMI, non-ST segment elevation myocardial infarction; MACEs, major adverse
cardiac events; OR, odds ratio; CI, confidence interval; CAG, coronary angiography;
BMI, body mass index; HF, heart failure; CABG, coronary artery bypass grafting; CKD,
chronic kidney disease; MI, myocardial infarction.

models did not change significantly, confirming the stability of
the logistic regression model.

Discussion

Based on the EMPACT registry, the present study revealed
that undergoing CAG or PCI was beneficial in improving the
short-term prognosis (30 days) of patients with NSTEMI, while
the timing of undergoing CAG or PCI was not associated with
the rate of MACEs.

Several randomized, controlled trials (RCTs) have addressed
the optimal timing of invasive strategies for NSTEMI patients.
Both TIMACS (Timing of Intervention in Acute Coronary
Syndromes) and VERDICT (Very Early vs. Deferred Invasive
Evaluation Using Computerized Tomography) trials confirmed
that an early invasive strategy improved clinical outcomes in
non-ST-segment elevation acute coronary syndrome (NSTE-
ACS) patients with a GRACE score > 140 (15, 16). Based
on the above evidence, the European society of cardiology
(ESC) guideline recommends invasive treatment within 24 h for
NSTEMI patients (12). The present study did not specifically
focus on the GRACE risk score of NSTEMI patients, but
it assessed the association between the timing of invasive
strategies and clinical outcomes in unselected NSTEMI cohorts.
The results showed that an early invasive strategy did not

FIGURE 2

Forest plot of odds ratio for the rate of MACEs of NSTEMI
patients. (A) Represents the independent effects of undergoing
CAG on the incidence of MACEs; (B) represents the independent
effects of undergoing PCI on the incidence of MACEs. NSTEMI,
non-ST segment elevation myocardial infarction; MACEs, major
adverse cardiac events; OR, odds ratio; CI, conference interval;
CAG, coronary angiography; HF, heart failure; BMI, body mass
index; PCI, percutaneous coronary intervention.

reduce the incidence of MACEs or mortality within 30 days
compared with delayed invasive strategies. A meta-analysis
including 10 trials from 2003 to 2016 has compared early
(0.5–14 h) and delayed (18.3–86 h) strategies in 6,397 NSTEMI
patients with moderate or high risk (17). Similarly, there was
no difference in terms of mortality (4.0% vs. 4.7%; OR: 0.85;
95% CI: 0.67–1.09; P = 0.20) or MI (6.7% vs. 7.7%; OR: 0.88;
95% CI: 0.53–1.45; P = 0.62) (17). However, another meta-
analysis including 14 RCTs (9,637 patients) showed that the
early invasive strategy was associated with a lower incidence of
MACEs than the delayed invasive strategy (RR: 0.65; 95% CI:
0.49, 0.87; P = 0.003) (18). Contradictory results were obtained
from our and previous studies. The timing of intervention,
outcome indicators, and follow-up time varied between studies.
The diagnosis and prognosis of NSTEMI have been improved
considerably in recent years with the introduction of high-
sensitivity troponin, the use of second-generation drug-eluting
stents, and advancements in P2Y12 inhibitors (19–21). The
results of some trials were based on previous generation stents
and antithrombotic therapy, rendering comparisons between
studies difficult. Therefore, it is necessary to further explore
the optimal timing of invasive treatment for patients with
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TABLE 5 Univariate analysis of whether NSTEMI
patients undergo CAG.

Variables OR 95% CI P-value

Age 0.944 0.933, 0.956 <0.001

Sex 0.611 0.470, 0.795 <0.001

Current smoker 1.713 1.287, 2.280 <0.001

BMI 1.078 1.036, 1.123 <0.001

Heart rate 0.987 0.982, 0.993 <0.001

Systolic blood pressure 1.004 0.999, 1.008 0.099

Diastolic blood pressure 1.012 1.005, 1.020 0.001

Cardiogenic shock 0.267 0.098, 0.731 0.010

Abnormal heart auscultation 0.553 0.362, 0.843 0.006

Acute HF 0.699 0.477, 1.022 0.065

Pulmonary moist rales 0.227 0.127, 0.407 <0.001

Lower extremity edema 0.421 0.225, 0.787 0.007

Prior CABG 0.413 0.193, 0.882 0.022

Prior CKD 0.128 0.038, 0.433 0.001

Chronic lung disease 0.346 0.176, 0.682 0.002

Diabetes 0.710 0.531, 0.949 0.021

Prior HF 0.265 0.119, 0.589 0.001

premature CHD family history 1.747 1.148, 2.658 0.009

Prior MI 0.547 0.399, 0.749 <0.001

Prior stroke 0.498 0.338, 0.734 <0.001

NSTEMI, non-ST segment elevation myocardial infarction; CAG, coronary angiography;
OR, odds ratio; CI, confidence interval; BMI, body mass index; HF, heart failure; CABG,
coronary artery bypass grafting; CKD, chronic kidney disease; MI, myocardial infarction.

NSTEMI by designing more refined randomized controlled
trials in the future.

The OPERA registry reported that HF and age were
predictors of 1-year mortality in NSTEMI patients (22).

Similarly, the present study showed that older age and acute HF
increased the risk of 30-day MACEs. Park et al. reported that
diabetes, major bleeding, multivessel disease, post-TIMI flow,
Killip class, and left ventricular dysfunction were independently
associated with the risk of cardiac mortality (within 30 days) in
NSTEMI patients (23). In our study, however, diabetes was not
an independent influence on the incidence of MACEs. We did
not assess multivessel disease, post-PCI TIMI flow, Killip class,
and left ventricular dysfunction in our analysis because related
information was not available in the registry. These variables
may have an impact on clinical outcomes. Thus, well-designed
investigations with other variables should be conducted to
corroborate the findings of this study.

In this study, only 51.7% of NSTEMI patients underwent
CAG, which is lower than that in France (95.0%), Germany
(60.2%), and the US (58.0%) (11, 24, 25). This rate was even
lower than the rate of revascularization (58.2%) reported in
the Improving CCC Project in Chinese NSTE-ACS patients
(26). Previous studies have indicated that the invasive treatment
of NSTEMI patients is far from standardized in China (26,
27). Therefore, it is necessary to explore the causes to provide
opportunities for improvement. Further analysis demonstrated
that older age, cardiogenic shock, pulmonary moist rales, and
prior CKD were associated with CAG. The treatment strategy
for older patients with NSTEMI can be challenging for clinicians
since they are more likely to have atypical symptoms than
younger patients (28). A meta-analysis including 3 RCTs with
5-year outcomes showed that patients older than 75 years old
benefited from the invasive strategy, while data for patients
older than 80 years old were not available (29). Another RCT
determined that the invasive strategy was superior to the

FIGURE 3

Forest plot of odds ratio for risk factors of undergoing CAG. Model 1, all patients; Model 2, remove patients with cardiogenic shock; and Model
3, remove patients with cardiogenic shock and CKD; NSTEMI, non-ST segment elevation myocardial infarction; CAG, coronary angiography;
OR, odds ratio; CI, conference interval; CKD, chronic kidney disease.
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conservative strategy in reducing combined events in NSTEMI
patients older than 80 years old. Moreover, there was no
difference between the two strategies in terms of bleeding
complications (30). Thus, early invasive treatment represents a
safe strategy for the majority of elderly NSTEMI patients.

Current guidelines recommend that NSTEMI patients with
CKD undergo appropriate invasive treatment, except for those
with advanced CKD (12, 14). However, a smaller proportion of
CKD patients underwent invasive treatment, due to previous
studies that have shown that NSTEMI patients with CKD or
a low glomerular filtration rate were at high risk for surgical
complications such as bleeding events, acute kidney injury, and
death (31, 32). A study including 12,821 (mean age 86 years
old) NSTEMI patients demonstrated that patients undergoing
PCI had a significantly lower risk of death than those treated
conservatively during the follow-up period (3.2 years), and this
finding held in all stages of CKD (33). Therefore, CKD should
not be a reason to avoid revascularization for NSTEMI patients.

NSTEMI patients with HF are less likely to receive
CAG or PCI than non-HF patients and they have a higher
risk of death at 30 days (34). Steg et al. demonstrated a
reduction in post-discharge mortality in NSTEMI patients with
HF who received invasive therapy, indicating the possibility
of widespread use of invasive treatment in this high-risk
population (35). Cardiogenic shock is a life-threatening
complication in NSTEMI patients (36). In this study, 2.3% of
the patients presented with cardiogenic shock. Regardless of
the ECG presentation, guidelines recommend early invasive
treatment in hemodynamically unstable patients (12, 14).
A report from the SHOCK trial showed that approximately two-
thirds of NSTEMI patients with cardiogenic shock had triple-
vessel lesions (37). Omer et al. explored the clinical outcomes of
multivessel vs. culprit vessel-only PCI in NSTEMI patients with
multivessel disease and cardiogenic shock (38). The findings
indicated that multivessel PCI reduced all-cause in-hospital
mortality while leading to more procedural complications
(38). The risks associated with perioperative complications
could outweigh the benefits of the invasive treatment under
some conditions. Therefore, clinicians must consider the
patient’s comorbidities, life expectancy, and bleeding risk and
consequently recognize those patients who might not benefit
from the early invasive treatment.

Limitations

Several limitations of the present study are as follows. First,
as a retrospective study, it only revealed important correlations
and could not prove causality. Second, the present study only
provided real-world data for the outcomes of NSTEMI patients
who underwent invasive treatment at different times. Further
studies integrating propensity matching or risk adjustment and
randomized prospective controlled studies are necessary to
assess whether the prognosis of NSTEMI patients is better with

an early invasive strategy than with a delayed invasive strategy.
Third, although we performed multivariate logistic regression
analysis to overcome the limitations of this retrospective study,
the results were still affected by unobserved confounding factors,
such as variables that were not included in the registry.

Conclusion

This real-world cohort study of NSTEMI patients supported
that an early invasive strategy did not reduce the incidence of
MACEs or mortality within 30 days compared with the delayed
invasive strategy in NSTEMI patients.
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Background: Old age and the presence of aortic stenosis are associated with

the unfolding of the intrathoracic aorta. This may result in increased di�culties

navigating catheters from the right compared to the left radial approach.

Objective: To investigate whether increasing age or presence of severe aortic

stenosis was associated with increased catheterization success rates from left

(LRA) compared to right radial artery approach (RRA).

Methods: We compared coronary angiography success rates of RRA and LRA

according to di�erent age groups and in a subgroup of patients with severe

aortic stenosis.

Results: A total of 21,259 coronary angiographies were evaluated. With

increasing age, the first pass success rate from either radial access decreased

significantly (p < 0.001). In patients aged <85 years, there was no di�erence

between LRA and RRA. However, in patients aged ≥85 years, LRA was

associated with significantly higher success rates compared to RRA (90.1 vs.

82.8%, p= 0.003). Patients aged≥85 years received less contrast agent and had

shorter fluoroscopy time when LRA was used [86.6 ± 41.1 vs. 99.6 ± 48.7ml

(p < 0.001) and 4.5 ± 4.1min vs. 6.2 ± 5.7min (p < 0.001), mean (±SD)]. In

patients with severe aortic stenosis (n = 589) better first pass success rates

were observed via LRA compared to the RRA route (91.9 vs. 85.1%, p = 0.037).

Conclusion: LRA, compared to RRA, is associated with a higher first-pass

catheter success rate for coronary artery angiography in patients aged ≥85

years and those with severe aortic stenosis.

KEYWORDS

coronary angiography (CAG), radial access, aortic unfolding, elderly patients, aortic

stenosis (AS)
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Introduction

Coronary angiography and percutaneous coronary

intervention (PCI) play a major role in the diagnosis and

treatment of coronary artery disease (CAD) (1–3). Since the first

transradial procedure in 1989 (4), radial artery replaced femoral

approach as the first access site choice for most coronary

procedures. The shift toward radial access was possible due

to evolution of smaller size equipment and its popularity was

driven by its lower bleeding risk compared to femoral access (4).

In current clinical practice, radial access is performed

primarily from the right radial artery. The reason is an

ergonomic catheterization table setup for right-handed

operators. An exception to this practice is coronary angiography

in patients with previous coronary artery bypass grafting

(CABG) with a left internal mammary artery graft where

right-radial approach is associated with low success rates (5).

While some authors report shorter fluoroscopy time for LRA

when compared to RRA (6, 7), others suggest no significant

differences between left and right radial access in terms of

success rates, amount of contrast used, or complications (8, 9).

Small, randomized trials reported less radiation exposure to the

operator with LRA compared to RRA (6, 10).

We hypothesize that specifically in elderly patients an initial

LRA, compared to the RRA approach might result in higher

success rates.

There are a few anatomical differences between LRA and

RRA access routes, which are hypothesized to be a consequence

of age-related changes in aortic arch geometry (11). Aortic

unfolding is a condition described as the elongation and
increased curvature of the aortic arch (Figure 1) (8). It is
associated with increasing age, proximal aortic stiffness (11),

body surface area, hypertension, and increased coronary artery
calcification (9). Furthermore, right subclavian tortuosity was

more frequently observed compared to the left side (12, 13).
These age-related aortic arch changes could lead to a lower

success rate when performing diagnostic angiography fromRRA

and one could assume that it may be easier to overcome aortic

unfolding due to better anatomical angulation via the LRA route

(Figure 1).

To determine whether there is any age-related difference

in LRA compared to the RRA approach, we evaluated

the success rates of both routes in different age groups

and a population with severe aortic stenosis. Our primary

hypothesis stated that in the elderly population LRA,

compared to RRA will be associated with a higher success

rate to engage coronary arteries. Our second hypothesis

was that a higher success rate will also be achieved via

the LRA approach in a population with severe aortic

stenosis. If the primary hypotheses were proven correct,

we planned further analysis, whether a primary LRA use

could be associated with less fluoroscopy time and saving of

contrast volume.

Materials and methods

This retrospective observational study was approved by the

Karl-Landsteiner Scientific Integrity and Ethics Commission

(ethics commission number 1056/2021). The reporting of

this study is in accordance with the STrengthening the

Reporting of OBservational studies in Epidemiology (STROBE)

recommendations (14).

All consecutive patients who underwent cardiac

catheterization via primary radial access between January

2014 and November 2021 were identified from the local

database at the Sankt Pölten University Hospital, Austria. Data

extraction was done by MaWi and MU independently on two

different occasions yielding the same results and a data quality

check was independently performed by KS and MaWi.

To compare LRA vs. RRA success rates, we stratified the

whole population into subgroups according to their age and

compared if there was a difference between the right and left

radial approaches in terms of success. A first-pass success was

defined as a successful coronary angiography without the need

to switch to an alternative access route. The stratification into

age groups was set by decades in the younger patients, and in

half decades in patients above the age of 70 years, where we

hypothesized the impact of aortic elongation on the success rates

via RRA.

A second analysis compared LRA and RRA first-pass success

rates in a population of patients with severe aortic stenosis.

These patients were selected from our database under the

coding of “Transcutaneous aortic valve replacement (TAVR)

evaluation”. All these patients were previously diagnosed with

severe aortic stenosis by echocardiography and underwent

elective coronary angiography prior to heart team discussion

regarding the best treatment strategy (transcutaneous aortic

valve replacement vs. surgical valve replacement). Most of the

aortic stenosis patients received an aortogram to assess iliac and

femoral arteries for TAVR access, resulting in extra radiation

dose and contrast volume.

For the comparison of fluoroscopy time, contrast volume,

and number of used catheters, only patients with diagnostic

procedures were included. Contrast volume, fluoroscopy time,

and the number of used catheters were compared for all

angiographies, which were initially started by either radial artery

access (regardless of first pass success and the possible need

for switch to an alternative route). All diagnostic procedures,

which in the same session were followed by PCI, were excluded.

Furthermore, diagnostic procedures in patients with CABGwere

also excluded.

Statistical analysis

All statistical tests were performed by MiWe using the

SPSS software (IBM, Version 27.0, IBM, Armonk, NY). Due
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FIGURE 1

Aortic unfolding and its consequences for transradial angiography. (A) Normal aortic arch anatomy: (B) Aortic unfolding leading to

anti-clockwise rotation, elongation of aortic arch, posterior displacement and tortuosity of right radial and innominate artery (white arrows). (C)

Unfavorable catheter position from right radial (black) compared to left radial (blue) access route in unfolded thoracic aorta. Figures created

using smart.servier.com image bank. (D) Example of tortuous catheter route in unfolded aorta in elderly patient from right radial route, white

arrows: EBU catheter. (E) 3D reconstruction of the unfolded aorta and posteriorly displaced innominate artery in a patient with severe aortic

stenosis.

to the large sample size, we did not use statistical tests for
normal distribution but used histograms and QQ-plots to
identify relevant deviations from a normal distribution. In
cases of skewed data, we used median as well as first and
third quartiles (IQR, interquartile range) as descriptive statistics.
Nominal data were described using absolute frequencies and
percentages. To compare contrast volumes and fluoroscopy

times of the left- vs. right-radial approach, Mann-Whitney

U-tests were used due to skewed data. The success rates

of the two approaches were compared using crosstabs

and chi² tests. To identify predictors of success for the

left and right radial approach, multiple logistic regressions

were used. All tests were two-tailed and p < 0.05 was

considered statistically significant. Normally distributed data

were expressed as mean±SD and non-normally distributed data

as median (IQR).

Results

A total of 21,259 coronary angiographies with primary radial

access were included in our analysis. The mean age of the

patients was 67.8 ± 11.7 years and 14,024 (66%) were male.

The majority were elective cases (16,493, 77.6% respectively),

whereas 4,758 (22.4%) angiographies were undertaken due to

acute coronary syndrome (ACS).

Multiple binary logistic regression revealed that the first-

pass success rate of transradial access was independently affected
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TABLE 1 Predictors of transradial success in a logistic

regression model.

Independent variable Odds ratio (95% CI) p

Sex 1.1 (1.0–1.2) 0.028

Side 0.8 (0.8–1.0) 0.017

Age 1.0 (0.9–1.0) <0.001

by increasing age, gender, and the side of access [p < 0.001, p

= 0.028, p = 0.017, respectively (Table 1)]. Increasing age was

the strongest predictor of failure to successfully carry out trans-

radial angiography by the first pass, whereas female gender and

RRA predicted slightly less successful first-pass success.

Success rates for RRA and LRA stratified by different age

groups are shown in Table 2 and Figure 2. The reduction in

success rates with RRA was most evident among patients of age

85 or older, whereas success rates via LRA remained stable in

this age group (Figure 2). For these elderly patients, the rate of

first-pass success for LRA compared to RRA was 90.1 vs. 82.8%

(p = 0.003), respectively. In patients aged <85 years, there was

no difference in the first-pass success rate comparing RRA vs.

LRA [13,551 (90.0%) vs. 4,614 (90.8 %), p = 0.11]. When the

study population was divided into more detailed age groups,

the age group between 50 and 59 years showed a statistically

greater proportion of success with LRA compared to RRA that

was statistically significant (p = 0.031). We have no explanation

for this statistical finding, which is at odds with findings in other

similar age groups, but the clinical significance of a 2% side

difference is clinically negligible and could be driven by large

sample size.

Fluoroscopy time and contrast volume increased with age

and were affected by the choice of access side (Table 3).

Patients who underwent LRA received significantly lower

median contrast volume (77 vs. 94ml, p < 0.001). Every 1-

year age increase was associated with the additional use of a

0.3ml contrast agent. This increase was more evident in men

(9.9ml more than in women) and with RRA (3.0ml more

than with LRA). In case of first pass failure, an additional

17.2ml was required. These analyses concerning contrast use

were adjusted for age, gender, and first-pass failure. In non-

adjusted analysis, LRA compared with RRA was associated with

an average reduction in contrast volume of 33ml (95%CI: 5.346–

1.330).

Moreover, LRA was associated with a significantly shorter

median fluoroscopy time (3.2 vs. 4.4min, p < 0.001) in our

study population. On average, an increase in age by one year

was associated with a 0.2-min longer fluoroscopy time for

the procedure. This increase was pronounced in men (1.0min

more than in women) and with RRA (1.5min more than with

LRA). In case of first pass failure, RRA required a 2.5-min

longer fluoroscopy time when compared to LRA. These findings

concerning fluoroscopy time were adjusted for age, gender, and

TABLE 2 Comparison of coronary angiography success rates RRA vs.

LRA route—divided by age groups and for severe aortic stenosis

population.

Age RRA RRA LRA LRA p

(y) success, success, success, success

n (total) % n (total) %

<39 155 (176) 88.1 69 (77) 89.6 0.832

40–49 842(929) 90.6 294 (321) 91.6 0.654

50–59 2,686 (2,961) 90.7 841(904) 93.0 0.031*

60–69 3,762 (4,133) 91.0 1,210 (1,317) 91.9 0.371

70–74 2,230 (2,494) 89.4 800 (881) 90.8 0.271

75–79 2,377 (2,655) 89.5 846 (948) 89.2 0.806

80–84 1,498 (1,712) 87.5 554 (636) 87.1 0.834

85–90 568 (677) 83.9 214 (238) 89.9 0.025*

>90 112 (144) 77.8 49 (54) 90.7 0.041*

Total 14,232 (15,883) 89.6 4,877 (5,376) 90.7 0.020*

<84 13,551 (15,061) 90.0 4,614 (5,084) 90.8 0.109

85+ 680 (821) 82.8 263 (292) 90.1 0.003*

AS 509 (589) 85.1 125 (136) 91.1 0.037*

RRA, Right radial access; LRA, Left radial access; *p < 0.05, AS severe aortic

stenosis population.

first-pass failure. In non-adjusted analysis, LRA compared with

RRA was associated with an average reduction of fluoroscopy

time of 1.6min (95%CI: 2.03–1.1).

The number of used diagnostic material was numerically

marginally different between right and left radial access groups,

favoring the latter [n = 11,352, 2.58 (2.57–2.60) vs. 2.52 (2.48–

2.56), respectively, p = 0.002, mean (95% CI)]. This finding

was numerically more pronounced in patients older than 85

years, and probably due to the smaller sample size did not

reach statistical significance [n = 545, 2.90 (2.82–2.97) vs. 2.75

(2.57–2.93), respectively, p= 0.127, mean (95% CI)].

In the subgroup of patients with severe AS, LRA led to

significantly higher success rates compared with RRA (91.9 vs.

85.1%, p= 0.037 (Figure 3; Table 2). Fluoroscopy time and used

contrast volume did not differ between the two groups in this

cohort [8.2 (7.5) min vs. 8.5 (10.3) min, p = 0.716 and 128.7

(52.4) vs. 129.8 (79.0) ml, p= 0.861, respectively, mean (SD)]. In

the subgroup of patients with severe aortic stenosis, themean age

was 81.4 [5.6]. On average, the aortic valve area prior to TAVR

was 0.72 cm2 and AV mean was 44.9 mmHg.

Discussion

This study has several key findings. First, left radial access

compared to the right radial approach was associated with a

higher first pass success rate in the elderly population (≥85

years of age) and in a population with severe aortic stenosis.

In the elderly population, the left radial approach resulted in
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FIGURE 2

Age-dependent comparison of coronary angiography success rates (RRA vs. LRA route).

TABLE 3 Contrast volume and fluoroscopy times*.

>85 years of age n RRA LRA p

Contrast volume ml, median (IQR) 586 94 (62–130) 77 (55–110) <0.001

Fluoroscopy time min, median (IQR) 586 4.4 (2.4–7.8) 3.2 (1.7–5.9) <0.001

Aortic stenosis RRA LRA p

Contrast volume ml, median (IQR) 671 116.5 (93–14) 116.0 (94–160) 0.861

Fluoroscopy time min, median (IQR) 671 5.3 (3.1–0.4) 6.1 (3.0–10.5) 0.716

*Results after exclusion of PCIs, CABG-angiographies, and statistical outliers (>100min

fluoroscopy time and 500ml contrast volume); IQR, interquartile range.

shorter fluoroscopy times and lower contrast volume use. Radial

approach success rates from either side decreased with older age

and were lower in female compared to male patients.

There is strong evidence supporting radial over femoral

access safety advantage in the elderly population (15–17). In

2009, Dehghani et al. postulated three independent risk factors

of transradial PCI failure: age above 75 years, prior coronary

artery bypass graft surgery, and short stature (18). In our

study, increasing age was the strongest predictor of failure to

successfully navigate cardiac catheter via radial access, hence

making the aspiration of achieving safe radial access in every

geriatric patient potentially more challenging (19).

Notably, congenital coronary artery disease or malformation

may have influenced coronary artery catheterization.

Unfortunately, there is no available data concerning this

topic in our study population. Nevertheless, according to

previous literature, the prevalence of coronary anomalies in

most populations is quite low and reported only in 0.2–2% of all

coronary angiographies (20).

Our findings of worse radial success in women are supported

by the findings of existing literature. Radial access in women

has been reported to be affected by smaller vessel calibers

and higher rates of radial artery spasm, which can result in

procedure failure and high crossover rates to femoral access

(18, 21). Pandie et al. (22) reported a 2-fold higher failure of

first pass radial success in a pre-specified subgroup analysis of

the randomized, multicenter RIVAL (Radial vs. Femoral Access

for Coronary Intervention) trial (23). Crossover from radial to

femoral approach was reported with 11.1% in women and 6.3%

in men, and this is a consequence of higher rates of radial artery

spasm (9.5% in women vs. 3.3% in men).

We present a novel finding identifying the age of 85 years

(or older) as a cut-off age when there was greater coronary

artery catheterization success via the LRA compared to RRA.

In addition, LRA was associated with a decrease in fluoroscopy

time and used contrast agents in this population. Previous

randomized trials compared the efficacy of the right- vs. left-

radial approach for coronary angiography. Dominici et al.

demonstrated a reduction of fluoroscopy time and decreased

the number of catheters used via LRA in a prospective trial

including over 1,000 patients (24). Surprisingly, no significant

difference in the amount of used contrast agent was observed
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FIGURE 3

Severe aortic stenosis population–radial approach success rates according to initial side choice.

between the groups. Another prospective trial by Norgaz et al.

(25) randomized 1,000 patients to RRA or LRA and fluoroscopy

time was found to be significantly shorter via LRA compared

with RRA. However, no significant difference comparing LRA

and RRA in terms of success rate, procedural time, amount of

contrast used, or the number of diagnostic catheters used In the

TALENT-trial (13), left radial access for diagnostic angiography

was associated with significantly lower fluoroscopy time and

this was more evident among lower experienced operators

and elderly patients (>70 years) according to prespecified

subgroup analyses. However, the benefits of LRA were not

consistent across the literature, and differences in procedural

and fluoroscopy times could not be demonstrated in small

randomized series of 100 octogenarian patients (26). A large

meta-analysis, including 14 studies by Xia et al. (26) on a total

of 6,870 patients, reported a significant reduction in fluoroscopy

times, less contrast volume, and fewer catheter numbers used via

the left radial route, but no significant difference in procedural

failure or procedural times when comparing the two approaches.

Interestingly, whereas most previous studies concentrated

on fluoroscopy times, numbers of catheters used, or

contrast volume used, they either rarely reported or failed

to demonstrate a difference in first pass success rates comparing

the two approaches.

The success rates of the two different radial approaches

depending on different age distributions were rarely reported.

To the best of our knowledge, our study with over 21,000

coronary angiographies presents by far the largest original data

set to date, which addresses the question of the LRA vs. RRA

approach for successful coronary angiography in different age

groups. We identified that the LRA was superior to the RRA

for the patients in the age group of >85 years. The most likely

explanation is difficult catheter navigation due to tortuosity

in the right subclavian artery, which was previously more

frequently reported when compared to the left subclavian artery

(13, 26). Thoracic aortic unfolding was described with increasing

age (11), and is most likely preventing a smooth path of the

catheter on its way from the right radial artery to the aortic root

in elderly patients.

Not only age but also calcific aortic disease seems to play

a major role in the pathophysiology of aortic unfolding. Aortic

stenosis is associated with post-stenotic ascending aorta dilation

and geometric changes in intrathoracic aorta (27). This may

negatively affect the right radial catheter route. To the best

of our knowledge, we are the first group to demonstrate that

the right radial success rate decreased, whereas the left radial

success rates remained stable in patients with severe aortic

stenosis. There was no difference in fluoroscopy time or contrast

volume used in the severe aortic stenosis population. We have

no explanation for this; however, presume that fluoroscopy

times and especially contrast volume comparison in the two

groups is somewhat difficult due to varying practice and volumes

injected into the abdominal aorta for femoral and iliac arteries

assessment prior to femoral TAVR access route planning. The

contrast volume injected into descending aorta is frequently

altered according to patient size and kidney function, and

was recently frequently omitted with good CT angiography

planning. In the future, large prospective randomized trials
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and other real-world registry data are warranted to confirm

our results.

Study limitations

This study has several limitations. First, it is a single-center

study and the practice in Austria may not be the same in other

countries. Second, the study took place over 7 years and some of

the procedures were undertaken at a time when operators were

transitioning from a routine femoral to radial approach. Third,

there is no data on the experience of the operator performing the

procedures as both experienced and training operators carried

out the procedures at our institution. However, the experience

of operators and their preferred access side choice should not

affect the fact that older age would be associated with different

outcomes if the operators stuck to their preferred initial side

choice across the entire age range.

Another limitation is that our aortic stenosis population

data apply to elderly patients with degenerative aortic stenosis

and cannot be extrapolated to other etiologies (e.g., bicuspid

aortic valve).

Finally, we initially planned to collect data and adjust to the

presence of hypertension or body size which may impact the

thoracic aorta and subclavian artery anatomy, but these data

were incomplete so could not be reliably included.

Despite the limitations mentioned above, our data

set offers real-world insight into the practice, avoiding

other biases associated with prospective randomized trials,

regarding the selection of a certain patient population or

certain operator experience. The unselected nature of our

documented procedures makes the information obtained

generally transferable to most settings.

Conclusion

Compared to the RRA, the use of the LRA approach

was associated with the higher success of coronary artery

angiography in patients above 85 years of age and those with

severe AS. These selected patients may benefit from an initial

LRA approach to reduce the need to change the access side.
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Gruca Orthopaedic and Trauma

Teaching Hospital, Poland

Ying Li,

First Hospital of Lanzhou

University, China

*CORRESPONDENCE

Juxia Zhang

yuhuan6011@163.com

†These authors share first authorship

SPECIALTY SECTION

This article was submitted to

Coronary Artery Disease,

a section of the journal

Frontiers in Cardiovascular Medicine

RECEIVED 28 July 2022

ACCEPTED 03 November 2022

PUBLISHED 25 November 2022

CITATION

Yin Y, He Q, Zhang R, Cheng H,

Zhang Y and Zhang J (2022) Predictors

of adherence of enhanced external

counterpulsation in patients with

coronary heart disease after discharge:

A mixed-methods study.

Front. Cardiovasc. Med. 9:1005958.

doi: 10.3389/fcvm.2022.1005958

COPYRIGHT

© 2022 Yin, He, Zhang, Cheng, Zhang

and Zhang. This is an open-access

article distributed under the terms of

the Creative Commons Attribution

License (CC BY). The use, distribution

or reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.
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Background: Although enhanced external counter pulsation (EECP) has been

included in the cardiac rehabilitation prescription for coronary heart disease

(CHD) in China, because the total treatment duration of a course of EECP is

36–36h, the average hospital stay of CHD patients is short, and the adherence

after discharge remains unclear. The purpose of this study is to investigate the

adherence to EECP in CHD patients after discharge, and analyze the related

influencing factors.

Methods: A retrospective mixed method study combining qualitative and

quantitative methods. Quantitative component included CHD patients who

had received EECP treatment between March 2020 and August 2021. The

qualitative component included in-depth interviews with patients who did not

adhere to EECP after discharge. Binary Logistic regression was used to analyze

the predictors of EECP adherence after discharge. In-depth interviews with

patients were conducted to explore the reasons for dropping out of the EECP

after discharge.

Results: Among 1,304 patients, only 24.23% adhered to EECP treatment

after discharge. Binary logistic regression results showed that patients with

disease duration <2 years (OR = 3.13, 95%CI: 2.31–4.24), high school or

below (OR = 2.81, 95%CI: 1.98–4.01), distance between residence and

hospital more than 20km (OR = 2.08, 95%CI: 1.47–2.96), age over 60 (OR

= 2.00, 95%CI: 1.46–2.74), female (OR = 1.64, 95%CI: 1.78–2.29), and

angina pectoris (OR = 1.65, 95%CI: 1.16–2.34) were more likely to not

adhere to EECP treatment after discharge. However, patients with monthly

family income over 8000U (OR = 0.46, 95%CI: 0.28–0.75) were more likely

to adhere to EECP treatment after discharge than those with household

monthly income below 4,000U. In the qualitative results, the reasons why

patients do not adhere to EECP after discharge mainly include insu�cient

understanding, restricted objective conditions and psychosocial factors.
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Conclusions: The adherence of CHD patients to EECP treatment after

discharge was poor. It is necessary to develop e�ective intervention measures,

such as brochures or videos to improve patients’ understanding of the

importance of adherence to EECP treatment after discharge. In addition,

o�ering EECP treatment during o�-hours and weekends may also improve

adherence in more young patients.

KEYWORDS

EECP, coronary heart disease, discharge, adherence, factors

Introduction

Cardiovascular disease is themain cause of death worldwide,

among which coronary heart disease (CHD) has the highest

morbidity andmortality, posing a serious threat to human health

(1). As the secondary prevention of cardiovascular diseases,

exercise-centered cardiac rehabilitation is an important part of

medical care for all patients with heart disease (2). However,

about a third of patients have severe lifestyle restrictions that

prevent them from exercising (3), which increases the dropout

rate from cardiac rehabilitation to some extent. Meta-analysis

showed that the drop-out rate for enrolled patients in high-

income countries was 12-56% (4). The dropout rate in Iran was

reported to be as high as 82% (5). A survey of 283 patients after

PCI in China found that the dropout rate of exercise training

program was 36.44% (6).

Enhanced external counterpulsation (EECP) is a non-

invasive, safe and cost-effective adjunctive therapy approved by

the US Food and Drug Administration (7). It can not only

be used as an alternative therapy in addition to drugs and

surgical treatment of cardiovascular diseases, but also has been

included in the prescription of cardiac rehabilitation in China

(8). A large number of clinical randomized controlled trials

have proven that EECP can improve myocardial ischemia and

hypoxia and left ventricular function, reduce angina attacks,

and improve exercise tolerance (9–11). Long-term adherence

to EECP treatment can significantly improve the endothelial

function of patients, thereby inhibiting the occurrence and

development of atherosclerotic lesions (12). Moreover, EECP is

considered to be a “passive” exercise and thus can significantly

benefit patients who are unable to exercise (13).

The expert consensus on EECP treatment in China

suggested the course of EECP is 1h per day, and the total

duration of a course is 35–36 h (14). However, the average

length of hospital stay for CHD patients is about 3–7 days,

which requires that most patients to come to the hospital for

treatment every day after discharge. EECP has been developed

in China for more than 50 years, but it was introduced in Gansu

Province in 2020, CHD patients’ adherence to EECP treatment

after discharge remains unclear. Therefore, the purpose of this

study is to investigate the adherence to EECP treatment in CHD

patients after discharge, and analyze the related influencing

factors, in order to provide reference for healthcare workers to

formulate related measures.

Methods

Study design and population

This was a mixed method study with qualitative and

quantitative components. The quantitative component was

a retrospective cohort analysis based on the medical and

rehabilitation records of CHD patients who received EECP

treatment during their hospitalization in Gansu Provincial

Hospital from March 1, 2020 to August 31, 2021. Inclusion

criteria for the retrospective cohort study: (1) Patients who

received 5-10h of EECP treatment during hospitalization from

March 1, 2020 to August 31, 2021; (2) Patients diagnosed with

CHD by coronary angiography; (3) Age 18 years or older.

Adherence criteria for EECP after discharge: The latest

expert consensus in China recommends that the course of EECP

is 1 h a day, with a total course of 35–36 h. For statistical analysis,

we defined the adherence rate as at least 70% (25 h) based on the

actual EECP treatment of our patients, which was considered as

the patients’ adherence to EECP.

The qualitative component was in-depth interviews with

key informants who did not adhere to EECP treatment after

discharge. We conducted a purposeful sampling, and identified

key interviewees based on the sociodemographic characteristics

of patients, disease characteristics and geographical location.

Because patients had been discharged and were geographically

widespread, 19 respondents were selected for semi-structured

telephone interviews. To ensure consistency of the collected

data, all interviews were conducted by the principal investigator

(YYH). The interview consisted of three core questions: “How

do you feel after EECP treatment? Has it relieved your

symptoms?”, “Do you know what benefits EECP can bring to

your health?” and “What made you unwilling to adhere to EECP
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treatment after discharge?”. Participants were encouraged to

explain and elaborate on their answers.

Data collection and procedure

Quantitative data

the hostipal numbers of patients receiving EECP treatment

was queried through the rehabilitation notebook, and then

the baseline characteristics of patients were queried through

the electronic medical record system according to the

hospital numbers. Baseline characteristics included: (1)

Sociodemographic characteristics: sex, age, educational level,

monthly family income, health insurance, distance from

residence to hospital, BMI, smoking; (2) Clinical characteristics:

course of disease, angina pectoris, hypertension and history of

PCI surgery. The researchers input the relevant information

into the Microsoft Excel, which was double-checked by

two researchers.

Qualitative data

All interviews were recorded. After the interview, the

researchers transcribed the entire recording word by word,

input the original qualitative data into Microsoft Word, and

then sorted out, analyzed and classified according to topics and

questions to determine common topics.

Data analysis

Quantitative data

SPSS 21.0 was used for statistical analysis of quantitative

data. First, frequencies (n) and proportions (%) were used

to describe the general characteristics (sociodemographic

characteristics and clinical characteristics) in adherence group

and non-adherence group. Second, chi-square test and was

performed to preliminarily analyse general characteristics

related to EECP adherence after discharge (yes/no). Finally,

binary logistic regression was used to examine the independent

factors associated with EECP adherence after discharge.

The dependent variable was EECP adherence treatment

after discharge (adherence=0, non-adherence = 1), with

the significant factors in univariate analyses included as

independent variables. Odd ratio (OR) with 95% confidence

intervals (95%CI) were used as the measure of association.

OR = 1 indicates that there was no correlation between

exposure factors and outcome (EECP non-adherence); OR>1

indicates that exposure factors are risk factors for EECP non-

adherence; OR <1 indicates that exposure factors are protective

factors for EECP non-adherence. The statistical tests were two-

sided, and the effects with p < 0.05 were considered to be

statistically significant.

Qualitative data

NVivo version 12.0 (QSR International) was used for data

transcription and analyzed by thematic analysis. Data were

subject to thematic analysis using the framework approach (15).

YYH (who has 2 years of qualitative research training) and

HQL(teacher of qualitative research training in Department

of Cardiology, has 8 years of qualitative research experience)

read all recordings carefully and repeatedly to extract relevant

statements andmeanings, and then look for common conceptual

or meaningful features to form topic groups and categories, with

topics associated with the raw data. The obtained data were

analyzed, summarized and classified. ZJX (who has 2 years of

qualitative research training and 6 years of qualitative research

experience) reviewed the analysis to reduce bias and increase the

credibility of the interpretation.

Ethics approval

This study was approved by the Ethics Committee of Gansu

Provincial Hospital (2021-234). The quantitative component

was a retrospective analysis of the basic characteristics of the

patients, so informed consent was not required. Informed

consent was obtained for key interviewees in the qualitative

component. All clinical investigations were conducted according

to the principles expressed in the Declaration of Helsinki.

Results

Quantitative results

Patients’ characteristics

Among 1,304 patients, only 24.23% adhered to EECP

treatment after discharge. 62.12% were male and 61.81% had

lower education. Only 13.88% of patients had a monthly income

of more than 8,000U, and more than 70% lived more than 20 km

away from the hospital (Table 1).

Factors associated with EECP treatment after
discharge

The results of univariate analysis showed that patients with

different gender, age, education level, family monthly income,

medical insurance, distance, course of disease, angina pectoris

and Post-PCI had statistically significant differences in their

adherence to EECP after discharge (Table 1).

Binary logistic regression results in Table 2 showed that

patients with disease duration <2 years (OR = 3.13, 95%CI:

2.31–4.24), high school or below (OR = 2.81, 95%CI: 1.98–

4.01), distance between residence and hospital more than 20 km

(OR = 2.08, 95%CI: 1.47–2.96), age over 60 (OR = 2.00,

95%CI: 1.46–2.74), female (OR = 1.64, 95%CI: 1.78–2.29), and

angina pectoris (OR= 1.65, 95%CI: 1.16–2.34) were more likely
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TABLE 1 Demographic characteristics of coronary heart disease patients.

Characteristics Overall

patients (N =

1,304), n (%)

Adherence

(N = 316), n

(%)

Non-

adherence (N

= 988), n (%)

p

Gender <0.001*

Male 810 (62.12) 244 (77.22) 566 (57.29)

Female 494 (37.88) 72 (22.78) 422 (42.71)

Age (years) <0.001*

<60 730 (55.98) 206 (65.19) 524 (53.04)

≥60 574 (44.02) 110 (34.81) 464 (46.96)

Educational level <0.001*

High school or below (≤12 years) 830 (61.81) 114 (36.08) 716 (72.47)

College degree or above (≥15 years) 474 (38.19) 202 (63.92) 272 (27.53)

Monthly family income (U) <0.001*

<4,000 566 (43.40) 82 (25.95) 484 (48.99)

4,000–8,000 564 (43.25) 135 (42.72) 429 (43.42)

>8,000 174 (13.34) 99 (31.33) 75 (7.59)

Medical insurance <0.001*

Medical insurance for urban workers 550 (42.18) 209 (66.14) 341 (34.51)

Medical insurance for urban residents 224 (17.18) 46 (14.56) 178 (18.02)

New rural cooperative 380 (29.14) 45 (14.24) 335 (33.91)

Self pay 150 (11.50) 16 (5.06) 134 (13.56)

Distance (km) <0.001*

>20 958 (73.47) 166 (52.53) 792 (80.16)

≤20 346 (26.53) 150 (47.47) 196 (19.84)

BMI (kg/m2) 24.79± 3.29 24.92± 3.54 24.74± 3.20 0.408

Course of disease (year) <0.001*

<2 864 (66.26) 134 (42.41) 730 (73.89)

≥2 440 (33.74) 182 (57.59) 258 (26.11)

Smoking 0.881

No 986 (75.61) 240 (75.95) 746 (75.51)

Yes 318 (24.39) 76 (24.05) 242 (24.49)

Angina pectoris <0.001*

No 922 (70.71) 248 (78.48) 674 (68.22)

Yes 382 (29.29) 68 (21.52) 314 (31.78)

Post-PCI <0.001*

No 1088 (83.44) 216 (68.35) 872 (88.26)

Yes 216 (16.56) 100 (31.65) 116 (11.74)

Hypertension 0.246

No 656 (50.31) 168 (53.16) 488 (49.39)

Yes 648 (49.69) 148 (46.84) 500 (50.61)

PCI, percutaneous coronary intervention.

Data are reported as n (%) unless otherwise noted; Age data are presented as mean±SD.

*p < 0.01.
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TABLE 2 Factors associated with EECP adherence after discharge.

Factors OR (95% CI) p

Gender (female) 1.64 (1.78–2.29) 0.003*

Age (≥60 years) 2.00 (1.46–2.74) <0.001*

Educational level (high school or below) 2.81 (1.98–4.01) <0.001*

Monthly family income (U)

<4,000

4,000–8,000 1.04 (0.72–1.52) 0.830

>8,000 0.46 (0.28–0.75) 0.002*

Medical insurance

Medical insurance for urban workers

Medical insurance for urban residents 0.97 (0.62–1.50) 0.879

New rural cooperative 1.26 (0.82–1.92) 0.295

Self pay 1.79 (0.97–3.29) 0.062

Distance (>20 km) 2.08 (1.47–2.96) <0.001*

Course of disease (≤2 years) 3.13 (2.31–4.24) <0.001*

Angina pectoris (yes) 1.65 (1.16–2.34) 0.005*

Post-PCI (yes) 0.73 (0.51–1.05) 0.093

Dependent variable assignment: adherence= 0, non-adherence= 1.

OR, odds ratio; CI, confidence interval; PCI, percutaneous coronary intervention; Ref, Reference group.

*p < 0.01.

to not adhere to EECP treatment after discharge. However,

patients with monthly family income over 8,000U (OR = 0.46,

95%CI: 0.28–0.75) weremore likely to adhere to EECP treatment

after discharge than those with household monthly income

below 4,000U.

Qualitative results

Sample characteristics

A total of 19 patients were interviewed, including 11 females

and 8 males. The specific characteristics were shown in Table 3.

Barriers to adherence to EECP treatment after
discharge

The qualitative results showed that the most important

reasons for CHD patients not to adhere to EECP after

discharge were insufficient understanding of the efficacy of

EECP, distance and transportation, and lack of financial

support. In addition, COVID-19, lack of time, negative attitude

and lack of awareness of the disease also hinder patients’

adherence to EECP treatment after discharge (Figure 1 and

Table 4).

Insu�cient understanding of EECP

The reason why most patients did not adhere

to EECP treatment after discharge was due to

insufficient understanding of the efficacy of EECP,

especially older and less educated patients. Most

patients were unaware of the benefits of adherence to

EECP treatment.

“I’m a farmer, I do farm work at home, so these exercises

don’t do much for me”. [Male, 68 years]

“I have been hospitalized three times this year and each

time I have been treated with EECP, but I never recovered. I

think it useless to do so” [Male, 71 years]

However, there were also some patients who believed that

although EECP has brought benefits to their health, they thought

their disease was much better after discharge than before

hospitalization, so there was no need to continue treatment.

“EECP is indeed beneficial, but I feel much better

after discharge, so I don’t think it is necessary to continue

treatment”. [Female, 63 years]

A�ected by distance and tra�c

As EECP was carried out in provincial hospitals, some

patients in remote areas cannot continue to receive EECP

treatment after discharge due to distance and transportation.

“Our home is too far from the hospital to come back every

day for treatment”. [Male, 51 years]
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TABLE 3 General characteristics of participants in the qualitative

study.

Characteristics All interviews

(N = 19), n

(%)/x±SD

(range)

Age (years) 61.33± 11.27

(40-81)

Educational level

Junior high or below

7 (36.84)

High school 5 (26.32)

College or above 7 (36.84)

Occupation

Farmers

6 (31.58)

Employed 7 (36.84)

Retiree 6 (31.58)

Financial support

No

5 (26.32)

Yes 14 (73.68)

Distance (km)

≤20

9 (47.37)

>20 10 (52.63)

Course of disease (years)

<2

9 (47.37)

≥2 10 (52.63)

Angina pectoris

No

12 (63.16)

Yes 7 (36.84)

History of surgery

No

12 (63.16)

PCI 5 (26.32)

CABG 2 (10.53)

PCI, percutaneous coronary intervention; CABG, Coronary Artery Bypass Graft.

Lack of financial support

More than half of patients lacked financial support and

considered that the 35-day course was too long and expensive.

“I also want to continue to adhere to EECP treatment,

but I have no money. My economic situation is so poor that

I have spent so much money in hospitalization. If I come

to the hospital for treatment every day after discharge, it

will be covered by outpatient reimbursement. The outpatient

reimbursement rate is too low, which will cost too much”.

[Female, 60 years]

In addition to the above three important factors, failure to

adhere to EECP after discharge was also associated with the

COVID-19, negative attitude, time and the awareness of disease.

“I got out of the hospital just as the COVID-19 was getting

worse, and I had to give up”. [Male, 62 years]

“I know that this EECP has a good effect on my disease,

but I have no time to hospital for treatment after discharge. I

need to work, and the outpatient department of the hospital

closes after I get off work in the evening, so I have no choice

but to give up the rest of the course”. [Male, 46 years]

Importantly, negative attitude mainly occurred in female

and angina patients.

“My chest pain has been incurable and has affected my

life so much that I don’t want treatment. I think I have an

incurable disease”. [Female, 52 years]

Discussion

The results of this study showed that the adherence rate

of CHD patients to EECP treatment after discharge was only

24.23%, which was similar to the adherence to exercise training

programs in cardiac rehabilitation (16, 17). Studies have proved

that adhering to a complete course of EECP treatment can not

only improve the cardiac function of CHD patients, relieve the

onset of angina, but also improve their sleep, anxiety, depression,

and thus improve the quality of life (18–21). However, the

dropout rate of CHD patients after discharge was quite high

in this study. If patients only receive EECP treatment during

hospitalization and do not adhere to EECP after discharge, the

total duration of EECP treatment is too short, the expected

therapeutic effect may not be achieved.

The results of this study showed that education level

and disease duration were the two strongest predictors of

the adherence of EECP treatment after discharge, which was

consistent with Parashar et al.’s findings (22). Importantly,

Rosengren et al. showed that education level is also one of the

major risks factor for cardiovascular diseases (23). People with

lower levels of education may be less aware of the importance

of seeking timely care or have reduced access to information on

how to access care and overcome existing barriers (23). These

patients may often not understand the benefits of EECP for their

health or believe that these health problems can be self-managed

(4, 24). In the qualitative results, we found that insufficient

understanding of the efficacy of EECP was the main reason for

patients not to adhere to EECP treatment after discharge. Most

of these patients were older and had lower education level, they

believed that EECP was no different from exercise. Therefore,

patients who could exercise alone had poor adherence after

discharge. Meanwhile, some patients have a false perception that

they are getting better after discharge and therefore there is no

need to continue treatment, especially newly diagnosed patients.

However, with longer time to diagnosis, patients’ perceived risk
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FIGURE 1

Diagrammatic of the themes and subthemes within the thematic framework.

of disease may increase, as well as access to knowledge and

programs about cardiac rehabilitation.

Studies found that female patients were more likely to

have multiple comorbidities, or believe that their disease was

at high risk and that such participation was futile (25, 26),

so this perception may be a barrier for patients to adhere to

EECP treatment after discharge. Meanwhile, other studies have

found that women were more likely to have problems with

transportation and family responsibilities (27, 28). Interestingly,

in the qualitative results we found that due to the limitations of

disease, lack of financial resources and family support, female

patients were more likely to have negative emotions, which

became an important barrier to adhere to EECP treatment

after discharge. Huffman et al. found that optimism and

positive emotions can improve patients’ adherence to cardiac

rehabilitation (29). Therefore, medical workers should pay more

attention to the patients’ psychological problems, encourage

caregivers to provide more family support. Meanwhile, nurses

can also encourage patients with good prognosis to share their

experiences and the importance of completing 35 h course of

EECP, in order to relieve these patient’ negative emotions and

improve their confidence in disease treatment, thus helping to

improve the adherence to EECP treatment after discharge.

In previous studies, distance has been reported as a common

factor affecting adherence to cardiac rehabilitation (26, 30, 31).

Our study showed that patients who live more than 20 km away

from the hospital have poor adherence, which may be related

to the fact that EECP treatment is carried out in provincial

grade A hospitals, while most patients come from rural areas or

other remote areas. Qualitative results showed that even though

patients were aware of the importance of EECP adherence

after discharge, they could not accept the time and expense

of daily trips to and from the hospital, and as the cost of

each EECP treatment is 75U, which exceeds the expected cost

of patients. Meanwhile, the reimbursement rate of treatment

expenses after discharge is low, which greatly affects patients’

adherence to EECP treatment. Therefore, the availability of

EECP treatment in smaller tertiary hospitals or community

centers and increased health insurance reimbursement rates

will help improve patients’ adherence to EECP treatment

after discharge.

However, we found that patients with angina pectoris

had poor adherence after discharge. Previous studies found

that patients with angina pectoris were often hindered from

participating in exercise training programs due to pain and

limited activity, resulting in a higher dropout rate (32, 33).

Importantly, in the qualitative results, we also found that

patients with angina were more likely to have negative

attitude, they had a wrong understanding that angina pectoris

is an incurable disease, such practical issues need to be

considered. In fact, they did not know that 35 h course of

EECP has been shown to relieve angina attacks and reduce

the use of nitroglycerin, which may also be related to a

lack of physician advice and encouragement (34, 35). The

intensity of physician encouragement was reported to be a

key factor in determining patients to participate and adhere
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TABLE 4 Analysis of causes and representative quotes of non-adherence to EECP in CHD patients after discharge.

Themes Subthemes Representative quotes

Lack of awareness of disease and

treatment

Insufficient understanding of EECP “I’m a farmer, I do farm work at home, so these exercises don’t do

much for me”

“I have been hospitalized three times this year and each time I

have been treated with EECP, but I never recovered. I think it

useless to do so”

“EECP is indeed beneficial, but I feel much better after

discharge, so I don’t think it is necessary to continue treatment”

Lack of awareness of the disease “Only an operation can cure my disease”

“I have too many physical diseases, and I think my disease can

only be slowly maintained by medication”

Limitation of objective condition Affected by distance and traffic “Our home is too far from the hospital to come back every day for

treatment”

“My house is not far from the hospital, but I can’t drive, so it is

not convenient to go to and from the hospital”

Lack of financial support “I also want to continue to adhere to EECP treatment, but I

have no money. My economic situation is so poor that I have

spent so much money in hospitalization. If I come to the hospital

for treatment every day after discharge, it will be covered by

outpatient reimbursement. The outpatient reimbursement rate is

too low, which will cost too much”.

“The total duration of a course of EECP is too long and costly”

Lack of time “I know that this EECP has a good effect on my disease, but I have

no time to hospital for treatment after discharge. I need to work,

and the outpatient department of the hospital closes after I get off

work in the evening, so I have no choice but to give up the rest of

the course”

“I have to take care of the elderly and children in my family, so I

don’t have time to go to the hospital for treatment every day”

Affected by the COVID-19 pandemic “I got out of the hospital just as the COVID-19 was getting

worse, and I had to give up”

Psychological barriers Negative attitude “My chest pain has been incurable and has affected my life so

much that I don’t want treatment. I think I have an incurable

disease”

“I have an incurable disease, and I don’t want any more

treatment, any more burden on my family”

Lack of family and social support “I did this EECP treatment during the hospital, which was useful

for the improvement of my symptoms. After discharge, my

family did not allow me to continue to do this treatment”

to cardiac rehabilitation (36). This may also be due to the

fact that EECP treatment has only been carried out in Gansu

province in the past 2 years, and there was still a lack of

understanding and knowledge of EECP among healthcare

workers, so the information transmission to patients was not

enough. In addition, due to the large workload and the fast

turnover of patients, the health education for patients was

not in place, resulting in the patients did not realize the

importance of complete the remaining courses of EECP after

discharge. Zhang et al. found that developing brochures or

making educational videos for illiterate patients might help

patients better understand the program (37). Therefore, it is

necessary to formulate practical and effective training and

health education to improve patients’ understanding of the

role of EECP and their motivation to adhere to treatment

after discharge. In addition, offering EECP treatment during

off-hours and weekends may improve compliance in more

young patients.
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Limitations

Our quantitative study was retrospective and did not

cover all factors associated with non-adherence to EECP after

discharge due to limited information in the medical record

database. More prospective, multi-center studies are needed in

the future to further explore the factors and obstacles affecting

the EECP adherence in patients with coronary heart disease.

Conclusions

Patients with coronary heart disease had lower adherence

to EECP treatment after discharge, especially elderly patients

with lower education level. The main barriers include

insufficient awareness of the efficacy of EECP, as well as

the influence of distance and economic conditions. On

the one hand, it is necessary to formulate practical and

effective training and health education to improve patients’

understanding of the role of EECP and their motivation to

adhere to treatment after discharge. On the other hand, the

availability of EECP treatment in smaller tertiary hospitals and

community centers, with benefits through health insurance,

will help improve patients’ adherence to EECP treatment

after discharge.
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Evaluation of risk stratification
program based on trajectories
of functional capacity in patients
with acute coronary syndrome:
The REACP study
Dongze Li1†, Xiaoli Chen1†, Fanghui Li2, Yu Jia1, Zhilin Li1,
Yi Liu1, Lei Ye1, Yongli Gao1, Wei Zhang1, Hong Li1, Rui Zeng2,
Zhi Wan1, Zhi Zeng1* and Yu Cao1*
1Department of Emergency Medicine and West China School of Nursing, Laboratory of Emergency
Medicine, Disaster Medical Center, West China Hospital, West China School of Medicine, Sichuan
University, Chengdu, China, 2Department of Cardiology, West China Hospital, West China School of
Medicine, Sichuan University, Chengdu, China

Background: As a validated assessment tool for functional disability (activities

of daily living), the Barthel index (BI) assessed initially at admission has the

potential to stratify patients with high-risk acute coronary syndrome (ACS).

Dynamic trajectory evaluation of functional capacity in hospitals may provide

more prognostic information. We aimed to establish a novel dynamic BI-based

risk stratification program (DBRP) during hospitalization to predict outcomes

among ACS patients.

Methods: A total of 2,837 ACS patients were included from the Retrospective

Multicenter Study for Early Evaluation of Acute Chest Pain. The DBRP rating

(low, medium, and high-risk categories) was calculated from dynamic BI at

admission and discharge. The primary outcome was all-cause mortality, and

the secondary outcome was cardiac mortality.

Results: Of all the included patients, 312 (11%) died during a median follow-up

period of 18.0 months. Kaplan–Meier analysis revealed that the cumulative

mortality was significantly higher in patients in the higher risk category

according to the DBRP. Multivariable Cox regression analysis indicated that,

compared to the low-risk category, the higher risk category in the DBRP

was an independent strong predictor of all-cause mortality after adjusting

for confounding factors (medium-risk category: hazard ratio [HR]: 1.756, 95%
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confidence interval [95% CI]: 1.214–2.540; P = 0.003; high-risk category: HR:

5.052, 95% CI: 3.744–6.817; P < 0.001), and the same result was found for

cardiac mortality.

Conclusion: The DBRP was a useful risk stratification tool for the early

dynamic assessment of patients with ACS.

Clinical trial registration: [http://www.chictr.org.cn], identifier

[ChiCTR1900024657].

KEYWORDS

acute coronary syndrome, trajectory, functional capacity, risk stratification, activities
of daily living

1 Introduction

Acute coronary syndrome (ACS) is a life-threatening
emergent condition of coronary artery disease mainly caused
by coronary plaque rupture with relatively high mortality
and morbidity (1). Risk stratification in patients with ACS
facilitates treatment decisions and improves survival rates (1–
4). Current guidelines regarding ACS management emphasize
the importance of risk assessment for identifying patients
with a higher mortality risk requiring more aggressive care
and therapy, selecting the optimal care site, and matching
therapeutic intensity with risk (1, 5, 6). Previous studies
indicated that risk evaluation based on the Global Registry of
Acute Coronary Events (GRACE) or thrombolysis in myocardial
infarction (TIMI) risk scores have been well-implemented for
and proved to be clinically beneficial to patients with ACS, and
the ACS guidelines recommend that the GRACE score should
be completed within 24 h and re-evaluated before discharge to
guide the management of ACS (5–9).

Nearly 38% of in-hospital deaths occur within the first 24 h
of symptom onset in patients with AMI; therefore, early, rapid,
and dynamic risk assessment identifying high-risk patients
is necessary to guide treatment decisions in the emergency
department (ED) (10). However, assessment using these risk
scores, including GRACE or TIMI, is relatively time consuming
and cannot be completed without a medical examination
because these scoring systems consist of components including
biomarkers of myocardial and other related organ injuries. In
addition, the condition of patients with ACS can change rapidly,

Abbreviations: ACS, acute coronary syndrome; ACP, acute chest pain;
ADL, activities of daily living; AUC, area under the curve; BI, Barthel
index; DBRP, dynamic Barthel index-based risk stratification program;
ED, emergency department; GRACE, Global Registry of Acute Coronary
Events; NSTEMI, non-ST-segment elevation myocardial infarction; NST-
ACS, non-ST elevation acute coronary syndrome; REACP, retrospective
evaluation of acute chest pain; STEMI, ST-segment elevation myocardial
infarction; TIMI, thrombolysis in myocardial infarction; UA, unstable
angina.

and the continuous dynamic assessment of ACS patients may
provide more prognostic information during the whole course
of ACS (11). With this in mind, current scoring systems cannot
also immediately stratify patients out of hospitals or during
hospitalization, and realize the timely revision of their risk level.
This suggests the need for simpler, more accurate dynamic
assessment and better treatment decision tools or algorithms to
guide individual healthcare during the pre-hospital, admission,
in-hospital, and discharge settings.

Activities of daily living (ADL), as a basic functional
capacity marker assessed by the Barthel Index (BI) score
based on difficulty degrees of daily activities without any
laboratory or imaging examination results, has gained interest
in recent years as a prognostic indicator in patients with
cardiovascular emergency conditions (12, 13). Performance of
the ADL assessment is nowadays feasible in the ambulance and,
therefore, the functional capacity assessment can be completely
obtained in the pre-hospital, in-hospital, or even discharge
settings. A previous study indicated that the initial ADL assessed
by the BI at the ED has the potential to stratify high-risk
patients with ACS, and independently associated with mortality,
however, the accuracy was inferior to that of the GRACE score
(12). In addition, patients with ACS would receive optimal
drug therapy and/or PCI during hospitalization, patient’s ADL
should be improved if patients responded well to the treatment
therapy, and maybe the elevated change in ADL assessed by BI
scores during hospitalization suggested that the improvement
of myocardial ischemia or less complications after treatment in
hospital. It is possible that the continuous dynamic assessment
of functional capacity trajectories may provide more prognostic
information for patients with ACS. However, the assessment of
functional status at admission or the deterioration in functional
status during hospitalization has received little consideration
and has not been studied as a potential risk prognostic tool
for risk stratification of ACS. Therefore, we conducted this
multicenter retrospective cohort study to establish a novel
dynamic BI-based risk stratification program (DBRP) based on
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FIGURE 1

Flow chart of the enrollment of participants in the study. ACS, acute coronary syndrome; BI, Barthel index; REACP, the multicentre retrospective
evaluation of acute chest pain study.

FIGURE 2

Diagram of the detailed rules for dynamic BI-based risk stratification. BI, Barthel index.
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TABLE 1 Relationships between baseline clinical characteristics and the DBRP in patients with acute coronary syndrome.

Characteristic High-risk (n = 386) Medium-risk (n = 436) Low-risk (n = 2,015) P-value

Demographic variables

Age, years 70.5 ± 13.9 69.6 ± 13.1 63.6 ± 12.4 <0.001

Males, n (%) 264 (68.4%) 288 (66.1%) 1569 (77.9%) <0.001

Smoking, n (%) 181 (46.9%) 204 (46.8%) 1162 (57.7%) <0.001

Drinking, n (%) 89 (23.1%) 114 (26.3%) 695 (34.5%) <0.001

Chronic medical conditions

Hypertension, n (%) 210 (54.4%) 264 (60.6%) 1055 (52.4%) 0.008

Diabetes, n (%) 126 (32.6%) 147 (33.7%) 489 (24.3%) <0.001

Hyperlipidemia, n (%) 37 (9.6%) 53 (12.2%) 253 (12.6%) 0.260

COPD, n (%) 20 (5.2%) 19 (4.4%) 45 (2.2%) 0.001

Physiological and lab variables

BMI, kg/m2 23.4 ± 3.6 23.9 ± 3.6 24.4 ± 3.2 <0.001

Admission SBP, mmHg 123 ± 25.8 131.2 ± 25.3 129.4 ± 23.4 <0.001

Admission DBP, mmHg 74.8 ± 17.1 77.4 ± 15.6 79.5 ± 15.4 <0.001

Heart rate, /min 87.0 ± 22.8 81.9 ± 18.8 79.4 ± 16.8 <0.001

Killip class ≥ 2, n (%) 233 (60.4%) 223 (51.1%) 770 (38.2%) <0.001

LVEF, (%) 49.0 ± 13.3 53.1 ± 12.1 55.4 ± 11.2 <0.001

WBC, 109/L 10.6 ± 4.3 9.6 ± 3.6 9.2 ± 3.5 <0.001

Neutrophil, 109/L 7.9 ± 3.9 7.7 ± 3.6 7.3 ± 3.5 <0.001

CRP, mg/L 46.5 (15.9–90.2) 5.1 (2.8–12.9) 6.6 (2.7–33.2) <0.001

IL-6, pg/mL 28.3 (13.3–52.8) 9.5 (5.4–26.3) 12.6 (6.4–43.4) <0.001

NLR 5.5 (2.9–10.1) 5.5 (3.2–9.0) 5.0 (3.0–8.4) 0.009

Platelet count, 109/L 170.5 (135–213) 174 (138–223) 177 (140–219) 0.755

D-dimer, mg/L 0.8 (0.4–1.9) 0.6 (0.3–1.1) 0.3 (0.2–0.7) <0.001

Fibrinogen, g/L 3.4 (2.7–4.6) 3.3 (2.7–4.3) 2.9 (2.4–3.7) <0.001

Blood glucose, mmol/L 8.1 (6.5–11.2) 7.8 (6.4–10.4) 7.4 (6.1–9.7) <0.001

Creatinine, µmol/L 90 (71.5–130.5) 82 (69–106) 77 (65–91)

BUN, mmol/L 7.1 (5.3–10.3) 6.2 (5–8.6) 5.6 (4.5–7) <0.001

Triglycerides, mmol/L 1.2 (0.8–1.6) 1.3 (0.9–2.1) 1.5 (0.9–2.2) <0.001

Total cholesterol, mmol/L 4.2 ± 1.2 4.3 ± 1.3 4.5 ± 1.3 <0.001

HDL, mmol/L 1.2 ± 0.4 1.1 ± 0.4 1.1 ± 0.3 0.006

LDL, mmol/L 2.6 ± 1.1 2.7 ± 1.1 2.8 ± 1.1 0.001

NT-proBNP, pg/mL 2399 (382–6316) 1490 (404–4221) 499 (138–1594) <0.001

CTn T pg/mL 1020 (191–4322) 387 (60–1872) 301 (31–1517) <0.001

Creatinine kinase, IU/L 290 (126–1150) 155 (72–627) 172 (87–675) 0.008

CK-MB, U/L 14.3 (4.1–76.9) 7.4 (2.5–32.4) 6.5 (2.1–52.1) 0.083

Stenotic coronary arteries*

Left main, n (%) 75/374 (20.1%) 94/426 (22.1%) 330/1985 (16.6%) 0.015

LAD, n (%) 249/374 (66.6%) 358/426 (84.0%) 1737/1985 (87.5%) <0.001

Left circumflex, n (%) 215/374 (57.5%) 299/426 (70.2%) 1305/1985 (65.7%) 0.001

RCA, n (%) 230/374 (61.5%) 331/426 (77.7%) 1546/1985 (77.9%) <0.001

(Continued)
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TABLE 1 (Continued)

Characteristic High-risk (n = 386) Medium-risk (n = 436) Low-risk (n = 2,015) P-value

Risk score

GRACE score 170.0 ± 45.7 153.2 ± 37.6 139.2 ± 35.7 <0.001

Gensini score* 84 (43–120) 67 (37–107) 56 (29–90) <0.001

Treatment 0.002

PCI, n (%) 267 (69.2%) 348 (79.8%) 1521 (75.5%)

Optimal drug therapy, n (%) 119 (30.8%) 88 (20.2%) 494 (24.5%)

SBP, systolic blood pressure; DBRP, dynamic Barthel index-based risk stratification program; DBP, diastolic blood pressure; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; WBC, white blood cell count; BUN, blood urea nitrogen; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CTn T, cardiac troponin T; NT-proBNP, N-terminal pro-
brain natriuretic peptide; CK-MB, creatinine kinase-myocardial band isoenzyme; CRP, C-reactive protein; LVEF, left ventricular ejection fraction; LAD, left anterior descending; NLR,
neutrophil-to-lymphocyte ratio; RCA, right coronary artery; GRACE, the Global Registry of Acute Coronary Events score; PCI, percutaneous coronary intervention.
*Two thousand seven hundred and eighty-five patients received coronary angiography, and other 52 patients refuse to undergo coronary angiography.

functional capacity trajectories during hospitalization for long-
term outcomes and evaluate the prediction efficiency of this risk
assessment tool in patients with ACS.

2 Materials and methods

2.1 Study design and setting

The Retrospective Evaluation of Acute Chest Pain (REACP)
study is a multicenter, retrospective study including a
cohort of patients with acute chest pain (ACP) who were
admitted to EDs from seven tertiary hospitals in China from
January 2017 to December 2019 (clinicaltrials.gov, identifier:
ChiCTR1900024657) (12, 14). This study was conducted to
elucidate the development of fatal chest pain (ACS, aortic
dissection, and pulmonary embolism) and the risk factors in the
suspected population. This study was conducted in accordance
with the Declaration of Helsinki and approved by local or
central institutional review.

2.2 Study population

In this study, we aimed to establish a novel DBRP
based on admission and hospital-acquired BI score for risk
stratification in ACS patients. The inclusion criteria were
as follows: age greater than 18 years, first-time diagnosis
of ST-segment elevation myocardial infarction (STEMI) or
non-STEMI (NSTEMI), and unstable angina (UA), less than
12 h between the onset of symptoms and ED admission,
and treatment with coronary angiography or primary
percutaneous coronary intervention in the hospital. The
exclusion criteria were as follows: accompanied by the identified
disabled (including previous stroke, severe valvular heart
disease, heart failure, chronic obstructive pulmonary disease,
rheumatological diseases, trauma diseases, and other diseases
with possible impact in BI assessment), malignant tumors,

pregnancy, end-stage hepatopathy, or renal failure at admission.
A diagram demonstrating the election of patients is shown in
Figure 1.

2.3 Data collection and measures

In this study, the BI scores of ACS patients were assessed
by trained nurses at admission and discharge. The details of
evaluating BI scores were described in our previous study (12).
Briefly, the BI score comprises 10 items: feeding, toilet use,
bathing, grooming, dressing, bowel and bladder control, chair
transferring, stair climbing, and ambulating. Each item is scored
proportionally, and a given number of points are assigned to
each level or rank. The admission and discharge BI assessments
were conducted according to responses from the ACS patient or
a family member. We divided the BI score into three different
level categories according to the standard BI grouping method:
high disability caused by ADL (0–40), considered high risk,
moderate disability caused by ADL (41–60), considered medium
risk, low disability caused by ADL (61–100), considered low
risk (12).

We obtained demographic data, characteristic details,
and clinical features of the patients from the database of
the REACP study, including medical histories, vital signs,
electrocardiograms, troponin I/T, myocardial enzymes, liver
and renal function, coronary angiography (CAG) findings,
echocardiography findings, inpatient complications, pre-
hospital and in-hospital treatment and discharge medication.
Standard case report forms were used to collect these data; the
details were described in our previous publications (3, 4, 12,
15, 16).

2.4 Risk stratification score based on
dynamic BI scores

In this study, we established a novel DBRP consisting of
the low, medium, and high-risk categories, based on admission
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BI, discharge BI and the changes between the two. In terms of
the BI changes, “largely improved” was defined as two levels
of improvement; for example, BI changes from the high risk
(0–40) to the low-risk category (61–100); “slightly improved”
was defined as one level of improvement; for example, BI
changes from the high-risk category (0–40) to the medium-
risk category (41–60); “largely declined” was defined as two
levels of worsening; for example, BI changes from low risk (61–
100) to high risk (0–40); “slightly declined” was defined as one
level of worsening; for example, BI changes from the medium
risk (41–60) to the high-risk category (0–40); “no change” was
defined as the risk group at discharge BI remaining the same
as that on admission. In particular, for dead patients within
hospitalization, the BI at discharge was signed to high risk (0–
40). The detailed rules for risk stratification based on the DBRP
are described in Figure 2.

2.5 Outcome and follow-up

The primary endpoint of this study was all-cause mortality,
confirmed through a combination of hospital medical records
and telephone contact with the patient’s family members.
The secondary outcome was cardiac death, identified based
on hospital record reviews for identified hospitalizations
and through phone interviews. All reported events were

reviewed and verified by the outcome assessment committee of
the REACP study.

2.6 Statistical analysis

Parametric continuous variables are expressed as
means ± standard deviations (SD) and non-parametric
continuous variables as medians with interquartile ranges.
Categorical variables are reported as frequencies and
percentages. Parametric patient characteristics were compared
using one-way analysis and non-parametric variables using the
Kruskal–Wallis H test. Categorical variables were compared
using Fisher’s exact test or chi-square test.

The Kaplan–Meier survival analysis and log-rank tests were
performed to calculate and compare the cumulative survival of
ACS patients with different risk levels. Cox proportional hazards
models were used to investigate the relationship between risk
levels according to dynamic BI-based risk stratification and
time-to-mortality. Hazard ratios (HRs) and 95% confidence
intervals (CIs) were calculated using the multivariate Cox
regression model after adjusting for potential influencing
factors. The sensitivity, specificity, accuracy, positive predictive
value (PPV), negative predictive value (NPV), and Cohen’s
Kappa coefficient were calculated to evaluate the predictive
efficiency of DBRP and GRACE score. Receiver operating

FIGURE 3

Kaplan–Meier survival curve of (A) all-cause death for STEMI patients; (B) all-cause death for NST-ACS patients; (C) cardiac death for STEMI
patients; (D) cardiac death for NST-ACS patients; by risk levels according to dynamic BI-based risk stratification. BI, Barthel index; STEMI,
ST-segment elevation myocardial infarction; NST-ACS, non-ST elevation acute coronary syndrome.
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characteristic (ROC) analyses for the DBRP and GRACE score
were performed, and differences in mortality between these
indicators were compared using the area under the curve (AUC)
values with the method of DeLong et al. (17).

Subgroup analysis was performed to test the robustness of
the association between the Dynamic BI-based risk stratification
score and the all-cause mortality. A two-tailed P-value < 0.05
was considered significant for all tests. Statistical analyses were
performed using SPSS version 22.0 (IBM Corp, Armonk, NY,
USA) and R Statistical Software (v4.1.2; R Core Team 2021) (18).

3 Results

3.1 Baseline patient characteristics

A total of 2,837 ACS patients were enrolled with an average
age of 65.5 ± 13.0 years. Of these participants, 2,121 (74.7%)
were male. According to the dynamic BI-based risk stratification
program (DBRP), patients were divided into three groups: the
high-risk (n = 386, 13.6%), medium risk (n = 436, 15.4%), and
low-risk groups (n = 2,015, 71.0%). During a median follow-
up period of 18.0 (10.3–24.2) months, a total of 312 (11.0%)
patients died, of whom 237 (8.3%) died due to cardiac causes.
The baseline characteristics of patients in these three groups are
described and compared in Table 1. Compared to those in the
low-risk group, participants in the high-risk group were older,
had lower body mass indexes (BMI), systolic blood pressure
(SBP), diastolic blood pressure (DBP), left ventricular ejection
fraction (LVEF), triglycerides, total cholesterol, and low-density
lipoprotein (LDL), and had higher heart rates, fibrinogen, blood
glucose, creatinine, BUN, N-terminal pro-B-type natriuretic
peptide (NT-proBNP), cardiac troponin T, creatinine kinase,
CK-MB levels, GRACE scores, and Genisini scores, and were
more likely to have chronic obstructive pulmonary disease
(COPD) and Killip classes ≥ 2. Several common inflammatory
and thrombus indicators, namely white blood cells (WBC),
neutrophil, C-reactive protein (CRP), interleukin 6, neutrophil-
to-lymphocyte ratio (NRL), and D-dimer, were significantly
higher in the high-risk category of DBRP than in the low-risk
category (NLR, P = 0.009; all others, P < 0.001).

3.2 The dynamic BI-based risk
stratification program and clinical
outcomes

Kaplan–Meier analysis (Figure 3) revealed that the
cumulative mortality was significantly higher in patients in
the higher risk category according to the DBRP, regardless
of STEMI and non-ST segment elevation acute coronary
syndrome (NST-ACS), in both all-cause mortality and cardiac
mortality (P < 0.001 for all). Multivariable Cox regression
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analysis further indicated compared to participants with the
low-risk category, the higher risk category in the DBRP was
an independent strong predictor of both all-cause mortality
and cardiac mortality after eliminating confounding factors
(all-cause mortality: medium-risk category: HR: 1.756, 95%
CI: 1.214–2.540; P = 0.003; high-risk category: HR: 5.052, 95%
CI: 3.744–6.817; P < 0.001; cardiac mortality: medium-risk
category: HR: 1.865, 95% CI: 1.252–2.779; P = 0.002; high-risk
category: HR: 4.780, 95% CI: 3.423–6.673; P < 0.001; Table 2).

3.3 The dynamic BI-based risk
stratification program and its
predictive efficiency

The sensitivity, specificity, accuracy, PPV, and NPV for
mortality of the dynamic BI-based risk stratification, when high-
risk was taken as the cut point, were 42.0, 89.9, 84.6, 33.9,
and 92.6%, respectively. And the Cohen’s Kappa coefficient
was 0.289 (95%CI: 0.240–0.338, P < 0.001). When medium-
risk was used as the cutoff point, the sensitivity, specificity,
accuracy, PPV, and NPV for mortality of the dynamic BI-
based risk stratification were 60.6, 74.9, 73.4, 23.0, and 93.9%,
respectively. The Cohen’s Kappa coefficient was 0.207 (95%
CI: 0.171–0.242, P < 0.001). We also evaluated the predictive
efficiency of the GRACE score, using guideline-recommended
140 and 108 as cutoff points, respectively. The specific results
were shown inTable 3. The AUC generated using the ROC curve
analysis found no significant differences in AUCs for all-cause
mortality between the DBRP (low, medium, and high risk) and
GRACE score (140 and 108 as cutoff points) (AUC, 0.700 vs.
0.698, P > 0.05), however, the AUC of GRACE score (AUC,
0.791, P < 0.001) was higher than that of categorical DBRP for
all-cause mortality.

3.4 Subgroup analysis

We carried out subgroup analysis by grouping patients
according to gender, age, BMI, SBP, DBP, heart rate, WBC,

cardiac troponin T, NT-proBNP, Killip class, GRACE score,
and ACS type. Patients in the high-risk group had the lowest
cumulative survival rates of all-cause mortality in each subgroup
(Table 4).

4 Discussion

This study established a novel dynamic BI-based risk
stratification program (DBRP) using admission and discharge
BI, and the changes between them for risk assessment in ACS
patients and investigated whether the DBRP was efficient in
predicting the prognosis of patients with ACS. Our findings
demonstrated that the DBRP could accurately predict the
prognosis of ACS patients. Patients with high and medium risks
were correlated with an increased risk of all-cause mortality and
cardiac mortality compared to those with low risk. Higher risk
independently predicted a worse prognosis in ACS patients.

Our previous study demonstrated that the BI scores assessed
at admission were a valuable prognostic predictor for patients
with ACS, predicting all-cause mortality and cardiac mortality
both in-hospital and during follow-up (12). According to
the BI scores at admission, the HR for mortality of patients
in the high-risk group is twice that of patients in the
low-risk group. One study focusing on older ACS patients
(≥85 years) found that the BI scores assessed at discharge
were correlated with 1-year mortality in these patients (13).
However, the development of the disease process is ever-
changing; thus, dynamic assessment may provide more valuable
information (11).

The BI score at admission reflects the ADL of patients
before medical intervention, which shows the initial status
of the patient after the onset of illness, while the BI score
assessed at discharge reflects the ADL of patients after receiving
medical intervention, indicating the patient’s current status.
The change between these two indices provided information
on disease development and therapeutic effects. The DBRP
comprehensively evaluates these three items, which may more
accurately predict the prognosis of ACS patients. In addition,
the elevated change in ADL assessed by BI scores during

TABLE 3 Predictive efficiency for mortality of the DBRP and GRACE score in acute coronary syndrome patients.

Values Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%) Kappa (95% CI)

DBRP

High risk 42.0 89.9 84.6 33.9 92.6 0.289 (0.240–0.338)

Medium risk 60.6 74.9 73.4 23.0 93.9 0.207 (0.171–0.242)

GRACE score

140 85.9 52.5 56.2 18.3 96.8 0.146 (0.124–0.168)

108 97.1 18.8 27.4 12.9 98.1 0.041 (0.033–0.049)

AUC, area under the curve; DBRP, dynamic Barthel index-based risk stratification program; PPV, positive predictive value; NPV, negative predictive value; BI, Barthel index; CI,
confidence interval; GRACE, the Global Registry of Acute Coronary Events.
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hospitalization suggested that the improvement of myocardial
ischemia or less complications after treatment in hospital.
Therefore, In this study, we took the dynamic changes of ADL
functional status into consideration and established a relatively
more accurate risk stratification tool for ACS patients.

As described in our previous research, ADL representing
patients’ physical functional status is correlated with several
pathophysiological states, including inflammatory processes,
aging status, and frailty (19–23). These factors are all
essential considerations in the occurrence and development

TABLE 4 Kaplan–Meier survival analysis of mortality in acute coronary syndrome patients.

Subgroups Cumulative survival rate Log rank χ2 P-value

High-risk Medium-risk Low-risk

Gender

Male (n = 2,121) 0.488 0.823 0.937 293.382 <0.001

Female (n = 716) 0.497 0.838 0.846 55.749 <0.001

Agea

≤65 (n = 1,345) 0.794 0.923 0.967 79.083 <0.001

>65 (n = 1,492) 0.347 0.786 0.859 187.264 <0.001

BMI,b kg/m2

≤24 (n = 1,508) 0.365 0.763 0.889 186.051 <0.001

>24 (n = 1,329) 0.700 0.891 0.942 88.698 <0.001

SBP,b mmHg

≤128 (n = 1,455) 0.432 0.815 0.916 212.282 <0.001

>128 (n = 1,382) 0.593 0.840 0.920 116.962 <0.001

DBP,b mmHg

≤78 (n = 1,486) 0.440 0.845 0.907 172.766 <0.001

>78 (n = 1,351) 0.563 0.807 0.930 166.130 <0.001

Heart rate,b /min

≤ 78 (n = 1,444) 0.555 0.867 0.934 103.610 <0.001

>78 (n = 1,393) 0.449 0.794 0.901 211.153 <0.001

WBC,b 109/L

≤9 (n = 1,477) 0.639 0.860 0.927 103.938 <0.001

>9 (n = 1,360) 0.412 0.795 0.907 219.677 <0.001

Troponin T,b pg/mL

≤453 (n = 1,438) 0.710 0.850 0.930 65.640 <0.001

>453 (n = 1,399) 0.337 0.809 0.902 224.779 <0.001

NT-proBNP,b pg/mL

≤745 (n = 1,452) 0.872 0.949 0.956 24.895 <0.001

>745 (n = 1,385) 0.293 0.766 0.865 196.706 <0.001

Killip classc

I (n = 1,611) 0.720 0.894 0.945 56.387 <0.001

II-IV (n = 1,226) 0.330 0.768 0.874 204.638 <0.001

GRACE scoreb

≤142 (n = 1,443) 0.891 0.900 0.973 28.693 <0.001

>142 (n = 1,394) 0.369 0.781 0.856 205.622 <0.001

ACS type

STEMI (n = 1,581) 0.452 0.824 0.921 252.327 <0.001

NST-ACS (n = 1,256) 0.327 0.832 0.915 95.472 <0.001

HR, hazard ratio; CI, confidence interval; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; WBC, white blood cell; GRACE score, Global Registry of
Acute Coronary Events score; ACS, acute coronary syndrome; STEMI, ST-elevation myocardial infarction; NST-ACS, non-ST elevation acute coronary syndrome.
aThe cutoff point for age was according to the definition of the elderly (65 years old).
bThe cutoff points for these variates were medians.
cThe cutoff point for Killip class was having congestive heart failure (≥II).
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of cardiovascular disease (24–28). Also, the results of our
study showed that several common inflammatory and thrombus
indicators were significantly higher among patients in the high-
risk category of DBRP than in the low-risk category, which
may further explain an underlying mechanism. Prior studies
have demonstrated that the indicators related to the various
pathophysiological conditions involved in the pathogenesis of
cardiovascular disease or myocardial injury may provide more
prognostic information (3, 29–31). Being a validated evaluation
tool for ADL, the BI score is highly likely to play a role in the risk
stratification and prognosis prediction of ACS patients.

As the performance of the evaluation of ADL is nowadays
feasible in the ambulance, the BI score can be completely
obtained in the pre-hospital setting. The scale is considered
easy to use, with good reliability and sensitivity to change,
mainly in predicting the ADL functional status. The DBRP
established in the present study is based on the changes
between admission and discharge BI scores, and it has been
proved that dynamic monitoring may provide more information
and guide clinical decision-making, no matter the patient’s
physiological indices or functional status (32–35). Thus, the
continuous dynamic evaluation of BI scores may provide more
prognostic information for patients with ACS. According to
our results, the risk of mortality was five times greater in
the high-risk category than the low-risk category of DBRP.
Furthermore, in patients with different levels of cardiovascular
risk factors, the DBRP had a stable prognostic value. This result
is far better than that of our previous study, in which risk
stratification was carried out based on the BI score at admission
alone (12).

The GRACE score is a guideline-recommended risk
stratification for patients with ACS, comprising several factors,
including demographic data, heart and other organ damage
related to ACS, and has been widely used in clinical practice (36).
The results of this study show that the DBRP had relatively better
specificity, accuracy, PPV, and consistency than the GRACE
score in predicting mortality in ACS patients, and no significant
differences in the AUCs for all-cause mortality were observed
between the DBRP and GRACE score (as categorical data).
The DBRP provides additional geriatric-related signals reported
to predict outcomes beyond age and standard risk factors
(37). Currently, the ACS patients with geriatric conditions
account for an increasing proportion of total patients, making
it all the more important to consider the relevant indicators
(38). Thus, the DBRP is indeed necessary because it may
provide prognostic information not provided by the GRACE
score, and combining these two indicators may illustrate
comprehensive and systematic information. Furthermore, the
BI score is routinely evaluated orally by nurses in hospital
settings in China, which does not increase the burden on
doctors, and has been widely accepted by both physicians
and patients. Importantly, in the early evaluation of ACS

patients, the participation of nurses can promote physician-
nurse collaboration, subsequently leading to a more efficient
and comprehensive evaluation. The latest European Society of
Cardiology consensus statement demonstrated that the active
participation of well-trained nurses can be beneficial to the risk
stratification of patients (5). In addition, as a ADL assessment
tool, the BI score consists of 10 items that relate to ADL without
any medical examination results, and is considered easy to use
mainly in predicting the functional outcomes.

5 Limitations

There are several limitations to this study. Firstly,
retrospective as this study was, large, multicenter, and
prospective studies are needed to further verify the validity
of these results. Secondly, we only collected BI scores at
one time point after admission, while multiple collections
may provide more prognostic information. Thirdly, whether
subsequent clinical interventions according to the DBRP can
improve the prognosis of ACS patients was not investigated in
this study, and this would be an interesting point to further
explore in the future.

6 Conclusion

This study established a risk stratification tool based on
dynamic BI scores and demonstrated that this dynamic BI-based
risk stratification program might help identify high-risk patients
and provide useful prognostic information for patients with
ACS. As such, it could be applied in clinical practice for ACS
patients for early risk warning and clinical decision guidance.
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Background: Emergency percutaneous coronary intervention (PCI) in patients

with acute ST-segment elevation myocardial infarction (STEMI) helps to

reduce the occurrence of major adverse cardiovascular events (MACEs)

such as death, cardiogenic shock, and malignant arrhythmia, but in-hospital

MACEs may still occur after emergency PCI, and their mortality is significantly

increased once they occur. The aim of this study was to investigate

the risk factors associated with MACE during hospitalization after PCI in

STEMI patients, construct a nomogram prediction model and evaluate its

effectiveness.

Methods: A retrospective analysis of 466 STEMI patients admitted to our

hospital from January 2018 to June 2022. According to the occurrence

of MACE during hospitalization, they were divided into MACE group

(n = 127) and non-MACE group (n = 339), and the clinical data of

the two groups were compared; least absolute shrinkage and selection

operator (LASSO) regression was used to screen out the predictors with

non-zero coefficients, and multivariate Logistic regression was used to

analyze STEMI Independent risk factors for in-hospital MACE in patients after

emergency PCI; a nomogram model for predicting the risk of in-hospital

MACE in STEMI patients after PCI was constructed based on predictive
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factors, and the C-index was used to evaluate the predictive performance of

the prediction model; the Bootstrap method was used to repeat sampling

1,000 Internal validation was carried out for the second time, the Hosmer-

Lemeshow test was used to evaluate the model fit, and the calibration

curve was drawn to evaluate the calibration degree of the model. Receiver

operating characteristic (ROC) curves were drawn to evaluate the efficacy of

the nomogram model and thrombolysis in myocardial infarction (TIMI) score

in predicting in-hospital MACE in STEMI patients after acute PCI.

Results: The results of LASSO regression showed that systolic blood pressure,

diastolic blood pressure, Killip grade II-IV, urea nitrogen and left ventricular

ejection fraction (LVEF), IABP, NT-ProBNP were important predictors with

non-zero coefficients, and multivariate logistic regression analysis was

performed to analyze that Killip grade II-IV, urea nitrogen, LVEF, and NT-

ProBNP were independent factors for in-hospital MACE after PCI in STEMI

patients; a nomogram model for predicting the risk of in-hospital MACE

after PCI in STEMI patients was constructed with the above independent

predictors, with a C-index of 0.826 (95% CI: 0.785–0.868) having a good

predictive power; the results of H-L goodness of fit test showed χ2 = 1.3328,

P = 0.25, the model calibration curve was close to the ideal model, and the

internal validation C-index was 0.818; clinical decision analysis also showed

that the nomogram model had a good clinical efficacy, especially when the

threshold probability was 0.1–0.99, the nomogram model could bring clinical

net benefits to patients. The nomogram model predicted a greater AUC

(0.826) than the TIMI score (0.696) for in-hospital MACE after PCI in STEMI

patients.

Conclusion: Urea nitrogen, Killip class II-IV, LVEF, and NT-ProBNP are

independent factors for in-hospital MACE after PCI in STEMI patients, and

nomogram models constructed based on the above factors have high

predictive efficacy and feasibility.

KEYWORDS

acute ST-segment elevation myocardial infarction, STEMI, percutaneous coronary
intervention, PCI, MACE, nomogram model

1 Introduction

In recent years, the incidence of acute ST-segment elevation
myocardial infarction (STEMI) has been increasing, and it has
become one of the most common and fatal cardiac emergencies
in clinical practice (1). Percutaneous coronary intervention
(PCI) is currently one of the most effective treatments for
STEMI (2). Although PCI can timely open the infarcted
vessel and achieve reperfusion, reperfusion itself aggravates
myocardial injury and increases the incidence of major adverse
cardiovascular events (MACEs), so it is particularly important
to identify high-risk patients with STEMI who have a poor
prognosis early in admission (3). Timely risk assessment of
STEMI patients has a positive effect on improving patient

outcomes. Establishing a convenient and effective prediction
model is helpful to assess the risk of in-hospital MACE after
emergency PCI in STEMI patients and has a positive effect on
the early identification of patients at high risk of in-hospital
MACE and timely intervention.

The nomogram is based on the analysis results of COX
proportional hazards or logistic regression model, which is
graphical and visualized for the prediction of individual disease
risk and is more intuitive and easy to be popularized and applied
in clinical practice. Compared with traditional risk scoring
systems, nomogram models integrate more risk factors and
obtain numerical probabilities of target events, more accurately
quantify risk, and are more flexible to apply. Its application
has been reported in predicting the risk of postoperative heart
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failure in patients with acute myocardial infarction (AMI) (4),
the risk of in-hospital major cardiovascular events in patients
with AMI after PCI (5), and the prognosis of patients with the
acute coronary syndrome (6). In this study, we retrospectively
analyzed the clinical characteristics of 466 STEMI patients
before emergency PCI, and provided a reference for clinical
assessment of the patient’s condition and guiding treatment
by constructing a nomogram model to predict the risk of in-
hospital MACE in STEMI patients after emergency PCI.

2 Materials and methods

2.1 Study population

A retrospective analysis of 466 STEMI patients who
underwent emergency PCI at the Second People’s Hospital of
Hefei from January 2018 to June 2022 was performed as the
study subjects, all of whom were stented patients. Inclusion
criteria (1) aged 18 years or older; (2) no previous history
of atrial fibrillation; (3) admitted for emergency PCI within
24 h after onset; (4) demographic characteristics and complete
clinical data. Exclusion criteria: (1) combined with malignant
tumor; (2) accompanied by non-obstructive coronary heart
disease, primary cardiomyopathy; (3) clinical evidence of
infection; (4) accompanied by immune system disease; (5)
combined with severe liver and kidney dysfunction. Patients
were divided into the MACE group (n = 127) and the non-
MACE group (n = 339) according to whether MACE occurred
in the hospital after PCI. MACE defined the primary endpoint
as cardiac death. Secondary endpoints were myocardial
reinfarction, malignant arrhythmia, and acute heart failure.
Myocardial reinfarction was defined as stent thrombosis
in this study. Criteria for stent thrombosis diagnosis were
according to those proposed by the Academic Research
Consortium (ARC) (7). Diagnosis of acute heart failure:
clinical manifestations such as shortness of breath, orthopnea,
pulmonary rales, pink foamy sputum; NT-proBNP: >450 ng/L
in patients under 50 years old, >900 ng/L in patients over
50 years old, >1,800 ng/L in patients over 75 years old, and
>1,200 ng/L in patients with renal insufficiency (glomerular
filtration rate <60 ml/min). Malignant arrhythmias include
severe sinus bradycardia (≤40 beats/min), high-grade or
third-degree atrioventricular block, ventricular tachycardia,
ventricular fibrillation, etc., and classify cardiac arrest as a
special type of malignant arrhythmia. This study has been
approved by the Ethics Committee of the Second People’s
Hospital of Hefei (Approval No.: 2020-ke-058). All methods
were performed following the Declaration of Helsinki.
PCI: refers to the treatment of transcatheter techniques
to dredge the stenotic or even occluded coronary lumen,
thereby improving the blood perfusion of the myocardium,
including percutaneous coronary balloon angioplasty

(PTCA), coronary stent implantation, coronary rotational
atherectomy, intracoronary thrombus aspiration, and cutting
balloon angioplasty.

2.2 Study method

2.2.1 Data collection
Demographic characteristics and clinical data of AMI

patients at admission were collected through the hospital’s
electronic case system, including age, gender, smoking
history, heart rate at admission, systolic blood pressure,
diastolic blood pressure, comorbidities (including hypertension
and diabetes), Killip class II-IV, Gensini score, LVEF of
echocardiography results, laboratory parameters (including
neutrophils, lymphocytes, hemoglobin, platelets, total bilirubin,
direct bilirubin, indirect bilirubin, albumin, triglycerides, total
cholesterol, LDL-C, HDL-C, Apolipoprotein B, Apolipoprotein
A1, urea, creatinine, uric acid, cystatin C, homocysteine,
and fasting blood glucose, NT-ProBNP), Intervention-
related data (Gensini score, D-to-B time, infarct location,
number of diseased vessels, number of implanted stents,
tirofiban, thrombus aspiration, IABP), and MACE data during
hospitalization.

2.2.2 Nomogram establishment and
verification

Least absolute shrinkage and selection operator (LASSO)
regression was used to reduce the dimension of 31 clinical
data in this study, predictors of non-zero coefficients were
selected, and multivariate logistic regression was used to analyze
independent predictors affecting in-hospital MACE after PCI in
STEMI patients. Predictors were used to construct a nomogram
model to predict the risk of in-hospital MACE after PCI in
STEMI patients, and C-index was used to assess the predictive
efficacy of the nomogram model for in-hospital MACE after PCI
in STEMI patients. Bootstrap multiple sampling 1,000 times was
used for model internal validation, model fit was evaluated by
the Hosmer-Lemeshow test, and calibration curves were plotted
to evaluate the calibration of the model. Decision curves were
drawn to analyze the net benefit rate of this nomogram model
in predicting in-hospital MACE after PCI in STEMI patients.
Receiver operating characteristic (ROC) curves were plotted to
assess the efficacy of nomogram models and thrombolysis in
myocardial infarction (TIMI) scores in predicting in-hospital
MACE after acute PCI in STEMI patients.

2.2.3 Statistical methods
Statistics and graphs were performed using SPSS 26.0,

R4.2.1, and GraphPad Prism9.0. Kolmogorov-Smirnov
normality test was performed on the measurement data, which
conformed to the normal distribution and was expressed
as mean ± standard deviation, and an independent sample
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t-test was used for comparison between the two groups; the
measurement data without normal distribution were expressed
as median M (P25, P75), and Mann-Whitney U test was used
for comparison between the two groups; the adoption rate of
enumeration data was expressed, and chi-square test was used
for comparison between the two groups; LASSO regression
was used to select the predictors of non-zero coefficients,
and multivariate logistic regression was used to analyze the
independent risk factors affecting MACE during hospitalization
after PCI in STEMI patients; C-index, area under ROC curve,
calibration curve, and clinical decision curve were calculated.
All statistics were performed using two-sided tests, and P < 0.05
was considered statistically significant.

3 Results

3.1 Comparison of clinical data
between MACE group and non-MACE
patients

In this study, there were significant age differences, the
proportion of women, history of hypertension, systolic and
diastolic blood pressure at admission, neutrophils, hemoglobin,
total bilirubin, indirect bilirubin, albumin, urea, creatinine, uric
acid, cystatin C, fasting blood glucose, NT-ProBNP, LVEF, Killip
class II-IV, Gensini score, number of diseased vessels, thrombus
aspiration, and IABP between the MACE group and the non-
MACE group (P < 0.05). There were no significant differences
in diabetes history, smoking history, heart rate, lymphocytes,
platelets, direct bilirubin, triglycerides, total cholesterol, LDL-
C, HDL-C, Apo-B, Apo-A1, homocysteine, D-to-B time, infarct
location, number of implanted stents, and tirofiban between the
two groups (P > 0.05), as shown in Table 1.

3.2 Construction of a risk prediction
model for in-hospital MACE after PCI
in STEMI patients

3.2.1 Predictor variables were filtered by lasso
regression

Lasso regression analysis was performed with the presence
or absence of MACE (assigned value: NO = 0, YES = 1) during
hospitalization after PCI in STEMI patients as the dependent
variable and the clinical data and laboratory parameters of
the patients as independent variables [categorical variable
(assigned value: NO = 0, YES = 1); continuous variable
(assigned value: measured value)]. The 39 included variables
were dimensionality reduced by Lasso regression, λ values
were calculated using 10-fold cross-validation, and finally, λ

values within one standard deviation of the least mean square

prediction error was selected as optimal values, as shown in
Figure. Final Lasso regression analysis screened seven predictors
of non-zero coefficients (systolic and diastolic blood pressure
at admission, Killip class II-IV, LVEF, urea, NT-ProBNP, IABP)
from 39 variables. As shown in Figure 1.

3.2.2 Multivariate logistic regression model
construction

Seven predictive variables, systolic blood pressure (assigned
value: measured value), diastolic blood pressure (assigned value:
measured value), Killip class II-IV (assigned value: NO = 0,
YES = 1), LVEF (assigned value: measured value), urea (assigned
value: measured value), and IABP (assigned value: NO = 0,
YES = 1), selected by Lasso regression, were used as dependent
variables whether MACE occurred during hospitalization after
PCI in STEMI patients (assigned value: NO = 0, YES = 1).
The optimal Cut-Off value for MACE prediction according
to NT-ProBNP was 700 ng/L, with values assigned as 0 for
values less than 700 and 1 for values greater than or equal to
700. Multivariate logistic regression models were constructed
using these variables as independent variables, and the results
showed that Killip class II-IV, urea nitrogen, LVEF, and NT-
ProBNP were independent factors for in-hospital MACE after
PCI in STEMI patients (P < 0.05) as shown in Table 2.
A nomogram of the predictive model for the development of
in-hospital MACE after PCI in STEMI patients, the Nomogram,
was drawn according to the predictive variables and is shown in
Figure 2. Each predictor variable corresponds to a specific score
on the horizontal axis of the nomogram score, and the scores
corresponding to the three predictor variables are summed to
obtain a total score. Through the total score corresponding to
the risk prediction value of adverse cardiovascular events at the
bottom of the nomogram, it can be seen from the figure that
the patients with higher total scores are more likely to have
in-hospital MACE.

3.2.3 Nomogram model validation
The nomogram model concordance index, C-index

(equivalent area under the ROC curve AUC), was 0.826 (95%
CI: 0.785–0.868); The sensitivity was 0.709, the specificity was
0.802, and the accuracy was 78.7% which had good predictive
power. The results of the H-L goodness of fit test of the
nomogram model for predicting in-hospital MACE after PCI
in STEMI patients showed χ2 = 0.44, P = 0.51, and the model
calibration curve was close to the ideal model, as shown in
Figure 3. The internal validated C-index was 0.818 (95% CI:
0.78–0.87), suggesting that the model had good calibration; The
Brier score was 0.137, suggesting that the nomogram model
predicted in-hospital MACE occurrence in acute ST-segment
elevation myocardial infarction with good correlation and
strong calibration with internal sampling. ROC curve analysis
results showed that the AUC of the nomogram model for
predicting in-hospital MACE after PCI in STEMI patients was
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TABLE 1 Comparison of general clinical data between major adverse cardiovascular events (MACE) group and non-MACE group.

Variables MACE group Non-MACE group t/χ2/z value P-value

General clinical data

Age (years)b 66 (55,78) 59 (51,71) 4.091 <0.001*

Gender (Female, n %) 36 (28.35) 64 (18.88) 4.913 0.027*

Diabetes (n %) 37 (29.13) 87 (25.66) 0.57 0.45

Hypertension (n %) 82 (64.57) 176 (51.92) 5.982 0.014*

Smoking (n %) 67 (52.76) 201 (59.29) 1.615 0.204

Heart rate (beats/min)b 80 (66.5, 92.25) 76 (67, 86) 1.598 0.11

SBP (mmHg)a 112.61 ± 26.3 126.74 ± 22.31 5.79 <0.001*

DBP (mmHg)a 68 ± 15.54 77.69 ± 15.43 6.025 <0.001*

Killip grade II-IV (n %) 67 (52.8) 60 (17.7) 52.27 <0.001*

Laboratory data

Neutrophils (× 109/L)b 8.9 (6.55, 11.77) 7.16 (5.25, 9.68) 4.902 <0.001*

Lymphocytes (× 109/L)b 1.3 (0.89, 2.2) 1.49 (1.08, 2.15) 0.974 0.33

Hemoglobin (g/L)a 132.26 ± 19.61 138.31 ± 18.4 3.101 0.002*

Platelets (× 109/L)b 198.2 (160.75, 241.25) 196.5 (154, 238) 0.892 0.372

Total bilirubin (umol/L)b 16.6 (11.88, 21.2) 18 (13.4, 24.68) 2.215 0.027*

Direct bilirubin (umol/L)b 4.85 (3.6, 6) 5 (3.7, 6.7) 1.272 0.203

Indirect bilirubin (umol/L)b 11.85 (8.28, 15.6) 13.4 (9.6, 17.5) 2.799 0.005*

Albumin (g/L)a 37.93 ± 4.11 39.59 ± 3.71 4.164 <0.001*

Triglycerides (mmol/L)b 1.42 (0.96, 1.99) 1.51 (1.06, 2.23) 1.628 0.103

Total cholesterol (mmol/L)b 4.28 (3.69, 4.98) 4.41 (3.84, 5.11) 1.572 0.116

LDL-C (mmol/L)b 2.71 (2.15, 3.3) 2.79 (2.29, 3.42) 1.261 0.207

HDL-C (mmol/L)b 1.09 (0.92, 1.29) 1.07 (0.91, 1.24) 0.647 0.518

Apolipoprotein B (g/L)b 0.86 (0.71, 0.98) 0.87 (0.74, 1.01) 1.13 0.258

Apolipoprotein A1 (g/L)b 1.02 (0.91, 1.18) 1.06 (0.94, 1.18) 1.523 0.128

Urea (mmol/L)b 6.4 (5.23, 9.27) 5.15 (4.19, 6.38) 6.653 <0.001*

Creatinine (umol/L)b 76 (61.95, 103.88) 69 (58, 78.98) 4.52 <0.001*

Uric acid (umol/L)b 373.6 (303.5, 437) 346.8 (281.03, 415.3) 2.535 0.011*

Cystatin C (mg/L)b 1.11 (0.91, 1.39) 1.01 (0.88, 1.15) 3.24 0.001*

Homocysteine (umol/L)b 14.75 (10.8, 18.17) 13.8 (10.72, 17.4) 0.485 0.628

Fasting blood glucose (mmol/L)b 7.37 (6.05, 9.56) 6.06 (5.31,7.78) 5.169 <0.001*

LVEFb 56 (48, 61) 60 (56, 64) 5.697 <0.001*

NT-ProBNP (ng/L)b 774.42 (466.11, 1071.09) 491.95 (328.67, 731.58) 5.602 <0.001*

Interventional data

Gensini scoreb 80 (42.75, 105) 60 (41, 84) 3.047 0.002*

D-to-B time 61.41 ± 7.88 60.94 ± 7.22 0.608 0.543

Infarct location (n, %) – – 1.934 0.164

Anterior MI 59 (46.45) 182 (53.69) – –

Others 68 (53.55) 157 (46.31) – –

Number of diseased vessels (n, %) – – 3.996 0.046*

1 35 (27.56) 127 (37.46) – –

≥2 92 (72.44) 212 (62.54) – –

Number of stents implantedb 1 (1, 2) 1 (1, 2) 1.294 0.196

Tirofiban, n (%) 56 (44.1) 127 (37.46) 1.704 0.192

Thrombus aspiration, n (%) 37 (29.13) 53 (15.63) 10.804 0.001*

IABP, n (%) 22 (17.32) 9 (2.65) 32.009 <0.001*

In-hospital MACE

Cardiogenic death (n, %) 16 (12.6) –

Myocardial reinfarction (n, %) 2 (1.6) –

Malignant arrhythmia (n, %) 71 (55.9) –

Acute heart failure (n, %) 38 (29.9) –

SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL-C, low-density lipoprotein cholesterol C; HDL-C, high-density lipoprotein cholesterol C; LVEF, left ventricular ejection
fraction; MI, myocardial infarction.
aNormally distributed data are expressed as mean ± standard deviation.
bNon-normally distributed data are expressed as median M (P25 , P75) 0.1 mmHg = 0.133 kPa; *P < 0.05. Mean ± standard deviation, M (P25 , P75), number of cases and percentage (n, %).
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FIGURE 1

Predictor plots screened by least absolute shrinkage and selection operator (LASSO) regression analysis.

TABLE 2 Multivariate logistic regression analysis of influencing factors in major adverse cardiovascular events (MACE) group.

β Standard error Wald OR 95% CI P-value

SBP 0.018 0.009 3.664 0.982 (0.964, 1) 0.056

DBP 0.007 0.015 0.259 0.993 (0.964, 1.021) 0.611

Killip grade II-IV 1.088 0.277 15.411 0.337 (0.922, 0.983) <0.001*

Urea 0.199 0.055 13.065 0.337 (0.196, 0.58) <0.001*

LVEF 0.049 0.016 9.03 0.952 (0.922, 0.983) 0.003*

NT-ProBNP 1.485 0.261 32.304 0.226 (0.136, 0.378) <0.001*

IABP 0.855 0.518 2.726 0.425 (0.154, 1.173) 0.099

SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular ejection fraction; *P < 0.05.
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FIGURE 2

A nomogram predicting in-hospital major adverse cardiovascular events (MACE) after percutaneous coronary intervention (PCI) in patients with
ST-segment elevation myocardial infarction (STEMI). ***P < 0.05.

0.826 greater than that of the TIMI score 0.696 (Z =3.567,
P < 0.05) nomogram model had better predictive performance
than TIMI score, as shown in Figure 4.

3.2.4 Clinical decision analysis for nomogram
models

The clinical decision curve (DCA) was plotted with the
probability of the high-risk threshold as the abscissa and the net
benefit rate as the ordinate, in which the probability of the high-
risk threshold was set at (0, 1), the black solid line represented
the net benefit rate of in-hospital MACE in all patients, the
gray solid line represented the net benefit rate of in-hospital
MACE in all patients, the sky blue curve represented the single
model decision curve taking TIMI score as an example, the red
curve represented the decision curve of this nomogram model,
which was positive or negative relative to all study subjects, and
the nomogram predicted the net benefit of the model in the
interval of 0.1–0.99 with a threshold probability of 0.1–0.99,
suggesting that the nomogram model could bring net clinical
benefit to patients when the threshold probability was 0.1–0.99,
as shown in Figure 5. The clinical impact curve (CIC) can
further reflect the use of the nomogram model to predict the
risk stratification of 1,000 people, showing the coordinate axis
of “loss: benefit,” assigned with eight scales, green in the figure
is a single factor model represented by TIMI score, red is a
nomogram model, gray represents the actual occurrence of in-
hospital MACE, it is seen that compared with the single model of
TIMI score, the difference between the nomogram model curve

and the actual occurrence curve is smaller, suggesting that the
nomogram model is more suitable for the actual occurrence of
in-hospital MACE in clinical practice, as shown in Figure 6.

4 Discussion

This study aimed to investigate the occurrence of MACE
during hospitalization in patients with STEMI, so the primary
study endpoint in the definition of MACE was cardiac death.
Secondary endpoints included myocardial reinfarction, first
acute or subacute thrombosis, which could be induced at the
site of stent implantation due to intimal injury. In addition,
when interventional therapy is performed for major vessels, it
can compress branch vessels to a certain extent, resulting in
vascular occlusion, and also causing some myocardial necrosis
with symptoms of acute myocardial infarction. During the onset
of acute myocardial infarction, various arrhythmias, especially
ventricular arrhythmias, can occur due to myocardial ischemia,
and in severe cases, cardiorespiratory arrest in patients. In
patients with inferior myocardial infarction, inhibition of the
sinoatrial node and atrioventricular node function can lead to
heart rate reduction and atrioventricular block. For patients
with longer ischemic events, due to more myocardial cell
necrosis, patients still cannot save the necrotic myocardium after
opening the vessel, resulting in decreased cardiac pump function
during hospitalization, resulting in acute heart failure or even
cardiogenic shock. Therefore, in this study, these indicators
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FIGURE 3

Calibration curve.

FIGURE 4

Receiver operating characteristic (ROC) curve of nomogram
model and thrombolysis in myocardial infarction (TIMI) score in
predicting the efficacy of in-hospital major adverse
cardiovascular events (MACE) after percutaneous coronary
intervention (PCI) in ST-segment elevation myocardial infarction
(STEMI) patients.

were selected as meeting the endpoints, and predictors were
selected to construct a nomogram model to provide a
reference for clinical assessment of the patient’s condition and
guiding treatment.

Acute myocardial infarction (AMI) is a serious and fatal
disease with high mortality and poor prognosis. Although PCI

can restore myocardial perfusion associated with an infarcted
artery as soon as possible and improve the prognosis of patients,
the risk of major adverse cardiovascular events in patients
after PCI is still very high, mainly including cardiac death,
heart failure, stroke, revascularization, malignant arrhythmia,
etc. (8–10). Studies have shown that poor prognosis after PCI
in patients with acute myocardial infarction is associated with
several indicators, such as LVEF, Killip class, Hb, and red blood
cell distribution width (11–13).

Therefore, early assessment of short-term risk in STEMI
patients, including assessment of the extent of myocardial
injury, presence of clinical features at high risk of developing
MACE, risk of reperfusion therapy, and success, is important.
To obtain more effective prognostic information, the scoring
system for patient risk assessment mainly includes the TIMI
risk score (14), GRACE risk score (15), PAMI risk score (16),
etc., of which TIMI risk score is widely used in clinical practice
(14). The TIMI risk score was based on data from the TIMI-
II study, which enrolled STEMI patients who presented within
6 h and underwent thrombolytic therapy, taking into account
risk factors and reperfusion time, and therefore has important
prognostic value for STEMI patients, especially STEMI patients
receiving reperfusion therapy. The GRACE risk score model
was derived from the Global Registry of Acute Coronary Events
(17), which primarily enrolled patients with non-ST-segment
elevation acute coronary syndrome, and the score was used
to risk stratify patients based primarily on their basic clinical
signs and ancillary tests and did not include the impact of
reperfusion on prognosis. Therefore, it is generally believed in
clinical work that the TIMI risk score is more accurate for risk
stratification of STEMI patients, while the GRACE risk score
is more reasonable for risk stratification of non-ST-segment
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FIGURE 5

Clinical decision curve analysis for nomogram models.

elevation acute coronary syndrome patients. Therefore, early
screening of patients at high risk of MACE and individualized
management are beneficial to improve patient outcomes.

To better individualize patient outcomes, we used Lasso
regression to screen five risk factors most associated with major
adverse cardiovascular events during hospitalization: systolic
blood pressure (SBP) and diastolic blood pressure (DBP) at
admission, Killip class II-IV, urea, left ventricular ejection
fraction (LVEF), IABP, and NT-ProBNP as significant predictors
with coefficients that were not zero. Previous studies have
shown that blood pressure at admission has also been shown
to be a risk factor for in-hospital outcomes in STEMI patients.
Acute myocardial infarction patients with hypertension have a
poor prognosis (18), while other studies have shown that AMI
patients with low SBP and low DBP levels at admission are
significantly associated with the risk of in-hospital mortality (19,
20). In this study, we found that SBP and DBP at admission
were lower and statistically significantly different in patients
affecting the MACE group than in the non-MACE group. We
believe that lower SBP and/or lower DBP impacts myocardial
perfusion and thus adversely impacts prognosis. In this study,
multivariate logistic regression analysis was performed with five
predictor variables SBP, DBP, Killip class II-IV, LVEF (assigned
value: measured value), and urea selected by Lasso regression as
independent variables, and the results showed that Killip class
II-IV and urea were independent risk factors for in-hospital
MACE after PCI in STEMI patients (P< 0.05), and LVEF was an
independent protective factor for in-hospital MACE after PCI in
STEMI patients (P < 0.05).

Killip classification is an index to assess the severity of
heart failure after acute myocardial infarction (21). Previous
studies have reported that myocardial infarction patients with
higher Killip grades tend to have more severe coronary artery
disease and larger myocardial infarct size, which means more

myocardial cell necrosis and necrotic cells are subsequently
replaced by fibrotic scars, which are difficult to reverse once
formed, in addition to their effects on cardiac contractility,
which interfere with normal cardiac electrical activity and thus
lead to arrhythmia, which may be a factor in the poor long-
term prognosis of patients with higher Killip grades (22, 23).
At the same time, DeGeare et al. (24) reported that patients
with a higher Killip class were more likely to develop renal
failure after PCI, and some patients required long-term dialysis
therapy, which may also be partly responsible.

Patients with acute myocardial infarction complicated
by heart failure (HF) or left ventricular dysfunction have
a poor prognosis and are at high risk of rehospitalization
and death (25). Assessment of left ventricular function
using echocardiographic measurements of LVEF after acute
myocardial infarction is an important predictor of clinical
outcome (26) and can well distinguish between low and high risk
of cardiac events after acute myocardial infarction. In a study
of 417 patients with AMI, LVEF <40% was an independent
predictor of the combined end point of death, congestive heart
failure, and recurrent AMI 30 years after AMI (27). In another
large prospective cohort study (28), 4,122 patients with acute
myocardial infarction undergoing PCI were followed up for
4 years and found to have a significantly increased risk of
sudden cardiac death and all-cause mortality in patients with
LVEF ≤30 and 30< LVEF ≤40% compared with those with
LVEF >40%. Another study (29), involving 28,771 patients
with HF, left ventricular dysfunction, or both after acute
myocardial infarction, showed that the risk of death increased
with decreasing LVEF for all types of death.

NT-proBNP is an endogenous hormone produced by
ventricular myocytes, and it has been shown that its peripheral
content is not significantly changed in the early stages of
ventricular dysfunction, but is significantly increased in patients
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FIGURE 6

Analysis of clinical impact curve between nomogram model and TIMI score single model.

with acute heart failure (30). In clinical practice, LVEF, NYHA
functional classification, A-D stage, and other indicators are the
main indicators to determine heart failure, but these indicators
have a certain subjective color, in reflecting the severity of
heart failure, it is bound to be subjectively affected, resulting
in a certain degree of inaccuracy. NT-proBNP levels have been
reported to more accurately reflect the severity of heart failure
and correlate well with NYHA functional class (31). When acute
heart failure occurs, NT-ProBNP levels rise dramatically in the
patient’s plasma. NT-ProBNP levels have a close correlation with
left ventricular systolic dysfunction (30, 32) and can be used as a
sensitive indicator to determine the ventricular function and the
degree of cardiac insufficiency, as well as to evaluate the clinical
treatment effect and prognosis (33, 34). This study also found

that serum NT-proBNP was significantly increased in patients
who developed acute heart failure, consistent with the trend in
the above studies.

Previous studies have shown that renal dysfunction in
STEMI patients is one of the most important predictors of in-
hospital and long-term mortality (35). And serum creatinine
levels are closely related to prognosis after treatment (36).
This study showed that creatinine and urea levels were
significantly higher in the MACE group than in the non-
MACE group (P < 0.05), while elevated blood urea nitrogen
levels were independent risk factors for in-hospital MACE
in STEMI patients. Early restoration of effective myocardial
reperfusion in STEMI patients is critical to reducing acute
mortality and improving prognosis; however, interventional or
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medical therapy is often limited by renal function and serum
creatinine levels. Therefore, serum creatinine and urea nitrogen
levels should be used as important predictors of prognosis
when individualizing treatment regimens, and risk stratification
should be performed according to renal function status as well
as blood urea nitrogen and creatinine levels, which ultimately
effectively reduces mortality and improves hospital outcomes.

A nomogram is a visual graph composed of line segments
of different lengths that are used to predict the probability of a
clinical event, is based on a multivariate regression model, and is
drawn after integrating multiple clinical indicators. In this study,
we constructed a nomogram model for risk prediction of in-
hospital MACE after PCI in STEMI patients based on indicators
that were statistically different in multivariate logistic regression
analysis. The results showed that the AUC of the nomogram
model for predicting in-hospital MACE after PCI in STEMI
patients was greater than that of the TIMI score, indicating that
the nomogram model constructed in this study had a higher
predictive value for in-hospital MACE after PCI in STEMI
patients compared with TIMI score. The nomogram model
concordance index (C-index) was 0.826 (95% CI: 0.785–0.868),
with a sensitivity of 0.709 and a specificity of 0.802, which had
good predictive power. The results of the H-L goodness-of-
fit test for predicting in-hospital MACE after PCI in STEMI
patients showed χ2 = 1.3328, P = 0.25, and the model calibration
curve was close to the ideal model, with an internally validated
C-index of 0.818 and good discrimination. Clinical decision
curve (DCA) analysis showed that the net benefit of the
nomogram prediction model was higher in the interval of
0.1–0.99 for threshold probability, suggesting that when the
threshold probability was 0.11–0.99, the nomogram model
could bring net clinical benefit to patients; clinical impact curve
(CIC) analysis showed that compared with the TIMI score single
model, the difference between the nomogram model curve
and the actual disease curve was smaller, suggesting that the
nomogram model was more suitable for the actual occurrence of
in-hospital MACE in clinical practice, and the prediction model
judged that STEMI patients at high risk of in-hospital MACE
were highly matched with STEMI patients who developed in-
hospital MACE, confirming that the prediction model had a
high clinical effective rate.

This study still has shortcomings: firstly, this study is a
single-center study with a limited sample size, the risk factors
included in the study are not comprehensive and bias cannot be
avoided; secondly, in terms of model validation, only internal
validation has been performed. Third, due to the limitation
of our medical institution level, all enrolled patients in this
study were patients who underwent coronary artery stenting,
so the effect of different PCI procedures on MACE still needs
further study. Lack of external validation results from other sites.
Therefore, in terms of the clinical application and promotion
of this model, large-sample, multicenter clinical data are still
needed to provide more external evidence to support further

exploring the influencing factors of in-hospital MACE after PCI
in STEMI patients and optimize the nomogram model.

5 Conclusion

In summary, Killip class II-IV, urea nitrogen, and LVEF NT-
ProBNP are independent factors for in-hospital MACE after
PCI in STEMI patients, and a nomogram model for in-hospital
MACE risk prediction after PCI in STEMI patients constructed
based on the above factors has good discrimination, calibration,
and clinical effectiveness and can be used as an effective tool
for early clinical prediction of in-hospital MACE risk after PCI
in STEMI patients.
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Prognostic impact of white blood 
cell counts on clinical outcomes 
in patients with chronic renal 
insufficiency undergoing 
percutaneous coronary 
intervention
Wei Yan 1,2†, Mengyao Li2†, Yumeng Lei2†, Shuaiyong Zhang2, 
Fengfeng Lv2, Jiawang Wang2, Qian Yang2, Na Yu2, Ming Chen2, 
Xufen Cao2 and Liqiu Yan1,2*
1 Department of Cardiology and Dongguan Cardiovascular Research Institute, Dongguan Songshan 
Lake Central Hospital, Guangdong Medical University, Dongguan, China, 2 Department of Cardiology, 
Cangzhou Central Hospital, Hebei Medical University, Cangzhou, China

Objective: To determine whether the inclusion of white blood cell (WBC) counts 
in the SYNTAX score (SS) or SS II models could improve the models’ performance 
for risk stratification in individuals with chronic renal insufficiency (CRI) following 
percutaneous coronary intervention (PCI).

Methods: In total, 2,313 patients with CRI, who were subjected to PCI and had 
data available on in-hospital WBC (ih-WBC) counts, were recruited. Patients were 
divided into 3 groups as per their ih-WBC counts (low, medium, and high). The 
primary endpoints were all-cause mortality (ACM) and cardiac mortality (CM). 
The secondary endpoints incorporated myocardial infarction, stroke, unplanned 
revascularization, and major adverse cardiovascular and cerebrovascular events 
(MACCEs).

Results: During a median follow-up of 3 years, the high WBC group had the 
highest incidences of CM (2.4% vs. 2.1% vs. 6.7%; p < 0.001), ACM (6.3% vs. 4.1% vs. 
8.2%; p < 0.001), unplanned revascularization (8.4% vs. 12.4% vs. 14.1%; p < 0.001), 
and MACCEs (19.3% vs. 23.0% vs. 29.2%; p < 0.001) among the three groups. 
Multivariable Cox regression analysis depicted that the risk of ACM and CM in the 
high WBC group was 2.577 (95% confidence interval [CI]: 1.504–4.415, p < 0.001) 
and 3.850 (95% CI: 1.835–8.080, p < 0.001) times that in the low WBC group after 
adjusting for other confounding factors. A combination of ih-WBC counts with SS 
or SS II significantly improved the risk assessment and prediction of ACM and CM.

Conclusion: The ih-WBC counts was associated with the risk of occurrence 
of ACM, CM, unplanned revascularization, and MACCEs in individuals with CRI 
following PCI. It provides an incremental predictive value for the occurrence of 
ACM and CM when included in SS or SS II models.
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white blood cell count, SYNTAX score, SYNTAX score II, chronic renal insufficiency, 
percutaneous coronary intervention
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1. Introduction

Inflammation exerts a critical function in the progression as well 
as plaque destabilization in atherosclerosis (1). Studies have found that 
downstream biomarkers of inflammation, such as interleukin-6 and 
the high-sensitivity C-reactive protein (hs-CRP) are linked to a greater 
risk of cardiovascular events (2, 3).

The white blood cell (WBC) counts are a widely-used and 
easily available marker of inflammation in clinical practice. Its 
predictive value as a marker for mortality in individuals with acute 
coronary syndrome (ACS) is well-established (4–6). Recently, it 
has also been demonstrated that total, as well as differential 
in-hospital white blood cell (ih-WBC) counts, are independent 
prognostic factors for long-term deaths and major adverse 
cardiovascular and cerebrovascular events (MACCEs). Including 
ih-WBC counts in SYNTAX score (SS) or SYNTAX score II (SS-II) 
models can improve mortality predictions in individuals with 
triple-vessel coronary artery disease (CAD) (7). However, there 
have been no assessments of the predictive value of ih-WBC counts 
in patients with CRI after percutaneous coronary intervention 
(PCI). Chronic renal insufficiency (CRI), which is defined as the 
presence of kidney damage or reduced kidney function (estimated 
glomerular filtration rate (eGFR) <90 mL/min/1.73 m2) for 
≥3 months (8), is high-risk comorbidity that increases the risk of 
cardiovascular mortality and morbidity and is known to 
be associated with poorer clinical outcomes in patients following 
PCI (9). In this investigation, we sought to evaluate the utility of 
including ih-WBC counts as a factor in SS or SS II models for 
anticipating long-term clinical outcomes in individuals with CRI 
following PCI.

2. Methods

2.1. Study population

The study design of the risk evaluation of CRI patients 
following PCI has been described previously (10). Briefly, a total 
of 2,468 patients with creatinine clearance rates (CrCl) <90 mL/
min per 1.73 m2 who underwent PCI between January 2014 and 
September 2017 in Cangzhou Central Hospital, Hebei Medical 
University, were retrospectively enrolled in the study. After 
excluding 155 patients for whom ih-WBC counts data were not 
available, 2,313 patients were included in this investigation. 
Patients were classified into three groups as per tertiles of ih-WBC 
counts as follows: low WBC group [WBC counts ≤6.18*109/L 
(n = 776)], medium WBC group [WBC counts >6.18*109/L but 
≤8.14*109/L (n = 768)], and high WBC group [WBC counts 
>8.14*109/L (n = 769)] (Figure  1). The study protocol was 
subjected to approval by the ethics committee of Cangzhou 
Central Hospital. Written and informed consent was obtained for 
all subjects.

The clinical and interventional data of the participants were 
collected from the electronic medical record (EMR) system. The 
CrCl values were calculated utilizing the simplified Modification 
of Diet in Renal Disease (MDRD) equation. The ih-WBC counts 
were defined as the first WBC counts value from the EMR system. 
Two of three trained cardiologists (who were blinded to the 

clinical data as well as outcomes) calculated the SS (11) and SS II 
(12) through the dedicated website.1 In case of any disagreement, 
the opinion of a third observer was obtained and resolved 
by consensus.

2.2. Study endpoints and follow-up

Clinical follow-up was performed via clinic visits or telephone 
conversations. The primary endpoints included all-cause mortality 
(ACM) as well as cardiac mortality (CM). Deaths that could not 
be  attributed to non-cardiac causes were considered CM. The 
secondary endpoints included myocardial infarction (MI), stroke, 
unplanned revascularization, and major adverse cardiovascular and 
cerebrovascular events (MACCEs), defined as a composite of ACM, 
MI, stroke, and unplanned revascularization. MI was defined 
following the consensus document on the fourth universal 
definition (13). Stroke was defined as neural dysfunction due to a 
sudden rupture or blockage of a blood vessel, and was diagnosed 
based on signs of brain dysfunction or imaging evidence (14). 
Revascularization of PCI or coronary artery bypass grafting 
(CABG) driven by ischemic symptoms or cardiac events was 
defined as unplanned revascularization. All endpoints were 
confirmed by two independent clinicians.

2.3. Statistical analysis

Continuous variables are reported as mean ± standard 
deviation (SD) or medians with interquartile ranges (IQR). 
Categorical variables are presented as frequencies and percentages. 
Continuous variables were compared utilizing one-way ANOVAs 
or Kruskal-Wallis tests, when necessary. Chi-square or the Fisher 
exact tests, on the other hand, carried out comparisons of 
categorical variables. Patients who were lost to follow-up were 
deemed at risk until they were censored at the date of the last 
contact. The cumulative event rates were measured utilizing 
Kaplan–Meier curves and compared across groups via the log-rank 
test. We assessed the prognostic value of ih-WBC grouping for 
predicting clinical outcomes using multivariable Cox regression 
models. While Log[−logS(t)] plots were used to test for 
proportional hazard assumption. All potential confounders (with 
p < 0.1  in the univariate analyses) were incorporated in the 
multivariate analyses. By combining ih-WBC counts with SS or SS 
II values, we assessed the improvements in model performance, 
risk classification, and discrimination; this was done by comparing 
the AUC of the two nested models employing the nonparametric 
deLong approach and computing the net reclassification 
improvement (NRI) as well as the integrated discrimination 
improvement (IDI) indices. A two-sided value of p < 0.05 was 
statistically significant. SPSS 24.0 (IBM Corp., Armonk, NY, 
United States) and R Software Version 3.6.0 (The R Foundation for 
Statistical Computing, Vienna, Austria) conducted all the statistical 
analyses of this investigation.

1 http://www.syntaxscore.com
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3. Results

3.1. Patients’ baseline characteristics

The ih-WBC counts ranged from 2.6*109/L to 32.7*109/L. The 
SS values ranged from 1.0 to 47.0, and the SS-II values ranged from 
9.7 to 59.6. Patients with high ih-WBC counts were younger and 
more likely to have current smoker status; clinical presentation of 
MI; reduced eGFR; lower left ventricular ejection fraction (LVEF); 
higher left ventricular end-diastolic diameter (LVEDD); and 
elevated levels of serum creatinine, blood glucose, total cholesterol, 
triglyceride, and low-density lipoprotein (p < 0.05 or p < 0.001) 
than those with low and median ih-WBC counts. Patients with 
high ih-WBC counts also had higher baseline SS values and were 
more likely to have thrombus lesions and undergo primary PCI 
(p < 0.001 for all) (Tables 1, 2).

3.2. Association of ih-WBC counts with 
clinical outcomes

The median follow-up period was 3 years (IQR = 1.5–5.0). 
Among the three groups, the high ih-WBC counts group had the 
highest 5-year cumulative event rates of ACM (6.3% vs. 4.1% vs. 
8.2%; p < 0.001), CM (2.4% vs. 2.1% vs. 6.7%; p < 0.001), unplanned 
revascularization (8.4% vs. 12.4% vs. 14.1%; p < 0.001), and 
MACCEs (19.3% vs. 23.0% vs. 29.2%; p < 0.001) (Table  3 and 
Figure 2). Univariate Cox regression analyses for different clinical 
outcomes were shown in Supplementary Table 1. Multivariate Cox 
regression analyses affirmed that the risk of ACM and CM in the 
high WBC group was 2.577 (95% confidence interval [CI]: 

1.504–4.415, p < 0.001) and 3.850 (95% CI: 1.835–8.080, p < 0.001) 
times that in the low WBC group after adjusting for other 
confounding factors (Table 4).

3.3. Combination of ih-WBC counts with SS 
or SS II values for prediction of ACM and 
CM

The analyses of time-dependent AUCs for ACM showed that the 
AUCs for SS in combination with ih-WBC counts were significantly 
larger than those of SS alone (p < 0.05) during the 30-month follow-up 
period. However, the degree of increase tended to decrease with time. 
There was no remarkable difference between the predictive value of 
the SS plus ih-WBC counts model and the SS model (p > 0.05) when 
the follow-up times were longer than 30 months. A similar result was 
observed for the SS-II models, albeit with a cutoff value of 28 months 
instead of 30 months. In the models used to predict the incidence of 
CM, though the extent of increase also tended to decrease with time, 
there was a remarkable difference between the predictive value of the 
SS plus ih-WBC counts model and the SS model (p < 0.05) during the 
whole follow-up period, and for the SS-II models, the cutoff value was 
33 months (Figure 3).

Furthermore, by combining the ih-WBC counts with SS or SS II 
models, the metrics for risk reclassification and discrimination were 
significantly improved. The respective NRIs of the SS plus ih-WBC 
counts model over the SS model were 0.121 for ACM and 0.188 for 
CM; the NRIs of the SS-II plus ih-WBC counts model over the SS-II 
model were 0.025 for ACM and 0.135 for CM. The IDI indices of the 
SS plus ih-WBC counts model over the SS model were 0.019 (p < 0.01) 
for ACM and 0.022 (p < 0.001) for CM and the IDI indices of the SS-II 

FIGURE 1

Study flow chart. PCI, percutaneous coronary intervention; eGFR, estimated glomerular filtration rate; CABG, coronary artery bypass graft; WBC, white 
blood cell.
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plus ih-WBC counts model over the SS-II model were 0.025 (p < 0.001) 
for ACM and 0.032 (p < 0.001) for CM (Table 5).

4. Discussion

This study shows that the ih-WBC counts is associated with the 
risk of occurrence of ACM, CM, unplanned revascularization, and 
MACCEs in individuals with CRI following PCI. The ih-WBC counts 
can be  utilized for risk reclassification, especially in secondary 
prevention among patients with CRI post-PCI. Integrating ih-WBC 
counts into SS or SS II models also improves the predictive 
performance of these models and facilitates the identification of 

patients at risk for future ACM and CM. Therefore, the ih-WBC 
counts may also be used to flag patients at risk for adverse cardiac 
events post-PCI, who may warrant more intensive follow-up and 
preventive treatment.

Inflammation is known to exert an important function not only 
in atherogenesis but also in atherosclerotic plaque rupture resulting in 
acute coronary syndrome (ACS) (15–18). Studies have found that 
biomarkers of inflammation including hs-CRP and interleukin-6 are 
independent risk factors for cardiovascular events (19). Preprocedural 
hs-CRP elevation has been linked to a greater risk of adverse cardiac 
events in people undergoing PCI (20–22). The WBC counts, which 
can be easily and repeatedly obtained in clinical practice, are one of 
the most viable inflammatory biomarkers. Cannon et  al. (4) have 

TABLE 1 Baseline clinical characteristics of patients.

Low ih-WBC count 
(n = 776)

Medium ih-WBC 
count (n = 768)

High ih-WBC count 
(n = 769)

P-value

Demographics

Age, yrs 66.0 (61.0–72.0) 66.0 (60.0–71.0) 65.0 (59.0–70.0) <0.001

Male 409 (52.7) 471 (61.3) 468 (60.9) 0.001

BMI, kg/m2 25.7 ± 3.4 26.4 ± 3.3 25.8 ± 3.2 0.012

Previous history

Diabetes 148 (19.1) 190 (24.7) 189 (24.6) 0.010

Hypertension 521 (67.1) 550 (71.6) 484 (62.9) 0.001

Dyslipidemia 266 (34.3) 341 (44.4) 322 (41.9) <0.001

Current smoker 61 (7.9) 90 (11.7) 110 (14.3) <0.001

Prior MI 69 (8.9) 69 (9.0) 58 (7.5) 0.524

Previous PCI 101 (13.0) 116 (15.1) 89 (11.6) 0.121

Previous stroke 82 (10.6) 94 (12.2) 76 (9.9) 0.312

COPD, n (%) 11 (1.4) 12 (1.6) 14 (1.8) 0.815

Clinical presentation <0.001

Stable angina 428 (55.2) 352 (45.8) 172 (22.4)

Unstable angina 132 (17.0) 113 (14.7) 56 (7.3)

NSTEMI 103 (13.3) 143 (18.6) 158 (20.5)

STEMI 113 (14.6) 160 (20.8) 383 (49.8)

eGFR, ml/min 79.9 (71.9–85.7) 78.5(69.8–85.0) 77.8(67.3–84.6) <0.001

LVEF, % 63.0 (59.0–66.0) 62.0 (58.0–66.0) 60.0 (53.0–65.0) <0.001

LVEDD (mm) 47.0 (45.0–50.0) 47.0 (44.0–51.0) 48.0 (45.0–53.0) 0.006

Baseline laboratory

WBC, *109/L 5.3 (4.8–5.8) 7.1 (6.6–7.6) 10.1 (8.9–11.9) <0.001

Hemoglobin (mg/dL) 13.1 (12.0–14.0) 13.4 (12.4–14.4) 13.2 (11.9–14.4) <0.001

Creatinine (mg/dL) 0.93 (0.78–1.02) 0.96 (0.84–1.07) 0.97 (0.85–1.1) <0.001

Blood glucose (mg/dL) 107.5 (93.6–139.5) 111.6 (95.4–147.7) 132.8 (107.6–187.2) <0.001

Total cholesterol (mg/dL) 164.4 (143.1–193.4) 170.2 (143.1–196.9) 174.0 (150.0–205.1) <0.001

TG (mg/dL) 124.0 (93.0–174.5) 139.1 (98.3–195.1) 140.4 (103.6–200.2) <0.001

HDL (mg/dL) 35.6 (30.2–41.4) 35.2 (29.8–41.0) 36.0 (30.9–41.4) 0.275

LDL (mg/dL) 94.0 (76.2–114.8) 96.3 (77.2–120.4) 102.1 (84.6–123.1) <0.001

Values are mean ± SD, median (IQR), or n (%). BMI, body mass index; MI, myocardial infarction; PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; 
NSTEMI, non-ST-segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial infarction; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection 
fraction; LVEDD, left ventricular end diastolic diameter; TG, triglyceride; HDL, high density lipoprotein; LDL, low density lipoprotein.

182

https://doi.org/10.3389/fcvm.2023.1027107
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Yan et al. 10.3389/fcvm.2023.1027107

Frontiers in Cardiovascular Medicine 05 frontiersin.org

reported that WBC counts are linked to an increased rate of mortality 
after 30 days and 10 months in individuals with acute MI and unstable 
angina pectoris. The TACTICS-TIMI 18 [Treat Angina with Aggrastat 
and Determine Cost of Therapy with an Invasive or Conservative 
Strategy (TACTICS) Thrombolysis in Myocardial Infarction (TIMI)] 
sub-study demonstrated that an increased WBC counts predicted 
extensive CAD and increased mortality at 6 months in people with 
ACS (5). More recently, Alkhalfan et al. (23) observed that elevated 
WBC counts were linked to increased major or minor hemorrhage 
and ischemic events (such as cardiovascular death, MI, and stroke) in 
patients with ACS.

The SS model is a well-established tool used to predict adverse 
clinical outcomes to help clinicians decide on optimum 
revascularization strategies in individuals with complex CAD (11, 24, 
25). The SS-II model incorporates the anatomical variables in the SS 
model with other clinical variables (age, sex, LVEF, CrCl, chronic 

obstructive pulmonary disease, and peripheral vascular disease), and 
can predict 4-year mortality with higher accuracy. The SS-II model is 
also a better guide than the SS model for decisions on PCI and CABG 
in complex CAD cases (12). Subsequently, several studies have 
demonstrated the predictive value of the SS-II model for predicting 
outcomes in different cohorts such as three-vessel and/or unprotected 
left main coronary artery disease (ULMAD) following PCI (26, 27), 
ACS (28, 29), and cardiogenic shocks after primary PCI (30).

The SS-II model was created according to a Cox proportional 
hazards model utilizing the SYNTAX trial findings (12). The baseline 
features that were strongly associated with 4-year mortality were 
added to the model. However, the ih-WBC counts, a marker of the 
inflammatory state, were not included in the SS-II model. A recent 
study observed that a combination of differential WBC (eosinophil, 
monocyte, and lymphocyte) counts enhanced the success of risk 
prediction and reclassification for mortality when combined with SS 

TABLE 2 Anatomical characteristics of lesions and procedural details.

Low ih-WBC count 
(n = 776)

Medium ih-WBC 
count (n = 768)

High ih-WBC count 
(n = 769)

P-value

CAD extension 0.070

1-vessel disease 187 (24.1) 161 (21.0) 157 (20.4)

2-vessel disease 265 (34.1) 282 (36.7) 247 (32.1)

3-vessel disease 324 (41.8) 325 (42.3) 365 (47.5)

Left main disease 49 (6.3) 50 (6.5) 47 (6.1) 0.950

Lesion characteristics

Lesion length > 20 mm 445 (57.3) 429 (55.9) 362 (47.1) <0.001

Bifurcation or trifurcation 241 (31.1) 198 (25.8) 153 (19.9) <0.001

Aorto-ostial lesion 13 (1.7) 15 (2.0) 24 (3.1) 0.127

Heavy calcification 86 (11.1) 68 (8.9) 49 (6.4) 0.005

Severe tortuosity 46 (5.9) 50 (6.5) 40 (5.2) 0.550

Thrombus 24 (3.1) 40 (5.2) 226 (29.4) <0.001

Chronic total occlusions 97 (12.5) 133 (17.3) 101 (13.1) 0.014

Target vessel number 1 (1–1) 1 (1–2) 1 (1–1) 0.099

Target lesion location

LM 27 (3.5) 24 (3.1) 17 (2.2) 0.314

LAD 444 (57.2) 404 (52.6) 391 (50.8) 0.035

LCX 212 (27.3) 247 (32.2) 195 (25.4) 0.010

RCA 307 (39.6) 324 (42.4) 352 (45.8) 0.046

Procedural characteristics

Stent per patient 2.0 (1.0–2.0) 2.0 (1.0–2.0) 1.0 (1.0–2.0) 0.016

Total length of stent, mm 41.0 (25.0–64.0) 38.0 (24.0–64.0) 36.0 (25.0–60.0) 0.151

Stent length > 100 mm 65 (8.4) 48 (6.3) 43 (5.6) 0.074

Mean stent diameter, mm 3.00 (2.75–3.25) 2.95 (2.75–3.25) 3.00 (2.75–3.25) 0.683

Minimum stent diameter, mm 2.75 (2.50–3.00) 2.75 (2.50–4.00) 2.75 (2.50–3.00) 0.266

Maximum stent diameter, mm 3.00 (2.75–3.50) 3.00 (2.75–3.50) 3.00 (2.75–3.50) 0.669

Primary PCI 13 (1.7) 25 (3.3) 191 (24.8) <0.001

Baseline SYNTAX score 8.0 (13.0–18.5) 8.0 (13.0–18.5) 14.0 (9.0–19.5) 0.004

SYNTAX II score for PCI 28.3 (24.3–32.3) 27.6 (23.6–32.1) 28.2 (23.5–33.0) 0.165

Values are mean ± SD, median (IQR), or n (%). CAD, coronary artery disease; LM, left main; LAD, left anterior descending artery; LCX, left circumflex; RCA, right coronary artery.
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TABLE 3 Five-year cumulative incidence of adverse events.

Low ih-
WBC count 

(a)

Medium ih-
WBC count 

(b)

High ih-
WBC count 

(c)

P-value

Trend a vs. b* b vs. c* a vs. c*

All-cause mortality 6.3% (49) 4.1% (55) 8.2% (63) <0.001 0.599 0.006 0.001

Cardiac mortality 2.4% (19) 2.1% (16) 6.7% (52) <0.001 0.377 <0.001 <0.001

Myocardial infarction 4.7% (36) 5.8% (45) 6.2% (48) 0.328 0.197 0.778 0.313

Unplanned 

revascularization

8.4% (65) 12.4% (95) 14.1% (108) 0.001 0.024 0.275 0.001

Stroke 6.0% (47) 8.9% (68) 9.5% (73) 0.151 0.510 0.435 0.154

MACCEs 19.3 (150) 23.0% (177) 29.2% (225) <0.001 0.042 0.008 <0.001

Event rates are Kaplan–Meier estimates, %(n). *Adjusted significance level is 0.017. MACCEs, major adverse cardiovascular and cerebrovascular events.

A B

C D

E F

FIGURE 2

Kaplan–Meier curves showing event rates stratified by the WBC counts. (A) All-cause death. (B) Cardiac death. (C) Myocardial infarction. (D) Unplanned 
revascularization. (E) Stroke. (F) Major adverse cardiovascular and cerebrovascular events (MACCE).
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TABLE 4 Multivariate Cox regression analyses for median 3-year clinical outcomes.

Variables All-cause mortality Variables Cardiac mortality

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

WBC_Low Ref. WBC_Low Ref.

WBC_Mid 1.293(0.731–2.289) 0.377 WBC_Mid 1.427(0.627–3.247) 0.396

WBC_High 2.577(1.504–4.415) <0.001 WBC_High 3.850(1.835–8.080) <0.001

Age 1.097(1.066–1.130) <0.001 Age 1.079(1.040–1.119) <0.001

Hypertension 0.667(0.442–1.006) 0.053 Diabetes 1.115(0.622–2.001) 0.715

Dyslipidemia 0.631(0.367–1.085) 0.096 Dyslipidemia 0.617(0.350–1.089) 0.096

COPD 3.395(1.614–7.144) 0.001 COPD 3.953(1.667–9.374) 0.002

Stable angina Ref. Stable angina Ref.

Unstable angina 2.184(1.372–3.476) 0.491 Unstable angina 1.105(0.657–1.858) 0.708

NSTEMI 0.967(0.576–1.623) 0.598 NSTEMI 1.150(0.605–2.185) 0.670

STEMI 1.200(0.671–2.143) 0.983 STEMI 0.760(0.353–1.637) 0.483

eGFR 0.972(0.948–0.996) 0.023 eGFR 0.966(0.937–0.995) 0.024

LVEF 0.971(0.946–0.998) 0.038 LVEF 0.986(0.950–1.023) 0.445

LVEDD 1.006(0.966–1.048) 0.762 LVEDD 1.032(0.971–1.098) 0.304

Hemoglobin 0.999(0.988–1.012) 0.992 Hemoglobin 0.999(0.984–1.014) 0.878

Creatinine 0.994(0.982–1.006) 0.307 Creatinine 0.992(0.978–1.006) 0.276

Blood glucose 1.030(0.988–1.074) 0.161 Blood glucose 1.035(0.991–1.082) 0.122

TG 0.943(0.716–1.242) 0.675 SYNTAX score 1.024(0.995–1.055) 0.111

SYNTAX score 1.012(0.987–1.037) 0.363

Variables Unplanned revascularization Variables Stroke

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

WBC_Low Ref. Age 1.034(1.012–1.056) 0.002

WBC_Mid 1.184(0.772–1.818) 0.439 Male 0.585(0.390–0.878) 0.010

WBC_High 1.389(0.915–2.109) 0.123 Hypertension 1.435(0.963–2.140) 0.076

BMI 1.035(0.958–1.118) 0.386 Previous stroke 1.963(1.296–2.975) 0.001

Dyslipidemia 0.846(0.569–1.258) 0.409 eGFR 1.002(0.986–1.018) 0.801

Prior MI 1.132(0.635–2.017) 0.675 Creatinine 1.008(1.004–1.012) <0.001

Previous PCI 1.145(0.695–1.887) 0.595 Total cholesterol 0.932(0.630–1.379) 0.724

Total cholesterol 0.862(0.570–1.304) 0.483 LDL 0.954(0.569–1.600) 0.859

LDL 0.961(0.567–1.630) 0.883 SYNTAX score 1.019(0.998–1.041) 0.080

SYNTAX score 1.025(1.004–1.047) 0.022

Variables Myocardial infarction Variables MACCEs

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

BMI 1.058(0.939–1.192) 0.354 WBC_Low Ref.

Diabetes 1.134(0.648–1.984) 0.660 WBC_Mid 1.184(0.772–1.818) 0.552

Prior MI 1.290 (0.532–3.129) 0.049 WBC_High 1.389(0.915–2.109) 0.217

Previous PCI 1.846 (0.943–3.612) 0.010 Age 1.036(1.014–1.059) 0.001

Stable angina Ref. Male 0.526(0.347–0.796) 0.002

Unstable angina 2.184(1.372–3.476) <0.001 BMI 1.029(0.950–1.114) 0.489

NSTEMI 0.967(0.576–1.623) 0.899 Diabetes 1.128(0.721–1.763) 0.598

STEMI 1.200(0.671–2.143) 0.539 Prior MI 1.207(0.675–2.159) 0.525

eGFR 0.991(0.970–1.012) 0.400 Previous PCI 1.062(0.642–1.756) 0.815

LVEDD 1.007(0.955–1.062) 0.792 COPD 1.467(0.462–4.662) 0.516

(Continued)
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FIGURE 3

Comparisons of time-dependent AUCs of different models for discrimination of all-cause death and cardiac death. AUC, area under curve; SS, SYNTAX 
score; SS II, SYNTAX score II; WBC, white blood cell; SS II+WBC: SYNTAX score II plus white blood cell.

Variables All-cause mortality Variables Cardiac mortality

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Creatinine 1.000(0.993–1.008) 0.929 Stable angina Ref.

Blood glucose 1.018(0.965–1.074) 0.514 Unstable angina 1.134(0.801–1.604) 0.478

TG 1.108(0.940–1.306) 0.220 NSTEMI 1.086(0.745–1.583) 0.667

SYNTAX score 1.025(0.995–1.055) 0.102 STEMI 1.268(0.823–1.952) 0.282

eGFR 0.996(0.980–1.012) 0.607

LVEF 1.036(1.004–1.069) 0.025

LVEDD 0.993(0.949–1.040) 0.776

Creatinine 1.006(1.003–1.011) <0.001

Blood glucose 1.004(0.958–1.053) 0.860

SYNTAX score 1.020(0.999–1.043) 0.065

CI, confidence interval; WBC, white blood cell; BMI, body mass index; MI, myocardial infarction; PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; 
eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end diastolic diameter; TG, triglyceride; LDL, low density lipoprotein; MACCEs, 
major adverse cardiovascular and cerebrovascular events; NSTEMI, non-ST-segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial infarction.

TABLE 4 (Continued)
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or SS II models in patients with triple-vessel CAD (7). Patients with 
CRI have a hallmark feature of persistent, low-grade inflammation, 
which is involved in the development of ACM (31). Inflammation 
plays an important role in the initiation and progression of kidney 
disease. Recent studies have reported that plasma proinflammatory 
biomarkers, such as soluble TNF receptors 1 and 2 (TNFR-1 and 
TNFR2) were associated with the increased risk of progression of 
diabetic kidney disease, even after adjustment for established clinical 
risk factors (32, 33). However, not much is known about the predictive 
value of ih-WBC counts for predicting clinical outcomes in patients 
with CRI post-PCI. This study demonstrated that elevated ih-WBC 
counts were associated with increased incidence of ACM, CM, 
unplanned revascularization, and MACCEs in individuals with CRI 
following PCI. Furthermore, the addition of ih-WBC counts to the SS 
or SS II models also improved the predictive performance of these 
models in predicting ACM and CM events in individuals with CRI 
following PCI, although the degree of improvement in predictive 
performance tended to decrease with time.

5. Limitations

Despite these promising results, our results should be viewed in 
the light of multiple limitations. First, this study is based on data from 
a single center and is retrospective and observational in nature; 
therefore, it can only identify associations and cannot ascribe causality 
to related events. Second, differences in blood collection periods from 
the occurrence of the index event were not controlled for in this 
analysis. Third, we did not collect information on differential WBC 
counts and hs-CRP levels, both of which may be important for clinical 
outcomes. Finally, in some patients, we  believe that the ih-WBC 
counts data may have been affected by undetected infections or other 
conditions for which we have no information.

6. Conclusion

In patients with CRI following PCI, an elevated ih-WBC counts 
was found to be associated with the risk of occurrence of ACM, CM, 
unplanned revascularization, and MACCEs. A combination of 

ih-WBC counts with SS or SS II models significantly improved these 
models’ performance in predicting ACM and CM.
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TABLE 5 Statistics for model improvement of for all-cause mortality and cardiac mortality.

Discrimination Risk reclassification

IDI [95% CI] P-value Events Non-events NRI [95% CI]

Risk 
up

Risk 
down

Risk 
up

Risk 
down

All-cause mortality

SS vs. SS + WBC 0.019 (0.004–0.058) <0.01 0.243 0.092 0.113 0.083 0.121 (−0.003–0.232)

SS II vs. SS II + WBC 0.025 (0.005–0.060) <0.001 0.119 0.106 0.056 0.069 0.025 (−0.051–0.239)

Cardiac mortality

SS vs. SS + WBC 0.022 (0.006–0.060) <0.001 0.256 0.033 0.089 0.045 0.188 (0.023–0.322)

SS II vs. SS II + WBC 0.032 (0.009–0.060) <0.001 0.209 0.077 0.060 0.057 0.135 (−0.051–0.266)

CI, confidence interval; AUC, area under the curve; SS, SYNTAX score; SS II, SYNTAX score II; WBC, white blood cell; NRI, net reclassification improvement; IDI, integrated discrimination 
improvement.
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Left atrial function index predicts
poor outcomes in acute
myocardial infarction patients
treated with percutaneous
coronary intervention
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Background and aims: The left atrial function index (LAFI) is an index that
combines the left atrial emptying fraction, adjusted left atrial volume and stroke
volume. The prognostic value of LAFI in acute myocardial infarction (AMI)
patients treated with percutaneous coronary intervention (PCI) is unknown. This
study aims to determine whether LAFI predicts prognosis in AMI patients treated
with PCI.
Methods: Patients with newly diagnosed AMI who were treated with PCI at Hunan
Provincial People’s Hospital from March 2020 to October 2021 were prospectively
enrolled. All patients underwent transthoracic echocardiography (TTE) at baseline
and follow-up. The endpoint events included rehospitalization due to unstable
angina, nonfatal myocardial infarction, rehospitalization due to heart failure and
cardiovascular death.
Results: A total of 368 patients with AMI (92 women; mean age, 61.45 ± 11.91
years) were studied with a median follow-up of 14 ± 6.58 months. Sixty-nine
patients had endpoint events. Patients who presented with events had a
significantly lower LAFI than patients without events (34.25 ± 12.86 vs. 48.38 ±
19.42, P < 0.0001). Multivariate Cox analysis demonstrated that LAFI (HR = 0.97
[95% CI: 0.95; 0.99]; P= 0.012) and the Killip classification (HR = 1.51 [95% CI:
1.03; 2.22]; P= 0.034) were independently predictive of endpoint events.
Kaplan–Meier survival curves showed that patients with LAFI≤ 40.17 cm/ml/m2

had higher events than patients with LAFI > 40.17 cm/ml/m2 (HR = 8.53 [95% CI:
4.74; 15.35]; P < 0.0001).
Conclusion: LAFI is a strong and independent predictor of adverse events and can
be used for risk stratification in patients with AMI treated with PCI.

KEYWORDS

left atrial function index, acute myocardial infarction, transthoracic echocardiography,

percutaneous coronary intervention, prognosis
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Introduction

Acute myocardial infarction (AMI) remains a leading cause of

mortality worldwide, despite substantial improvements in

prognosis over the past decade (1). However, some patients still

experience adverse events, such as unstable angina, nonfatal

myocardial infarction, heart failure after myocardial infarction

and death even after receiving percutaneous coronary

intervention (PCI). This places a major economic and resource

burden on the public health system (2). Therefore, it is

important to identify patients with a higher risk of adverse

events after AMI in order to treat these patients with intensive

drugs at the early stage to improve their prognosis. Transthoracic

echocardiography (TTE) is a noninvasive, low-cost, and easily

available bedside imaging tool that detects the motion of the

myocardial walls, damage extent, functional consequences, and

mechanical complications; therefore, TEE is widely used for risk

stratification in patients with AMI (3). The left ventricular

ejection fraction (LVEF) obtained from echocardiography is often

used to assess left ventricular (LV) systolic dysfunction, which

can predict poor outcome in patients with AMI. However, LVEF

only reflects LV systolic dysfunction, which cannot reveal LV

diastolic dysfunction, left atrial (LA) volume, as well as LA

function. Meanwhile, several studies have demonstrated that the

LA volume index and LA emptying fraction (LAEF), which

reflect LA volume and LA function, respectively, could predict

morbidity or mortality after AMI (4–6). However, these

parameters cannot reflect LV systolic dysfunction. Researchers

have attempted to find a better parameter that can reflect both

LV systolic and diastolic function, as well as LA function, to

predict prognosis in patients with AMI.

The left atrial function index (LAFI) was such a parameter,

initially proposed by Liza et al. in 2008 (7) and it is calculated as

LAFI = [LAEF × LV outflow tract-velocity time integral (LVOT-

VTI)]/LA end-systolic volume index (LAESVi). The LAFI

incorporates analogues of cardiac output, atrial reservoir function

and LA size, which reflects LV systolic and diastolic function, as

well as LA function. Previous studies showed that LAFI was a

good predictor of hospitalization for heart failure in patients with

preserved ejection fraction and coronary heart disease, and could

also predict long-term survival in stable outpatients with systolic

heart failure (8, 9). However, whether LAFI could be used to

predict the prognosis of patients with AMI treated with PCI is

unknown. This study intended to explore the value of the LAFI

in the prognostic evaluation of patients with AMI treated with PCI.
Methods

Study population

Patients who were diagnosed with AMI and received PCI in

hospital at Hunan Provincial People’s Hospital between March

2020 and October 2021 were enrolled. The diagnostic criteria for

AMI, including ST segment elevation myocardial infarction
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(STEMI) and non-ST segment elevation myocardial infarction

(NSTEMI), was based on clinical guidelines (10). Patients who

only underwent culprit-lesion PCI all came to our hospital

underwent the second PCI for complete revascularization after 1

month. Patients with absent or poor imaging of the atrium and

moderate to severe degrees of mitral regurgitation were excluded.

This research was conducted in compliance with the Declaration

of Helsinki and was approved by the Ethics Committee of

Hunan Provincial People’s Hospital. Informed consent was

obtained from all enrolled patients.
Echocardiographic methods

We performed resting TTE (GE Vivid E9, America) for all

patients within 2 days after they underwent PCI. TTE was

performed in the standard left lateral recumbent and supine

positions. Routine M-mode and 2-dimensional echocardiography

were performed using a standard protocol (11). The maximum

LA volume (LAmax) and minimum LA volume (LAmin) were

determined by averaging LAmax and LAmin measurements from

the apical two- and four-chamber views using the recommended

Simpson’s biplane summation of disks method. LAEF was

calculated as [(LAmax–LAmin)/LAmax] × 100%. The LAESVi

was calculated by dividing LA end-systolic volumes by body

surface area. LV end-diastolic (LVEDV) and LV end-systolic

volumes (LVESV) were measured using Simpson’s method in the

apical-4 chamber and the apical-2 chamber view. Stroke volume

was calculated as (LVEDV-LVESV), and LVEF was calculated as

(Stroke volume/LVEDV) × 100%. LVOT-VTI was measured by

manually tracing pulsed Doppler velocities in the LV outflow

tract in apical 5-chamber views. The final measures were derived

by averaging the measurements over ≥3 cardiac cycles. The LAFI

was calculated using a previously validated formula: LAFI =

(LAEF × LVOT-VTI)/LAESVi (7).
Clinical assessment and follow-up

Basic demographic data, biochemical tests, Killip classification

and coronary arteriography were collected at baseline. All enrolled

patients were followed up telephonically at 1, 3, 6, 12, and 18

months after discharge, and the endpoint events during this

period were recorded. The endpoint events were defined as

rehospitalization due to unstable angina, nonfatal myocardial

infarction, rehospitalization due to heart failure and

cardiovascular death. The follow-up ended on May 1, 2022. The

first occurrence of the event, rather than a cumulative event, was

taken into consideration in our analysis.
Statistical method

Continuous variables with a normal distribution are expressed as

the mean ± standard deviation (�x+ s), and continuous variables

with a nonnormal distribution are represented by the median and
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FIGURE 1

Patients’ flow-chart in our study.
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quartile (IQR). One-way analysis of variance (ANOVA), Student’s t-

test or Mann-Whitney U test was used for comparison as

appropriate. The categorical variables are expressed as n (%), and the

Chi-square (χ2) test was used for categorical variables. Pearson or

Spearman correlation coefficients were used for bivariate correlation

analysis. Receiver Operating Characteristic (ROC) Curve was used to

judge the performance of variables in prognostic prediction and to

determine the best cut-off point. Univariate and multivariate Cox

proportional hazards model and Kaplan-Meier curve were used for

survival analysis. The method of “enter” was used in the

multivariable Cox analysis. The ROC curve was analysed using

MedCalc v19.3.0, and the rest of the assays were analysed using SPSS

23.0. Two-tailed P value <0.05 was statistically significant.
Results

Baseline characteristics and follow-up

Initially, a total of 406 patients were enrolled in our study. Of those,

24 patients had poor imaging of the atrium, 4 patients hadmoderate to

severe degrees of mitral regurgitation and 10 patients lost to follow-up

were not included in the analysis. The remaining 368 patients were

included in the final analysis of our study (Figure 1). The mean age

was 61.45 ± 11.91 years, and 25.0% of patients were women. The

median follow-up time was 14.76 ± 6.58 months, and 69 patients

developed events during the follow-up period, including 13 patients

readmitted due to unstable angina pectoris, 31 patients readmitted

due to heart failure, 11 patients with nonfatal myocardial infarction,

and 14 patients with cardiovascular death.
Differences in variables between groups

Patients with events had a similar sex distribution and body

mass index compared with patients without events (Non-events).
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However, patients with adverse events are much older, had a

higher proportion of type 2 diabetes mellitus (T2DM) and

multivessel coronary artery disease (MVD), a poorer Killip

classification, higher levels of N-terminal fragment of pro B-type

natriuretic peptide (NT-proBNP) and white blood cell count

(WBC) compared to patients with non-events. In terms of

echocardiography parameters, patients who presented with

adverse events had significantly lower LAEF, LAFI, LVEF, and

LVOT-VTI and higher LAESVi and LVEDV. In addition, a

higher proportion of patients with events were treated with

diuretics (Table 1).
Correlation analysis

With the increase in Killip classification, the levels of LAFI

were decreased (Figure 2). In our study, 7 patients had atrial

fibrillation and 361 patients did not have atrial fibrillation.

Compared to patients without atrial fibrillation, LAFI levels were

significantly lower in patients with atrial fibrillation (29.47 ±

15.04 vs. 46.05 ± 19.12 cm/ml/m2, P = 0.02). Correlation analysis

showed that LAFI levels correlated positively with LVEF

and estimated glomerular filtration rate (eGFR) (r = 0.62, 0.24, all

P < 0.001) and negatively with age, NT-proBNP, and LVEDV

(r =−0.21, −0.50, −0.48, all P < 0.001).
Prediction of the composite outcome

LAFI had the highest area under the receiver operator

characteristic curve (AUC) value in predicting the events when

compared with its individual components LAEF, LAESVi and

LVOT-VTI (C-statistics: LAFI 0.73 > LAEF 0.70 > LAESVi 0.64 >

LVOT-VTI 0.59). The calculated optimal point of LAFI was

40.17 cm/ml/m2. The sensitivity and specificity for predicting the

events were 78.26% and 66.56%, respectively. The AUC and the
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TABLE 1 Comparison of baseline data between patients with or without
events.

Variables Events
(n = 69)

Non-events
(n = 299)

P

Clinical characteristics
Male, n (%) 48 (69.6%) 228 (76.3%) NS

Age, year 65.42 ± 11.36 60.54 ± 11.87 0.001

BMI, (kg/cm2) 24.17 ± 3.66 24.33 ± 3.43 NS

Smoking, n (%) 41 (59.4%) 206 (68.9%) NS

Hypertension, n (%) 39 (56.5%) 173 (57.9%) NS

T2DM, n (%) 27 (39.1%) 80 (26.8%) 0.042

Previous CI, n (%) 8 (11.6%) 29 (9.7%) NS

Previous MI, n (%) 12 (17.4%) 30 (10.1%) NS

Atrial fibrillation, n (%) 2 (2.9%) 5 (1.7%) NS

The Killip classification, n (%) 0.001

I/II 59 (85.5%) 287 (96.0%)

III/IV 10 (14.5%) 12 (4.0%)

Biochemical parameters
WBC, ×109/L 10.22 ± 3.98 8.76 ± 2.71 0.012

TC, mmol/L 4.46 ± 1.21 5.16 ± 13.00 NS

LDL, mmol/L 2.69 ± 0.91 2.62 ± 0.96 NS

eGFR, ml/min/1.73m2 88.22 ± 42.07 93.97 ± 35.70 NS

TB, umol/L 13.29 ± 6.51 14.75 ± 21.10 NS

NT-proBNP, ng/L 6,094.52 ±
8,140.09

2,088.71 ±
4,120.15

<0.0001

Coronary arteriography
Culprit vessel, n (%) 0.85

LAD 39 (56.5%) 172 (57.5%)

LCX 9 (13.0%) 32 (10.7%)

RCA 21 (30.4%) 95 (31.7%)

MVD, n (%) 66 (95.7%) 240 (80.3%) 0.002

Echocardiography
LAESVi, ml/m2 28.85 ± 8.15 25.56 ± 8.61 <0.001

LAEF, % 50.69 ± 8.39 56.88 ± 10.57 <0.0001

LVOT-VTI, cm 18.18 ± 3.79 19.68 ± 4.19 <0.007

LAFI, cm/ml/m2 34.25 ± 12.86 48.38 ± 19.42 <0.0001

LVEF, % 44.00 ± 10.29 52.93 ± 10.00 <0.0001

LVEDV, ml 82.72 ± 21.82 77.09 ± 27.47 0.004

Therapeutics
Aspirin, n (%) 68 (98.6%) 297 (99.3%) NS

P2Y12 inhibitor (clopidogrel or
ticagrelor), n (%)

69 (100%) 297 (99.3%) NS

β-blocker, n (%) 61 (88.4%) 276 (92.3%) NS

ACEI/ARB, n (%) 60 (87.0%) 263 (88.0%) NS

Statin, n (%) 69 (100%) 296 (99.0%) NS

Diuretics, n (%) 10 (14.5%) 18 (6.0%) 0.017

Continuous data are mean ± standard deviation or median (interquartile range),

and categorical variables are n (%). ACEI/ARB, angiotensin-converting enzyme

inhibit or angiotensin receptor blocker; BMI, body mass index; CI, cerebral

infarction; eGFR, estimated glomerular filtration rate; LAD, left anterior

descending artery; LAEF, left atrial emptying fraction; LAESVi, left atrial end-

systolic volume index; LAFI, left atrial function index; LCX, left circumflex artery;

LDL, low density lipoprotein; LVOT-VTI, the left ventricular outflow tract velocity

time integral; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-

diastolic volume; MVD, multi-vessel coronary artery disease; NT-proBNP, NT-

terminal B-type brain natriuretic peptide precursor; MI, myocardial infarction;

RCA, right coronary artery; TC, total cholesterol; TB, total bilirubin;T2DM, type 2

diabetes mellitus; WBC, white blood cell count.

FIGURE 2

LAFI with Killip classification.

TABLE 2 The ROC analysis of important echocardiography parameters.

Variables AUC (95% CI) Sensitivity/specificity Cut-off value
LAEF 0.70 (0.66, 0.75) 66.67%/71.57% ≤52%
LAESVi 0.64 (0.58, 0.68) 63.77%/62.21% >26.10 ml/m2

LVOT-VTI 0.59 (0.54, 0.64) 69.13%/78.26% ≤16.4 cm
LAFI 0.73 (0.70, 0.77) 78.26%/66.56% ≤40.17 cm/ml/m2

LVEDV 0.61 (0.56, 0.66) 60.87%/63.88% >77.32 ml

LVEF 0.74 (0.69, 0.78) 68.12%/69.90% ≤48%

LAEF, left atrial emptying fraction; LAESVi, left atrial end-systolic volume index;

LAFI, left atrial function index; LVOT-VTI, the left ventricular outflow tract

velocity time integral; LVEF, left ventricular ejection fraction; LVEDV, left

ventricular end-diastolic volume.

Tang et al. 10.3389/fcvm.2023.1043775
calculated optimal point of LAFI and other important

echocardiography parameters were shown in Table 2.

Multivariable Cox models, which included LAFI and its
Frontiers in Cardiovascular Medicine 04193
components, also revealed that LAFI provided prognostic value

incremental to its individual components (Table 3).

On univariate Cox regression analysis, age, T2DM, NT-

proBNP, MVD, Killip classification, and variables obtained from

echocardiography (LAESVi, LAEF, LVOT-VTI, LAFI, LVEF,

LVEDV) were significant predictors of events. Since there were

not enough events and LAESVi, LAEF, LVOT-VTI and LAFI

exhibited collinearity, we only included age, T2DM, NT-proBNP,

Killip Classification, MVD, LAFI, LVEF, LVEDV and diuretics in

the multivariable Cox analysis. The results showed that Killip

classification (HR = 1.51 [95% CI: 1.03; 2.22]; P = 0.034) and

LAFI (HR = 0.97 [95% CI: 0.95; 0.99]; P = 0.012) were

independent predictors of events (Table 4).

Patients with LAFI≤ 40.17 cm/ml/m2 had a worse survival rate

than patients with LAFI > 40.17 cm/ml/m2. Kaplan‒Meier survival

estimates (Figure 3) showed early separation of the event-free

survival curves, which continued to diverge throughout follow-

up. The unadjusted HR was 8.53 ([95% CI: 4.74; 15.35];

P < 0.0001), and after adjustment for age, the HR was 8.06 ([95%

CI: 4.46; 14.56]; P < 0.0001).
Discussion

We first evaluated the prognostic value of the LAFI in a cohort of

368 AMI patients treated with PCI. We found that LAFI was
frontiersin.org
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TABLE 3 Cox analysis of LAFI and its components.

Variables Wald HR 95% CI P-value
LAFI 13.67 0.89 0.83–0.94 <0.0001

LAEF 3.75 1.05 1.00–1.10 0.053

LVOT-VTI 3.86 1.14 1.00–1.29 0.050

LAESVi 5.56 0.92 0.86–0.99 0.018

LAEF, left atrial emptying fraction; LAESVi, left atrial end-systolic volume index;

LAFI, left atrial function index; LVOT-VTI, the left ventricular outflow tract

velocity time integral.
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negatively correlated with NT-proBNP and positively correlated with

LVEF; furthermore, the results showed that patients with LAFI were

associated with poor prognosis. Importantly, the prognostic value of

the LAFI was independent of a wide range of clinical risk factors and

laboratory and echocardiographic parameters.
TABLE 4 Cox analysis of proportional risks for events.

Variables Univariate

HR 95% CI P
Age 1.03 1.01–1.05

T2DM 1.73 1.07–2.81

The Killip classification 2.28 1.72–3.02 <

NT-proBNP 1.00 1.00–1.00 <

MVD 5.47 1.72–17.41

LAFI 0.95 0.94–0.97 <

LVEF 0.93 0.91–0.95 <

LVEDV 1.01 1.00–1.02

Diuretics 2.40 1.22–4.69

HR, hazard ratio; CI, confidence interval; T2DM, type 2 diabetes mellitus; NT-proBNP, N

artery disease; LAFI, left atrial function index; LVEF, left ventricular ejection fraction; LV

FIGURE 3

Kaplan–Meier analysis of LAFI for events. Adjusted HR indicates hazard ratio (
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LAEF is an indicator of functional LA remodelling, and

LAESVi reflects LA structural remodelling. A previous study

found that LAEF had a weak correlation with LAESVi (12). By

incorporating both LAEF and LAESVi in one formula, LAFI is a

more comprehensive indicator of LA remodelling (13). Rigatelli

G et al. showed that LAFI was an useful marker of atrial

dysfunction severity in patients with patent foramen ovale before

and after the interventional procedure (14). LA remodelling can

promote the occurrence of atrial fibrillation, and Sardana et al.

demonstrated that LAFI, an indicator of LA remodeling, was

associated with incidental atrial fibrillation in Framingham

Offspring Study participants (15). Meanwhile, atrial fibrillation

can decrease LA contractile function and lead to enlargement of

the LA, and Nagase et al. also demonstrated that catheter

ablation could improve LAFI in patients with atrial fibrillation
Multivariate

-value HR 95% CI P-value
0.004 1.01 0.98–1.03 0.613

0.026 1.30 0.78–2.16 0.317

0.0001 1.51 1.03–2.22 0.034

0.0001 1.00 1.00–1.00 0.277

0.004 2.70 0.82–8.81 0.101

0.0001 0.97 0.95–0.99 0.012

0.0001 0.97 0.94–1.01 0.112

0.03 0.99 0.98–1.00 0.145

0.011 1.22 0.56–2.62 0.617

T-terminal B-type brain natriuretic peptide precursor; MVD, multi-vessel coronary

EDV, left ventricular end-diastolic volume.

HR) adjusted for age; LAFI, left atrial function index.
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(16). The results of our study showed that the LAFI was lower in

subjects with atrial fibrillation than in subjects without atrial

fibrillation, which are consistent with the results of previous

studies (8, 9).

LAFI combines not only LAEF and LAESVi but also LVOT-

VTI. In other words, it not only reflects LA structure and

function, but also reflects both LV systolic and diastolic function

(17). Therefore, LAFI may provide greater prognostic

information than a single parameter, such as LVEF, LAESVi or

LAEF. Studies have demonstrated that LAFI, superior to other

echocardiography parameters, could predict long-term survival in

stable systolic heart failure outpatients with LVEF < 40% and

patients with preserved ejection fraction and coronary heart

disease (8, 9). Shamekhi et al. reported that transcatheter aortic

valve replacement (TAVR) could improve LAFI within 12

months after the procedure and a reduced LAFI was an

independent predictor of mortality in patients with severe aortic

stenosis (18). In addition, Sardana et al. found that LAFI was

associated with atrial fibrillation recurrence after catheter ablation

in patients with atrial fibrillation (19). The results of our study

showed that LAFI had a positive association with LVEF, an

indicator of positive cardiac remodelling, and an inverse

association with LVEDV, an indicator of adverse cardiac

remodelling. Although the AUC value of LVEF was slightly

higher than LAFI. However, LAFI showed better performance

than LVEF in multivariable Cox analysis. In addition, LAFI,

rather than LVEF, could independently predict the events after

adjusting for significant confounders, which was consistent with

the results of the studies that we mentioned above (8, 9, 18, 19).

In our study, patients with LAFI≤ 40.17 cm/ml/m2 had a

worse survival rate than patients with LAFI > 40.17 cm/ml/m2,

which supported that LAFI was useful in the risk stratification of

patients with AMI with PCI. Shamekhi et al. found that severe

aortic stenosis patients with a LAFI≤ 13.5 cm/ml/m2 showed

significantly higher rate of 1-year mortality, compared to those

with a LAFI > 13.5 cm/ml/m2 (18). Sargento et al. reported that

heart failure with reduced ejection fraction patients with LAFI <

16.57 cm/ml/m2 had a worse adverse outcomes than patients

with LAFI≥ 16.57 cm/ml/m2 (9). The calculated optimal point of

LAFI for predicting the events in our study is different from that

in other studies (9, 18). We speculate that the reason is mainly

attributed to different study populations, as the LAFI of patients

with severe aortic stenosis or reduced ejection fraction heart

failure was usually lower than patients with AMI with PCI.
Study limitations

There are several limitations to our study. First, we did not

measure LAFI before patients underwent PCI and the day when

the patient was discharged. Second, as there was a lack of

electrocardiogram recording, we did not record the incidence of

atrial fibrillation. Third, our study was a single-center study,

and the sample size was relatively small. A multi-center study

with a large-scale sample will be required to further validate

these results.
Frontiers in Cardiovascular Medicine 06195
Conclusions

LAFI is a strong and independent predictor of events and can

be used for risk stratification in patients with AMI treated with PCI.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by the Ethics

Committee of Hunan Provincial People’s Hospital. The studies

were conducted in accordance with the local legislation and

institutional requirements. Written informed consent for

participation was not required from the participants or the

participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements.
Author contributions

YT, YZ, and QF designed the study. YJT, SP, ZL, LZ, CZ, H-lY,

CS, WL collected data and organized the database, YJT and SP

wrote the first draft of the manuscript and performed the

statistical analysis. All authors contributed to the article and

approved the submitted version.
Funding

This work was supported by grants from Scientific research

project approved by Hunan Provincial Health Commission

(202103012117), Key Project of Hunan Provincial Science and

Technology Innovation (2020SK1013), the Science and

Technology Innovation Program of Hunan Province

(2020SK50922), Renshu Fund project of Hunan Provincial

People’s Hospital (RS2022A12) and Natural Science Foundation

of Hunan Province (2021JJ40294).
Acknowledgments

We thank all subjects and colleagues for participating in the
study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1043775
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Tang et al. 10.3389/fcvm.2023.1043775
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Cardiovascular Medicine 07196
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Reed GW, Rossi JE, Cannon CP. Acute myocardial infarction. Lancet. (2017) 389
(10065):197–210. doi: 10.1016/s0140-6736(16)30677-8

2. Kelly DJ, Gershlick T, Witzenbichler B, Guagliumi G, Fahy M, Dangas G, et al.
Incidence and predictors of heart failure following percutaneous coronary
intervention in ST-segment elevation myocardial infarction: the Horizons-Ami trial.
Am Heart J. (2011) 162(4):663–70. doi: 10.1016/j.ahj.2011.08.002

3. Prastaro M, Pirozzi E, Gaibazzi N, Paolillo S, Santoro C, Savarese G, et al. Expert
review on the prognostic role of echocardiography after acute myocardial infarction.
J Am Soc Echocardiogr. (2017) 30(5):431–43.e2. doi: 10.1016/j.echo.2017.01.020

4. Hanada K, Sasaki S, Seno M, Kimura Y, Ichikawa H, Nishizaki F, et al. Reduced
left ventricular ejection fraction is a risk for sudden cardiac death in the early period
after hospital discharge in patients with acute myocardial infarction. Circ J. (2022) 86
(10):1490–8. doi: 10.1253/circj.CJ-21-0999

5. Beinart R, Boyko V, Schwammenthal E, Kuperstein R, Sagie A, Hod H, et al.
Long-term prognostic significance of left atrial volume in acute myocardial
infarction. J Am Coll Cardiol. (2004) 44(2):327–34. doi: 10.1016/j.jacc.2004.03.062

6. Modin D, Pedersen S, Fritz-Hansen T, Gislason G, Biering-Sørensen T. Left atrial
function determined by echocardiography predicts incident heart failure in patients
with stemi treated by primary percutaneous coronary intervention. J Card Fail.
(2020) 26(1):35–42. doi: 10.1016/j.cardfail.2019.08.014

7. Thomas L, Hoy M, Byth K, Schiller NB. The left atrial function index: a rhythm
independent marker of atrial function. Eur J Echocardiogr. (2008) 9(3):356–62. doi: 10.
1016/j.euje.2007.06.002

8. Welles CC, Ku IA, Kwan DM, Whooley MA, Schiller NB, Turakhia MP. Left atrial
function predicts heart failure hospitalization in subjects with preserved ejection
fraction and coronary heart disease: longitudinal data from the heart and soul
study. J Am Coll Cardiol. (2012) 59(7):673–80. doi: 10.1016/j.jacc.2011.11.012

9. Sargento L, Vicente Simões A, Longo S, Lousada N, Palma Dos Reis R. Left atrial
function index predicts long-term survival in stable outpatients with systolic heart
failure. Eur Heart J Cardiovasc Imaging. (2017) 18(2):119–27. doi: 10.1093/ehjci/jew196

10. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ, Morrow DA, et al. Fourth
universal definition of myocardial infarction (2018). J Am Coll Cardiol. (2018) 72
(18):2231–64. doi: 10.1016/j.jacc.2018.08.1038
11. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American society of echocardiography and the European
association of cardiovascular imaging. J Am Soc Echocardiogr. (2015) 28
(1):1–39.e14. doi: 10.1016/j.echo.2014.10.003

12. Gupta S, Matulevicius SA, Ayers CR, Berry JD, Patel PC, Markham DW, et al.
Left atrial structure and function and clinical outcomes in the general population. Eur
Heart J. (2013) 34(4):278–85. doi: 10.1093/eurheartj/ehs188

13. Sardana M, Nah G, Tsao CW, Ogunsua AA, Vittinghoff E, Thomas RC, et al.
Clinical and echocardiographic correlates of left atrial function index: the
Framingham offspring study. J Am Soc Echocardiogr. (2017) 30(9):904–12.e2.
doi: 10.1016/j.echo.2017.05.013

14. Rigatelli G, Zuin M, Braggion G, Lanza D, Aggio S, Adami A, et al. Changing of
left atrial function Index in symptomatic patients with patent foramen ovale after
device closure. Turk Kardiyol Dern Ars. (2022) 50(3):175–81. doi: 10.5543/tkda.
2022.21027

15. Sardana M, Lessard D, Tsao CW, Parikh NI, Barton BA, Nah G, et al.
Association of left atrial function index with atrial fibrillation and cardiovascular
disease: the Framingham offspring study. J Am Heart Assoc. (2018) 7(7):e008435.
doi: 10.1161/jaha.117.008435

16. Nagase T, Kato R, Nakano S, Shiki Y, Tanaka S, Ikeda Y, et al. Prediction of
improvement in left atrial function index after catheter ablation for atrial
fibrillation. J Interv Card Electrophysiol. (2015) 44(2):151–60. doi: 10.1007/s10840-
015-0043-z

17. Longobardo L, Zito C, Khandheria BK. Left atrial function index: did we end up
waiting for godot? Eur Heart J Cardiovasc Imaging. (2017) 18(2):128–9. doi: 10.1093/
ehjci/jew210

18. Shamekhi J, Nguyen TQA, Sigel H, Maier O, Piayda K, Zeus T, et al. Left atrial
function index (LAFI) and outcome in patients undergoing transcatheter aortic valve
replacement. Clin Res Cardiol. (2022) 111(8):944–54. doi: 10.1007/s00392-022-02010-5

19. Sardana M, Ogunsua AA, Spring M, Shaikh A, Asamoah O, Stokken G, et al.
Association of left atrial function index with late atrial fibrillation recurrence after
catheter ablation. J Cardiovasc Electrophysiol. (2016) 27(12):1411–9. doi: 10.1111/jce.
13086
frontiersin.org

https://doi.org/10.1016/s0140-6736(16)30677-8
https://doi.org/10.1016/j.ahj.2011.08.002
https://doi.org/10.1016/j.echo.2017.01.020
https://doi.org/10.1253/circj.CJ-21-0999
https://doi.org/10.1016/j.jacc.2004.03.062
https://doi.org/10.1016/j.cardfail.2019.08.014
https://doi.org/10.1016/j.euje.2007.06.002
https://doi.org/10.1016/j.euje.2007.06.002
https://doi.org/10.1016/j.jacc.2011.11.012
https://doi.org/10.1093/ehjci/jew196
https://doi.org/10.1016/j.jacc.2018.08.1038
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1093/eurheartj/ehs188
https://doi.org/10.1016/j.echo.2017.05.013
https://doi.org/10.5543/tkda.2022.21027
https://doi.org/10.5543/tkda.2022.21027
https://doi.org/10.1161/jaha.117.008435
https://doi.org/10.1007/s10840-015-0043-z
https://doi.org/10.1007/s10840-015-0043-z
https://doi.org/10.1093/ehjci/jew210
https://doi.org/10.1093/ehjci/jew210
https://doi.org/10.1007/s00392-022-02010-5
https://doi.org/10.1111/jce.13086
https://doi.org/10.1111/jce.13086
https://doi.org/10.3389/fcvm.2023.1043775
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


+41 (0)21 510 17 00 
frontiersin.org/about/contact

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

Frontiers

Innovations and improvements in cardiovascular 

treatment and practice 

Focuses on research that challenges the status 

quo of cardiovascular care, or facilitates the 

translation of advances into new therapies and 

diagnostic tools.

Discover the latest 
Research Topics

See more 

Frontiers in
Cardiovascular Medicine

https://www.frontiersin.org/journals/cardiovascular-medicine/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Current trends and approaches inthe comprehensive evaluation ofcoronary artery disease
	Table of 
contents
	Editorial: Current trends and approaches in the comprehensive evaluation of coronary artery disease
	Author contributions
	Conflict of interest
	Publisher's note

	Complete Blood Count-Derived Indices as Prognostic Factors of 5-Year Outcomes in Patients With Confirmed Coronary Microvascular Spasm
	Introduction
	Materials and Methods
	Study Population and Study Plan
	Interventional Procedure and Concomitant Medications
	Clinical Follow-Up and Endpoints
	Laboratory Tests
	Statistical Analysis

	Results
	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References

	The role of blood CXCL12 level in prognosis of coronary artery disease: A meta-analysis
	Introduction
	Methods
	Search strategy
	Data inclusion and exclusion criteria
	Data inclusion criteria
	Data exclusion criteria

	Data extraction
	Literature quality assessment
	Statistical analysis

	Results
	Literature search and study characteristics
	CXCL12 level and future clinical outcomes in patients with CAD
	Publication bias
	Subgroup analysis
	Sensitivity analysis

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References

	Association of endothelial glycocalyx shedding and coronary microcirculation assessed by an angiography-derived index of microcirculatory resistance in patients with suspected coronary artery disease
	Introduction
	Materials and methods
	Study design and subjects
	Anthropometric and laboratory analysis
	Angiographic analysis and evaluation of the coronary microcirculation
	Statistics

	Results
	Enrolled patient characteristics
	Angiographic findings and physiological indices
	Association of coronary microcirculation and the endothelial glycocalyx
	Receiver operating characteristic (ROC) analysis of syndecan-1 to identify CMD and impaired microvascular vasodilatory capacity

	Discussion
	Study limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References

	Colchicine and coronary heart disease risks: A meta-analysis of randomized controlled clinical trials
	Introduction
	Materials and methods
	Search strategy
	Inclusion criteria

	Data extraction
	Assessment of methodological quality
	Subgroup analysis
	Statistical analysis

	Results
	Endpoints
	Cardiovascular outcomes
	All-cause and non-cardiovascular deaths
	Gastrointestinal adverse events and diarrhea

	Subgroup analysis
	Duration of follow-up visits
	Dose of colchicine
	Age
	Dosing before percutaneous coronary intervention
	Related comorbidities
	Sex and smoking


	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Soluble ST2 in coronary artery disease: Clinical biomarkers and treatment guidance
	Introduction
	Association with coronary atherosclerotic burden
	Predict no-reflow phenomenon after percutaneous coronary intervention
	As a prognostic biomarker of CAD
	Reflect left ventricular remodeling after acute myocardial infarction
	As help for management of myocardial infarction
	Conclusion and clinical perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References

	Prognostic impact of incident left ventricular systolic dysfunction after myocardial infarction
	Introduction
	Materials and methods
	Design and population
	Definition and diagnosis of ST-segment elevation myocardial infarction and non-ST-segment elevation myocardial infarction
	Data collection and endpoints
	Statistical analysis

	Results
	Patient clinical characteristics during index hospitalization for acute myocardial infarction
	Left ventricular ejection fraction trajectories from index hospitalization for acute myocardial infarction to 6 months post-acute myocardial infarction
	Clinical endpoints

	Discussion
	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Using artificial intelligence in the development of diagnostic models of coronary artery disease with imaging markers: A scoping review
	Introduction
	Methods
	Inclusion and exclusion criteria
	Identification of eligible publications
	Data extraction
	Data synthesis

	Results
	Selection of publications
	Characteristics of the included studies

	Data sources and study designs in the included studies
	Population characteristics in the included studies
	Outcome and reference standards in the included studies
	Types of medical imaging and artificial intelligence algorithms in the included studies
	Model performance measures used in the included studies
	Competitor and clinical effectiveness of developed models in the included studies

	Discussion
	Principal findings and the implications for practice and research
	Strengths and limitations

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	The impact of coronary microvascular dysfunction on the discordance between fractional flow reserve and resting full-cycle ratio in patients with chronic coronary syndromes
	Introduction
	Aim
	Materials and methods
	Physiologic measurements
	Cut-off values
	Statistical analysis

	Results
	Per vessel analysis—RFR performance
	Coronary physiology analysis
	RFR/FFR discrepancy predictors

	Discussion
	RFR performance in intermediate coronary stenosis
	Clinical and angiographic risk factors of discrepancy
	Coronary microcirculation dysfunction as a potential mechanism of discrepancy

	Study limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Anomalous left coronary artery from the pulmonary artery: Outcomes and management of mitral valve
	Introduction
	Materials and methods
	Results
	Baseline characteristics
	Surgical outcome
	Left ventricular function
	Mitral valve function

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References

	Provisional stenting with side branch rescue stenting is associated with increased 3-year target lesion failure in patients with acute coronary syndrome and coronary bifurcation lesions
	Introduction
	Materials and methods
	Study design
	Patient population
	Provisional stenting procedures
	Medications and follow-up
	Endpoints and definitions
	Statistical analysis

	Results
	Baseline clinical characteristics
	Lesion characteristics and procedures
	Quantitative coronary analysis
	Clinical outcomes

	Discussion
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Association between plasma vitamin B5 and coronary heart disease: Results from a case-control study
	Introduction
	Materials and methods
	Study participants
	Measurement of vitamin B5 and covariates
	Statistical analysis

	Results
	Patient characteristics
	Association between plasma vitamin B5 and coronary heart disease
	Subgroup and interaction analyses

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Timing of angiography and outcomes in patients with non-ST-segment elevation myocardial infarction: Insights from the evaluation and management of patients with acute chest pain in China registry
	Introduction
	Materials and methods
	Study population
	Timing of angiography and percutaneous coronary intervention
	Follow-up and definitions of outcomes
	Statistical analysis

	Results
	Baseline characteristics
	Emergency medication
	Thirty-days outcomes
	Bleeding and procedural complications
	Independent predictors of the rate of major adverse cardiac events in patients with non-ST-segment elevation myocardial infarction
	Independent predictors of undergoing coronary angiography in patients with non-ST-segment elevation myocardial infarction

	Discussion
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Left vs. right radial approach for coronary catheterization: Relation to age and severe aortic stenosis
	Introduction
	Materials and methods
	Statistical analysis

	Results
	Discussion
	Study limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References

	Predictors of adherence of enhanced external counterpulsation in patients with coronary heart disease after discharge: A mixed-methods study
	Introduction
	Methods
	Study design and population
	Data collection and procedure
	Quantitative data
	Qualitative data

	Data analysis
	Quantitative data
	Qualitative data

	Ethics approval

	Results
	Quantitative results
	Patients' characteristics
	Factors associated with EECP treatment after discharge

	Qualitative results
	Sample characteristics
	Barriers to adherence to EECP treatment after discharge
	Insufficient understanding of EECP
	Affected by distance and traffic
	Lack of financial support


	Discussion
	Limitations
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References

	Evaluation of risk stratification program based on trajectories of functional capacity in patients with acute coronary syndrome: The REACP study
	1 Introduction
	2 Materials and methods
	2.1 Study design and setting
	2.2 Study population
	2.3 Data collection and measures
	2.4 Risk stratification score based on dynamic BI scores
	2.5 Outcome and follow-up
	2.6 Statistical analysis

	3 Results
	3.1 Baseline patient characteristics
	3.2 The dynamic BI-based risk stratification program and clinical outcomes
	3.3 The dynamic BI-based risk stratification program and its predictive efficiency
	3.4 Subgroup analysis

	4 Discussion
	5 Limitations
	6 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References

	Construction and evaluation of nomogram model for individualized prediction of risk of major adverse cardiovascular events during hospitalization after percutaneous coronary intervention in patients with acute ST-segment elevation myocardial infarction
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Study method
	2.2.1 Data collection
	2.2.2 Nomogram establishment and verification
	2.2.3 Statistical methods


	3 Results
	3.1 Comparison of clinical data between MACE group and non-MACE patients
	3.2 Construction of a risk prediction model for in-hospital MACE after PCI in STEMI patients
	3.2.1 Predictor variables were filtered by lasso regression
	3.2.2 Multivariate logistic regression model construction
	3.2.3 Nomogram model validation
	3.2.4 Clinical decision analysis for nomogram models


	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	References

	Prognostic impact of white blood cell counts on clinical outcomes in patients with chronic renal insufficiency undergoing percutaneous coronary intervention
	1. Introduction
	2. Methods
	2.1. Study population
	2.2. Study endpoints and follow-up
	2.3. Statistical analysis

	3. Results
	3.1. Patients’ baseline characteristics
	3.2. Association of ih-WBC counts with clinical outcomes
	3.3. Combination of ih-WBC counts with SS or SS II values for prediction of ACM and CM

	4. Discussion
	5. Limitations
	6. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	﻿References

	Left atrial function index predicts poor outcomes in acute myocardial infarction patients treated with percutaneous coronary intervention
	Introduction
	Methods
	Study population
	Echocardiographic methods
	Clinical assessment and follow-up
	Statistical method

	Results
	Baseline characteristics and follow-up
	Differences in variables between groups
	Correlation analysis
	Prediction of the composite outcome

	Discussion
	Study limitations

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References

	Back Cover



