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Editorial on the Research Topic
Insights in coronary artery disease: 2023

Coronary artery disease (CAD) continues to pose a substantial global health burden,
remaining one of the leading causes of death and disability across both developed and
developing nations. Despite decades of progress in risk factor management (1),
revascularization strategies (2), pharmacological treatments (3), and imaging
technologies (4), significant challenges persist in achieving optimal prevention,
diagnosis, and long-term outcomes. The Research Topic “Insights in Coronary Artery
Disease: 20237, hosted by Frontiers in Cardiovascular Medicine, presents a curated
Research Topic of original research articles, reviews, and case reports that offer cutting-
edge perspectives on various aspects of CAD—from interventional cardiology and
intravascular imaging to digital modeling, inflammation, and even the gut-heart axis.

One of the central themes emerging from this Topic is the pursuit of better risk prediction
and personalized care pathways for patients with CAD. Dai et al. developed and validated a
user-friendly nomogram to predict the five-year risk of non-culprit lesion (NCL)
revascularization in patients with ST-segment elevation myocardial infarction (STEMI) who
had undergone primary percutaneous coronary intervention (PCI). Their model integrates
clinical and laboratory variables such as age, body mass index, Killip class, and low-density
lipoprotein cholesterol (LDL-C) levels to identify individuals at elevated long-term risk. The
clinical relevance of this tool lies in its potential to inform more individualized surveillance,
medical therapy intensification, and follow-up strategies tailored to residual risk—
particularly important in the era of complete revascularization. Notably, prior studies (5)
have also emphasized the prognostic value of non-culprit lesion assessment following
STEMI, underscoring the need for refined risk stratification approaches.

Sex differences in outcomes following complex coronary interventions remain an
area of growing interest (6). In a robust analysis from a nationwide Spanish registry,
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Alperi et al. demonstrated that women undergoing complex PCI
had a significantly higher risk of all-cause mortality and
myocardial infarction compared to men. This disparity persisted
despite adjustment for comorbidities and procedural complexity.
Their findings underscore the need for continued investigation
into sex-specific pathophysiology, differences in response to
therapy, and underrepresentation of women in clinical trials—
factors that may ultimately influence guideline recommendations
and improve outcomes for female patients.

Technological advancements in stent platforms also feature
prominently in this collection. The CAESAR registry, reported by
Tarantini et al., evaluated the real-world performance of a novel
ultrathin-strut, polymer-free sirolimus-eluting stent (Coroflex
ISAR NEO) in an all-comers population with CAD. The results
were encouraging, with low rates of target lesion
revascularization and major adverse cardiac events at one year,
confirming the safety and efficacy of this new-generation stent.
These findings contribute to the growing body of evidence
supporting polymer-free platforms, which may reduce chronic
inflammation and improve endothelial healing.

Understanding  the

progression and plaque rupture is key to preventing acute

mechanistic basis of atherosclerosis
coronary syndromes. Bacigalupi et al. provided a comprehensive
review on the role of biomechanical forces—particularly wall shear
stress, axial plaque stress, and structural stress—in shaping plaque
vulnerability. With the advent of high-resolution imaging and
computational fluid dynamics (CFD), it is now possible to model
these forces in patient-specific coronary geometries. This approach
holds promise for identifying plaques at high risk of rupture
before clinical events occur, thus enabling preemptive interventions.

In line with this, Lashgari et al. proposed the use of in silico 3D
modeling as a novel adjunctive tool in the cardiac catheterization
laboratory. They demonstrated how patient-specific coronary
models, generated from angiographic data and processed using
CFD, can provide functional insights beyond visual assessment.
Such models may enhance diagnostic precision, especially for
intermediate lesions where functional significance is uncertain.
As digital health tools evolve, the integration of modeling and
simulation into clinical workflows could revolutionize decision-
making in interventional cardiology.

The inflammatory component of atherosclerosis remains a focal
point for research, particularly as imaging tools allow for more
nuanced plaque characterization. Los et al. reviewed current
invasive coronary imaging techniques—such as intravascular
ultrasound (IVUS), optical coherence tomography (OCT), and
near-infrared spectroscopy (NIRS)—that can detect plaque features
associated with inflammation and vulnerability. These modalities
offer valuable prognostic information and may soon be integrated
into risk algorithms to guide therapy beyond angiographic stenosis
alone. Recent studies (7) have further highlighted the potential of
imaging-derived inflammatory biomarkers to refine cardiovascular
risk assessment and personalize therapeutic strategies.

The systemic nature of CAD, particularly in elderly patients,
was addressed in a study by Xu et al, who evaluated the
association between the Geriatric Nutritional Risk Index (GNRI)
and the presence of sarcopenia, osteoporosis, and cognitive
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impairment in older adults with coronary disease. Their findings
reinforce the importance of assessing frailty and nutritional
status as part of a comprehensive management plan. As the
population ages, addressing these geriatric syndromes in CAD
patients is increasingly vital to improving quality of life and
reducing rehospitalizations.

In an innovative study exploring the gut-heart axis, Hu et al.
employed Mendelian randomization to investigate potential
causal links between gut microbiota composition and coronary
heart disease. Their analysis suggested that the presence of
certain microbial genera—including  Bifidobacterium and
Butyricicoccus—may have protective or deleterious effects on
CAD risk. While still exploratory, this line of research opens the
door to microbiota-targeted preventive strategies and underscores
the systemic and immunological dimensions of atherosclerosis.

Finally, Dall’Ara et al. presented a compelling case report of
recurrent Takotsubo syndrome triggered by asymptomatic SARS-
CoV-2 infection, adding to the evolving understanding of
COVID-19’s cardiovascular sequelae. The case highlights how
viral infections, even in the absence of respiratory symptoms, can
precipitate acute cardiac syndromes via neurohormonal (8) or
inflammatory pathways. It also reinforces the importance of
vigilance and multidisciplinary care in the post-COVID era.

In conclusion, the Insights in Coronary Artery Disease: 2023
Research Topic underscores the significant breadth and depth of
contemporary research in coronary artery disease, encompassing
advancements in predictive modeling, stent technologies, digital
innovation, and the understanding of biological, mechanical, and
systemic contributors to disease progression.

The contributions assembled herein highlight the critical
importance of interdisciplinary collaboration and the ongoing
shift toward precision cardiovascular medicine. Collectively, these
studies provide both a comprehensive resource and a strategic
framework to guide future investigations, with the ultimate aim
of improving clinical outcomes for patients with coronary
artery disease.

It is our aspiration that this collection will serve as a valuable
reference and a source of inspiration for researchers, clinicians,
and trainees committed to advancing the field.
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Background: Acute ST-segment elevation myocardial infarction (STEMI) patients
after primary PCl were readmitted for revascularization due to non-culprit lesion
(NCL) progression.

Objective: To develop and validate a nomogram that can accurately predict
the likelihood of NCL progression revascularization in STEMI patients following
primary PCI.

Methods: The study enrolled 1,612 STEMI patients after primary PCI in our hospital
from June 2009 to June 2018. Patients were randomly divided into training and
validation sets in a 7:3 ratio. The independent risk factors were determined by LASSO
regression and multivariable logistic regression analysis. Multivariate logistic
regression analysis was utilized to develop a nomogram, which was then evaluated
for its performance using the concordance statistics, calibration plots, and decision
curve analysis (DCA).

Results: The nomogram was composed of five predictors, including age (OR: 1.007
95% Cl: 1.005-1.009, P < 0.001), body mass index (OR: 1.476, 95% Cl: 1.363-1.600,
P<0.001), triglyceride and glucose index (OR: 1.050, 95% CI: 1.022-1.079,
P <0.001), Killip classification (OR: 1.594, 95% ClI: 1.140-2.229, P = 0.006), and serum
creatinine (OR: 1.007, 95% CI: 1.005-1.009, P < 0.001). Both the training and validation
groups accurately predicted the occurrence of NCL progression revascularization
(The area under the receiver operating characteristic curve values, 0.901 and 0.857).
The calibration plots indicated an excellent agreement between prediction and
observation in both sets. Furthermore, the DCA demonstrated that the model
exhibited clinical efficacy.

Conclusion: A convenient and accurate nomogram was developed and validated for
predicting the occurrence of NCL progression revascularization in STEMI patients
after primary PCI.

KEYWORDS

non-culprit lesion, percutaneous coronary intervention, nomogram, ST-segment elevation
myocardial infarction, primary PCI

Abbreviations

STEMLI, ST-elevation myocardial infarction; PCI, percutaneous coronary intervention; NCL, non-culprit lesion;
DCA, decision curve analysis; CAG, coronary angiography; BMI, body mass index; TyG, triglycerides and
glucose index; SCr, serum creatinine; CKD, chronic kidney disease.
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Introduction

Coronary artery disease causes 8.9 million patient deaths and 264
million workforce losses annually (1). Among the various
manifestations of coronary artery disease, ST-elevation myocardial
infarction (STEMI) is the most severe type characterized by rapid
onset, progression, and high morbidity and mortality (2).
Fortunately, the availability of thrombolytic therapy and primary
(PCI) has
improved STEMI patients’ prognosis. Although the utilization of

percutaneous coronary intervention significantly
drug-eluting stents has contributed to reducing the occurrences of
in-stent restenosis (3). Revascularization after PCI remains a
common clinical problem. The rate of revascularization after PCI
was 12% at 1 year, 15% at 2 years, 20% at 4 years, and 32.3% at 5
years (4, 5). The in-stent restenosis is not the sole cause of repeat
revascularization. One study highlighted that non-culprit lesion
(NCL) progression accounts for over half of all revascularizations
(4). NCL progression refers to developing or worsening
atherosclerotic lesions outside the culprit lesions that cause ischemia,
angina, and myocardial infarction. Such progression can lead to
recurrent ischemia, angina, myocardial infarction, or death.
Nonetheless, not all non-culprit lesions necessitate revascularization.
Hence, predicting the likelihood of revascularization for NCL
progression in STEMI patients is crucial.

Several studies have examined risk factors associated with
repeat revascularization, such as fasting glucose, peak cTnl levels,
and complex lesions (6, 7). Compared to conventional statistical
models, the nomogram provides several advantages such as
validation of effectiveness, visual representation, and personalized
risk assessment (8). The nomogram effectively quantifies risk
factors and synthesizes them into a predictive score to inform
clinical decisions.

However, there are no studies for developing and validating a
nomogram specifically for NCL progression revascularization.
The study aims to build and validate a nomogram to predict the
likelihood of NCL progression revascularization in STEMI
patients after complete revascularization.

In this retrospective study, a nomogram was established to screen
high-risk groups based on our clinical results, which may provide

guidance for clinicians and assesses STEMI patients’ prognosis.

Study population

The study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the Affiliated
Hospital of Xuzhou Medical University (XYFY2022-KL375-01).
Since the study was retrospective, the committee waived the
requirement for written informed consent. Personal private
information was removed prior to the data is analyzed.

7,277 patients who underwent primary PCI for STEMI between
2009 and 2018 were initially screened in the affiliated hospital of
Xuzhou medical university. Patients showing multivessel disease
at the first CAG were included in the study only if NCL with
diameter stenosis greater than 70% were treated. Secondly, 2,469
patients combined of at least one NCL (diameter stenosis
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between 50% and 70%) were readmitted to the hospital within 5
years after primary PCI for clinical symptoms such as chest pain
and chest tightness. These patients underwent review coronary
angiography (CAG). Finally, 1,612 patients were included in the
study according to the exclusion and inclusion criteria.

Inclusion criteria: (1) diagnosis of acute ST-segment elevation
myocardial infarction (9), (2) successful drug-eluting stent
implantation procedure, (3) immediate complete revascularization
or elective completion of complete revascularization within 2
months (10), (4) no in-hospital cardiovascular events such as
cardiogenic shock, recurrent myocardial infarction, or death, (5)
follow-up CAG within 5 years after the first PCI, (6) no
anticoagulant or antiplatelet contraindications, (7) over 18 years
old, (8). Combination of at least one NCL (diameter stenosis
between 50% and 70%).

Exclusion criteria: (1) incomplete clinical data (n=576), (2)
follow-up CAG showing in-stent restenosis or recommendation
for coronary artery bypass graft (n=258), (3) severe hepatic
insufficiency or renal insufficiency (n=23).

First PCI procedure

Patients undergoing the procedure were routinely administered
stress dose medications (300 mg of aspirin, 600 mg of clopidogrel,
or 180 mg of ticagrelor). To ensure proper anticoagulation,
3,000 IU of unfractionated heparin and 200 ug of nitroglycerin
were administered prior to CAG. The administration of heparin
was initiated at 100 IU/kg before the operation, with the option
of adding 1,000 IU/h during the procedure. Additionally,
intraoperative medications such as nitroprusside, nitroglycerin,
tirofiban, and other drugs aimed at improving coronary ischemia
were selectively administered based on the patient’s condition.

Following the operation, medications were prescribed
according to established guidelines. These included: (1) a dual
antiplatelet regimen involving aspirin (100 mg once daily)
combined with either clopidogrel (75 mg once daily) or ticagrelor
(90 mg twice daily); (2) statin; (3) angiotensin converting enzyme
inhibitor or angiotensin receptor blocker; and (4) beta-blocker.

Senior cardiologists performed both CAG and PCI procedures.

Two skilled clinicians thoroughly analyzed all CAG images.

Clinical endpoints and definitions

The clinical endpoint was that STEMI patient readmitted with
ischemic symptoms found to have NCL progression (diameter
stenosis progresses from between 50%-70% to >70%) requiring
revascularization within 5 years after PCI. NCL was defined as a
vessel with stenosis between 50% and 70% at the first CAG (7). All
patients underwent primary PCI of the culprit lesions successfully.
Patients showing multivessel disease at the first CAG were
included in the study only if they had completed complete
revascularization or selective complete revascularization. Complete
revascularization was defined as successful revascularization of all
coronary artery lesions or segments >1.5 mm in diameter with
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>70% diameter stenosis regardless of their functional significance
(11). Related definitions included the following: Calcified lesions
were defined as the presence of moderate or severe calcification
in the vessel wall (12); bifurcation lesions were defined as
stenosis adjacent to and/or involving the opening of a major
branch (13); ostial lesions were defined as lesions within 3 mm
of the origin of the major coronary arteries (14); angular
distortion lesions were defined as angles of at least one major
branch of the coronary artery >45° along the direction of the
main coronary artery (15).

Data collection

All patient clinical features (including demographics, previous
history, laboratory indices, two-times coronary angiography
images, and medication use at discharge) were collected. Each
patient’s blood was collected within 24 h of admission, and the
central laboratory tested all laboratory parameters before
operation. Data collection during PCI consisted of door-to-
balloon time, calcified lesions, bifurcation lesions, open and
angular distortion lesions, and culprit lesions. Echocardiography
measures the left ventricular ejection fraction.

Data analysis

Categorical variables were displayed as counts and
percentages and then compared using either the x> or Fisher
exact test. Meanwhile, continuous variables were presented as
mean + standard deviation. If the variables adhered to a normal
distribution pattern, they were compared using the t-test.
However, if the variables exhibited non-normal distribution,
Mann-Whitney  U-test.

Univariate logistic regression was analyzed to filter significant

they were compared using the
variables in the training cohort. This part was done using SPSS
version 25.0 (SPSS Inc., Chicago, IL, USA). LASSO regression
was used to screen out non-zero coefficient characteristics,
backward

regression was used to analyze the independent predictors.

and multivariate logistic regression stepwise
The restricted cubic spline was performed to investigate the
linear relationships between continuous variables and NCL
progression revascularization. A nomogram was developed
using variables with P<0.05 based on the result of the
multivariate logistic regression. The discrimination capability of
the model was gauged by the concordance index, which is
equal to the area under the receiver operating characteristics
(AUC-ROC). This

effectiveness of the nomogram’s discrimination capacity. In

curve metric was used to assess the
order to determine the level of accuracy of the calibration,
Hosmer-Lemeshow tests and calibration plots were carried
out. Clinical efficacy was evaluated using decision curve
analysis. The statistical threshold for determining significance
was established at a level of P<0.05 for the two-sided test.
This part was analyzed using R Studio version 4.1.3 (https://

cran.r-project.org).
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Results

The study flow chart is shown in Figure 1. There are 1,612
STEMI patients were enrolled based on inclusion and exclusion
criteria. Patients were randomly divided into training and
validation sets in a 7:3 ratio. Among them, 14.8% (163/1,097) of
patients in the training set underwent repeat PCI due to NCL
progression, similar to 14.3% (74/515) of patients in the
validation set. Table 1 presents a comprehensive sight of the
baseline characteristics of the two sets. Table 2 displays the
results of the univariate logistic regression. Univariate logistic
regression analysis showed that the following factors were
consistently associated with NCL revascularization in STEMI
patients following primary PCI: age (OR: 1.09, 95% CI: 1.07-
1.11, P<0.001), body mass index (BMI) (OR: 1.55, 95% CI:
1.44-1.67, P<0.001), triglyceride and glucose index (OR: 1.03,
95% CI: 1.01-1.05, P=0.005), Killip classification (OR: 1.76, 95%
CI: 1.31-2.35, P <0.001), Hypertension (OR: 0.62, 95% CI: 0.44-
0.86, P=0.005), serum creatinine (SCr) (OR: 1.01, 95% CI: 1.00-
1.01, P<0.001), Lipoprotein-a (OR: 1.00, 95% CI: 1.00-1.00, P <
0.001), creatine kinase MB (OR: 1.00, 95% CI: 1.00-1.01, P=
0.001), total cholesterol (OR: 2.59, 95% CI: 2.18-3.08, P <0.001).
LASSO regression analysis showed that age, BMI, triglyceride and
glucose index, Killip classification, and SCr were the more
important predictors with non-zero coefficient, as shown in
Figure 2. Multivariate logistic regression analysis identified in
Table 3 that age (OR: 1.007, 95% CI: 1.005-1.009, P<0.001),
BMI (OR: 1.476, 95% CI: 1.363-1.600, P <0.001), triglyceride
and glucose index (OR: 1.050, 95% CI: 1.022-1.079, P<0.001),
Killip classification (OR: 1.594, 95% CI: 1.140-2.229, P =0.006),
and SCr (OR: 1.007, 95% CI: 1.005-1.009, P<0.001). A
nomogram was built and displayed in Figure 3. A point value is
projected at the top of the nomogram for each independent
predictor. This process helps obtain a score ranging between 0
and 100. The scores of all variables are added to get a total score,
which is projected down to a vertical line on the “Risk” line,
indicating the risk of NCL revascularization. A higher overall
score indicates a higher likelihood of NCL revascularization.
Consequently, the model could visually predict the occurrence of
NCL progression revascularization.

Validation of the nomogram

The AUC-ROC for the nomogram and validation sets
(Figures 4A,B) was calculated to be 0.9014 (95% CIL: 0.8795-
0.9233) and 0.8574 (95% CI: 0.8103-0.9046), showing a good
discrimination ability of the nomogram. The Hosmer-Lemeshow
test produced x> values of the nomogram (7.3528, P=0.4991)
and the validation group (2.961, P=0.9368), respectively. These
results attest to the model’s excellent calibration capability.
Additionally, the calibration curve demonstrates high consistency
between the predicted and actual probabilities (Figures 5A,B).

The clinical effectiveness of the model was evaluated, which is
depicted in Figures 6A,B. The horizontal line indicates a net
benefit of 0, which occurs when no intervention is performed
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From June 2009 to June 2018, 7277 patients were retrospectively studied in
the Xuzhou Medical University Hospital.
\ 4
2469 patients were readmitted to the hospital within 5 years.
959 patients were excluded.
1) incomplete clinical data(n=576),
|2) second CAG showing recommendation for
"|CABG (n=258),
v 3) severe hepatic insufficiency or renal
insufficiency (n=23).
1612 patients were enrolled in the
study.
4 A
Training cohort (n=1097) Validation cohort (n=545)
NCL No NCL NCL No NCL
revascularization revascularization revascularization revascularization
(n=163) (n=934) (n=74) (n=441)
FIGURE 1

The study flowchart for developing and validating nomograms. CAG, coronary angiography; CABG, coronary artery bypass graft.

and all samples are negative (Pi<Pt). Conversely, the green line
corresponds to a scenario where all interventions are applied,
and all samples are positive. The DCA demonstrates that the
nomogram can achieve a net benefit over a wide range of
threshold probabilities, indicating our approach’s clinical utility.

Discussion

With the aging of the population, there has been an annual
in the
myocardial infarction (STEMI). Fortunately, the prognosis for

increase incidence of acute ST-segment elevation
STEMI patients has improved with the widespread availability of
percutaneous coronary intervention (PCI). Nevertheless, STEMI
patients who have undergone PCI are still at risk of readmission
due to in-stent restenosis or the non-culprit lesion (NCL)
progression. The use of drug-eluting stents reduces incidences of
in-stent restenosis as compared to bare metal stents. However,
the application of drug-eluting stents has not demonstrated a
commensurate improvement in the rate of revascularization. In
two randomized controlled trials (16, 17), there was no difference
between bare metal stent and drug-eluting stent applications for
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revascularization due to NCL progression in acute myocardial
infarction (AMI) patients. Notably, numerous clinical trials
(18-20) revealed that the rate of revascularization associated with
NCL ranges from approximately 11.6%-19%, accounting for
42%-57% of all repeat procedures during the five years after PCL
It has been observed that while there have been several studies
focusing on the progression of NCL, the repeated PCI for NCL
progression has not received much attention. The study focuses
on predicting repeat PCI due to NCL. One study of 480 patients
identified fasting glucose and creatinine as independent risk
factors for NCL progression (6), while another study of 492
patients suggested that several chronic stress and inflammation-
related factors such as serum catecholamines, and C-reactive
protein, as well as complex lesion rates, were related to the
progression of NCL (7). We had a larger sample size (n=1,612
vs. 480) and more complete clinical data (including angiographic,
laboratory, and follow-up data) than previous studies, which
increased the statistical power and generalizability of our results.
Compared with traditional independent risk factors, nomograms
could visualize the effect of predictors on NCL revascularization,
which is a user-friendly tool to help clinicians and patients
estimate the individualized risks and benefits of NCL PCI. Unlike
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TABLE 1 Participant characteristics.

Variable

Cohort, No. (%)

Training set,
N=1,097

Validation set,
N=515

TABLE 1 Continued

Variable

10.3389/fcvm.2023.1275710

Cohort, No. (%)

Training set,
N=1,097

Validation set,
N=515

Frontiers in Cardiovascular Medicine

12

Intervals between 41 (34, 47) 42 (35, 48) 0.342 Creatine kinase MB, ng/ 22 (5, 60) 24 (4, 97) 0.359
coronary angiograms, ml

months White blood cell, x109/L 9.10 (7.40, 11.10) 9.10 (7.00, 11.30) 0.351
Age, years 67 (57, 75) 66 (56, 75) 041 Neutrophile, x10%/L 6.81 (5.18, 8.72) 6.80 (6.34, 7.40) 0.236
Sex, n (%) 0.968 Lymphocyte, x10°/L 1.50 (1.00, 2.00) 1.40 (1.00, 2.00) 0.172

Male 802 (73%) 377 (73%) High-sensitive C- 8 (3, 26) 5(2,31) 0.459

Female 295 (27%) 138 (27%) reactive protein, mg/L
Body mass index, kg/m2 | 25.64 (23.96, 27.42) | 25.33 (23.80, 27.10) 0.057 Fasting plasma glucose, 5.5 (4.1, 7.4) 5.6 (3.6, 8.4) 0.998
Diabetes mellitus, 7 (%) 0.093 mmol/L

Yes 829 (76%) 369 (72%) Serum creatinine, umol/L 239 (69, 305) 228 (152, 287) 0.517

No 268 (24%) 146 (28%) Serum uric acid, umol/L 308 (258, 355) 307 (302, 311) 0.656
Hypertension, n (%) 0.361 Total cholesterol, 1,007 (809, 1,169) 939 (544, 1,748) 0.221

Yes 555 (51%) 248 (48%) mmol/L

No 542 (49%) 267 (52%) Triglyceride, mmol/L 4.30 (3.73, 5.02) 4.27 (3.68, 4.97) 0.311
Smoking status, 1 (%) 0.459 Triglyceride and glucose 1.36 (0.98, 1.92) 1.30 (0.90, 1.94) 0.136

Yes 458 (42%) 205 (40%) index

No 639 (58%) 310 (60%) High-density lipoprotein 1.03+£0.36 1.02 £0.29 0.588

cholesterol, mmol/L

Alcohol drinking status, 0.954 .

1 (%) L.OW Dens.lty 2.73+£0.88 2.68 £0.85 0.192
Lipoprotein cholesterol,

Yes 146 (13%) 68 (13%) mmol/L

No 951 (87%) 447 (87%) Low Density 2476 +0.85 2.43+0.83 0.343
Coronary heart disease, 0.184 Lipoprotein cholesterol
n (%) on re-admission, mmol/

Yes 34 (3%) 10 (2%) L

No 1,063 (97%) 505 (98%) Lipoprotein-a, mg/L 2.66 (2.18, 3.21) 2.60 (2.14, 3.10) 0.101
Transient ischemic 0.275 Hypersensitive troponin 224 (152, 340) 223 (180, 299) 0.587
attack, n (%) T, ng/L

Yes 50 (5%) 30 (6%) N-terminal pro-brain 673.43 +£49.58 676.30 +49.42 0.277

No 1,047 (95%) 485 (94%) natriuretic peptide, pg/ml
Aspirin, n (%) 1 Lactate dehydrogenase, 300.19 + 159.92 293.92 +152.84 0.449

Yes 1,097 (100%) 515 (100%) U/L

No 0 (0%) 0 (0%) Killip classification, 7 (%) 0.644
Clopidogrel, 1 (%) 0.290 1 193 (18%) 92 (18%)

Yes 404 (37%) 175 (34%) 2 722 (66%) 347 (67%)

No 693 (63%) 340 (66%) 3 182 (17%) 76 (15%)

Ticagrelor, n (%) 0.510 Calcified lesions, n (%) 0.725

Yes 671 (61%) 324 (63%) Yes 562 (51%) 259 (50%)

No 426 (39%) 191 (37%) No 535 (49%) 256 (50%)

Beta-blockers, 1 (%) 0.75 Bifurcation lesions, # (%) 0.402

Yes 883 (80%) 418 (81%) Yes 202 (18%) 86 (17%)

No 214 (20%) 97 (19%) No 895 (82%) 429 (83%)

ACEI/ARB, n (%) 0224 Ostial lesions, n (%) 0.185

Yes 623 (57%) 309 (60%) Yes 117 (11%) 44 (9%)

No 474 (43%) 206 (40%) No 980 (89%) 471 (91%)

Calcium channel 0.467 Angular distortion 0.756
blockers, n (%) lesions, 7 (%)

Yes 139 (13%) 72 (14%) Yes 44 (4%) 19 (4%)

No 958 (87%) 443 (36%) No 1,053 (96%) 496 (96%)

Statins, 7 (%) 0.102 Target left main, n (%) 0.335

Yes 1,080 (98%) 512 (99%) Yes 2 (0%) 3 (1%)

No 17 (2%) 3 (%) No 1,095 (100%) 512 (99%)

High intensity of statin, 0.657 Target left anterior 0.245
n (%) descending, n (%)

Yes 401 (37%) 182 (35%) Yes 283 (26%) 147 (29%)

No 696 (63%) 333 (65%) No 814 (74%) 368 (71%)
Door-to-balloon time, 20524 + 43.67 299.07 £ 69.13 0177 Target left circumflex, 0.822
min (%)

Left ventricular ejection 56 (50, 61) 55 (51, 60) 0.062 Yes 394 (36%) 182 (35%)
fraction, % No 703 (64%) 333 (65%)
(Continued) (Continued)
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TABLE 1 Continued

10.3389/fcvm.2023.1275710

TABLE 2 Univariate logistic regression analysis in the training group.

Variable Cohort, No. (%) Variables OR (95% ClI) | P-value
o . . Intervals between coronary angiograms, months 0.99 (0.98-1.01) 0.333
Training set, | Validation set, ek a
N=1097 N=515 Age, years 1.09 (1.07-1.11) <0.001
R Sex, male vs. female 120 (0.83-1.72) | 0.323
Target right coronary 0.11
artery, n (%) Diabetes mellitus 1.22 (0.83-1.76) 0.307
Yes 352 (32%) 186 (36%) Hypertension 0.62 (0.44-0.86) 0.005
No 745 (68%) 329 (64%) Smoking status 1.09 (0.78-1.52) 0.612
Calcified lesions (NCL) 0784 Alcohol drinking status 1.22 (0.75-1.91) 0.409
n (%) Coronary heart disease 0.99 (0.33-2.38) 0.98
Yes 426 (39%) 196 (38%) Transient ischemic attack 2.83 (1.02-11.73) 0.084
No 671 (61%) 319 (62%) Aspirin, 1 (%) 1.00 (1.00-1.00) 1
Bifurcation lesions 0.739 Clopidogrel, n (%) 0.97 (0.69-1.37) 0.856
(NCL), 1 (%) Ticagrelor, n (%) 1.11 (0.78-1.56) 0.566
Yes 224 (20%) 101 (20%) Beta-blockers, n (%) 1.10 (0.72-1.65) 0.637
No 873 (80%) 414 (80%) ACEI/ARB, n (%) 0.86 (0.63-1.22) 0.434
Ostial lesions (NCL), 0.548 Calcium channel blockers, n (%) 0.86 (0.63-1.22) 0.174
(%) Statins, 7 (%) 221 (0.52-9.43) | 0.283
Yes 215 (20%) 108 (21%) High intensity of statin, n (%) 0.89 (0.63-1.27) 0.528
No 882 (80%) 407 (79%) Door-to-balloon time (D-to-B) 1.00 (1.00-1.00) 0.552
Angular distortion 0.948 Left ventricular ejection fraction, (%) 0.99 (0.97-1.00) 0.148
lesions (NCL), n (%) Creatine kinase MB, ng/ml 1.00 (1.00-1.01) | 0.001
Yes 232 (21%) 110 (21%) White blood cell, x10°/L 0.97 (0.92-1.02) 0.282
No 865 (79%) 405 (79%) Neutrophile, x10°/L 1.02 (0.97-1.08) 0.45

NCL located on left 0.086 Lymphocyte, x10°/L 0.92 (0.75-1.12) 0.413

anterior descending, n High-sensitive C-reactive protein (mg/L) 1.00 (0.99-1.01) 0.596

(%) Fasting plasma glucose, mmol/L 0.94 (0.88-1.01) 0.083

Yes 365 (33%) 149 (29%) Serum creatinine, umol/L 1.01 (1.00-1.01) <0.001
No 732 (67%) 366 (71%) Serum uric acid, umol/L 1.00 (1.00-1.00) | 0.246

NCL 1";3‘“ on left 0.372 Total cholesterol, mmol/L 2,592 (2.18-3.08) | <0.001

1 0

circumflex, n (%) Triglyceride, mmol/L 1.13 (0.99-127) | 0.051

0y 0

Yes 381 (35%) 191 (37%) Triglycerides and glucose index 1.03 (1.01-1.05) | 0.005
0, 0

No - 716 (65%) 324 (63%) High density lipoprotein cholesterol, mmol/L 1.39 (0.90-2.10) 0.126

NCL located on right 0-361 Low Density Lipoprotein cholesterol, mmol/L 0.88 (0.72-1.07) 0.202

coronary artery, n (%)

Low Density Lipoprotein cholesterol on re- 1.06 (0.90-1.24) 0.488
Yes 347 (32%) 175 (34%) )
admission, mmol/L
0 0,
No 750 (68%) 340 (66%) Lipoprotein-a, mg/L 1.00 (1.00-1.00) | <0.001
i 1 0
Diameter stenosis, % 62.50 +6.98 61.98 +4.66 0.126 Body mass index (kg/mz) 155 (1.44-1.67) <0.001
Lesion length, mm 13.77:£587 1346+ 584 0.324 Hypersensitive troponin T, ng/L 1.00 (1.00-1.00) 0.872
f;;:;onal(;l)ow reserve 0.364 Lactate dehydrogenase, U/L 0.99 (0.98-1.00) 0.01
A N-terminal pro-brain natriuretic peptide, pg/ml 0.99 (0.99-1.00) 0.091
Yes 14 (1%) 9 (2%) — S
Killip classification 1.76 (1.31-2.35) <0.001
NO 1,083 (99%) 506 (98%) : -
Calcified lesions 0.99 (0.71-1.38) 0.932
ACEl, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor Bifurcation lesions 0.77 (0.48-1.20) 0.273
inhibitor; NCL, non-culprit lesion. Ostial lesions 1.21 (0.70-1.98) 0473
Angular distortion lesions 1.73 (0.80-3.45) 0.139
Target left main 0.91 (0.27-3.18) 0.997
previous studies that did not validate independent risk factors, we Target left anterior descending 112 (0.76-1.61) | 0.567
evaluated the validity of our model using ROC curve, calibration Target left circumflex 0.84 (0.58-1.19) | 0.327
.. . A Target right coronary artery 0.71 (0.51-1.01) 0.052
curve, and decision curve analyses both in the training and Caleifiod 1 el ( :
. alcified lesions (NCL 1.25 (0.88-1.78 0.204
validation sets. The results showed that our model had good - - -

o . . . . o Bifurcation lesions (NCL) 1.47 (0.99-2.17) 0.054
discrimination, calibration, and clinical utility. Therefore, the Ostial lesions (NCL) 127 (086-1.89) | 0230
nomogram was useful and meaningful to predict NCL progression | angular distortion lesions (NCL) 071 (0.45-1.10) | 0.122
revascularization in STEMI patients who have undergone primary PCIL. NCL located on left anterior descending 0.78 (0.55-1.10) | 0.156

To determine independent risk factors, a multivariate logistic NCL located on left circumflex 1.07 (0.76-1.52) | 0.696
regression analysis was performed. The variables analyzed | NCL located on right coronary artery 118 (0.82-1.69) | 0384
. . . . i i b —
included age, body mass index (BMI), triglycerides and glucose | iameter stenosis, % 098 (0.96-100) | 0.122
. 1. . . L. Lesion length, mm 1.00 (0.97-1.03) 0.824
index (TyG), Killip classification, and serum creatinine (SCr). -

Fractional flow reserve (FFR), n (%) 1.73 (0.47-6.36) 0.685

Furthermore, these five independent risk factors were integrated

to build a nomogram to predict the revascularization for the
progression of NCL in STEMI patients after PCI.
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ACEl, angiotensin converting enzyme inhibitor;
inhibitor; NCL, non-culprit lesion.

Bold values indicate significant P < 0.05.

ARB, angiotensin

receptor

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1275710
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Dai et al. 10.3389/fcvm.2023.1275710
A 9 8 7 6 3 1 B 9 9999988877 7665433321
8 1 |
< .
=
o .
8 |
o .
[s) n L[]
S N oo
g ° 1
2 g .
5 S
S o ] 8 3 .
g © ] )
S 5 o .
£ © 4
o o 1
- .
o 8 | ‘.
S 3
e
..‘
g 7 § i -.-0'".
T T T T T T T T T T T T
-7 -6 -5 —4 -3 -2 -7 -6 -5 -4 -3 -2
Log Lambda Log(})
FIGURE 2
Variable screening based on lasso regression. (A) Characterization of the variation of variable coefficients; (B) The process of selecting the optimal value of
the parameter 1 in the Lasso regression model by the cross-validation method.

In the baseline characteristics, the population’s age in the
training and validation sets was 67 (57, 75) and 66 (56, 75)
years. Notably, multivariate logistic regression results displayed
that the likelihood of revascularization for NCL progression
increased with advancing age. Based on statistical data, it is
evident that the aging of the population has contributed to a
steady rise in the occurrence of STEMI among older adults over
the years. Currently, more than one-third of STEMI patients are
over the age of 75 (21). In non-culprit lesions, plaque burden
increases with age (22). Patients are mostly readmitted from
acute coronary syndromes. In most acute coronary syndromes,
thrombotic occlusion due to plaque rupture is considered a
major pathological process (23). These plaques are generally
characterized by a large plaque burden rich in lipid content.
Unplanned revascularization is significantly more likely to occur
in patients with large lipid plaques (24). The visceral and
intramuscular fat ratio increases with age, reaching a peak
between 60 and 75 years (25).

BMI is a valid indicator of obesity. According to the World
Health Organization reported, worldwide obesity rates have
almost tripled since 1975 (26). The risk ratios for repeat
revascularization augment progressively with BMI increase, in
other words, underweight patients have lower risk and severely
obese patients possess higher risk (27). The mechanisms

TABLE 3 Multivariate logistic regression analysis in training group.

vaabe

OR (95% Cl)

Serum creatinine, umol/L 1.007 (1.005-1.009) <0.001
Age, years 1.091 (1.067-1.115) <0.001
Body mass index (kg/mz) 1.476 (1.363-1.600) <0.001
Triglyceride and glucose index 1.050 (1.022-1.079) <0.001
Killip classification 1.594 (1.140-2.229) 0.006

Bold values indicate significant P < 0.05.
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underlying the high risk of revascularization for NCL associated
with high BMI are unclear. However, one potential explanation
may be high BMI are associated with the impaired endothelium-
dependent function of microvascular coronary arteries (28).

The TyG index is calculated from fasting triglycerides and blood
glucose. A meta-analysis that included 5,731,29 patients showed that
a higher TyG index may be independently associated with a higher
incidence of atherosclerotic cardiovascular disease (29). TyG index
is also a reliable alternative biomarker for assessing insulin
resistance (30). Insulin resistance is a condition in which body
tissues become resistant to insulin, leading to disturbances in lipid
and glucose metabolism (31). These metabolic disturbances
promote endothelial dysfunction, cardiovascular remodeling,
oxidative stress, inflammatory factor release, and exacerbated blood
pressure elevation, all of which may contribute to NCL
revascularization after PCI (32, 33).

Killip classification is a simple clinical tool proposed by Killip
et al. (34) in 1979 to quickly and effectively evaluate cardiac
function. One study (35) found that Killip classification was
associated with adverse cardiovascular events, including the
progression of NCL. Another study (36) found that patients
classified as a higher Killip classification tend to have more
severe coronary artery injuries, which could eventually increase
the likelihood of NCL progression. The coronary vascular
endothelium in patients with a higher Killip classification is
damaged by activation of the renin-angiotensin-aldosterone
system and inflammatory storms (37, 38). These damages may be
the cause of repeated PCI for NCL. Meanwhile, DeGeare et al.
(39) reported that patients with high Killip classification were
more susceptible to renal impairment after PCI. SCr can be a
good indicator of kidney function. The prevalence of renal
impairment increases with age. Severe renal impairment was
reported that in 7% of patients aged 70%-80% and 11% of
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patients aged 80 years or older (40). Miyagi et al. (41) found a
significant correlation between an increased percentage of lipid
volume and decreased percentage of fibrous volume in NCL of
patients with renal insufficiency. Furthermore, Hayano et al. (42)
found that moderate chronic kidney disease (CKD) patients had
more lipid and less fibrous volume in NCL. It has also been
found that after standard lipid-lowering therapy after PCI in
patients with CKD), lipid plaque regression occurred in CKD
stage 1-2, while lipid plaque increase occurred in CKD stage 3-
5. Fibrous plaques were also increased in CKD stage 4-5. People
with CKD frequently present with obesity, hyperlipidemia,
hyperglycemia, and hypertension, all of which are risk factors that
make them susceptible to atherosclerosis development. At the
same time, chronic inflammation and stress can lead to
maladaptive repair responses that destabilize plaque. Unstable
coronary atheromatous plaque rupture often leads to downstream

coronary artery obstruction (43). Besides, SCr concentrations are
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thought to be associated with oxidative stress, endothelial
dysfunction, and more progressive atherosclerosis (44, 45). These
biological abnormalities may also contribute to the risk of NCL
revascularization.

Progression of NCL is responsible for more than half of the
causes of revascularization after PCI in STEMI patients, but not
all NCLs require revascularization. In this regard, identifying
high-risk groups is critical. The nomogram in the study was
constructed using 5 variables that were easy to obtain at the time
of patient admission. The model can accurately and reliably
assess the risk of NCL revascularization in STEMI patients after
PCIL. In clinical practice, clinicians can use the nomogram can be
used to quantify the weighting of risk factors to obtain a total
score based on the patient’s condition. The total score could be
used to locate the corresponding 5-year probability of NCL
revascularization on the nomogram scale. Further, clinicians
should use the probability of NCL revascularization to guide the
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management of NCL in patients with STEMI. For example, if the
probability is high (>50%), clinicians may choose to intensify
medical treatment and follow-up of NCL to avoid possible
intervention. If the probability is very low (<10%), it can reduce
the patient’s concern and psychological burden. If the probability
is intermediate (10%-50%), clinicians can discuss the importance
of medical therapy follow-up with patients, and make a joint
decision based on the patient’s preferences and clinical situation.
Therefore, the tool is useful for clinicians to identify and target
high-risk groups as early as possible.

Frontiers in Cardiovascular Medicine

Limitations

Limitations of the study should be acknowledged. Firstly, this is
a retrospective study. Not all STEMI patients who received PCI at
our hospital were included in the study, as some patients may
choose to seek consultation elsewhere when NCL progression
occurred again. This situation may have resulted in some bias in
the study’s findings. Secondly, although the study incorporated
common clinical indicators, there were certain factors that were
not taken into consideration. For instance, the research did not
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account for serum catecholamines, a risk factor for NCL progression.
This omission may have implications for the interpretation of the
study’s findings. Thirdly, our study involved a retrospective analysis
of readmitted patients who underwent NCL PCI. Therefore, our
focus was on NCL revascularization as the primary endpoint, which
is a common and clinically relevant outcome in patients with
STEMIL Other endpoints, such as death, acute myocardial
infarction, and culprit revascularization, were also important and
could potentially impact the outcome of NCL PCI. However, we
did not include them in this study. In terms of adjudicating
endpoint events, we followed the definitions and methods
documented in the hospital records. We acknowledge that this
reliance on retrospective data may introduce inherent bias, a
limitation inherent in this type of study. Fourthly, even when NCL
progression occurs, patients do not tend to seek immediate medical
care. Therefore, the time of readmission is not necessarily the time
of NCL progression. We performed logistic regression rather than
Cox regression for the detection of predictors of 5-year NCL-related
revascularization because we were interested in the binary outcome
of whether or not the revascularization occurred within 5 years, not
in the time to revascularization. However, we also recognize that
should be
considered together, but as a retrospective study, the absence of a

time to revascularization and revascularization
rigorous follow-up mechanism is a major limitation. Finally,
although the study had external validation, the data analyzed were
collected from different periods within a single hospital. The
nomogram’s clinical value should be evaluated further using

multicenter and larger sample sizes in future studies.

Conclusion

A convenient and accurate nomogram was developed and
validated using five factors for predicting the revascularization
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due to NCL progression in STEMI patients after primary PCI.
The nomogram enables clinicians to make appropriate disease
management decisions by assessing the risk of NCL progression
revascularization for STEMI patients after primary PCIL
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Introduction: The use of contemporary drug-eluting stents (DES) has
significantly improved outcomes of patients with coronary artery disease
(CAD) undergoing percutaneous coronary intervention (PCl). However,
concerns exist regarding the long-term proinflammatory effects of durable
polymer coatings used in most DES, potentially leading to long-term adverse
events. First-generation polymer-free stent technologies, such as sirolimus-
and probucol-eluting stents (PF-SES), have shown an excellent safety and
efficacy profile. The aim of this study was to evaluate the safety and efficacy of
the new ultrathin Coroflex ISAR NEO PF-SES, in a more-comers PCI population.
Methods: The CAESAR (@ more-Comers populAtion trEated with an ultrathin
struts polimer-free Sirolimus stent: An Italian post-maRketing study) registry is
a multicenter, prospective study conducted in ltaly, enrolling more-comers
CAD patients undergoing PCI with the Coroflex ISAR NEO stent. Patients with

Abbreviations

ACS, acute coronary syndrome; BMS, bare-metal stents; CABG, coronary artery bypass grafts; CAD,
coronary artery disease; CCS, chronic coronary syndrome; CIF, cumulative incidence functions; CS,
cardiogenic shock; CTO, chronic total occlusion; DAPT, dual antiplatelet therapy; DES, drug-eluting
stents; EP, endpoint; ISR, in-stent restenosis; LAD, left anterior descending coronary artery; LM, left
main coronary artery; LVEF, left-ventricular ejection fraction; MACE, major adverse cardiovascular
events; MI, myocardial infarction; MVD, multivessel disease; NYHA, New York Heart Association; OAC,
oral anticoagulation; PCI, percutaneous coronary intervention; PF-SES, polymer-free sirolimus-eluting
stents; PF, polymer-free; ST, stent thrombosis; TLR, target lesion revascularization; TVF, target vessel
failure; TVR, target vessel revascularization.

20 frontiersin.org


http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1326091&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2023.1326091
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1326091/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1326091/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1326091/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1326091/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1326091/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2023.1326091
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Tarantini et al.

10.3389/fcvm.2023.1326091

left main (LM) disease, cardiogenic shock (CS), or severely reduced left-ventricular
ejection fraction (LVEF) were excluded. The primary endpoint was target-lesion
revascularization (TLR) at 1 year.

Results: A total of 425 patients were enrolled at 13 centers (mean age 66.9 + 11.6
years, Diabetes mellitus 29%, acute coronary syndrome 67%, chronic total
occlusion 9%). Of these, 40.9% had multivessel disease (MVD) and in 3.3% cases,
the target lesion was in-stent restenosis (ISR). Clinical device success was
reached in 422 (99.6%) cases. At 1 year, only two (0.5%) subjects presented
ischemia-driven TLR. The 1-year rates of target vessel revascularization and
MACE were 0.5% and 5.1%, respectively. Major bleeding was observed in four
(1.0%) patients.

Conclusion: In this multicenter, prospective registry, the use of a new ultrathin
Coroflex ISAR NEO PF-SES in a more-comers PCIl population showed good

safety and efficacy at 1 year.

KEYWORDS

coronary artery disease, PCl, ultrathin struts, acute coronary syndrome (ACS), drug-eluting

stent (DES)

Introduction

The development of contemporary drug-eluting stents (DES)
has considerably improved clinical outcomes compared with both
bare-metal stents (BMS) and earlier DES platform iterations (1-
3). As a result, international guidelines now advocate the use of
last-generation DES for patients with coronary artery disease
(CAD) necessitating percutaneous coronary intervention (PCI)
(4). However, concerns exist regarding the potential long-term
pro-inflammatory effects of durable polymer coatings typically
employed for drug release regulation of most contemporary DES,
possibly leading to neo-atherosclerotic phenomena (2, 5, 6).

To overcome these drawbacks, polymer-free stent technologies
have been implemented. A polymer-free stent eluting sirolimus and
probucol (PF-SES) has been shown to be non-inferior to a new-
generation polymer-based zotarolimus-eluting stent at long-term
follow-up (2). In addition, sirolimus and probucol have been
assessed on an ultrathin bare-metal platform, revealing favorable
safety and efficacy profiles in a more-comers population (7). The
Coroflex ISAR NEO (B. Braun, Melsungen, Germany) is the
latest released ultrathin PF-SES platform, introducing a restyled
design aimed at improving trackability and maximal stent
expansion.

The aim of this study was to assess the safety and efficacy of the
Coroflex ISAR NEO platform in a more-comers population
including patients with de novo and restenotic lesions, both in
native coronary arteries and coronary bypass grafts (CABG).

Methods
Study design and patient population

The CAESAR (a more-Comers populAtion trEated with an

ultrathin ~ strut polymer-free Sirolimus stent: An Italian

Frontiers in Cardiovascular Medicine

post-maRketing study) registry is national,
multicenter, postmarket study enrolling patients with CAD
undergoing PCI with the Coroflex ISAR NEO coronary stent at

13 Ttalian centers. According to the study protocol, we included

a prospective,

patients >18 years of age with an acute coronary syndrome
(ACS), chronic coronary syndrome (CCS), or objective proof of
ischemia meeting the requirements for PCI (4). Either single- or
multivessel stenting was allowed for treating de novo or
restenotic lesions (reference diameters from 2.0 to 4.0 mm), both
in native coronary arteries and CABG. Limited exclusion criteria
(LM)
cardiogenic shock (CS), severe calcified stenoses, and severely

were considered for the study [left main disease,

reduced left-ventricular ejection fraction (LVEF)], resulting in a
more comprehensive cohort of PCI patients (more-comers).
The complete study inclusion and exclusion criteria are provided
in Table 1.

TABLE 1 Inclusion and exclusion criteria.

Inclusion criteria

- De novo and restenotic lesions in native coronary arteries and coronary bypass
grafts with reference vessel diameter >2 and <4 mm, with suitable lesion length
(target lesion lengths >34 mm need to be covered with at least 2 stents)

- Subjects >18 years of age

Exclusion criteria

- Intolerance to sirolimus and/or probucol

- Allergy to components of the coating

- Pregnancy and lactation

- Severely calcified stenosis
Cardiogenic shock

- Hemorrhagic diathesis or another disorder such as gastrointestinal ulceration or
cerebral circulatory disorders, which restrict the use of antiplatelet or
anticoagulation therapy

- Planned surgery <6 months after myocardial revascularization

- Severe allergy to contrast media

- Patients with an ejection fraction of <30%

- Reference vessel diameter <2 and >4 mm

- Treatment of the left main stem
Indication for bypass surgery
Contraindication for whichever accompanying medication is necessary
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https://doi.org/10.3389/fcvm.2023.1326091
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Tarantini et al.

Study device and procedure

The Coroflex ISAR NEO is the latest-generation PF-SES.
Similarly to its predecessor (Coroflex ISAR), it is built on a
premounted cobalt-chrome (Co-Cr) alloy ultrathin platform (7),
while it presents a redesigned strut structure that enables greater
stent expansion, maintaining at the same time good flexibility
and radial force. The Coroflex ISAR NEO is available in 2.0 mm
(55 pm thick) and 3.5 mm (65 pm thick) diameter sizes with a
maximal expansion capability of up to 5.0 mm. Lesion pre-
dilation was left to the discretion of the operators. The
antiplatelet therapy after PCI had to follow the latest guidelines
(4, 8-10). A dedicated electronic data capture system was used
for data entry, and data accuracy was verified by the principal
investigators at each center. Device success is defined as the
successful delivery and deployment of the device and attainment
of <50% diameter stenosis using only the study device.
Procedural success was defined as a successful stent deployment
with an antegrade thrombolysis in myocardial infarction (TIMI)
grade 3 flow at the end of the procedure.

Study endpoints

The primary endpoint (EP) was target lesion revascularization
(TLR) at 1 year defined as ischemia-driven revascularization of the
target lesion (within the stent or the 5 mm borders adjacent to the
stent). Secondary EPs were all-cause mortality, definite stent
thrombosis (ST), bleeding events, major adverse cardiovascular
events [MACE, a composite of all-cause and cardiac death,
myocardial infarction (MI), and TLR], and target vessel failure
[TVF, a composite of cardiac death, MI attributed to the target
vessel, or target vessel revascularization (TVR)]. Myocardial
infarctions were defined according to the fourth universal MI
definition (11). The follow-up was prospectively performed at 30
days (+£7 days) and 1 year (£30 days) with outpatient visits or
telephone interviews. The definitions of individual endpoints can
be found in the study protocol (Supplementary Appendix).

Statistical analysis

For the CAESAR study, the sample size calculation was based
on the primary EP. The detailed description of the procedure
the
Supplementary Material. Continuous variables are expressed as

regarding sample size calculation is reported in

median [interquartile range (IQR)] and compared using the
Mann-Whitney U test. Categorical variables are presented as
counts (%) and were compared using the Chi-square test or
Fisher’s exact test. The Kaplan-Meier method was used to

and MACE-free
Cumulative incidence functions (CIFs) were used to evaluate

estimate  survival survival at follow-up.
bleeding at follow-up accounting for competing risks. For all the
analyses, a two-sided p <0.05 was considered to be significant.
The analyses were performed with the R software (R Foundation,

Wien, Austria).
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Results
Baseline clinical characteristics

Between August 2019 and March 2021, a total of 425 patients
were enrolled in the CAESAR study at 13 centers. Detailed
demographics and clinical characteristics are described in
Table 2. In summary, patients were aged 66.9+11.6 years and
75% were male. Diabetes mellitus was present in 29% of the
patients  (11% One-third of the study
population had undergone previous percutaneous coronary artery

insulin-dependent).

revascularization. The median baseline LVEF was 55%. Clinical
indications for PCI were ACS in 67% of the patients (>50% of
the subjects were admitted because of acute MI), and 3% of them
had a New York Heart Association (NYHA) Functional Class
III-IV on admission.

TABLE 2 Baseline clinical characteristics.

Clinical characteristics

Overall population

Age (years) 66.96 (11.16)

Female gender 108 (25.4)
BMI (kg/m?) 27.31 (24.9-29.4)
Hypercholesterolemia 382 (89.8)
Hypertension 351 (82.6)
Diabetes mellitus 124 (29.2)
IDDM 49 (39.5)
Dialysis 5(1.2)
Smoking
Current 118 (27.8)
Former 118 (27.8)
Previous MI 105 (24.7)
Atrial fibrillation 52 (12.1)
Previous coronary revasc. 125 (29.4)
LVEF 55 (45-60)
Previous stroke/TIA 12 (2.8)
COPD 30 (7.1)
Peripheral artery disease 55 (13.0)
Stress test 45 (10.6)
Clinical presentation
Unstable angina 62 (14.6)
NSTEMI 109 (25.5)
STEMI 121 (28.5)
CCS 106 (25.0)
Other 27 (6.4)
NYHA class >2 14 (3.3)
Angina 185 (43.5)
Angina class (CSS)
1 40 (21.6)
2 90 (48.7)
3 55 (29.7)

Values are n (%), or median (range), as appropriate for categorical and continuous
variables, respectively.

IDDM, insulin-dependent diabetes mellitus; COPD, chronic obstructive pulmonary
disease; CAD, coronary artery disease; LVEF, left-ventricular ejection fraction; M,
myocardial infarction; PCl, percutaneous coronary intervention; TIA, transient
ischemic attack; NSTEMI, non-ST-elevation myocardial infarction; STEMI, ST-
elevation myocardial infarction; CCS, chronic coronary syndrome.
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Angiographic and procedural
characteristics

Overall, 492 lesions treated with 484 PF-SES.
Angiographic and procedural characteristics are reported in
Tables 3, 4. A total of 492 lesions were treated in 425 patients,
with 174 (40.9%) patients presenting multivessel disease (MVD).

Left anterior descending (LAD) was involved in 43% of the cases.

were

In 16 (3.4%) cases, the target lesion resulted from in-stent
restenosis (ISR), while three lesions were located on a previous
CABG. Chronic total occlusion (CTO) represented 9% of the
total treated lesions. Coronary stenting was performed through a
radial approach in 92.9% of the cases, mostly by using a 6F

10.3389/fcvm.2023.1326091

Outcomes

The rates of primary and secondary EP at different time points
are provided in Table 5 and Supplementary Tables S2, S3. The
1-year follow-up was available for 410 (96.4%) patients. Only two
(0.5%) subjects presented the primary EP, of those one was an
early MI related to the target lesion, treated with PCIL. Out of the
20 deaths (4.9%), one (5%) was cardiac in nature. The Kaplan-

TABLE 4 Procedural characteristics.

Procedural characteristics

Overall population

guiding catheter (98.8%). Pre- and post-dilation were performed (n =425)
in 76% and 66% of the cases, respectively. Clinical device success | Vascular access
was reached in 422 (99.6%) patients. In 10 cases, the use of an Femoral 3071
adjunctive different stent platform was considered necessary. No Radial 393 (929)
intraprocedural strokes or deaths were reported. Furthermore, | Guiding catheter
there were no recorded cases of acute bleeding or thrombotic oF 420 988)
complications. Four (1%) periprocedural MI were reported. N°7:f Corofiex SAR/lesion 1'158((1('3 2
A P2Y12 pretreatment strategy was applied in 235 (55.4%) Lesion length (mm) 18.0 (9.0, 38.00)
patients. In 10 (2.4%) cases, intraprocedural Cangrelor infusion Predilatation performed 323 (76.0)
was administered. The time prescription for dual antiplatelet Other DES 10 (2.4)
therapy (DAPT) at discharge was 1-3 months for 55 (13%) DEB 4 (0.9)
patients (all with an indication for OAC), 6 months for 75 | Two stent technique in bifurcation 9@
(17.6%) subjects, and >12 months for the rest of the study Residual stenosis
population (Supplementary Table S1). At 1-year follow-up, 53% <40 (%) 402 (946)
of the patients were taking two antiplatelet drugs. 41-69 (%) 21 (49)
>70% 2 (0.5)
Postdilatation performed 280 (66.0)
TABLE 3 Angiographic characteristics. il
1 1(02)
Angiographic characteristics Total no. of patients 2 5(1.2)
3 419 (98.6)
(n =425) Clinical device success 422 (99.3)
Multivessel disease 174 (40.9) Procedural success 425 (100.0)
Total no. of lesions (n=492) Coronary perforation 0 (0.0)
Lesion location Coronary dissection 4 (0.9)
LAD 215 (43.7) Intraprocedural stroke 0 (0.0)
LCX 143 (29.0) Intraprocedural death 0 (0.0)
RCA 130 (26.4) Periporocedural MI 4(1)
Grafts 409 Use of IABP, ECMO, LVAD
Bifurcation 53 (10.8) Planned 2 (0.5)
Calcification 112 (22.8) Unplanned 2(0.5)
Intracoronary thrombus 100 (20.3) Bleeding complications 0 (0.0)
Lesion type Acute intrastent thrombosis 0 (0.0)
A 63 (12.8) Previous ASA treatment 337 (79.3)
B1 179 (36.4) P2Y12 pretreatment 235 (55.4)
B2 150 (30.5) Clopidogrel 72 (30.7)
C 100 (20.3) Prasugrel 4 (1.7)
Total occlusion 44 (8.9) Ticagrelor 159 (67.6)
Restenosis 16 (3.4) Chronic OAC treatment 94 (22.1)
Ostial target 27 (5.5) GP IIb/IIIa inhibitor 37 (8.7)
SVG involvement 3 (0.6) Cangrelor 10 (2.4)
Severe tortuosity 20 (41) Values are n (%), or median (range), as appropriate for categorical and continuous

Values are n (%), or median (range), as appropriate for categorical and continuous
variables, respectively.

LM, left main coronary artery; LAD, left anterior descending coronary artery; LCX,
left circumflex coronary artery; RCA, right coronary artery; SVG, saphenous vein
graft.
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variables, respectively.

DES, drug-eluting stent; DEB, drug-eluting balloon; MI, myocardial Infarction;
IABP, intra-aortic balloon pump; ECMO, extra-corporeal membraneous
oxygenation; LVAD, left ventricular assistance device; ASA, acetylsalicylic acid;
PCI, percutaneous coronary intervention; OAC, oral anticoagulant.
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TABLE 5 One-year follow-up outcomes.

One-year follow-up outcomes

Overall population

(n=410)
TLR 2 (0.5)
PCI 2 (100.0)
Cumulative MACE 26 (6.1)
Death 20 (4.9)
Cardiac 1 (5.0)
Non-cardiac 19 (95.0)
TVR 2 (0.5)
PCI 2 (100.0)
MI 5 (L.1)
TVF 3(0.7)
Stent thrombosis 0 (0.0)
Angina 8 (1.9)
Angina class (CSS)
1 2 (25.0)
2 3 (37.5)
3 3 (37.5)
Stroke 1(0.2)
Bleeding 4 (1.0)
BARC 2 3 (75.0)
BARC 3b 1 (25.0)

Values are n (%), or median (range), as appropriate for categorical and continuous

variables, respectively.

ASA, acetylsalicylic acid; DAPT, dual antiplatelet therapy; MI, myocardial infarction;
TLR, target lesion revascularization; TVR, target vessel revascularization; TVF, target

vessel failure.

10.3389/fcvm.2023.1326091

Meier curve for all-cause death is reported in Supplementary
Figure S1. The 1-year rates of TVR and MACE were 0.5% (CI
0.1-0.9) and 6.1% (CI 4.6-7.2), respectively (Figure 1), while no
ST was reported. Major bleeding was observed in four (1.0%)
patients (Supplementary Figure S2).

Discussion

The CAESAR study was the first real-world registry to
evaluate the performance of the new polymer-free, ultrathin,
sirolimus- and probucol-eluting stent (Coroflex ISAR NEO) in a
more-comers population.

The key findings of this study can be summarized as follows:
(1) The Coroflex ISAR NEO stent demonstrated excellent
procedural performance, with high rates of procedural and
clinical success, (2) At 1-year follow-up, TLR, TVR, and ST rates
were very low.

The advent of DES marked a pivotal step in preventing in-stent
restenosis. However, early-generation DES demonstrated an
increased risk of both late and very late stent thrombosis when
compared with BMS (12, 13). This was likely attributable to
compromised arterial healing subsequent to stent implantation, a
consequence of inflammatory reaction associated with the
polymer and endothelial cell dysfunction (14-16). In response,
polymer-free (PF) stents were introduced to the market. The

1.001

Survival probability
o o
8 &

e
©
5y

Strata =+ All

FIGURE 1
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initial generations of PF stents displayed lower clinical effectiveness
in comparison with the durable polymer DES, potentially owing to
overly rapid drug elution without polymer control (17, 18). This
challenge was effectively addressed in recent years by
incorporating a secondary molecule to regulate drug release.

One such approach is the probucol- and sirolimus-coated
polymer-free stents (19, 20). The first iteration exhibited
favorable long-term (10-year) safety and efficacy when compared
with high-performance durable polymer DES (2). The second
generation of PF-SES (Coroflex ISAR), characterized by ultrathin
struts (50/60 um), was successfully tested in the international
ISAR 2000 registry, demonstrating low event rates at 9-month
follow-up in both CCS and ACS patients (7). Moreover, thanks
to their ultrathin struts and the pro-reendothelializing effects of
probucol, this type of device exhibited improved strut coverage at
3 months compared with a last-generation sirolimus-eluting stent
with a bioresorbable degradable polymer (21).

The CAESAR registry was the first to evaluate the latest
generation of PF-SES, the Coroflex ISAR NEO. In comparison
with its predecessor, the new stent features a distinct structural
backbone design that enhances visibility during the procedure
and allows for broader expansion while maintaining radial
stability, flexibility, strut thickness, and coating characteristics.

The device’s procedural success reported in the present study
was excellent, even in the presence of a high degree of target
lesion complexity (>50% of patients presenting with type B2/C
almost 10%

suggesting favorable stent performance in challenging anatomies

lesions, and of treated lesions were CTOs),
as well. Regarding clinical outcomes, very low rates of adverse
events were recorded during follow-up. Specifically, only two
patients experienced the primary endpoint (TLR), and no case
of stent thrombosis was reported. Comparing these findings
with previous registries and trials involving PF-SES (as well as
other platforms with ultrathin struts), the adverse stent-related
event rate in this registry was notably lower (2, 7, 19, 22). This
could be attributed to several factors, potentially synergistic:
(1) the improved performance of the current device compared
with its predecessors, (2) a relatively high 1-year mortality
rate (especially due to non-cardiac causes), with death acting as
a competing risk, and (3) the relatively small length of the
treated lesions.

Nevertheless, the low rate of adverse events herein reported is
reassuring in terms of the device’s safety and efficacy profile.
Furthermore, given the baseline high ischemic risk of the
enrolled population (>50% of clinical presentations were ACS,
and almost half of the enrolled patients had MVD), the limited
number of ischemic events during follow-up is even more
remarkable. The absence of mandatory angiographic follow-up
might also explain the lower rates of TLR of the CAESAR study
as compared with the previous trials [such as the ISAR-TEST 5
(7, 19)], potentially reducing the number of PCI indicated at
angiographic follow-up.

Furthermore, it should be noted that, despite the baseline
population’s high ischemic risk (almost 70% of the cases were
admitted because of unstable CAD), only 53% of the patients
included in the study were prescribed a DAPT regimen at 12
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months. Accordingly, the 1-year rate of major bleeding events
was low and comparable with other previous registries (2, 7, 19,
22). Although the observational nature of the present analysis,
along with its small sample size, does not allow for robust
subanalysis on the impact of different DAPT regimens, the low
event rates observed are encouraging.

The reported data must be viewed in light of the numerous
inherent limitations of the study. Primarily, the potential sample
size underestimation, combined with the less stringent data
monitoring inherent to an observational study, might represent
an adverse event under-reporting bias. As a consequence, the
present results did not permit the execution of any subgroup
analysis of those prespecified according to the study protocol.
Secondly, the absence of a core laboratory for standardized
assessment of baseline and procedural angiographies did not
allow for a standardized angiogram evaluation. Similarly, the
absence of an independent adjudication committee could have
led to under-reported adverse event rates. Thirdly, the absence
of angiographic follow-up and intravascular imaging data could
have led to a reduced number of TLR reports and prevented a
detailed struts coverage evaluation. Yet, indications of PCI for
ISR in asymptomatic patients remain debatable. Furthermore,
considering the relatively short follow-up period, very late stent
thrombosis is not included as an endpoint in the current study
and will be evaluated in subsequent analyses with a longer
follow-up. Finally, it is important to note that the use of
different DES platforms was necessary in 10 cases, potentially
leading to biased outcomes. In conclusion, due to the specific
inclusion and exclusion criteria and the utilization of a
predetermined study platform, the findings from this analysis
should not be generalized to more complex populations (e.g.,
severely calcified lesions or challenging anatomy) or to other
which were not

devices, whether ultrathin or PF stents,

considered in this study.

Conclusions

The prospective CAESAR registry demonstrated the optimal
safety and efficacy profile of the new-generation PF-SES Coroflex
ISAR NEO in a more-comers population. This study contributes
to the growing body of evidence supporting the use of PF-SES
and showed promising results in terms of procedural success and
low adverse event rates at 1-year follow-up. Further research is
needed to confirm our results and explore the broader
applicability of PF-SES in specific patient subsets, over an

extended follow-up period.
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Coronary atherosclerosis remains a leading cause of morbidity and mortality
worldwide. The underlying pathophysiology includes a complex interplay of
endothelial dysfunction, lipid accumulation and inflammatory pathways.
Multiple structural and inflammatory features of the atherosclerotic lesions
have become targets to identify high-risk lesions. Various intracoronary
imaging devices have been developed to assess the morphological,
biocompositional and molecular profile of the intracoronary atheromata.
These techniques guide interventional and therapeutical management and
allow the identification and stratification of atherosclerotic lesions. We sought
to provide an overview of the inflammatory pathobiology of atherosclerosis,
distinct high-risk plaque features and the ability to visualize this process with
contemporary intracoronary imaging techniques.

KEYWORDS

atherosclerosis, inflammation, intravascular ultrasound, near-infrared spectroscopy,
optical coherence tomography, near-infrared fluorescence imaging

1 Introduction

Atherosclerotic cardiovascular disease continues to be a major health burden worldwide
(1). Ischemic heart disease is responsible for more than 15% of all global deaths (2, 3). The
coronary vessel wall experiences accumulation of inflammatory cells, lipids, fibrous tissue
and calcium leading to progressive narrowing of its lumen (4-6). Rupture of the fibrous
cap or plaque erosion can trigger local thrombosis, which extends into the coronary
lumen and subsequently impedes blood flow (7, 8). Plaque rupture is the most common

Abbreviations

PCSKO9, proprotein convertase subtilisin kexin type 9; LDL, low-density-lipoprotein; NLRP3, NOD-, LRR-
and pyrin domain-containing protein 3; IL, interleukin; TCFA, thin-cap fibroatheroma; ACS, acute
coronary syndrome; CCS, chronic coronary syndrome; IVUS, intravascular ultrasound; VH-IVUS, virtual
histology intravascular ultrasound; NIRS, near-infrared spectroscopy; LCBI, lipid core burden index;
MACE, major adverse cardiovascular events; OCT, optical coherence tomography; pOCT, micro optical
coherence tomography; NIRF, near-infrared fluorescence; ICG, indocyanine green; NIRAF, near-infrared
autofluorescence.
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mechanism of fatal acute myocardial infarction and sudden cardiac
death (9). To reduce cardiovascular events, lipid-lowering- and
plaque stabilization therapies, including statins and ezetimibe, have
become cornerstones in treatment strategy. More recently,
Subtilisin Kexin type 9 (PCSK9)
monoclonal antibodies have been added to the treatment
(10, 11). Despite these intensive lipid-lowering
treatments, residual risks persists. This most likely reflects

Proprotein ~ Convertase
possibilities
mechanisms in the biology of atherosclerosis that are incompletely

which the
inflammatory response (12, 13). As exemplification, patients with

managed by controlling dyslipidemia, includes
target concentrations of low-density-lipoprotein (LDL) below
1.8 mmol/L and a high-sensitivity C-reactive protein (hsCRP)
<2 mg/L have the best clinical outcomes (14, 15). Furthermore,
the anti-inflammatory drugs canakinumab and colchicine have
demonstrated to reduce recurrent cardiovascular events (16, 17).
Detection of coronary artery wall inflammation might identify
which patients benefit from anti-inflammatory therapy (18).

Intracoronary imaging has greatly improved our understanding of
the pathophysiology in atherosclerotic cardiovascular disease (19).
Most articles discussing intracoronary imaging, focus on the
structural characteristics of high-risk plaque. In addition to structural
features, the present review aims to address the underlying
inflammatory process and whether it is feasible to visualize markers
of this process with current and future invasive in vivo imaging.

2 Inflammation in atherosclerosis

Atherosclerosis is initiated at the inner layer of the intima
(Figure 1). LDL particles accumulate in the subendothelial space

10.3389/fcvm.2024.1352025

at sites with endothelial dysfunction and turbulent flow (20).
Subsequently, LDL particles cluster and become oxidized by
reactive oxygen species. Oxidized LDL increases local endothelial
permeability (21). As a result, patrolling monocytes enter the
subintimal space and differentiate into macrophages. These
macrophages through by
scavenger receptors, leading to “foam cell” formation. Foam cells
induce chemokine and cytokine production, which attracts new
leukocytes (22). This positive feedback loop perpetuates and

amass lipids cholesterol uptake

increases plaque formation. The accumulated inflammatory cells
secrete a wide range of proteases. Cathepsins and matrix
metalloproteinases are common, macrophage-derived, proteases
within the atherosclerotic plaque. These proteases are involved in
proteolysis of the extracellular matrix, lesion progression and
plaque instability (23, 24).

In addition to inflammatory cells, vascular smooth muscle cells
have shown to migrate into the intima (20). Upon exposure to
lipids and cytokines, vascular smooth muscle cells transform into
a proliferating cell type, expressing markers of macrophages (25).
These macrophage-like cells can also take up lipids and may
promote inflammation (20, 26).

Within the monocytes and macrophages, the NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3) inflammasome
pathway initiates cytokine production (27, 28). This protein
complex is activated by cholesterol crystals (29, 30). Upon
activation, Caspase 1 cleaves the inactive interleukin-1f (IL-1pB)
Thereafter, activated IL-1B is released into the

IL-1B the
human endothelial cells and stimulates adhesion molecules that
recruit leukocytes. IL-1f triggers the
cytokines, chemokines and other inflammatory mediators (31).

precursor.
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For example, interleukin-6 is a downstream cytokine which induces
the production of C-reactive protein (CRP) and fibrinogen,
promoting thrombosis (28). Therefore, IL-1B is perceived to be
the pivotal cytokine in the inflammatory cascade and a driver of
atherosclerosis (32). Our understanding of atherosclerosis has
thereby evolved to a complex, cholesterol crystal-induced,
inflammation of the arterial wall.

3 Morphological features of high-risk
plaque

Identification of high-risk lesions is of great importance, given
that most atherosclerotic plaques responsible for acute coronary
syndromes (ACS) are angiographically mild (33, 34). High-risk
plaque refers to a lesion at high short-term risk of causing an
acute clinical event (5). Lipid pools, cholesterol crystals, presence
of macrophage, a large necrotic core, intraplaque hemorrhage
and microcalcifications have been identified as hallmarks for
high-risk lesions and represent markers of the underlying
inflammatory driven process of atherosclerosis (35, 36). These
hallmarks
techniques (Figure 2).

have become targets of intracoronary imaging

3.1 Lipid pools and cholesterol crystals

Plasma-derived lipids accumulate in the subintimal space in
the initial phase of plaque formation (20). Lipid pools do not
only initiate an inflammatory reaction, but also increase
biomechanical stress (37). Liquid cholesterol in these pools
crystalizes, leading to volume expansion (38). This volume
the
cholesterol crystals can
the plaque (39).

increase destabilizes atherosclerotic Moreover,

plaque.
injure the arterial wall and disrupt

10.3389/fcvm.2024.1352025

Cholesterol crystals are found in ~39% of de novo culprit
lesions of patients with either ACS or chronic coronary
syndrome (CCS), and correlate with high-risk morphological
features of culprit lesions (40). Cholesterol crystals are more
often observed in culprit lesions in ST-elevation ACS patients
compared to non-ST-elevation ACS patients, as is an increase in
macrophage accumulation, spotty calcifications, mean lipid arc,
thin-cap fibroatheromas (TCFAs) and thrombus (41). This
supports the hypothesis that cholesterol crystals increase plaque
vulnerability and trigger plaque rupture.

3.2 Macrophage and necrotic core

The necrotic core results from cell death and the inability to clear
this debris. Macrophages play a major role in this process (42).
Hypoxia, lipids and oxidative stress have shown to induce apoptosis
in different cell types, including leukocytes and vascular smooth
muscle cells (43). These signals trigger DNA fragmentation and
expression of cell-surface markers that attract phagocytes (44). As
macrophages are also the main phagocytes within the atherosclerotic
plaque, effective clearance depends on neighboring cells. This process
is called efferocytosis (45). There is no inflammatory reaction
associated with apoptosis or efferocytosis, as cellular constituents are
phagocytosed instead of released in the surroundings (44, 46). Within
lipid-laden foam cells, intracellular cholesterol crystallizes and induces
apoptosis (39). Efferocytosis becomes insufficient, which leads to a
pool of dead macrophage forming a necrotic core.

A TCFA containing a large necrotic core, infiltrated by a high
amount of macrophages is often displayed as “a classical example”
of a lesion prone for rupture (47-49). The fibrous cap is defined as
a distinctive layer of connective tissue overlying the necrotic core. It
consists of smooth muscle cells in an extracellular matrix of
collagen, proteoglycans and elastin. The media and adjacent
adventitia may be infiltrated by varying degrees of lymphocytes,
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macrophages and foam cells (50, 51). Historically, fibrous caps with
a minimum thickness of <65 pm are considered to be thin, as
histopathological analysis showed a cap thickness of <64 um in
95% of arteries with ruptured plaque (49).

3.3 Plaque neovascularization and
intraplaque hemorrhage

Neovascularization and intraplaque hemorrhage are common
phenomenons within atherosclerotic plaques (52, 53). Neovessels
are already established in the early phase of the atherosclerotic
process and mainly originate from angiogenesis out of the vasa
vasorum (53). Such neovessels are thin-walled, more fragile and
may function as entrance for erythrocytes, lipids and inflammatory
cells (35). As example, neovessel density is more prominent at sites
infiltrated by macrophages and lymphocytes (53). Neovessels exhibit
inadequate endothelial integrity, making them susceptible for
microvascular leakage, which is thought to induce intraplaque
hemorrhage (54). Accumulation of erythrocytes is associated with
lesion instability and necrotic core expansion (52). Therefore,
intraplaque hemorrhage may promote inflammation.

3.4 Microcalcifications

of
inflammation (55). Serial in vivo imaging in apoE ™'~ mice showed

Atherosclerotic calcification is initiated within areas
that inflammation precedes osteogenic activity and that the initially
formed crystals colocalize with macrophages (56). Proposed
mechanisms of calcification include the nucleation of necrotic
debris into calcium phosphate crystals, reduced activity of inhibitors
of vascular calcification and transdifferentiation of intraplaque
vascular smooth muscle cells and circulating hematopoietic stem
cells into an osteo-, and chondrogenesis phenotype (55, 57). In
turn, calcium phosphate crystals have shown to induce a pro-
inflammatory response by macrophages (58). This suggests a
positive feedback loop between inflammation and calcification. The
calcium phosphate crystals congregate into microcalcifications.
These microcalcifications, if present in the fibrous cap, may cause
microfractures that could destabilize the atherosclerotic plaque (59).
Therefore, presence of microcalcifications may refer to a more
vulnerable phase in the progression of atherosclerotic plaque within
regions of inflammation. Whereas increasing density is thought to
reflect a stabilizing process (55).

4 Invasive imaging
4.1 Coronary angiography

Invasive coronary angiography has established itself as a
reference standard for the assessment of coronary artery disease
(60). It provides a two-dimensional representation of the
coronary lumina, by injecting contrast media and performing
different radiographic projections, with minimal information on
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the vessel wall. Coronary angiography is able to identify, albeit
suboptimally, the presence of calcification and thrombus.
Calcified lesions can be recognized as apparent radiopacities
before contrast injection (61). Thrombus can be determined by
contrast filling defects and intraluminal lucencies on the
“luminogram” (62). The application of other intracoronary
diagnostic tools offers the opportunity to look beyond luminal
dimensions to identify previously indiscernible lesions.
Thermography was introduced in the early 2000s as an
alternative tool to detect coronary artery wall inflammation (63). It
was suggested that temperature heterogeneity could identify high-
risk lesions. “Hot plaque”, was supposed to reflect the higher
metabolic rate of inflammatory cells. However, intracoronary
thermography could not meet its expectations (63). In vivo
experiments showed that intracoronary thermistors could not
detect subtle changes in temperature during substantial influence
of pressure, cardiac motion and coronary blood flow (64).
Thereafter, it fell in oblivion. Notwithstanding, contemporary
imaging techniques do have the ability to target inflammation.

4.2 Intravascular ultrasound (IVUS)

Novel high-definition IVUS may reach an axial resolution of
approximately 40-60 um using high-frequency ultrasound signals
(60 MHz) (65). IVUS can differentiate between various plaque
components, since calcified plaques are brighter with acoustic
shadowing, while lipid-rich plaques appear less echo dense.
Furthermore, IVUS can evaluate serial changes in coronary
atheroma, to measure for example the effect of statins or PCSK9
inhibitors on atheroma volume (66-69). Using spectral analysis of
the “backscattered” ultrasound signals, IVUS offers the opportunity
to estimate plaque composition, so-called virtual histology ITVUS
(VH-IVUS). VH-IVUS has been used to differentiate fibrous
plaque, fibrofatty plaque, necrotic core and calcium (Figure 3),
which correlates with histologic samples (70). Moreover, serial
changes in plaque morphology and pharmacological effects can be
identified with VH-IVUS. For example, the “Integrated Biomarker
and Imaging Study 2” (IBIS-2) trial showed that darapladib, a
“lipoprotein-associated phospholipase A2 inhibitor”, prevented
necrotic core expansion after 12 months (71). However, not all
studies could confirm the accuracy of VH-IVUS. Necrotic core
determined by VH-IVUS did not correlate with histology within a
porcine model (72). Therefore, concerns about the validity remain.

IVUS is less suited to detect microcytic or molecular factors of
inflammation, such as macrophage accumulation or cholesterol
crystals, owing to its relatively low resolution (73). However,
high-risk plaque features detected by IVUS seem to be positively
correlated with circulating inflammatory biomarkers, reflecting
higher inflammatory activity (74-77). Within the “European
Collaborative Project on Inflammation and Vascular Wall
Remodeling in  Atherosclerosis—Intravascular ~ Ultrasound”
(ATHEROREMO-IVUS) study, higher plaque burden and TCFA
lesions were associated with higher levels of circulating tumor
necrosis factor alpha and lower levels of circulating interleukin-
10 (74). Furthermore, lesions with a plaque burden of >70% or
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FIGURE 3

Virtual histology intravascular ultrasound (VH-1VUS) image of atherosclerotic plaque. Based on the reflected ultrasound signals, VH-IVUS automatically
provides a colorized tissue map of plaque composition: fibrous (dark green), fibrofatty (light green), calcified (white) and necrotic core (red). (A)
Longitudinal VH-IVUS image of an atherosclerotic lesion in the right coronary artery. (B) Cross-sectional images within the region of interest
showing different tissue compositions. (C) A thin-cap fibroatheroma (TCFA), characterized as a necrotic-core rich lesion without a clear overlying

fibrous cap (arrows). Reused with permission from Kuroda et al. (126).

TCFA were independently associated with higher rate of major
adverse cardiac events within the same study (78).

In addition to tissue characterization, mechanical stress can affect
coronary arteries (79). It is feasible that plaque rupture occurs at a
location subject to higher mechanical stress. Mechanical strain
refers to the tensile stress caused by the pulsatile intravascular blood
pressure, whereas wall shear stress results from the tangential
component of shearing deformation from blood flow (79).
Mechanical strain can be assessed by using the displacement of
radiofrequent IVUS signals at two different intracoronary pressures.
This technique is called palpography (80). Patients presenting with
ACS have more high strain spots than patients with CCS (80).
Furthermore, the number of high strain spots seemed positively
correlated with levels of hsCRP (80). Another in vivo study using
Yucatan minipigs showed that regions with high strain levels were
associated with presence of macrophage (81). However, within “The
Providing Regional Observations to Study Predictors of Events in
the Coronary Tree” (PROSPECT) trial, no difference was found in
strain values between thin- and thick-cap fibroatheroma. They
could not confirm the correlation between high strain spots and
hsCRP in humans (82). Therefore, the diagnostic value of
palpography remains uncertain.

Although smaller in magnitude than mechanical strain, wall shear
stress is receiving increasing attention because of its biomechanical
relevance. Low wall shear stress acts as a pro-inflammatory and pro-
atherogenic stimulus on endothelial cells (79). A three-dimensional
reconstruction of the coronary artery lumen is required, which also
can be obtained using coronary angiography in combination with
IVUS or optical coherence tomography (OCT). Thereafter, wall
shear stress maps can be constructed using coronary geometries and
computational fluid dynamics calculations (79). Unfortunately,
results from in vivo studies on the correlation of wall shear stress
and plaque progression remain scarce and conflicting. Both low and
high wall shear stress have been associated with atherosclerosis and
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inflammation (79). Therefore, more clinical studies are needed to
explore its use.

4.3 Near-infrared spectroscopy (NIRS)

IVUS can be combined with near-infrared spectroscopy (NIRS),
which projects near-infrared light on the coronary wall, after which
the reflected light is analyzed. Since cholesterol has unique features
in the wavelength region, NIRS can be applied to characterize lipid-
rich plaque, expressed by the lipid core burden index (LCBI)
(83, 84). This index is calculated as the number of pixels with a
probability of lipid core plaque > 0.6 divided by the total number
of pixels and multiplied by 1,000. The MaxLCBly,, is often used
to detect the presence of a large lipid pool, which is the maximum
LCBI value for any 4-mm segment (85). The PROSPECT 1I study
showed that highly lipidic lesions with a MaxLCBlymy, > 324.7
were independently associated with future cardiac events (86).
Moreover, risk of non-culprit major adverse cardiovascular events
(MACE) increased significantly for each 100-unit increase in
MaxLCBIl,,, in the “Lipid Rich Plaque” (LRP) study (87). NIRS
confirms the crucial role lipids fulfil in the development of
cardiovascular events and NIRS can be used to assess response to
medical therapy, primarily lipid-lowering therapies (88). However,
NIRS is unable to identify crystallization of cholesterol and lacks
the ability to differentiate between inflamed or non-inflamed
lesions. Furthermore, no association between LCBI and
inflammatory biomarkers have been found so far (89).

A novel OCT-NIRS catheter is being developed to provide
simultaneous  microstructural and  compositional imaging
(Figure 4) (90). The superior resolution and characteristics of
inherent to IVUS
imaging, as discussed in the next paragraph. A first-in-human

study using OCT-NIRS is ongoing (NCT05241665).

OCT could overcome some limitations
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B

FIGURE 4

Optical coherence tomography near-infrared spectroscopy (OCT-
NIRS) of cadaver coronary artery. Combinded OCT and NIRS (red
and yellow circle) imaging of 2 lesions of cadaver coronary artery,
showing reduced backscattering (arrows). (A) Lesion with low
amounts of lipids, compatible with fibrotic tissue, as it is is shown
in red. (B) Lipid-rich plaque displayed as yellow area. Reprinted
with permission from Hoang et al. (90) © The Optical Society

4.4 Optical coherence tomography (OCT)

OCT can provide microstructural images up to a maximal axial
resolution of 10 um at the cost of penetration depth, compared
with IVUS (1-2 mm vs. 10 mm). The high resolution not only
enables more detailed visualization of calcified nodules, thrombi,
TCFAs, plaque erosions and ruptures, but also cholesterol crystal
accumulation, macrophages and microvessels (Figure 5) (91, 92).

Macrophages scatter light efficiently, which creates signal-rich
regions called bright spots with a cast shadow behind (93).
(Figure 5A) While OCT has not been proven to distinguish between
active and inactive macrophages (94), bright spots do have a strong
correlation with inflammation measured by hsCRP (95). Bright spot
density is significantly higher in lipid plaques compared to fibrous
plaques and plaques with TCFA show a trend toward higher bright
spot density (95). Moreover, bright spot density is also significantly
higher in plaques with rupture than those without (95). These
findings imply the ability of OCT to provide an overall estimate of
macrophage accumulation. Furthermore, presence of OCT-defined
macrophage accumulation is associated with adverse clinical
outcome. In the “Relationship Between OCT Coronary Plaque
Morphology and Clinical Outcome” (CLIMA) study, presence of
macrophage accumulation in native left anterior descending
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coronary artery was associated with more clinical events, especially
in the copresence of other high-risk plaque features including a thin
fibrous cap and a large lipid arc (96).

Cholesterol crystals appear as thin, linear structures with high
signal intensity, often localized nearby lipid-rich plaque
(Figure 5C). It is suggested that needle-shaped cholesterol crystals
could perforate the fibrous cap, causing plaque instability (93).

Intraplaque neovessels can be identified as well delineated
signal-poor voids, which can be followed in consecutive frames
(Figure 5D) (93). An ex vivo OCT study showed that coronary
atherosclerotic plaques with neovessels were accompanied with
greater luminal narrowing (97). Subsequent neovessel rupture
could induce intraplaque hemorrhage. However, studies about
neovessels and neovessel rupture on OCT imaging remain scarce.

OCT is the only imaging modality with sufficient spatial
resolution to adequately measure fibrous cap thickness (Figure 5B).
Numerous prospective and retrospective studies have demonstrated
an association between OCT-identified TCFA and clinical outcome,
whether or not in combination with other features of plaque
instability (96, 98). The fibrous cap thickness cutoff to define TCFA
differs between studies, as it has been suggested that the 65um
cutoff obtained in histopathological studies should be enlarged to
adjust for potential tissue shrinkage during histopathological tissue
processing (93). Nevertheless, Jiang et al. found a similar optimal
cutoff of 66.7 um to distinguish lesions at higher risk of causing
events (98). In this study, 883 patients were included, all 3 main
epicardial vessels were scanned and follow-up lasted up to 4 years.
OCT can differentiate whether ACS arises from rupture of the
fibrous cap or endothelial injury with an intact fibrous cap, ie.
plaque erosion. These distinct patterns might have different
underlying pathobiologies. The presence of OCT-identified culprit
plaque rupture is associated with lower levels of T-cells but higher
levels of effector molecules involved in the innate immune response
compared to ACS with intact fibrous caps (99). This may indicate
that the adaptive immune system plays an important role in
inducing endothelial erosion. In proteomics analysis, patients with
ruptured plaques also had a higher inflammatory response and
more MACE during 2 years of follow-up (100).

OCT allows to evaluate change in high-risk plaque characteristics
(101). The “High-Resolution Assessment of Coronary Plaques in a
Global Evolocumab Randomized Study” (HUYGENS) showed that
intensive lipid-lowering therapy with high-dose statins and
evolocumab increased minimum fibrous cap thickness and
decreased the macrophage index on serial OCT. The combination
of statin and evolocumab resulted in more favorable changes than
statin therapy alone (102).

4.4.1 Micro optical coherence tomography
(OCT)

In 2011, micro-OCT (©OCT) was introduced to improve the
resolution of OCT imaging systems to achieve an axial resolution
of 1-2um, which is another ten-fold improvement (103).
Therefore, pOCT is capable of visualizing independent cells and
subcellular features. Moreover, HOCT is able to differentiate
between multiple inflammatory cells, including leukocytes,

monocytes and macrophages.
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FIGURE 5

Optical coherence tomography (OCT) images of atherosclerotic plaque and inflammation markers. (A) Macrophages appear as signal-rich bright spots
with a signal-poor region below (arrows). (B) Thin-cap fibroatheroma are identified as an atherosclerotic plaque covered by a fibrous cap of <65 pm
(between arrows). (C) Cholesterol crystals appear as thin and linear structures with high signal intensity (arrow), often localized nearby lipid-rich
plague. (D) Intraplaque neovessels can be identified as well delineated signal-poor voids (arrows).

An intravascular pOCT catheter suitable for in vivo imaging
was recently introduced. This device is able to display a wide
range of cells and subcellular structures, including leukocytes,
macrophages, smooth muscle cells, cholesterol crystals and
platelets within rabbit aortae in vivo and human cadaver
coronary arteries (104). To acquire high-resolution images,
light with 800 nm
wavelength. The use of a shorter wavelength compared to

current pOCT imaging systems emit
standard OCT might be at the expense of penetration depth,
which is already a disadvantage compared to IVUS (105).
UOCT  has

inflammatory processes in vivo such as leukocyte adhesion, foam

Nevertheless, the potential to visualize local
cell formation or inflammatory cells surrounding cholesterol
crystals on microscopic level. More clinical studies are needed to

explore further utilities.

4.5 Near-infrared fluorescence (NIRF)

Near-infrared fluorescence (NIRF) imaging is an emerging
technique, allowing the visualization of molecular processes
within the atherosclerotic plaque. It uses imaging agents which
bind to specific targets, including protease activity, LDL, fibrin
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deposition and microcalcifications (106-108). These imaging
agents consist of an fluorochrome, conjugated to an antibody,
After NIRF-catheter is
advanced within the coronary artery. A continuous wave laser

molecule or peptide. injection, a
diode emits excitational light within a 650 to 950 nm window
(NIR spectral region) to stimulate the fluorophores. The
subsequent fluorescence emission is collected and filtered within
the NIRF-catheter (109).

Protease-activatable fluorophores have been developed to
visualize enzymatic activity. At baseline, fluorophores emittance is
(110).
Enzymatically active cathepsins, detected by NIRF, seem to
with
immunohistochemistry

quenched, but increases significantly after cleavage

colocalize cathepsins ~ and  macrophages  on

in animal and human atheromata
(107, 111, 112). Matrix metalloproteinase-specific fluorophores
114).

Indocyanine green (ICG) is an imaging agent, which can directly

have shown similar results on NIRF imaging (113,

visualize macrophages. After injection, ICG is internalized by
macrophages and foam cells by binding to albumin or LDL (108).
In a recent study, the ICG NIRF signal, measured in freshly
isolated carotid plaques, was highest in the most stenotic area.
established that ICG
targeted endothelial abnormalities, such as disrupted fibrous caps

Subsequent histopathological ~analyses
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and areas of neovascularization. ICG concentrated on zones of
plaque lipids, macrophages and intraplaque hemorrhage (115).
Furthermore, fluorophores have been developed to target fibrin
deposition, activated factor XIIla or thrombin activity to assess
thrombosis. Validation of these fluorophores mostly rely on non-
NIRF (116-118).
intravascular NIRF has been able to detect fibrin deposition

invasive imaging  techniques However,
overlying stent struts in rabbits (119).

Hybridization of intravascular molecular and structural
study of the
pathophysiological mechanisms of arterial plaques (120, 121).
Both NIRF-OCT and NIRF-IVUS are being developed.

The dual-of modality OCT and NIRF, can detect fluorescence

imaging could potentially allow further

10.3389/fcvm.2024.1352025

from naturally occurring molecules, called near-infrared
autofluorescence (NIRAF). NIRAF is elevated in advanced
necrotic core-containing lesions and is associated with a high-
risk morphological plaque phenotype (Figure 6) (122, 123).
Interestingly, NIRAF elevation is specific to plaques with
OCT (122).
However, the converse is not true, since many areas with

macrophage accumulations, as shown by
elevated macrophage accumulation on OCT were NIRAF
negative. This could be explained by low sensitivity/high
specificity of NIRAF to macrophage accumulation, or by the
concept of different macrophage phenotypes. The underlying
molecular and chemical mechanisms that produce NIRAF are

not yet fully understood.

oy

(Proximal)

FIGURE 6

M NIRAF

Optical coherence tomography near-infrared autofluorescence (OCT-NIRAF) imaging of a ruptured thin-cap fibroatheroma. (A) Coronary
angiography of the left circumflex coronary artery. (B) 2-dimensional map of NIRAF signal. (C—E) Cross sectional OCT—NIRAF images showing a
rupture of a thin fibrous cap covered with a small thrombus. The rupture site shows high NIRAF. (F,G) Magnified views revealing a cholesterol
crystal (F, arrow), thrombus (G, arrows) and the rupture site (H, arrow). All colocalized with elevated NIRAF. (I) 3-dimensional rendered map
demonstrating that the high NIRAF signal appears within regions containing high amount of lipids (arrow). The asterisk (*) corresponds with
catheter artefact. L, lipid; R, rupture site; T, thrombus. Reused with permission from Ughi et al. (122).
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TABLE 1 Characteristics of the imaging modalities and their ability to display high-risk features and inflammation markers.

NIRS

Technique Ultrasound Near-infrared
Requiring blood removal - -
Axial resolution up to 40-60 um (HD IVUS) NA
Penetration depth 10 mm <3 mm
Quantification of plaque +++ -
burden

Lipids ++ +++
Cholesterol crystals - -
Macrophage - -
Necrotic core + -
Detection of TCFA (<65 pum) + -
Neovessels - -
Intraplaque hemorrhage - -
Microcalcifications + -

Suitable (clinical) settings for | - Assessment of vessel- and | -

use lumen dimensions, plaque plaque
morphology and aorto- -
ostial junction

- Identification of high-risk
lesions based on high
plaque burden and small
minimum lumen area

- Guidance of percutaneous
coronary intervention

Detection of lipid-rich -

Combined with IVUS with
similar indications

(moCT NIRF
Infrared Near-infrared
+ _
10 um (OCT), 1-2 mm (nOCT) NA
1-2 mm 3 mm
+ _
++ +++
+ _

++ (quantification, plus
differentiation for pOCT)

+++ (activity)

++ -

+++ -
+ +
- +
++ +++

Detailed assessment of - Detection of specific target

plaque morphology and molecules
lumen dimensions - Combined with OCT with similar
- Detection of thrombus, indications

plaque rupture and plaque
erosion in unclear ACS
mechanism

- Identification of high-risk
lesions based on TCFA

- Guidance of percutaneous
coronary intervention

(VH) IVUS, (virtual histology) intravascular ultrasound; NIRS, near-infrared spectroscopy; (U)OCT, (micro) optical coherence tomography; NIRF, near-infrared fluorescence.
—, not possible; +,adequate; ++, good; +++, excellent; NA, not applicable; TCFA, thin-cap fibroatheroma; HD, high-definition; ACS, acute coronary syndrome.

5 Discussion

Atherosclerotic cardiovascular disease is a complex chronic
inflammatory and fibroproliferative process fueled by atherogenic
lipoproteins. This implies the requirement of precise diagnostic
targeted strategies  (124).
inflammation has emerged as a therapeutic target to reduce

tools and treatment Systemic
cardiovascular events (16, 17). Intracoronary imaging allows the
judgement of disease state of atheromata and identification of
high-risk lesions. Given the inherent characteristics of different
imaging modalities, they all facilitate distinctive insights in the
inflammatory pathobiology of atherosclerosis (Table 1). IVUS
gives a good “overview” of plaque burden and plaque
composition. A higher plaque burden is associated with elevated
systemic inflammation, reflected by increased pro-inflammatory
biomarkers. However, it is unable to directly visualize the
inflammatory process. NIRS provides a chemical analysis of the
arterial wall but lacks the ability to detect inflammatory markers
or cholesterol crystals. OCT is able to detect and measure TCFA,
macrophages, neovessels and cholesterol crystals. Moreover,
additional increase of resolution with pOCT allows further
detection of individual cells and subcellular substances. NIRF
imaging displays molecular- and inflammatory activity by
targeting specific molecules, thereby allowing detection of early-
and advanced stages of atherosclerosis.

Lesions with high-risk features on intracoronary imaging have
shown to be predictive of MACE (125). However, current positive
predictive value is still moderate. Novel hybrid modalities, in

particular NIRF-OCT, could provide complementary morphological
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further
performance and prognostic stratification. In the near future, they

and functional imaging, improving the diagnostic
may identify high-risk lesions of clinical value to revascularize or
optimize medical therapy. For the moment, invasive imaging mainly
has clinical indications (Table 1), but they can simultaneously
identify which

strengthens the case for inflammation-targeted therapies. Moreover,

more specific inflammatory characteristics,
hallmarks of inflammation and high-risk plaque are useful surrogate

endpoints to assess the potency of medical therapy.

6 Conclusion

Contemporary and future intracoronary imaging techniques

allow the identification of inflammatory markers within
atherosclerotic plaque. They assess the biochemical composition
and the underlying pathophysiology. Furthermore, they serve as a
mechanism to  evaluate drug efficacy.  Conscientious
implementation may allow the development of patient tailored

treatment strategies and improve patient outcome.
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Coronary heart disease (CHD) is an abbreviation of coronary atherosclerotic
heart disease, which remains challenging for diagnosis and treatment. Current
study aims to explore the correlation between geriatric nutritional risk index
(GNRI) and osteoporosis, sarcopenia, cognitive dysfunction in elderly patients
with CHD, and to analyze the clinical diagnostic value of GNRI in the above
complications. A total of 92 elderly patients with CHD treated in Suzhou Ninth
People's Hospital from January 2020 to October 2023 were retrospectively
collected as the experimental group, and 68 non-CHD subjects matched for
sex and age in the same period of physical examination were randomly
selected as the control group. Osteoporosis, sarcopenia and cognitive
dysfunction were analyzed in all patients, and the correlation between GNRI
and these indices in different populations was analyzed by Spearman’s rank
correlation. The diagnostic efficacy of GNRI in osteoporosis, sarcopenia, and
cognitive impairment was analyzed by ROC curves. There was no significant
difference in age, sex distribution, body mass index (BMI) and serum biological
indexes between the elderly patients with CHD and the control group (all P>
0.05). Correlation analysis showed that GNRI level was positively correlated
with bone mineral content (BMC), bone mineral density (BMD) T value and
osteocalcin (OCN) (All r>0, P<0.05). In addition, GNRI levels were positively
correlated with skeletal muscle mass (ASMI), grip strength and calf
circumference (CC) (All r>0, P<0.05). However, there was no significant
correlation between GNRI levels and cognitive dysfunction-related indicators
(P>0.05). In the elderly and elderly with CHD, the diagnostic AUC of GNRI
was 0.875 and 0.862 in osteoporosis, and 0.912 and 0.932 in sarcopenia,
respectively. The level of GNRI is significantly correlated with osteoporosis and
sarcopenia. GNRI level, as an auxiliary diagnostic tool in elderly patients with
CHD, exerts important clinical significance for early detection of the risk of
complications, such as osteoporosis and sarcopenia.

KEYWORDS

coronary heart disease, nutritional risk index for the elderly, osteoporosis, sarcopenia,
cognitive impairment
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1 Introduction

Coronary heart disease (CHD) is an abbreviation of coronary
atherosclerotic heart disease, which is a heart disease caused by
stenosis, spasm and even occlusion of the vascular lumen due to
atherosclerotic lesions of coronary arteries, resulting in myocardial
ischemia, hypoxia or necrosis (1). In recent years, the incidence of
CHD has increased year by year, seriously endangering human
health (2). Elderly patients with CHD are in a state of cardiac
insufficiency for a long time, physiology and metabolism are
affected to some extent, and are prone to malnutrition (3).
Malnutrition is a common comorbidity in elderly patients,
particularly in the elderly population, with adverse effects on the
short- and long-term prognosis of patients (4). Nutritional status
is affected in many ways, and poor nutritional status can
exacerbate the severity of the disease in patients (5). Malnutrition
and CHD interact to affect patient outcomes (5). Studies
evaluating the nutritional status of patients have shown that
elderly patients with poor nutritional status are higher than those
with normal nutritional status in terms of infection incidence, case
fatality, length of stay and medical costs (6).

Malnutrition in elderly patients with CHD predisposes to other
complications (6). Osteoporosis is more common in the elderly,
characterized by increased bone fragility and decreased bone
mineral density (7). The etiology of osteoporosis is complex,
among which malnutrition is an important cause, while the
elderly are more prone to malnutrition due to physiological
decline, poor dietary compliance and many underlying diseases
(8). In addition, malnutrition is extremely common in elderly
patients, mainly manifested by loss of muscle content and thus
predisposes to the development of sarcopenia (9). Sarcopenia is
the most common health problem in the elderly population and is
one of the important causes leading to falls, fractures and
decreased cardiopulmonary function in the elderly (9). Since the
onset of sarcopenia is insidious and there are no obvious clinical
symptoms in the early stage, most patients with sarcopenia are not
actively diagnosed and treated (10). Early screening for sarcopenia
and timely intervention are beneficial to improve clinical outcomes
in elderly patients with CHD (11). In addition, sarcopenia may be
related to cardiac function in patients, and chronic heart failure is
a risk factor for the development of sarcopenia (12). Furthermore,
CHD is tightly associated with the development of cognitive
impairment, with an average 45% increased the risks of cognitive
impairment or dementia in patients with CHD (13, 14). Studies
by Greaves et al. showed that approximately 40% of patients with
CHD undergoing cardiac bypass surgery were diagnosed with
cognitive impairment within 1-5 years after surgery (15).
Cognitive impairment occurred in 42.4% of patients with stable
CHD after 4 years of follow-up (16).

Analyzing the correlation between malnutrition and
osteoporosis, sarcopenia, cognitive impairment in elderly patients
with CHD is helpful to intervene pertinently and reduce the
occurrence and development of the above complications in
elderly patients with CHD. However, studies on malnutrition in
elderly patients with CHD have focused on patients with diabetes
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mellitus, lung infection, tumor, or perioperative period (17, 18),
and studies on nutritional status in elderly patients with
osteoporosis, sarcopenia, and cognitive impairment are lacking.

In this study, we try to analyze the relationship between
nutritional status and osteoporosis, sarcopenia and cognitive
dysfunction in elderly patients with CHD. At the same time, the
predictive value of nutritional status on complications, such as
osteoporosis, sarcopenia and cognitive impairment in elderly
patients with CHD, was also explored in order to provide
theoretical basis for early intervention.

2 Data and methods
2.1 Clinical data

A total of 92 elderly patients with CHD treated in Suzhou
Ninth People’s Hospital from January 2020 to October 2023 were
retrospectively collected as the experimental group, and 68 non-
CHD subjects matched for sex and age in the same period of
physical examination were randomly selected as the control
group (Figure 1).

Inclusion criteria of case group: (1) Age >60 years old; (2) The
patients met the diagnostic criteria of CHD and were diagnosed as
CHD by coronary angiography; (3) The clinical data of the patients
are complete; (4) Sign the informed consent form.

Inclusion criteria of control group: (1) Age >60 years old; (2)
Patients did not meet the diagnostic criteria of CHD; (3) The
clinical data of the patients are complete; (4) Sign the informed
consent form.

Exclusion criteria: (1) Atrial fibrillation, supraventricular
rhythm; (2) Patients with
autoimmune diseases and severe acute and chronic infectious

tachycardia, pacemaker pacing
diseases; (3) Patients with malignant tumors and hematological
diseases; (4) End-stage elderly patients who have received
radiotherapy, chemotherapy and hormone therapy; (5) Endocrine
diseases such as hypothyroidism and hyperthyroidism, long-term
use of glucocorticoids or surgery may affect bone mineral

density; (6) Patients with routine anti-osteoporosis treatment.

[Subjecls assessed for eligibility (n=304)]

Excluded (n=91):
Not meeting inclusion criteria (n=72)
Declined to participate (n=19)

—

(' Individuals enroled (n=213) )

Y

Excluded (n=53):

Patients with the use of pacemakers (n=9)

Autoimmune disease (n=7)

Hematology disease (n=5)

Malignant tumors (n=7)

Underwent Chemoradiotherapy or hormonal therapy (n=8)
Endocrine disorders (n=3)

Underwent anti-osteoporotic medications (n=14)

I
' !

( Elderly CHD (n=02) | ( Control (n=68) ]

FIGURE 1
Flow diagram illustrating selection of study participants.
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2.2 Methods

2.2.1 Examination of general clinical data

General data such as sex, age and blood pressure of the two
groups were collected. Height and weight were measured and BMI
was calculated. Venous blood samples were collected overnight for
more than 10 h, and metabolic parameters including fasting blood
glucose level (FBGL), total cholesterol (TC), triglyceride (TG),
high density lipoprotein cholesterol (HDL-C), low density
lipoprotein cholesterol (LDL-C) and serum albumin were

measured by Siemens ADVIA 2400 automatic biochemical analyzer.

2.2.2 Bone metabolism parameters

BMC and BMD T value were measured with Lunar-DPX-MD
DXA from GE company. The T value of BMD of L1-L4 vertebrae
in each patient was measured in anteroposterior position.
According to WHO diagnostic criteria, osteoporosis is diagnosed
if the T value of bone mineral density is <-2.5 SD (19). The
serum OCN
immunosorbent assay (ELISA) method. The parameters of bone

levels were measured by enzyme-linked
metabolism, including procollagen of type I N-propeptide (PINP),
B-isomerized C-terminal telopeptides (B-CTX), 25-hydroxyvitamin
D (25-OH-D) and parathyroid hormone (PTH), were measured
by Swiss Roche electrochemiluminescence analyzer Cobas
e602.Geriatric Nutritional Risk Index (GNRI)=1.489 x serum
albumin + 41.7 x (body weight/ideal body weight). Male ideal

weight = 0.75 x height-62.5, female ideal weight = 0.6 x height-40.

2.2.3 Examination of metabolic parameters in
sarcopenia

Skeletal muscle mass (ASM) and percent total body fat (TBF%) of
the extremities were measured using GE Lunar-DPX-MD DXA.
Skeletal muscle mass index (ASMI) of extremities=ASM/Height2.
Grip strength and gait speed were used to measure muscle strength
and area-provided energy, respectively. Grip strength was tested by
grip strength meter CamryEH101. All subjects underwent a 6-m
reentrant movement measurement of gait speed. The calf
circumference (CC) was measured with an inelastic band at a
resolution of 1 mm, measured by researchers trained in standardized
measurements. Waist to hip ratio (WHR) = waist/hip circumference.

2.2.4 Cognitive function test

The subjects’ overall cognitive function was assessed using the
Mini-Mental State Examination (MMSE) and Montreal Cognitive
Assessment Scale (MoCA). The MMSE and MoCA scale
assessments were completed by two deputy chief physicians. The
MMSE scores included language, calculation, visuospatial, place
orientation, time orientation, attention, immediate memory,
delayed memory and so on, with a total of 30 items, with a total
score of 30. The score was positively correlated with the level of
cognitive status, and MMSE <27 was judged as cognitive
impairment. The MoCA scale included 8 cognitive assessments
of visuospatial executive ability, naming, memory, attention,
language fluency, abstract thinking, delayed memory, orientation
and so on, with a total of 30 points. The score was positively
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correlated with the level of cognitive status, and MoCA <27 was
judged as cognitive impairment.

2.3 Statistical analysis

The data were analyzed by SPSS 27.0 software. The measurement
data of normal distribution are expressed as x +s, and the data of
normal distribution are expressed as medians (first quartile, third
quartile). Independent sample t-test was used for comparison
between the two groups. Counting data were expressed by number
and percentage, and y2 test was used for comparison between the
two groups. Correlation analysis was performed by Spearman rank
correlation. Diagnostic power analysis was performed by ROC
curves. P < 0.05 was statistically significant.

3 Results

3.1 Analysis of general data of elderly
patients with CHD

According to the inclusion and exclusion criteria, 92 elderly
patients with CHD and 68 controls were included in this study.
There were 38 males and 54 females in the elderly patients with
CHD, while 33 males and 35 females in the control group. There
was no significant difference in the sex ratio between the two
groups (P>0.05). The results showed that systolic blood pressure
(SBP), diastolic blood pressure (DBP) and fasting blood glucose
level (FBGL) were non-normal distribution, and other data obeyed
normal distribution. Mann-Whitney U rank sum test (statistic is Z)
or independent sample t test (statistic is t) will be performed for
measurement data, and the results are shown in Table 1. The height
and weight of the elderly patients with CHD were significantly
lower than those of the control group (all P<0.01). In addition,
there were no significant differences in age, BMI, blood pressure,

TABLE 1 Comparison of general data between elderly patients with CHD
and control subjects.

Characteristic Elderly CHD | Control group | t/Z
group (n=92) (n=68)

Sex (male/female) 38/54 33/35 0.909 | 0.363
Age 71.71+7.37 70.04 £ 4.57 1.755 0.081
Height 162.25+7.10 166.72 £ 5.70 —4.412 | <0.001
Body weight 57.18 £9.62 61.13 £5.52 -3.273 | 0.001
BMI 21.68 +3.17 22.01+1.97 —0.813 | 0.448
Systolic blood 116.00 (105.25, 116.00 (103.00, | —0.116 | 0.908
pressure 129.00) 130.75)

Diastolic blood 74.00 (68.00, 82.00) 77.00 (68.25, —0.884 | 0.377
pressure 84.75)

TG (mmol/L) 1.54 £ 0.69 1.76 £ 0.70 —-1.977 | 0.050
TC (mmol/L) 441+1.23 424 +1.14 0.893 0.373
HDL-C (mmol/L) 1.20+£0.21 1.22+0.23 —0.481 | 0.632
LDL-C (mmol/L) 2.53+£0.80 248 £0.70 0.414 | 0.679
Serum albumin (g/ 32.95+5.38 32.66 £ 6.53 0.304 | 0.762
L)

FBGL (mmol/L) 5.40 (5.10, 5.80) 5.50 (5.00, 6.08) | —0.832 | 0.406
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lipid-related indexes, serum albumin level and FBGL between the
elderly patients with CHD and the control group (all P > 0.05).

3.2 Relationship between nutritional status
and osteoporosis in elderly patients with CHD

Spearman rank correlation was used to analyze the correlation
between GNRI and different osteoporosis-related indexes. As
shown in Table 2, GNRI in the total population was positively
correlated with BMC, BMD T value, OCN and PINP (All >0,
P <0.05), and negatively correlated with B-CTX and PTH (All r
<0, P<0.05). Similarly, GNRI was positively correlated with
BMC, BMD T value, OCN and PINP (All >0, P<0.05), but
negatively correlated with B-CTX and PTH (All r<0, P<0.01).In
addition, GNRI did not show significant correlations with P1INP
or B-CTX in the control population (both P> 0.05). These results
collectively suggested that the nutritional status was significantly
correlated with the related indexes of osteoporosis.

3.3 Relationship between nutritional status
and sarcopenia in elderly patients with CHD

Spearman rank correlation was used to analyze the correlation
between GNRI and different sarcopenia-related indicators. As
shown in Table 3, there was a significant positive correlation
between GNRI and ASMI, grip strength and CC in the total
population (All r>0, P<0.05), but not with gait speed, WHR
and TBF% (All P>0.05). In addition, GNRI was positively
correlated with grip strength, gait speed and CC (All >0, P<
0.05), but not with ASMI, WHR and TBF% (All P>0.05).
Interestingly, in the control population, GNRI
significant positive correlation only with ASMI (r>0, P<0.05),

showed a

but not with other sarcopenia-related indicators (all P> 0.05).

3.4 Relationship between nutritional status
and cognitive impairment in elderly patients
with CHD

Spearman’s rank correlation was used to analyze the correlation
between GNRI and different cognitive function-related indicators.
As shown in Table 4, there was no significant correlation between

TABLE 2 Correlation analysis between GNRI and osteoporosis-related
indicators.

Total
population

Variables Elderly CHD

group

Control group

10.3389/fcvm.2023.1335572

TABLE 3 Correlation between GNRI and sarcopenia.

Variables Total Elderly CHD Control group
population group
r P r P
ASMI 0.234 0.003 0.203 0.052 0.275 0.023
Grip strength 0231 0.003 0.227 0.030 0236 0.053
Gait speed 0.147 0.063 0.268 0010 | —0.052 | 0671
cC 0.181 0.022 0312 0.002 0.018 0.885
WHR —0.003 | 0972 | —0.008 | 0.938 0.010 0.937
TBF% 0.071 0374 | —0018 | 0.865 0.190 0.122

GNRI and MMSE or Mo CA in the total population (All P>
0.05). Interestingly, there was a significant negative correlation
between GNRI and Mo CA in the control population (r<0, P<
0.05), possibly related to the small sample size. In addition, there
was no significant correlation between GNRI and MMSE or
MoCA scores in elderly patients with CHD (All P > 0.05).

3.5 Predictive value of GNRI in osteoporosis,
sarcopenia or cognitive impairment in
elderly patients with CHD

The diagnostic efficacy of nutritional status in osteoporosis,
sarcopenia, or cognitive impairment was analyzed by ROC curves
in the total population and in the elderly with CHD.As shown in
Figure 2 and Table 5, the diagnostic AUCs of GNRI for
osteoporosis and sarcopenia in the total population were 0.875
and 0.912, respectively. In addition, the diagnostic sensitivity was
82.5% and 88.6%, and the diagnostic specificity was 79.4% and
88.8%, respectively. Similarly, GNRI showed high diagnostic AUC,
sensitivity, and specificity in both osteoporosis and sarcopenia in
the elderly population with CHD. In particular, when the Youden
index was 0.890, the sensitivity of GNRI in the diagnosis of
sarcopenia reached 100%. These results collectively suggested that
GNRI has the potential to be an early diagnostic modality for
osteoporosis and sarcopenia. In addition, the AUCs of GNRI in
the diagnosis of cognitive impairment were only 0.562 and 0.583
in the total population and in the elderly population with CHD,
respectively, indicating that the nutritional status of patients has
no potential diagnostic value for cognitive impairment.

4 Discussion

CHD is a heart disease caused by a variety of factors leading to
atherosclerosis of coronary arteries, leading to stenosis or even

TABLE 4 Correlation analysis between GNRI and different cognitive

function-related indicators.

BMC 0421 | <0.001 | 0435 | <0.001 | 0409 | <0.001

BMD T value | 0475 | <0.001 | 0439 | <0.001 | 0554 | <0.001 — Total S G Control

OCN 0503 | <0.001 | 0559 | <0.001 | 0420 | <0.001 AllabIES Otal erly ontrof group
population group

PINP 0170 | 0.031 0268 | 0010 | 0009 | 0944

B-CTX —0.172 | 0029 | —0.307 | 0.003 0037 | 0762 r P r

25-OH-D 0012 | 0885 | 0043 | 0683 | —0036 | 0770 MMSE —0.048 | 0547 | —0021 | 0843 | —0.118 | 0337

PTH —0347 | <0.001 | —0.341 | <0.001 | —0.353 | 0.003 MoCA 0.028 0.722 0.081 0443 | —0240 | 0048
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FIGURE 2
ROC curves of GNRI in the diagnosis of (A) osteoporosis, (B) sarcopenia, or (C) cognitive impairment in different populations.

occlusion of the vascular lumen, followed by myocardial hypoxia,
ischemia or necrosis (2). In recent years, the incidence of
cardiovascular diseases is still rising sharply, about 2.5%
worldwide. Nine billion people suffer from cardiovascular
disease, 1.1 million of whom are patients with CHD (20). With
the development of medical level and improvement of surgical
technical concept, the mortality and complication rate of CHD
in the elderly have been greatly reduced, but risk factors need to
be strictly controlled to improve the prognosis (21). The poor
nutritional status of elderly patients with CHD is related to
aging, cardiac insufficiency, malabsorption of nutrients due to
gastrointestinal congestion, multiple concomitant underlying
diseases and polypharmacy (22). In recent years, more studies
have shown that nutritional status is associated with the
prognosis of CHD (23). In addition, malnutrition is prone to
the occurrence of various prognostic complications, such as
osteoporosis, sarcopenia and cognitive impairment. The GNRI is
a nutritional assessment index based on serum albumin and
BMI. GNRIs
complications associated with malnutrition in the elderly

are primarily used to assess the risk of

population (24). Unlike other nutritional indicators, GNRI is
obtained by calculation of albumin, height, and weight, is easy
to perform, is less affected by subjective factors, and has good
inter-rater agreement (25). GNRI was first proposed by BOWEN
et al. in 2005 to predict malnutrition-related complications
(pressure ulcers and infections) and mortality in hospitalized
elderly patients (26).

Therefore, the purpose of this study was to investigate the
correlation between GNRI and osteoporosis, sarcopenia, cognitive
dysfunction in elderly patients with CHD, and to analyze the

diagnostic efficacy of GNRI in osteoporosis, sarcopenia and
cognitive dysfunction by ROC curve.

A total of 92 elderly patients with CHD and 68 control patients
were included in this study. Firstly, the clinical data of the two
groups were analyzed. There was no significant difference in age
distribution and sex composition between the elderly patients
with CHD and the control group (P>0.05). In addition, the
height and weight of the elderly patients with CHD were
significantly lower than those of the control group (both P<
0.01), but the BMI level was not significantly different between
the two groups (P >0.05). In addition, there were no significant
differences in age, BMI, blood pressure, lipid-related indexes,
serum albumin level and FBGL between the elderly patients
with CHD and the control group (all P>0.05). There was no
significant difference in the general clinical data between the
elderly patients with CHD and the control group, indicating
the feasibility of the study. Therefore, we further analyzed the
association of GNRI with osteoporosis, sarcopenia, and cognitive
impairment in different populations.

Due to the decline of body function, poor digestive and
absorption function, the incidence of malnutrition is high.
Malnutrition can lead to insufficient absorption of trace elements
such as calcium, phosphorus, zinc, magnesium, copper,
imbalance of bone metabolism, and lead to osteoporosis. The
results of Spearman’s rank correlation analysis showed that
GNRI was positively correlated with BMC, BMD T value, OCN
and PINP, but negatively correlated with B-CTX and PTH,
suggesting that the nutritional status of the elderly population
was significantly correlated with the occurrence and development

of osteoporosis. In recent years, many studies have found a close

TABLE 5 Diagnostic efficacy of GNRI in osteoporosis, sarcopenia, or cognitive impairment.

Popuistion ____indication___ AUC (95% )

Total population Osteoporosis 0.875 (0.823, 0.928)
0.912 (0.866, 0.957)
0.562 (0.457, 0.667)
0.862 (0.788, 0.935)
0.932 (0.880, 0.983)
0.583 (0.464, 0.702)

Sarcopenia

Cognitive disorder
Elderly CHD patients Osteoporosis
Sarcopenia

Cognitive disorder
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Youden index Sensitivity (%) Specificity (%)

0.619 82.5 79.4 <0.001
0.774 88.6 88.8 <0.001
0.242 88.9 35.3 0.311
0.631 90.0 73.1 <0.001
0.890 100.0 89.0 <0.001
0.302 92.3 37.9 0.218
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relationship between CHD and osteoporosis (27, 28). Samelson
et al. have shown a higher incidence of CHD in women with low
bone mineral density (28). Marcovitz et al. used coronary
angiography to evaluate the degree of coronary stenosis in 209
patients. Current results showed that osteoporosis or osteopenia
were independent risk factors for CHD in the elderly population,
and the highest relative risk of osteoporosis was found in
multivariate analysis of traditional risk factors of osteoporosis
and CHD (e.g., diabetes
hyperlipidemia, family history of cardiovascular disease, etc.) (27,
28). In this study, both GNRI and osteoporosis-related indicators
in the

correlations, consistent with previous findings (27, 28).

mellitus, hypertension, smoking,

elderly population with CHD showed significant

Previous studies have confirmed that nutritional factors are
closely related to osteoporosis, as well as nutrition-related
diseases such as sarcopenia, and that sarcopenia and osteoporosis
share many of the same pathogenesis (29, 30). In addition,
studies have shown that nutrient deficiency and malnutrition are
also important risk factors for sarcopenia, such as vitamin D,
vitamin A and mineral deficiencies (31). In this study, GNRI was
positively correlated with ASMI, grip strength, CC and other
sarcopenia-related indicators in the total population, suggesting
that
significantly correlated with the occurrence of sarcopenia.

the nutritional status of the elderly population is
Because elderly people are also at high risk for cardiovascular
disease, comorbidities of sarcopenia and cardiovascular disease
are common. Sarcopenia is an important complication of
abnormal cardiac functions, which in turn can accelerate the
occurrence of sarcopenia (32). Sarcopenia has been shown to be
an independent predictor of decreased cardiac function in
patients with chronic heart failure (33). Chronic heart failure can
contribute to the development of sarcopenia through a variety of
pathophysiological mechanisms, including malnutrition and
inflammation (34). The results of Spearman’s rank correlation
analysis showed that GNRI was significantly correlated with
sarcopenia-related indexes such as grip strength, gait speed and
CC in elderly patients with CHD. We hypothesize that as
nutritional risk increases in patients with CHD, heart failure
progresses and cardiac function further declines, and skeletal
muscle mass progresses to sarcopenia. The occurrence of
sarcopenia may be due to decreased muscle strength and affect
motor function, resulting in dyspnea and decreased cardiac
function, further exacerbating heart failure.

There are few studies on the association between nutritional
status and cognitive impairment. Some studies have suggested
that nutritional status predicts mortality and the probability of
complications in patients with mild cognitive impairment
(35, 36). In addition, some studies have shown a 23% risk of
malnutrition in patients with mild cognitive impairment (35). At
the same time, malnutrition can also promote negative emotions,
exacerbate their cognitive impairment and reduce their quality of
life (36). However, the results of this study showed no significant
correlation between GNRI and cognitive function-related
measures in the elderly or elderly with CHD, suggesting no
potential link between nutritional status and the development of

cognitive dysfunctions in patients.
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GNRI was associated with osteoporosis and sarcopenia. Thus,
osteoporosis and sarcopenia can be predicted by GNRI
Therefore, we analyzed the diagnostic efficacy of GNRI for
osteoporosis, sarcopenia, and cognitive impairment in different
populations by ROC curves. GNRI predicted the largest area
under the ROC curve for sarcopenia, both in the elderly and in
the elderly with CHD. In addition, the sensitivity of GNRI in the
diagnosis of sarcopenia reached 100% in elderly patients with
CHD, indicating that there were no missed cases. In addition,
GNRI also showed high diagnostic efficacy for osteoporosis in
different populations. From the point of view of human
anatomy, skeleton and muscle are adjacent. Common factors
regulating osteoporosis and sarcopenia include nutritional factors,
genetic factors, endocrine factors and disease factors, and they
have closely related signaling pathways and common targets.
This may also account for the similar diagnostic efficacy of
GNRI in osteoporosis and sarcopenia. In addition, the low AUC
of GNRI in the diagnosis of cognitive impairment in different
populations suggests that the nutritional status of patients has no
potential diagnostic value for cognitive impairment.

The study has the following limitations: (1) This study is a
single-center, retrospective, observational study, which is limited
to some extent by the clinical data of patients, and inaccurate
description will interfere with the results. For the inaccurate data
recorded, it may lead to the deviation of one item in CHD group
or control group, further resulting in the difference of this
indicator or inaccurate correlation analysis results; (2) The
sample size is relatively small, and there is some bias in the
process of retrospective data collection; (3) At present, there are
few reports on this topic, so it is difficult to compare with other
studies of the same type and analyze the similarities and
differences between different studies.

In conclusion, the nutritional status in elderly patients with
CHD is significantly associated with the development of
osteoporosis and sarcopenia, with higher nutritional risk as well
as the higher risk indicators-related to osteoporosis and
sarcopenia. GNRI can be used as an early diagnostic modality for
the complications of osteoporosis and sarcopenia in elderly
patients with CHD, and has important significance in improving
the clinical prognosis of CHD and preventing the occurrence of
osteoporosis and sarcopenia.
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Background: The relationship between gut microbiota composition and
coronary heart disease (CHD) has been recently reported in several
observational studies. However, the causal effect of gut microbiota on
coronary heart disease is uncharted.

Objective: This study attempted to investigate the effect of gut microbiota on
coronary heart disease by Mendelian randomization (MR) analysis.

Methods: Through the two-sample MR method, single-nucleotide
polymorphisms relevant to gut microbiota were selected as instrument
variables to evaluate the causal association between gut microbiota and the
risk of CHD.

Results: According to the selection criteria of the inverse variance-weighted
average method, Class Actinobacteria, Class Lentisphaeria, Family Clostridiales
vadinBB60group, Genus Clostridium innocuum group, Genus Bifidobacterium,
Genus Butyricicoccus, Genus Oxalobacter, Genus Turicibacter, and Order
Victivallales, presented a suggestive association with coronary heart disease.
Conclusion: This two-sample Mendelian randomization study found that gut
microbiota was causally associated with coronary heart disease. Further
randomized controlled trials are needed to clarify the protective effect of
probiotics on coronary heart disease and their specific protective mechanisms.

KEYWORDS

coronary heart disease, gut microbiota, causal inference, Mendelian randomization study,
inverse variance-weighted

1 Introduction

The gut bacteria present in human intestines are a large population of bacteria that
constitute the largest microbiota in the body (1). The human intestine contains at least
1,000 species of bacteria, with a total of more than 100 million bacteria, forming a
complex group (2). The genes encoding these microbes are at least one billion times
larger than the human genome.

Many scholars have done many profound studies on the physiological processes of gut
bacteria in humans, and since the discovery of gut flora (3), it has been acknowledged that
the gut bacteria flora play an important role in regulating the nervous system and
metabolism and immunity, and a delicate balance is maintained between them
and humans (4).
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Coronary heart disease (CHD) is damage to the myocardium
caused by an imbalance between the blood supply to the
coronary arteries and the demand on the myocardium due to
functional or organic pathology, also known as ischemic heart
disease (5). The most common cause of coronary heart disease is
atherosclerosis, which accounts for about 90% of cases and is a
chronic, progressive inflammatory disease that occurs in the
vascular system. Atheromatous plaques in the coronary arteries
gradually increase in size and cause. The main mechanism of
coronary heart disease is the blockage of blood flow or the
exposure of endothelial collagen fibers as a result of plaque
This is
combination of inflammatory factors and metabolic substances (6).

rupture, leading to thrombosis. regulated by a

In healthy people, the gut microbiome is made up mostly of
good bacteria, with few bad ones. These two bacterial types are
in homeostasis to maintain a healthy state of the host (7).
Previous studies have shown that imbalances in the gut
microbiome are strongly associated with infectious and
inflammatory and metabolic diseases (8). The imbalance of gut
microbiota leads to the disorder of bacterial structure and the
destruction of basic metabolic processes of the host, which may
be closely related to the occurrence of cardiovascular diseases
such as coronary heart disease, hypertension, and heart failure (9).

Studies have shown that gut bacteria are associated with many
other risk factors for coronary heart disease, such as obesity,
diabetes, high blood cholesterol, and high blood pressure (10).
The gut microbiome has been observed to play an important role
in coronary heart disease. Karlsson (11) found that the number
of Collinsella bacteria increased in patients with coronary heart
disease compared with healthy people, while the count of Rothia
and Eubacterium spp. bacteria decreased. Emoto et al. (12) found

that a significant increase in the number of mature lactic acid

10.3389/fcvm.2024.1273666

bacteriophages (Bifidobacterium and Prevotella) were found in
patients with coronary artery disease (13). Furthermore, there
was a significant increase in the proportion of the thick-walled
phylum/bacteroidetes (14). The proportion of lactobacilli in the
gut microbiota of patients with coronary artery disease who did
not use antibiotics was significantly higher and the proportion of
Bacillus mimicus was significantly lower (15).

Figure 1 shows an overview flow diagram of the Mendelian
randomization (MR) hypothesis. This study used MR to explore
the causal association between gut microbiota and coronary heart
disease (16). In MR, the causal relationship between exposure
and disease outcomes is estimated through instrumental variables
(IV) used to construct genotypes (17). The random distribution
of genotypes is designed according to Mendelian laws of
inheritance. If the genotype determines the phenotype, then the
genotype is associated with the disease through the phenotype, so
the genotype can be used as an instrumental variable to infer the
association between the phenotype and the disease. It uses
genetic variants strongly associated with exposure factors as
instrumental variables to assess the causal relationship between
exposure factors and outcomes. There are three hypotheses of
Mendelian randomization: (1) Association hypothesis: single-
nucleotide polymorphisms (SNPs) are strongly correlated with
SNPs are
independent from confounders; (3) Exclusivity hypothesis: SNPs

exposure factors; (2) Independence hypothesis:
can only have an effect on outcomes through exposure factors.
For studying the causal relationship between gut microbiota and
diseases (including metabolic diseases), MR has been widely used
for studying autoimmune diseases and rheumatoid arthritis (18).
A genome-wide association study (GWAS) summary from the
MiBioGen and MR-Base consortiums was used in this study, and
coronary heart disease and gut microbiota were evaluated using

Random assignment of risk alleles

bacteria and a significant decrease in the number of MR analysis of two samples (19).
_____________________________ Genetic
instruments :
! Genetic variation selected as
! instrumental variables should be
: . ! closely related to exposure.
Assumption2 Assumptionl <« 4 &

Exposure
Gut
microbiota

Confounder

QOutcome

Coronary
heart disease

FIGURE 1

MR analysis «

Three corresponding principal assumptions in this two-sample Mendelian randomization study.

Assumption3

MR analysis method
Inverse-variance
weighted(IVW)
MR-Egger
Weighted Median
Weighted Mode
Simple Mode
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2 Methods
2.1 Data sources

The MiBioGen consortium conducted the largest genome-wide
meta-analysis to date for gut microbiota composition to identify
genetic variants. The study included 18,340 individuals from 24
cohorts from the USA, Canada, Israel, Germany, Denmark, the
Netherlands, Belgium, Sweden, Finland, and the UK (20). To
identify host genetic variants associated with the abundance
levels of bacterial taxa, a microbiota quantitative trait loci
mapping analysis was performed. The study identified 131 genera
with a mean abundance greater than 1%, including 12 genera
that were unknown. Therefore, 119 genus-level taxa were
included in the current study for analysis. CHD in this study was
defined as heart disease involving plaque buildup in the heart
arteries (atherosclerosis) and reduced blood flow to the heart
muscle, resulting in myocardial ischemia, hypoxia, or necrosis.
Summary statistics for CHD were developed using the GWAS
summary dataset for CHD obtained from the IEU Open GWAS
project (ieu-a-7) (21). A total of 184,305 adult subjects and
123,504 controls participated in this GWAS. Sex, age, first 10
principal components, and genotyping batch were corrected
during the analysis (22).

2.2 Instrumental variable

The screening of IVs in MR studies is consistent with the
aforementioned three core hypotheses of MR: (1) Association
hypothesis: SNPs are strongly correlated with exposure factors,
with  F-value > 10 the related 2)
Independence  hypothesis: independent  from

as closely criterion;
SNPs

confounders. (3) Exclusivity hypothesis: SNPs can only have an

are

effect on outcomes through exposure factors. IVs were selected
based on the following criteria: (1) Statistically significant SNPs
in each genus (P < 1.0 x 107°) are considered potential IVs; (2) A
reference panel of European samples was used to calculate
linkage disequilibrium (LD) between SNPs in the 1000 Genomes
project, and among those SNPs that had R*<0.001 (clumping
window size = 10,000 kb), only the SNPs with the lowest P-values
were retained; (3) SNPs with minor allele frequency (MAF)
<0.01 were removed; and (4) Allele frequency information was
used to determine forward strand alleles when palindromic
SNPs existed (23).
variables is in the Supplementary material S1 (Basic information

Basic information on the instrumental

on instrumental variables).

2.3 Statistical analysis

To verify whether there was a correlation between exposure to
gut microbiota and the outcome CHD, MR analysis was conducted
using five methods such as the inverse variance-weighted average
method (IVW) (23), the weighted median method (24). MR-
Egger regression analysis (25), and weighted mode. In addition,
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Cochran’s IVW Q was utilized to quantify the heterogeneity of
IVs (26). Further, to identify potentially heterogeneous SNPs, a
“leave-one-out” analysis was performed by ignoring each tool for
analyzing SNPs in turn (27).

All statistical analyses were performed using R version 4.2.1.
MR analyses were performed using the TwosampleMR (version
0.5.6), MR-PRESSO (version 1.0), and g-value R packages (28).

3 Results
3.1 SNP selection

According to the IVs screening criteria, 128, 235, 294, 516,
1761SNPs the
identified at the phylum, class, order, family, and genus levels.

associated ~ with intestinal microbiome were
After a series of quality control, a total of 2,906 IVs were determined.
The F statistics of IVs were all >10, indicating that there was no
evidence of weak instrument bias. According to the third hypothesis
of Mendelian randomization, IVs must pass the exposure to affect
the outcome. If the IVs can directly affect the result without
exposure, then the idea of Mendelian randomization is violated,
that is, the test results have horizontal pleiotropy. Therefore, the
of
randomization is that there is no horizontal pleiotropy. We used
the MR-PRESSO method to examine horizontal pleiotropy (MR-
PRESSO global test p > 0.05; Supplementary File: res_presso).

main  premise causality inference using Mendelian

Bacterial genera containing multiple SNPs were tested using
four MR methods to account for multiple test corrections in the
set of SNPs used as IV that are smaller than the genome-wide
statistical significance threshold (1 x 107°). According to the
selection criteria for IVs, a total of 2,458 SNPs were used as IVs
for 211 bacterial genera.

For all instrumental variables, their F statistics are all greater
than 10, and all weak instrumental variables were excluded
(Supplementary File: res_data).

As presented in Table 1, nine bacterial genera were found to be
associated with CHD in IVW. Among them, Class Actinobacteria,
Genus Clostridium innocuum group, Genus Bifidobacterium,
Genus Oxalobacter, and Genus Turicibacter, show by analysis of
the results that they are related to coronary heart disease (OR >
1); however, MR analysis results of Class Lentisphaeria, Family
Clostridiales vadinBB60 group, Genus Butyricicoccus, and Order
Victivallales reflect potential protection from CHD.

Cochran’s IVW Q test exhibited no heterogeneity in these IVs
(Supplementary File: res_hete).

Potential outliers were present in the IV of Clostridium
innocuum group, Oxalobacter, and Turicibacter in visual tests on
scatter plots and retention plots. MR-PRESSO analysis further,
however, did not find any significant outliers. Thus, there was
not enough evidence to show a pleiotropic relationship between
these bacteria and CHD level.

Figure 2 shows the causal association between gut microbiota
and CHD. The correlation between gut microbiota and CHD was
visualized in a scatter plot. In this plot, each black dot
represented an SNP. With the correlation between SNP and
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TABLE 1 Causal effects of gut microbiota on CHD.

10.3389/fcvm.2024.1273666

Bacterial taxa (exposure) Number of SNPs MR method P-value (0]} 95% Cl
Class Actinobacteria 22 MR-Egger 0.91 0.99 0.82-1.19
Weighted median 0.02 1.12 1.02-1.24
Inverse variance-weighted 0.04 1.08 1.00-1.16
Simple mode 0.11 1.17 0.97-1.41
Weighted mode 0.07 1.16 0.99-1.35
Class Lentisphaeria 8 MR-Egger 0.30 0.87 0.69-1.11
Weighted median 0.18 0.94 0.86-1.03
Inverse variance-weighted 0.02 0.92 0.87-0.99
Simple mode 0.45 0.94 0.83-1.08
Weighted mode 0.53 0.95 0.83-1.10
Family Clostridiales vadinBB60 group 15 MR-Egger 0.18 0.86 0.71-1.06
Weighted median 0.07 091 0.83-1.01
Inverse variance-weighted 0.02 0.92 0.86-0.99
Simple mode 0.28 091 0.78-1.07
Weighted mode 0.21 0.90 0.78-1.05
Genus Clostridium innocuum group 9 MR-Egger 0.62 1.09 0.77-1.57
Weighted median 0.53 1.02 0.94-1.12
Inverse variance-weighted 0.02 1.07 1.01-1.15
Simple mode 0.61 1.03 0.91-1.18
Weighted mode 0.62 1.03 0.91-1.18
Genus Bifidobacterium 20 MR-Egger 0.41 1.09 0.88-1.37
Weighted median 0.01 1.13 1.03-1.24
Inverse variance-weighted 0.03 1.07 1.01-1.16
Simple mode 0.23 1.11 0.94-1.32
Weighted mode 0.09 1.12 0.99-1.28
Genus Butyricicoccus 8 MR-Egger 0.07 0.82 0.68-0.99
Weighted median 0.06 0.87 0.75-1.01
Inverse variance-weighted 0.01 0.87 0.79-0.97
Simple mode 0.10 0.81 0.66-1.01
Weighted mode 0.08 0.85 0.74-1.00
Genus Oxalobacter 11 MR-Egger 0.19 1.20 0.93-1.56
Weighted median 0.02 1.08 1.01-1.17
Inverse variance-weighted 0.01 1.08 1.03-1.15
Simple mode 0.06 1.11 1.01-1.24
Weighted mode 0.07 1.11 1.00-1.23
Genus Turicibacter 10 MR-Egger 0.82 1.04 0.73-1.50
Weighted median 0.14 1.08 0.97-1.22
Inverse variance-weighted 0.01 1.12 1.03-1.23
Simple mode 0.62 1.05 0.86-1.29
Weighted mode 0.56 1.05 0.88-1.26
Order Victivallales 8 MR-Egger 0.30 0.87 0.69-1.11
Weighted median 0.16 0.94 0.86-1.03
Inverse variance-weighted 0.02 0.92 0.87-0.99
Simple mode 0.48 0.94 0.82-1.09
Weighted mode 0.53 0.95 0.83-1.10

OR, odds ratio; Cl, confidence interval.

exposure taken as the X axis, and the correlation between SNP and
outcome taken as the Y axis, the slope of the drawn line marked the
potential causal correlation of each method.

It was observed that Class Lentisphaeria, Family Clostridiales
vadinBB60 group, Genus Butyricicoccus, and Order Victivallales
could inhibit the occurrence of CHD, exerting a protective effect,
while Class Actinobacteria, Genus Clostridium innocuum group,
and Genus Bifidobacterium, Genus Oxalobacter, and Genus
Turicibacter were positively correlated with the occurrence of CHD.

Frontiers in Cardiovascular Medicine

Figure 3 shows the causal association between Actinobacteria,
Bifidobacterium, and CHD. The leave-one-out analysis showed
no significant difference in the causal association between the
aforementioned nine bacterial genera and CHD. After
eliminating each SNP as an IV one by one, the overall trend did
not change significantly, that is, no SNP was found with a great
impact on the outcome among IVs. Visualizations of other
bacteria are shown in the Supplementary material S2
(Visualizations of leave-one-out results).
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Causal effects of gut microbiota on CHD outcomes.
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FIGURE 3
Leave-one-out plots for the causal association between gut microbiota and CHD. (A) Actinobacteria and (B) Bifidobacterium.
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4 Discussion

In this study, pooled statistics for gut microbiome from the
largest GWAS meta-analysis conducted by the MiBioGen
consortium and pooled statistics for coronary heart disease from
the GWAS pooled dataset were used (29).

The gut microbiome is a complex and dynamic collection of
ecological microbial communities colonized in the human gut.
These bacteria play a vital role in the homeostasis of the
digestive system and the health of the host, with a variety of
(30).
development and the function of gut bacteria stabilize and

metabolic, immune, and protective functions System
increase in diversity as age grows. Based on more than 450,000
European integrated genetic data (31), we have identified a
number of genetic predispositions in the gut microbiome that
are causally associated with CHD. We also identified that some
may be a potential risk factor for CHD gut microbiota. These
results may be designed to reduce the risk of coronary heart
disease by public health interventions, hence they have
enlightenment significance.

In this study, the GWAS summary statistics of intestinal
bacteria from MiBioGen Alliance and the GWAS summary
statistics of coronary heart disease from MR-Base were used to
conduct MR analysis on the two samples to study the causal
relationship between gut microbiota and CHD. In this study, five
species of bacteria (Class Actinobacteria, Genus Clostridium
innocuum group, Genus Bifidobacterium, Genus Oxalobacter,
Genus Turicibacter) have shown potential role in CHD, and four
kinds of bacteria (Class Lentisphaeria, Family Clostridiales
vadinBB60 group, Genus Butyricicoccus, Order Victivallales) have
shown protective effect on CHD.

Through its metabolites, the gut microbiome is involved in
mediating basic metabolic processes, such as cholesterol metabolism,
uric acid metabolism, oxidative stress, and inflammatory response,
which can lead to atherosclerosis and coronary heart disease.

Many observational studies have reported a link between gut
microbiota and coronary heart disease. Bifidobacterium is one of
the most prominent probiotics, which is generally considered safe
and friendly bacteria (32). However, in our study, it was
positively associated with coronary heart disease, which we
believe may be due to the following reasons. First, the GWAS
data of gut microbiota we used remained at the genus level, and
the specific data of Bifidobacterium species have not been
so detailed GWAS data of different
Bifidobacterium are needed to conduct further MR research.

counted, species of
Secondly, with the deepening of research on Bifidobacterium, the
types of Bifidobacterium found are also gradually increasing. In
the latest study, the Bifidobacterium obtained based on 16S
rDNA sequencing technology was divided into 34 different
species, including Bifidobacterium adolescium, Bifidobacterium
keratobium, and Bifidobacterium animalis (33). The roles and
benefits of some Bifidobacterium species have been found,
including immune regulation, promoting tolerance, and playing a
protective role in cardiovascular diseases. However, the effects
and mechanisms of most Bifidobacterium species on CHD have
not been clearly explored, which requires further experiments.

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2024.1273666

The gut microbiota produces a variety of metabolites that have
different roles in blood pressure regulation, and beneficial
metabolites include short-chain fatty acids (SCFAs) and vitamins.
Short-chain fatty acids are thought to be beneficial for lowering
blood pressure primarily through their vascular relaxation and
anti-inflammatory effects, in contrast to another metabolite
produced by the gut microbiome, trimethylamine N-oxide
(TMAO), which is positively associated with high blood pressure
(34). TMAO has pro-atherogenic and pro-thrombotic effects, so
the gut microbiome produces different metabolites that have
different effects on the risk of CHD. Short-chain fatty acids can
improve its control, while TMAO is harmful.

The gut microbiota may also influence blood lipids, one of the
risk factors for cardiovascular disease. Through metabolites, the
broken-chain fatty acids are produced by a variety of gut bacteria,
which are important metabolites for protecting against
dyslipidemia. The physiological and metabolic activities of the gut
microbiota are critical for regulating and maintaining balanced
lipid metabolism in humans. Firmicutes and Bacteroides are the
main bacterial groups that affect the changes of blood lipids. Lipid
metabolites of the gut microbiota (such as choline, TMAO, and
betaine) promote atherosclerosis and increase the risk of
cardiovascular disease. Gut microbiota affects the conversion of
serum triglycerides and high-density lipoprotein cholesterol. Three
mechanisms are likely to cause dyslipidemia. First, the gut flora
produces bile salt hydroxylase, which converts bound bile acids
into secondary free bile acids. Secondary free bile acids can
regulate liver and lipid metabolism through G protein-coupled
receptors, and gut microbiota disorders can lead to abnormal bile
acid secretion, resulting in dyslipidemia. Second, the gut flora
converts choline and carnitine from the host to trimethylamine
(TMA), and TMA is converted to TMAO in the liver (35). TMAO
can cause dyslipidemia and atherosclerotic plaque by affecting
cholesterol transport and metabolism and bile acid levels. Third,
SCFAs can inhibit the activity of liver fat synthetase and regulate
the distribution of cholesterol in the blood and liver, thus playing
a role in reducing serum 3-acylglycerol and cholesterol levels. In
addition, patients with dyslipidemia often exhibit high levels of
TMAO, which reduces HDL-C levels and hence increases the risk
of CHD (36). TMAO can also induce overreaction of platelets and
is therefore a risk factor for atherosclerosis. The interaction
between TMAO and platelets may promote platelet hyperreactivity
and enhance thrombosis in vivo by altering platelet-dependent
calcium signaling. Platelet hyperreactivity has been reported as a
risk factor for cardiovascular events. Recent evidence suggests that
TMAO can quickly send signals to cells within minutes. In
endothelial or smooth muscle cells, TMAO rapidly induces
mitogen-activated protein kinases and NF-kB activation, and
causes downstream upregulation of adhesion molecules. Increased
TMAO levels were also associated with increased phosphorylation
of the SMAD-3 protein. SMAD-3 is a key signal in the
transforming growth factor beta (TGF-B) pathway. In animal
models, TMAO promotes vascular inflammation and induces
aortic endothelial cell activation and upregulation of adhesion
proteins. These effects are key mechanisms of acute coronary
syndrome. Gut microbiota may also contribute to coronary heart
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disease through the role of uric acid in serum uric acid level, which
may be an independent risk factor for coronary heart disease. Uric
acid has oxidizing properties in the body. Elevated blood uric acid
levels lead to increased oxygen free radicals in blood uric acid,
oxidative stress, vascular endothelial dysfunction, inflammatory
responses, and the development of atherosclerosis (37).

In short, intestinal microbiota and its metabolites have a close
influence on the risk of coronary heart disease. The disturbance of
intestinal microbiota will lead to the disturbance of its metabolites,
and then lead to a series of risk factors related to coronary heart
disease, such as hypertension, hyperlipidemia, and diabetes. As a
result, the combination of systemic and local diseases leads to the
occurrence of coronary heart disease.

There are some limitations to our study. First, MR must follow
three strict core assumptions, namely, correlation, independence,
and exclusion constraints. Nevertheless, we employed a careful
study design to avoid any violation of these assumptions. Secondly,
the GWAS data of intestinal flora used in our study only reached
the genus level, but did not reach the more detailed species level,
which also has a certain impact on our study. The impact of
specific intestinal bacteria on coronary heart disease needs further
experimental verification or more detailed species-level data
analysis. Finally, to minimize the effect of racial differences, we
only used GWAS data from individuals of European descent for
the MR analysis. Therefore, the generalization of our findings to
other populations deserves further exploration and verification. In
addition, while the MR analysis provides valuable insights into
etiology, it is important to note that our findings should be
validated through rigorous randomized controlled trials and basic
research before being applied to the clinic.

5 Conclusion

This study presents multiple benefits. Specifically, it employed
MR analysis to establish a causal relationship between gut
microbiota and CHD, thereby mitigating the influence of
confounding variables and reversing the direction of causality in
causal inference. The genetic variation in the gut microbiota was
obtained from the most extensive GWAS meta-analysis, ensuring
the robustness of the MR analysis. In addition, cross-sectional
polymorphisms were identified and eliminated through the
utilization of MR-PRESSO and MR-Egger regression intercept
term tests. A two-sample MR design with non-overlapping
exposure and outcome summary level data was used to avoid
bias. We identified nine different species of gut bacteria with
potential causal relationship to CHD, but due to the limitations
of gut flora database and CHD data, further studies or
observational experiments are needed to confirm.
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Takotsubo syndrome (TTS) is a rare disease mimicking acute coronary syndrome,
often triggered by physical or emotional stress, and characterized by transient
left ventricular dysfunction. Recurrences are described in about 5% of cases
and may have different clinical and imaging patterns. In the present report,
SARS-COV-2 infection, even in the absence of symptoms and overt emotional
stress, seems correlated with recurrence of TTS, due to the absence of other
recognized triggers. The hypothesis is that in predisposed patients, events like
catecholamine-induced myocyte injury, direct viral damage, cytokine storm,
immune-mediated damage, and procoagulant state, all possibly induced by
the infection, may elicit endothelial dysfunction as substrate for TTS onset.

KEYWORDS

Takotsubo, stress cardiomyopathy, apical ballooning syndrome, recurrence, COVID,
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Introduction

The coronavirus disease-2019 (COVID-19) is mainly a respiratory syndrome with
variable severity, but with documented evidence of potential cardiovascular involvement,
such as myocarditis, pericarditis, thromboembolism, arrhythmias, Kawasaki’s disease, acute
coronary syndrome (ACS), and Takotsubo syndrome (TTS). Patients hospitalized for
COVID-19 complicated by myocardial injury, identified as an increase in markers of
myocardial cell necrosis, have a higher risk of in-hospital mortality (1). TTS, also known as
stress cardiomyopathy, is a rare syndrome with well-known clinical manifestations most of
the times mimicking, in its early phase, an ACS. Indeed, chest discomfort, ST-T changes
on electrocardiogram (ECG), and plasmatic troponin elevation are often reported. TTS is
responsible for 1%-2% of hospital admissions with suspected ACS. It is typically
characterized by transient left ventricular dysfunction not associated with coronary artery
obstruction or extending beyond a coronary distribution. A physical or emotional stress,
often part of the medical history, is known to trigger the disease. However, there are few
certainties about the pathophysiological mechanisms underlying the syndrome (2).

Case description

The patient is a 74-year-old woman with type 2 diabetes mellitus, hypercholesterolaemia,
mild overweight (25.7 Kg/m®), and a remote undocumented history of myocardial infarction in
the infero-lateral wall treated by intravenous fibrinolysis. Back then, no coronary artery disease
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was found at angiography. More recently, in 2021, she was admitted to
hospital with a diagnosis of TTS. In that case, she complained of new
onset chest pain following an argument on the phone. The 12-lead
ECG leads
(Figure 1A). The coronary angiography documented tortuous

showed negative T-waves in the infero-lateral
epicardial coronary arteries, free from significant lesions, with
diffuse slow flow (Figures 2A,B). Hyperkinesia of the basal
segments, akinesia of the middle and apical segments, and ejection
fraction (EF) of 35% were seen at left ventriculography (Figures 2C,
D). White blood cell count was 6,690/mmc (URL 10,000/mmc),
peak plasma level of high-sensitive troponin-T was 216 ng/L
(female gender URL <10), whereas urinary metanephrines were
within normal limits. On day 5, a cardiac magnetic resonance
(CMR) confirmed the diagnosis (Figures 3A-E) showing in
addition the presence of a small intraventricular thrombotic
formation (15 x 8 mm) for which oral anticoagulant therapy was
given. Discharge therapy included an angiotensin-converting
enzyme (ACE) inhibitor. Oral beta blocker was not prescribed
in consideration of the occurrence of significant bradycardia
on that drug. The clinical course was uncomplicated and,
6 months after the event, a planned CMR found complete
functional recovery of the left ventricle, oedema reduction,

10.3389/fcvm.2024.1418316

disappearance of the intraventricular thrombus, subendocardial
late gadolinium-enhancement (LGE) at the basal inferolateral wall
level (Figures 3F-J) as a result of remote necrosis. Oral
anticoagulation was stopped.

In early 2023, the patient arrived at the Emergency Room
complaining of fatigue and chest pain. Since the ECG showed slight
QRS widening, left anterior hemiblock, and ST-segment elevation
in the lateral leads (Figure 1B), the patient underwent an immediate
invasive angiography, which excluded again the presence of
coronary artery stenosis and showed the apical ballooning pattern
of the left ventricle, as in the previous episode (Figures 2E-H). The
diagnosis was recurrent TTS. Research of obvious physical or
emotional stress was negative. The only relevant finding was a
positive routine swab test for severe acute respiratory syndrome
coronavirus-2 (SARS-COV-2), in the absence of fever or respiratory
symptoms. The hospital stay was prolonged due to transient QT-
but
consideration of the paucity of data about TTS relapse, the patient
performed a third CMR. The imaging pattern was similar to that
observed 2 years before: extended akinesia at the level of the middle

segment elongation, no complications occurred. In

and apical segments, which appeared diffusely oedematous in the
STIR sequences; stable subendocardial LGE with ischemic pattern

L] 1aVL |V2
g A N o N A N T
| |

]| aVF V3
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FIGURE 1

Twelve-lead ECG at hospital admission in the first episode (A) and recurrence of Takotsubo syndrome (B).
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FIGURE 2
Coronary angiography and left ventriculography imaging performed in 2021 (A-D) and 2023 (E-H). Red dotted lines underline the apical akinesia
during left ventricular systole.

1° Takotsubo episode

Cine: [ . Cine: J STIR: ) STIR: DELAY:
systole . diastole oedema resolution oedema resolution
A -

6-month CMR

Cine: STIR: Polarmap-
systole diastole oedema 2 Native

Takotsubo recurrence

FIGURE 3
Cardiac magnetic resonance imaging performed in March 2021 (A-E), September 2021 (F-J), and March 2023 (K-0O). Red dotted lines underline the
apical akinesia during left ventricular systole.

at the basal infero-lateral wall (Figures 3K-O). We repeated the  44.7 pg/ml (URL<5.9), while high-sensitive troponin-T peak was
urinary metanephrine assay which demonstrated a slight, but not 386 ng/L (female gender URL <10).

significant, increase in normetanephrine. WBC count was Low dose of bisoprolol was added to therapy before discharge.
5,450/mmc (URL 10,000/mmc), plasmatic interleukin-6 title was At 1-month follow-up, a trans-thoracic echocardiography showed
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the left ventricle with normal size, complete recovery of the systolic
function (EF 64%), mild diastolic dysfunction. The patient had no
further clinical events at 1-year.

Discussion

TTS is one of the possible cardiovascular complications of
COVID-19, characterized by myocardial injury, left ventricular
dysfunction, and clinical features of heart failure or ACS. In these
patients, TTS may typically manifest as chest pain (38%) associated
with respiratory symptoms, but in few cases with cardiac symptoms
only (7.7%). Cardiac troponins are often elevated (>80%) and,
notably, in-hospital mortality is high (18%-19%) (3, 4).

We reported a case of TTS recurrence in a 74-year-old lady,
without a clear physical or emotional stress, but silent SARS-COV-
2 infection with elevated inflammation markers. Noteworthy,
recurrence is a rare circumstance for this uncommon disease. Singh
et al. reported an annual recurrence rate of approximately 1.5%. It
is estimated that 2%-5% of patients discharged to home may be
affected by a second or more episodes of TTS in a 6-year period
(5). Lau et al. observed a median time to recurrence of 2.87 years
(6). In our patient, in line with previous data, in spite of differences
in term of presence of a stressor, clinical presentation, and ECG
alterations, the
angiographic and CMR pattern (Table 1) (7). This can raise the

second episode presented with the same
hypothesis that the underlying myocardial injury may be similar
despite possible different triggers. Indeed, the incidence of TTS
during the COVID-19 pandemic increased likely due to the intense
emotional stress caused by fear of getting seriously ill, fear for loved
ones, changes to lifestyle habits including unemployment, economic
crisis, and social distancing (8). On the other hand, in COVID-19
patients, irrespective of the severity of the clinical manifestation,
several conditions which may favour TTS onset can occur: like
catecholamine-induced myocyte injury and neurogenic myocardial
stunning, cytokine storm, immune-mediated damage, direct viral
myocyte injury,
impairment due to endothelial injury, and vasospasm (9, 10). The

procoagulant state, microvascular coronary
hypothesis is that SARS-COV-2 infection, even asymptomatic, may

precipitate TTS onset in predisposed patients, where endothelial

Recurrence of
Takotsubo syndrome

TABLE 1 Timeline.

Sequence of | 1st episode of

events Takotsubo syndrome
Presentation Chest pain Fatigue and chest pain
ECG Negative T-waves in infero- ST-segment elevation in the

lateral leads
Asymptomatic SARS-COV-2

lateral leads

Possible trigger Argument on the phone

infection
Angiography o No coronary stenosis, but | « No coronary stenosis, but
slow flow slow flow
o Left ventricle apical o Left ventricle apical
ballooning ballooning
CMR Hypokinesia of the mid-apical | Akinesia of the mid-apical

segments, with myocardial segments, with myocardial

oedema oedema

Outcome Complete recovery Complete recovery
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dysfunction plays a pivotal role as cause of microvascular
impairment (11). The existence of an individual susceptibility can
likely manifest itself with episodes of relapse many years apart, in a
different social and emotional context, with a different trigger event
or in its absence (12). Interestingly, cases of TTS associated with
Influenza A and B infection are reported (13).

TTS incidence is higher in postmenopausal women and its
recurrence is similarly observed more frequently in the female
gender. Conversely, several studies report a slightly higher
incidence of SARS-COV-2 infection related TTS cases in males
(14). Our patient was not taking a beta-blocker at the time of
TTS recurrence. Some observational data found a protective
effect of this therapy, but controversy exist about the efficacy of
both beta-blockers and ACE-inhibitors administration (6, 15, 16).
In consideration of the possible TTS onset without clinical
suspicion of COVID-19 disease, its incidence in this setting may
be underestimated. Therefore, the diagnosis can be missed or
misdiagnosed as ACS or viral myocarditis (17).

Conclusion

SARS-COV-2 infection, irrespective of symptoms, is correlated
with a higher risk of TTS and its recurrence.
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Coronary artery disease is caused by the buildup of atherosclerotic plaque in the
coronary arteries, affecting the blood supply to the heart, one of the leading
causes of death around the world. X-ray coronary angiography is the most
common procedure for diagnosing coronary artery disease, which uses
contrast material and x-rays to observe vascular lesions. With this type of
procedure, blood flow in coronary arteries is viewed in real-time, making it
possible to detect stenoses precisely and control percutaneous coronary
interventions and stent insertions. Angiograms of coronary arteries are used to
plan the necessary revascularisation procedures based on the calculation of
occlusions and the affected segments. However, their interpretation in cardiac
catheterisation laboratories presently relies on sequentially evaluating multiple
2D image projections, which limits measuring lesion severity, identifying the
true shape of vessels, and analysing quantitative data. In silico modelling,
which involves computational simulations of patient-specific data, can
revolutionise interventional cardiology by providing valuable insights and
optimising treatment methods. This paper explores the challenges and future
directions associated with applying patient-specific in silico models in
catheterisation laboratories. We discuss the implications of the lack of patient-
specific in silico models and how their absence hinders the ability to
accurately predict and assess the behaviour of individual patients during
interventional procedures. Then, we introduce the different components of a
typical patient-specific in silico model and explore the potential future
directions to bridge this gap and promote the development and utilisation of
patient-specific in silico models in the catheterisation laboratories.

KEYWORDS

X-ray coronary angiography, coronary artery disease, catheterisation laboratory, patient-
specific model, in silico medicine, segmentation, 3D reconstruction, blood flow
simulation

1 Introduction

Coronary artery disease (CAD) is a pathological process characterised by
atherosclerotic plaque accumulation in the epicardial coronary arteries. There are
several clinical manifestations of this disease, including chronic stable angina and acute
coronary syndromes. According to the World Health Organisation’s global health
estimates and global burden of disease data (estimates for 2019), CAD is the most
commonly diagnosed heart disease worldwide. It is estimated around 200 million people
are living with CAD, and it kills an estimated 9 million people each year (1).

62 frontiersin.org
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Investigation of CAD includes functional evaluations, such as
stress echocardiography, perfusion stress magnetic resonance
imaging, and nuclear scintigraphy in myocardial perfusion
imaging. In addition, computed tomography coronary angiography
and invasive x-ray angiography can be used to evaluate the
coronary arteries directly. Invasive x-ray coronary angiography is
particularly valuable in patients with more severe disease,
informing treatment decisions including the possibility of
revascularisation through percutaneous coronary intervention
(PCI) or bypass surgery. Coronary angiography provides high-
resolution images of the coronary arteries that are widely used for
stent implantation. It is often augmented with additional
techniques, such as pressure wire evaluation of fractional flow
reserve (FFR), intravascular ultrasound (IVUS), and intravascular
optical coherence tomography (IOCT).

Although x-ray angiography is one of the most invaluable tools, it
does have some drawbacks. First of all, it is an invasive procedure
with potential vascular injury, haemorrhage, and embolisation.
Furthermore, this procedure involves the use of x-ray contrast
media that can cause or exacerbate renal dysfunction and cause
the US National
Cardiovascular Data Registry reported that 7.1% of patients

adverse allergic reactions. For example,
undergoing elective and urgent coronary intervention experienced
contrast-induced acute kidney injury (2). In addition, there are
issues of ionising radiation exposure for both the patient and the
operator (3). Finally, the interpretation of the angiographic images
is partially subjective and is prone to misinterpretation or variable
interpretation (4). It is estimated that 70% of treatment decisions
still depend on the visual assessment of angiographic stenosis
within clinical settings, which has limited accuracy (about
60%-65%) in predicting FFR < 0.80, as reported by Hae et al. (5).
To overcome such vagaries, additional physiological studies
including FFR or intravascular imaging are often utilised. For
example, Jones et al. (6)’s large observational study confirms that
IVUS and IOCT-guided PCI reduces in-hospital major adverse
cardiac event rates and improves long-term survival when
compared with standard x-ray angiography-guided PCI.
However, they are expensive and time-consuming (7).
Patient-specific in silico models have shown their capability to
enhance qualitative assessment by introducing quantitative
elements into the diagnostic, interventional, and prognostic
processes in different cardiovascular diseases (8-10). With in silico
techniques, coronary arteriography could be more accurately
assessed in real-time, with fewer views, less radiation, less contrast,
and easier administration, all of which would benefit clinical
practice. Using artificial intelligence (AI)-assisted in silico models,
cardiologists only need two series of x-ray angiography sequence to
generate the 3D structure of a coronary arterial tree, as shown by
(11), thus reducing the time of x-ray exposure and dye injection
while providing an accurate quantitative assessment. Additionally,
it offers the computation of haemodynamic metrics such as FFR
non-invasively, through blood flow simulation over the 3D
structure, using mechanistic (12, 13) or data-driven (14) approaches.
In this paper, we review the key components needed to create a
patient-specific in silico coronary model, as shown in Figure 1.
After acquiring and  high-quality

comprehensive X-ray
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angiography sequences of a patient, the coronary arteries can be
segmented using automated approaches discussed in Section 2.
Detailed anatomical 3D digital twins of the patient’s coronary
tree can then be generated using the techniques discussed in
Section 3. In the next steps, the digital twins of coronary arteries
can be used for blood flow simulations, detailed in Section 4,
which applied for
haemodynamic metrics to detect coronary stenoses and assess

can be computions of quantitative
their severity (Section 5). Finally, Section 6 comprehensively
discusses how patient-specific in silico models can be utilised to
optimise the patientcare pathway in the catheterisation laboratory

(cath. lab.). The paper concludes in Section 7.

2 Coronary vessels segmentation

3D reconstruction of the coronary arteries, discussed in detail in
Section 3, often relies on the back-projection model-based methods,
which require accurate skeletal representation and radius of
coronary arteries as the inputs. The skeleton and radius of the
vessels are typically obtained by segmenting the blood vessels. This
section provides a comprehensive overview of different coronary
vessel segmentation methods used for this purpose.

2.1 Non-temporal methods

2.1.1 Traditional statistical and machine learning

based

o Image thresholding is a simple image segmentation method in
which grayscale images are turned into binary images by
categorising each pixel according to its intensity level
concerning a threshold value. To improve the result of image
thresholding in x-ray angiography, the coronary vessels are
usually enhanced by utilising different imaging filters (16-19).

o Vessel tracking is another form of segmentation that involves
extracting a path along a vessel from a designated starting
point (20). Some techniques focus on isolating individual
paths with defined start and endpoints, while others can
identify the entire vessel tree and adeptly manage vessel
branching (21-25).

o Edge detection identifies and extracts a set of points
representing changes in brightness on an image, commonly
referred to as an edge contour, arising from variations in
grayscale between vessels and the background (26-29).

o In region growing method, seed pixels are used to create
regions, and neighbouring pixels meeting specific criteria are
added to those regions (30). To improve the results of region
growing for vessel segmentation, different approaches have
been proposed such as incorporating directional information
(31-33), integrating with different methods such as random
forest (34), and variable searching method of the pixels (35).

o Graph-cut uses a graph model to represent the image, where
nodes represent pixels and edges represent the relationships
between pixels in a graph. It divides the image into segments
based on certain criteria, such as colour or intensity, to find the
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optimal cut in the graph (36). Hernandez-Vela et al. (37), Sun
et al. (38), Mabrouk et al. (39) developed automated multi-scale
vessel extraction algorithms using the graph-cut method.

« Fuzzy inference uses the human-like reasoning style and offers
potent and adaptable universal approximations, allowing
interpretable IF-THEN rules (40). Sun et al. (41) used fuzzy
mathematical morphology operations to extract coronary
arteries, while Shoujun et al. (42) proposed a tracking
approach that relied on both probabilistic vessel tracking and
fuzzy structure pattern inference.

o In deformable models, a segmentation objective function
(or energy function) is optimised through the calculus of

data

minimising it yields segmentation results. These models use

variation. Image constructs an energy function;
the original image for initial and boundary value problems.
The contour, initially set as the desired region’s boundary,
evolves based on geometric image regions (43). Different
variations of deformable models have been wused for
coronary vessels segmentation, such as parametric active
contours (44, 45), geometric active contours (32, 46, 47),
gradient vector flow active contour (48), region-based active

contour (49), etc.

Frontiers in Cardiovascular Medicine

o Methods based on machine learning models leverage intricate
algorithms and training on diverse datasets to enhance the
ability to discern intricate coronary vessels structures from a
complex background of x-ray angiography. The machine
learning methods used for coronary vessels segmentation
include marginal space learning paradigm and probabilistic
boosting trees (50), random forest (51), robust principal
component analysis (PCA) (52, 53), etc.

2.1.2 Neural network based

Neural networks, modelled after the human brain, consist of
interconnected neurons organised into layers. During training,
they adjust connection strengths between neurons to minimise
prediction errors using a method called backpropagation. Once
trained, neural networks make predictions by passing new data
through the network based on learned patterns. Success depends
on training data quality, network architecture, and parameter
selection. Neural networks generally segment images by
classifying pixels into specific categories, such as objects or
boundaries. This process involves leveraging patterns and features
within the image data to accurately delineate different regions.

One of the oldest applications of neural networks for identifying
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coronary vessels in x-ray angiograms was done by Sun (54),
pioneering the use of neural networks in medical imaging for
precise vessel localisation and analysis.

o Convolutional neural networks (CNNs), a type of deep
learning model, have been employed for tasks of coronary
vessels segmentation in multiple studies (55-58). CNNs, as
shown in Figure 2A, utilise layers to learn hierarchical features
through  convolutional operations, pooling, and fully
connected layers, enabling automatic and adaptive spatial
feature learning from the input images.

« Encoder-decoder, illustrated in Figure 2B, is another type of deep
learning neural network used for coronary vessel segmentation
(59, 60). Encoding involves passing an image through a series of
convolutional and pooling layers, e.g., Figure 2A. In these layers,
spatial dimensions are downsampled while capturing the
important features, thus extracting hierarchical features while
condensing the input image. In the decoder, the spatial
dimensions are gradually reconstructed using upsampling
operations based on the feature map from the encoder.

o U-Net architecture, as shown in Figure 2C, is an example of
encoder-decoder architecture designed to segment images.
It was introduced by Ronneberger et al. (61) and has since
become a popular and effective neural network used for
coronary vessels segmentation (62-65). It is named after its
distinct U-shaped structure and differs from other encoder-
decoder networks because it uses skip connections to connect
the corresponding layers of encoding and decoding, thus
preserving fine-grained details during segmentation.

o Adversarial learning is another type of neural network applied

for coronary vessels segmentation (66). This network involves
training a model against adversarial examples generated to
deceive the model. The model learns to be more robust by

10.3389/fcvm.2024.1398290

experiencing and adapting to these adversarial inputs.
A popular branch of adversarial learning is generative
adversarial networks (GANs), which have been used for vessel
segmentation in x-ray angiography (67, 68). A GAN consists of
two structures, a generator and a discriminator, as presented in
Figure 2D. The generator generates data instances, while a
discriminator evaluates them. Both are trained simultaneously,
with the generator aiming to produce realistic data and the
discriminator aiming to distinguish between the real and
the generated data.

Attention mechanism enables models to make predictions
while focusing on specific details of coronary vessels in images
(69). This mechanism is usually incorporated into various
deep neural networks such as encoder-decoder (70), U-net
(71), and adversarial network (66).

Ensemble deep learning is intended to enhance the model’s
generalisation, robustness, and accuracy by leveraging the
diversity of multiple models. To improve the overall
performance of vessel segmentation, ensemble deep learning
models combine vessel predictions from multiple individual
neural network models such as combining style transfer with
dense extreme inception network and convolution block
attention (72), EfficientNet with U-Net (73), gradient-boosting
decision trees with deep forest classifiers (74), ensemble
encoder-decoder networks (75), U-Net with DenseNet-121
(76), and bi-directional ConvLSTM algorithm with U-Net and
DenseNet models (77).

More recently, advanced deep learning architectures namely

Nested U-Nets or UNet++ (78), graph neural network (79), etc.
have been utilised for acheiving state-of-the-art performance for
coronary vessels segmentation in x-ray angiography.
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FIGURE 2

Overview of the basic neural network architectures used for coronary vessels segmentation: (A) Convolutional neural network (CNN); (B) Encoder-

decoder; (C) U-Net; and (D) Generative adversarial network (GAN).
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2.2 Temporal methods Cimen et al. (92) reviewed the leading methods for
reconstructing the 3D surface of coronary arteries using high-

All the methods discussed in the previous subsection used a ~ contrast x-ray angiography. In this section, we explain briefly the
single frame to segment the coronary vessels. Some studies in the ~ categories introduced by Cimen et al. (92) along with a brief
literature also utilised multiple invasive coronary angiography review of the most recent 3D CA tree reconstruction approaches.

(ICA) frames to capture temporal information for vessels

segmentation. These studies aimed at mitigating noise and 3 1 Back-projection based methods
motion, enhancing overall contrast, and were robust to variations

in image quality, illumination, and other artifacts. Temporal Though several different approaches have been proposed for

methods have been applied to improve segmentation quality over coronary artery reconstruction in the literature, back-projection

a variety of techniques, including vessel tracking (80), region  p.ced methods remain the most common. Back-projection

growing (81), graph cut (82, 83), machine learning (84), as well | othods fall into the model-based reconstruction categories,

as neural network approaches of CNN (85, 86), encoder-decoder
(87), U-Net (88, 89), ensemble learning (90), etc.

which aim to create a 3D/4D binary model of coronary arteries,

typically comprising a centerline and sometimes the vessel

surface. In back-projection modelling, the CA tree is constructed

by projecting two-dimensional (2D) information derived from

3 3D reconstruction of coronary ECG-gated projection images. There are two types of methods:

arteries from ICA images methods that rely on 2D feature matching and methods that use
back-projection of vesselness responses (92).

A patient-specific model relies heavily on 3D geometry of the Methods based on 2D feature matching, depicted in
coronary vessels or the whole coronary arterial (CA) tree. This  Figure 3A, begin by segmenting artery centerlines and identifying
helps cardiologists and medical professionals better understand the  key structures such as bifurcations within projection images.
anatomy, structure, and any potential abnormalities in the arteries =~ Using epipolar geometry, correspondences between centerlines
during the intervention, and guide catheters and devices to the  are established between different views, and computer vision
target area with greater accuracy. Additionally, the reconstructed  algorithms are used to reconstruct 3D points representing the
3D CA tree model allows for personalised treatment plans tailored ~ CA tree. The accuracy of these methods relies heavily on
to the specific anatomy of the patient through simulating different ~ segmentation accuracy during centerlines extraction. Recently,
treatment scenarios, leading to optimised outcomes and reducing  Cimen et al. (92) represented 3D coronary artery centerlines as a
the risk of complications. However, creating an accurate 3D model =~ mixture of Student’s t-distributions and performed a maximum-
of coronary arteries is a sensitive task and crucial to a successful  likelihood estimation of model parameters using 2D x-ray image
intervention as well as a personalised treatment plan. For example,  segmentation. Unberath et al. (93) enhanced reconstruction
Solanki et al. (91) using arterial phantom models showed that  quality by effectively removing erroneously reconstructed points
minor reconstruction errors led to clinically significant inaccuracies  on the centerline. Vukicevic et al. (94) used a robust genetic
in “virtual” fractional flow reserve (VFFR) computation. algorithm optimiser to identify calibration parameters for x-ray

. "'Mét'théavﬁb'i'ﬁf
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N ke/eto,,
/‘R\econstructed point profqu of
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FIGURE 3

Back-projection methods to reconstruct 3D coronary arteries: (A) Techniques relying on 2D feature matching establish correspondences between
centrelines in distinct 2D views and perform reconstruction through triangulation, (B) Approaches centered on the back-projection of vesselness
response generate a 3D volumetric vesselness response from 2D vesselness responses for subsequent processing.

Frontiers in Cardiovascular Medicine 66 frontiersin.org


https://doi.org/10.3389/fcvm.2024.1398290
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Lashgari et al.

angiography views. A partial-matching approach was applied to
establish correspondences between frames in x-ray acquisitions,
and the same matching method was applied to reconstruct vessel
centerlines efficiently. Galassi et al. (95) reconstructed the 3D
centerlines by intersecting surfaces from matching branches from
2D views. Then, the 3D luminal contours were created by
interpolating computed 3D boundary points with non-uniform
rational basis splines. In another work, Banerjee et al. (11) first
reduced angiographic motion artifacts for rigid and non-rigid
motion (96, 97), and then used an innovative point-cloud based
approach to 3D vessel centerline reconstruction by iteratively
minimising reconstruction error. These methods are beneficial to
non-calibrated systems since they can easily incorporate the
estimation of geometry parameters that relate to the projection
images used for reconstruction. The vascular start/end and
bifurcation points, which are extracted during segmentation, are
often used for this purpose. Although some works tried to match
these (98-103), of the 3D
reconstruction methods need clinicians to manually find these

corresponding  points most
corresponding points in the projected images.

In contrast, in methods based on back-projection of
vesselness responses, shown in Figure 3B, 2D projection images
are used to calculate vesselness responses, such as binary
segmentation (104), tubularity response (105), and distance map
to centreline (106). These responses are then back-projected
based on imaging geometry to generate 3D volumetric vesselness
responses. Following this, coronary artery reconstruction is
conducted using segmentation methods. One of the drawbacks of
these methods is that they may require more rotational x-ray
angiogrms in order to generate an accurate 3D reconstruction.

3.2 Forward-projection based methods

Another type of model-based reconstruction methods is
forward-projection that employs 3D models that adapt to vessel
structures in 2D x-ray projections. The forward-projection
reconstruction often relies on 3D parametric active contour
methods, where external and internal energy, computed from
images, are used to adjust 3D active contours (107-109). In CA
tree reconstruction, every artery branch has its active contour
model, which presents a challenge in designing energy
components. Cong et al. (107) compared common deformable
model based methods, namely potential energy (110), gradient
vector flow (111), and generalised gradient vector flow (112), on

a series of experiments on phantom and clinical data.

3.3 Tomographic reconstruction

Tomographic reconstruction creates coronary artery volumes
directly from x-ray coronary angiography images. As opposed to
binary model based reconstruction, it provides information on
x-ray absorption coefficients, as well. Due to the minimal
knowledge they require about the CA trees, these methods
accommodate anatomies (e.g, collaterals, tortuous

atypical
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branches). As a result, they provide more detailed vessel surface
information without any preprocessing or manual inputs (113-115).

The drawbacks of these methods are they assume pre-
acquisition calibration of the x-ray imaging system and typically
require more x-ray images with wider angular coverage than
modelling based reconstructions. For coronary artery branches to
be visible, these methods require precise isocentering and
consistent injection of contrast. Moreover, they ignore the
propagation of contrast agents over time, assuming constant
contrast distribution over time. Finally, these approaches typically
based
reconstructions. Also, it is often necessary to hold breath during

require more computational resources than model
coronary angiography to minimise respiratory motion to

reconstruct tomographic images (92).

3.4 3D+time (4D) model based
reconstruction

Model based methods can be extended to 4D coronary artery
reconstructions. The basic 4D strategy involves independent 3D
reconstructions for each cardiac phase, which requires vessels
segmentation for each phase. To avoid this, temporal constraints
which penalise differences between adjacent phases have been
utilised, and temporal correspondences have been established
through branch or tree-matching algorithms (116-118).

4 Simulation

The final component for completing the patient-specific model in
cath. lab. is to simulate hemodynamics in coronary arteries. The
patient-specific model of blood flow in the coronary arteries using
computed tomography has been well established due to fewer
challenges in the creation of a 3D model of coronary arteries
(12, 119). Some of the technological developments for blood flow
simulation using computed tomography can be used directly over
3D vascular models from x-ray angiography, as these methods are
often independent of imaging techniques. The following subsections
describe the developments for coronary blood flow simulation.

4.1 In silico flow computation approaches

The Navier-Stokes equations are a set of partial differential
equations that represent the physics of a fluid dynamic. However,
they are complex partial differential equations, which are difficult
to solve analytically and computationally expensive to simulate
accurately. There are two distinct approaches of mechanistic
modelling and data-driven modelling (Figure 4) to simulate
blood flow based on the Navier-Stokes equations, each with its
own set of characteristics and advantages.

4.1.1 Mechanistic approaches

This approach involves formulating mathematical equations
that represent these processes. This approach is commonly used
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FIGURE 4
Overview of in silico flow computation approaches

in fields where a deep understanding of the system is available, and
where the goal is to gain insights into the underlying processes,
The
mechanistic models to solve Navier-Stokes equations can be

optimise system performance, or test hypotheses.

divided into four groups (12, 13).

(a) 3D models use numerical methods such as finite elements to
solve Navier-Stokes equations. Using this approach, circulation
geometry can be accurately represented, 3D pulsatile flow
(including turbulence) can be captured, and complex blood and
vessel material models can be incorporated (120).

(b) 1D models are created by averaging the Navier-Stokes
equations over a vessel’s cross-section. These models ignore
non-axial velocity components, assume an axial velocity
profile across locations of vessels, and maintain constant
pressure across the vessel cross-section. However, these
models are invalid near side branches, bifurcations, or
diseased segments, especially for serial lesions or lesions at
branches and bifurcations (120-123).

(¢) The 0D model or lumped parameter circulation model, developed
by Sagawa et al. (124), consolidates spatially varying properties
into discrete components. Considering the flow steady,
axisymmetric, unidirectional, and vessel segments as circular
cylinders, this model simplifies fluid resistance in vessels to a
single resistive element. It often results in a high level of
inaccuracy in blood flow in diseased coronary arteries, where no
steady or unidirectional flow occurs or no axisymmetry or
circular shape to vessel segments exist (122, 124-126).

(d) The hybrid models aim to reduce computational time while
providing more accurate simulation results. It includes a
combination of the different mechanistic approaches such
as 0D and 1D models (123, 125) and 1D and 3D models
(13, 127-129).

4.1.2 Data-driven approaches

Data-driven approaches extract patterns, relationships, or
trends from observed data without explicitly considering
underlying physical or mechanistic principles. The technique is
often used for modelling complex, unknown, time-consuming, or

difficult-to-model physical processes. There is, however, a lack of
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sufficient training data for data-driven methods (130). To address
the lack of experimental data, two solutions exist: enhancing
deep learning through physics-based losses, known as physics-
informed neural networks (PINN) (131-134), or conducting
high-fidelity in silico simulations to implicitly make the model
sensitive to the underlying physics (135-139).

In the application of coronary blood flow using a large high-
fidelity dataset, Itu et al. (140) introduced a machine learning
model to predict fractional flow reserve (FFR), trained on a large
database of synthetically generated coronary anatomies with flow
parameters like velocity computed using the mechanistic
approaches. Carson et al. (141) compared the performance of
three Al models - feed-forward neural network (FFNN), long
short-term memory, and multivariate polynomial regression, to
measure FFR. Based on a 1D physics-based model, algorithms
were trained and compared on a single vessel, multi-vessel
network, as well as a virtual patient database, demonstrating the
outperformance of a FFNN over two other methods in all cases.
Gao et al. (142) proposed TreeVes-Net, a recurrent neural
network (RNN) that captures geometric details for blood-related
representation using a tree-structured representation encoder.
This tree-structured RNN
dependencies, enhancing coronary flow modelling. Xie et al.

creates long-distance  spatial
(143) suggested a physics-informed graph neural network for
FFR assessment, incorporating morphology and boundary
conditions as inputs to learn conditioned features. In another
work, Zhang et al. (144) proposed a PINN including a
morphology feature encoder and an attention network to
simulate the pressure and velocity along the centerline of the

vessels based on the morphology features of coronary arteries.

4.2 In silico flow computation based on
X-ray angiography images

Mechanistic model developed by Morris et al. (145), termed
virtual FFR (VFFR), was one of the first to accurately predict
coronary artery disease based on patients’ FFR using only x-ray
angiography images. The initial vVFFR model necessitated over 24
hours of computation, employing a fully transient, 3D-0D coupled
model. Faster methods were introduced in 2017 (146) and 2023
(147), yielding results in just 3 min and less than 30, respectively,
while maintaining the accuracy of a full 3D model (148). Recently,
more studies have been developed to provide angiography-derived
FFR based on mechanistic modelling (149-156).

With Data-driven models, Zhao et al. (157), Xie et al. (143)
proposed deep neural networks based on CNN and graph
neural network to compute the FFR and coronary flow reserve
(CFR), respectively.

5 Quantitative hemodynamic metrics
for coronary artery assessment

Functional metrics for coronary lesion severity assessment can
be established through the development of patient-specific in silico
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models. Incorporating computational simulations with clinical data
allows to gain a more detailed understanding of the complex
dynamics inside coronary arteries, enabling better assessment
metrics. According to several studies (158-161), quantitative
measurements of arterial stenosis severity reduce unnecessary
surgeries and cardiac events in patients with coronary artery
disease. This section discusses the most important metrics used
for this purpose.

(i) Fractional flow reserve (FFR) traditionally has been used for
assessing the hemodynamics of coronary arteries. As part of
the cardiac catheterisation procedure, a special wire is
threaded through the coronary arteries, equipped with a
pressure sensor. FFR is then calculated by comparing blood
pressure before and after the stenosis as shown in Figure 5.
Using this ratio, clinicians can determine how much blood
flow to the heart has been impeded by the narrowing. FFR
can provide valuable insights into whether coronary stenosis
requires intervention, such as angioplasty or stent placement,
or can be treated medically (162).

(ii) Coronary flow reserve (CFR) is another diagnostic metric in
the decision-making process for coronary interventions. It is
calculated by comparing coronary blood flow during
maximal vasodilation and at rest. Three factors influence it:
vascular resistance in the small and large coronary arteries,

that affect blood

information for

resistance, and factors
composition. CFR provides
evaluating coronary artery dilation ability and determining
whether coronary interventions are necessary (163). By

myocardial
valuable

comparing the CFR of a stenotic coronary artery to a
reference segment, such as a non-stenotic segment or one
CFR (rCFR)
calculated. It is particularly useful when evaluating the

with minimal disease, relative can be

functional implications of a coronary artery by comparing

10.3389/fcvm.2024.1398290

the blood flow through a particular stenosis to that of
another less affected artery (158, 164, 165).
(iii) Index of microcirculatory resistance (IMR) was introduced
in 2003, where a pressure wire uses its sensor as a thermistor
The tool functions

thermometer and measures the mean transit time of room-

and measures temperature. as a
temperature saline injected into a coronary artery using a
thermodilution curve. As part of the test, pressure and
temperature are measured in the heart’s small vessels, both
at rest and at maximum blood flow. It allows the clinician
to determine how well blood flows in the heart’s small
vessels (166-168).

(iv) Instantaneous wave-free ratio (iFR) is a test using a special

catheter to check the pressure in the heart’s blood vessels.

It looks at pressure during both the wave-free period and

the entire cardiac cycle. This helps doctors see how a

blockage affects blood flow. One of the advantages of iFR is

that it doesn’t need adenosine, a medicine used in other

tests to stress the heart and check blood flow (169-171).

(v) Resting full-cycle ratio (RFR) is a new index that is used to

evaluate the significance of coronary vessel lesions. In the

cardiac cycle, it is defined as the lowest ratio of distal
pressure to aortic pressure, measured at rest without the

introduction of hyperemia (172-174).

Table 1 summarises the quantitative hemodynamic metrics for
coronary artery assessment, along with the mathematical formula.

6 Discussion

The development of patient-specific models in the cath. lab.
can enhance patient care and improve outcomes in various ways.
A patient-specific model can provide detailed insight into

ical-1stOrderPrediction

FIGURE 5
Measuring blood pressure before and after stenosis.
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TABLE 1 Summary of quantitative hemodynamic metrics for coronary
artery assessment.

Formula Usage

FFR = %: To determine functional significance of a coronary stenosis
(162).
CFR =1 To determine whether coronary arteries can dilate and

accommodate increased blood flow (163).
rCFR = Cc[}ﬁ‘% To evaluate the impact of a specific stenosis on blood flow
compared with a healthier or less affected reference region (158).

IMR = & To provide information about the status of microcirculatory
resistance.
P,
iFR = e Similar to FFR, without the need to administer a hyperemic
Awave—free
agent, such as adenosine (169).
RFR = % Similar to FFR, without the need to administer a hyperemic

agent, such as adenosine (173).

P4, pressure measured at the distal of a stenosis; Py, pressure measured at the
proximal of a stenosis; Fj, coronary blood flow during maximal hyperemia; F;,
coronary blood flow at rest; T, mean transit time of a specific flow and

temperature; Py , Pq measured at rest during a wave-free period;
wave-free

P, , P; measured at rest during a wave-free period; P,, aortic pressure.
wave-free

the anatomy and pathology of a patient’s vascular system. Clinicians
can use this information to plan and customise cardiac interventions
like angioplasty, stent placement, or other procedures. Furthermore,
physicians can anticipate challenges by simulating procedures on
patient-specific models before they are performed. In addition,
patient-specific models help with the selection and size of medical
devices, such as stents and catheters, based on accurate vessel
Additionally,
models enhance research by exploring new treatment strategies,

dimensions and measurements. patient-specific
testing innovative devices, and understanding underlying physiology.

As illustrated in Figure 1, a variety of medical image analysis
methods should be employed to develop patient-specific models,
including segmenting coronary arteries, reconstructing 3D
geometry, and simulating blood flow to compute physiological
biomarkers to detect and assess stenosis severity. There are
potential sources of uncertainty in each stage of the modelling
process, which can potentially propagate to the subsequent
stages, resulting in an unreliable simulation result. For instance,
Solanki et al. (91) demonstrated that the errors arising from the
epipolar line projection method used to reconstruct 3D coronary
anatomy from x-ray angiography images are small but result in
clinically relevant errors in VFFR simulation, amounting to

approximately 40% of the total error associated with VFFR. In

10.3389/fcvm.2024.1398290

the following paragraphs, we discuss the potential sources of
uncertainty at each stage of the analysis.

Segmentation: According to Table 2, deep learning methods
have significantly improved coronary vessels segmentation
accuracy. However, there exist three potential challenges that
limit the generalisation performance and result in discontinuity
in segmented vessels. The first challenge is the imaging artifacts
such as weak contrast between coronary arteries and the
background, unknown vessel tree shape, and shadows of
overlapping body structures. Secondly, due to the acquisition of a
complex 3D structure in 2D projection planes, the coronary
vessels overlap on x-ray angiography images, making
segmentation and vessel delineation difficult, especially in regions
where vessels are close together. Last but not least, the x-ray
angiography captures contrast agents flowing through vessels
during dynamic imaging. Hence, segmentation methods often
face challenges with temporal changes and vessel appearance
variations throughout the cardiac cycle. The recent advances in
Al and deep learning have shown promising results in addressing
some of these shortcomings, though they are often limited by the
training datasets.

3D reconstruction: In recent years, 3D reconstruction
methods for coronary arteries based on x-ray angiography have
gone through significant advances, though they still face some
challenges. First, the 3D surface reconstruction can be irregular
due to non-orthogonal contours to the vessel centerline and
difficulties defining its cross-sectional shape. The information
available from 2D x-ray angiography projections is often limited,
as they can only provide limited information at a finite number
of projection planes and may not provide a complete
representation of the vessel geometry. Secondly, movements in
coronary arteries mainly due to cardiac and respiratory motions
create difficulties in establishing correspondences between 2D
segmented vessels and, as a result, affect the vessel centerlines
reconstruction. Since correspondence is commonly based on
epipolar  constraints,  significant  vessels overlap and
foreshortening may impact their performance.

The 3D vascular geometry can also be reconstructed using
IVUS and IOCT, which are both

technologies to capture cross-sections of coronary arteries. In

intravascular imaging

contrast to x-ray angiography, IVUS and IOCT images reveal
external elastic membrane and plaque materials in addition to

TABLE 2 Summary of the best performance of different coronary vessels segmentation methods.

Method Dataset size
Felfelian et al. (17) Thresholding 50 (Test)
Tsai et al. (24) Tracking 20 (Test)
Mabrouk et al. (39) Graph-cut 91 (Test)
Lv et al. (46) Deformable model 4 (Test)
Jin et al. (52) PCA 223 (Test)
Zhu et al. (58) CNN 73 (Train), 36 (Test)
Iyer et al. (59) Encoder-decoder 370 (Train), 92 (Test)
Yang et al. (64) U-Net 2,642 (Train), 660 (Test)
Hamdi et al. (67) GAN 100 (Train), 50 (Test)

Tao et al. (70) Attention mechanism

Gao et al. (74)

104 (Train), 30 (Test)

Ensemble method 104 (Train), 26 (Test)
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Sensitivity Specificity | Precision Accuracy

72.79 74.92 98.32 - 97.09

- 96.70 96.30 - 96.30
75.60 76.60 - 77.60 -
76.24 72.33 - 80.59 -
76.97 71.25 83.95 - -
88.40 87.30 - 90.10 -
86.40 91.80 98.70 - 98.30
89.60 89.30 - 90.60 -
81.18 81.09 98.11 81.26 96.55

- 87.70 97.89 - 97.29
87.40 90.20 99.20 85.70 -
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the coronary lumen. These approaches, however, are used to image
a single branch of non-bifurcated vessels, and they considerably
increase patient-care costs (175, 176). X-ray angiography, on the
other hand, provides a very accurate image of the entire coronary
arterial tree with minimal invasion, which makes it safer and
more useful for automated 3D reconstruction of coronary vessels.

Blood flow simulation: The development of sophisticated
computational fluid dynamics techniques has allowed researchers
to model blood flow in complex coronary arteries with greater
accuracy. There still exist some challenges and limitations.
Limitations in segmenting small or terminal vessels limit coronary
blood flow simulation in larger epicardial vessels. The boundary
conditions at the outlet of the terminal vessel approximate
and the lack of
segmenting terminal vessels leads to a wrong boundary conditions

downstream arterial circulation behaviour,

assignment which invalidates assessment of the disease’s impact on
myocardial blood flow (177, 178). Gamage et al. (179) showed that
side branches downstream of stenosis result in a lower FFR, while
those upstream have minimal impact. Moreover, to estimate FFR
accurately, side branches with a diameter greater than one-third of
the main vessel diameter should be taken into account. In
addition, it is crucial to consider patient-specific boundary
If the associated

parameters of the 3D inflow velocity profile cannot be specified,

conditions and the associated uncertainties.

the domain flow field can be significantly impacted (180). Further
should try
conditions by estimating the blood velocity in coronary arteries

research to calculate patient-specific boundary

using cine x-ray angiographic sequence (181).

7 Conclusion

While coronary angiography remains a vital diagnostic tool in
the assessment of coronary artery disease, the limitations inherent
in the current interpretation methods call for a paradigm shift.
Patient-specific in silico models, with their ability to simulate and
analyse individualised data, present a promising avenue for
advancing interventional cardiology. By addressing the challenges
highlighted in this paper and accordingly embracing these
models in catheterisation laboratories, we can unlock the full
potential of in silico modelling. The integration of patient-specific
in silico models into routine practice has the potential to
revolutionise treatment optimisation, providing clinicians with
valuable insights and enhancing the precision of interventions.
Future research and development efforts should focus on
bridging the existing gap and promoting the widespread
adoption of these models in the cath. lab. settings.
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Although the entire vascular bed is constantly exposed to the same risk factors,
atherosclerosis manifests a distinct intra-individual pattern in localization and
progression within the arterial vascular bed. Despite shared risk factors, the
development of atherosclerotic plaques is influenced by physical principles,
anatomic variations, metabolic functions, and genetic pathways. Biomechanical
factors, particularly wall shear stress (WSS), play a crucial role in atherosclerosis
and both low and high WSS are associated with plague progression and
heightened vulnerability. Low and oscillatory WSS contribute to plaque growth
and arterial remodeling, while high WSS promotes vulnerable changes in
obstructive coronary plaques. Axial plaque stress and plaque structural stress are
proposed as biomechanical indicators of plaque vulnerability, representing
hemodynamic stress on stenotic lesions and localized stress within growing
plaques, respectively. Advancements in imaging and computational fluid
dynamics techniques enable a comprehensive analysis of morphological and
hemodynamic properties of atherosclerotic lesions and their role in plaque
localization, evolution, and vulnerability. Understanding the impact of mechanical
forces on blood vessels holds the potential for developing shear-regulated
drugs, improving diagnostics, and informing clinical decision-making in coronary
atherosclerosis management. Additionally, Computation Fluid Dynamic (CFD)
finds clinical applications in comprehending stent-vessel dynamics, complexities
of coronary bifurcations, and guiding assessments of coronary lesion severity.
This review underscores the clinical significance of an integrated approach,
concentrating on systemic, hemodynamic, and biomechanical factors in
atherosclerosis and plaque vulnerabilty among patients with coronary
artery disease.

KEYWORDS

biomechanical factors, wall shear stress, axial plaque stress, plaque structural stress,
computational fluid dynamic

Abbreviations

APS, axial plaque stress; CFD, computational fluido-dynamic; FER, fractional flow reserve; IST, intra-stent
restenosis; IVUS, intravascular ultrasound; MB, main branch; OCT, optical coherence tomography; OSI,
oscillatory shear index; PSS, plaque structural stress; QFR, quantitative flow ratio; RRT, relative residence
time; SB, side branch; TAWSS, time-averaged wall shear stress; WSS, wall shear stress.
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Key points

o Biomechanical factors are key players in coronary

atherosclerosis and can be assessed in vivo through

computational fluid dynamics techniques.
o Biomechanical factors contribute to valuable prognostic
information beyond anatomical and physiological plaque
the of
coronary atherosclerosis.

characteristics  in localization and evolution
o Computational fluid dynamics offers clinical applications
in the assessment of plaque vulnerability, coronary lesion
severity, stent-vessel interactions, and coronary bifurcation

complexities.

1 Introduction

Atherosclerosis, a chronic systemic disease marked by
inflammation and fibro-proliferation, predominantly affects the
intima of large and medium-sized elastic and muscular arteries
(1). It is the leading cause of morbidity and mortality worldwide
and presents its main clinical manifestation as ischemia, which
can damage the heart, brain, or lower extremities. Despite
uniform exposure to the same risk factors across the vascular
bed, the formation and advancement of atheromatous lesions
follow a unique pattern, frequently occurring in certain segments
of the arterial system. This peculiar distribution might stem
from a variable responsiveness to risk factors or differences
in histopathology and blood flow, and has relevant clinical
implications, as the prognosis of the disease varies according
to localization (2).

The role of risk factors in atherosclerosis is complex,
anatomical, and  behavioral

encompassing physiological,

aspects. Conventional risk factors such as hypertension,
hypercholesterolemia, tobacco smoking, diabetes mellitus, age,
family history, and obesity, are well established (3). Recent
evidence also highlight the significant role of inflammation and
the immune system as key mechanism in the pathophysiology of
cardiovascular disease (4).

In the context of atherosclerosis, biomechanical forces such
as Wall Shear Stress (WSS), Axial Plaque Stress (APS), and
Plaque Structural Stress (PSS) are pivotal in its localization
and progression (5, 6). These forces, arising from blood
flow dynamics, interact with the endothelial lining of blood
vessels, influencing the formation, growth, and vulnerability
The

computational fluid dynamics (CFD) with imaging techniques

of atherosclerotic plaques. integration of advanced
like Coronary Computed Tomography (CT) and Intravascular
Ultrasound (IVUS) has enabled a more detailed analysis
of these
into their role in the localization and progression of

biomechanical factors, providing new insights
coronary atherosclerosis.

This review explores the growing importance of biomechanical
factors, focusing on recent discoveries related to WSS, APS, and
PSS, along with the evolving role of CFD in the diagnosis and

treatment of atherosclerosis.
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2 Biomechanical factors:
physiophatologic role and current
evidence

The oscillatory nature of blood flow exerts mechanical stress
on vascular tissues, significantly influencing vessel biology.
In particular, blood flow generates circumferential, axial and
shear stress in coronary vessels (Figure 1). Extensive research
over the years has heightened our understanding of these forces
and their critical role in the development and pathology of
atherosclerotic plaques. Marked oscillations of blood pressure - as
measured by blood pressure variability - are associated with both
depressed left ventricular systolic function and target organ
damage (7). Innovations in medical imaging and computational
approaches have enabled more accurate in vivo assessments of
these biomechanical stress, offering key insights into plaque
localization and progression (8).

To analyze biomechanical factors in human coronary arteries,
a combination of imaging techniques and CFD is needed.
Imaging is essential for capturing the three-dimensional structure
of the coronary artery. The geometrical data is then given to a
CFD software program that compute the velocity and shear
stress distribution. The most precise method involves using
biplane ANGiography combined with intravascular UltraSound
(ANGUS) (9).
approximate the 3D orientation of IVUS images for those cases

Alternatively, CT or MRI angiography can

where biplane angiography is not feasible. In addition to
structural information, CFD analysis necessitates further inputs,
notably the flow rate through the coronary artery. This can be
gauged through either invasive techniques, such as a coronary
pressure/flow wire, or non-invasive methods, like monitoring
blood pressure.

While CFD simulations compute WSS and APS based on the
velocity of blood flow, calculating PSS involves a deeper
understanding of the mechanical characteristics of plaque
components. This includes the magnitude of forces applied to
the plaque and the degree of resultant plaque deformation.
To compute PSS, an engineering approach known as finite
element analysis (FEA) is employed. FEA considers the dynamic
forces acting on the plaque and reconstructs 2D/3D images using
IVUS, VH-IVUS, or OCT, thereby estimating PSS and its
fluctuation throughout the cardiac cycle. Alternatively, PSS can
be calculated using fluid-structure interaction (FSI) simulations.
This method aims to integrate both the cyclic fluid dynamics and
structural mechanical forces to achieve a comprehensive solution
(10). While FSI enables the quantification of both WSS and PSS
within a single artery, the engineering processes involved are
highly complex, which limits its current use in clinical settings.

2.1 Wall shear stress

WSS is the parallel frictional force exerted by blood flow on
the endothelium of the arterial wall. It is expressed in units of
force/unit area [N/m? or Pascal (Pa) or dyne/cmz; 1 N/m*=
1 Pa=10dyne/cm®]. In straight arterial segments, WSS is
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FIGURE 1

Biomechanical factors in normal and atherosclerotic vascular tissues. (A) Axial stress arises from longitudinal stretching of tethered blood vessels. (B)
Circumferential stress arises from radial expansion and recoil over the cardiac cycle. (C) Shear stress arises from the frictional force of blood flowing

FIGURE 2

Complex flow patterns in coronary arteries. (A) Inner curvature of vessels. (B) Downstream part of stenosed segments. (C) Lateral wall of bifurcations.

pulsatile and unidirectional, fluctuating between 15 and
70 dyne/cm” over the cardiac cycle. The mechanotransduction of
WSS via endothelial cell transmembrane proteins influences
intracellular enzyme functions, gene expression, synthesis of
proteins and micro-RNAs. These processes modulate endothelial
cell structure and function, influencing the surrounding
environment, and the balance between inhibition and promotion

of atherosclerosis. WSS above 15 dyne/cm” promotes a quiescent,

Frontiers in Cardiovascular Medicine

antiproliferative, antioxidant, and antithrombotic phenotype,
alongside an atheroprotective gene expression profile. In critical
geometrically irregular points of the coronary tree, complex flow
dynamic patterns occur, with swirling flow, flow separation, and
flow reversal that generates low and/or oscillatory WSS. These
regions are the inner curvature of vessels, hips, or the lateral wall
of bifurcations and the downstream part of stenosed segments
(Figure 2). Low and oscillatory WSS (<10 dyne/cmz) results in
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inflammation and proatherogenic pathways of the endothelium.
Low WSS decreases the production of fibrinolytics, vasodilators,
and antioxidants and increases the expression of growth
factors, oxidative elements, vasoconstrictors, acute inflammatory
mediators and proteolytic enzymes. This sequence of endothelial
dysfunction and acute inflammation can perpetuate injury that
contributes to plaque growth and arterial remodeling. Notably,
areas subjected to low WSS experience accelerated plaque
progression, even in regions initially free of plaque (11).

The early stages of atherosclerosis feature positive remodeling
of coronary vessels, which temporarily prevents narrowing due to
plaque protrusion. However, segments exposed to low WSS remain
susceptible to further atherogenesis, leading to a detrimental cycle
of ongoing endothelial damage, plaque expansion, and deteriorating
flow dynamics (12). This phenomenon continues until the plaque
occupies a significant part of the vessel's area (around 40%), at
which point luminal compensation fails. As a result, the
plaques that protrudes into the lumen are exposed to higher WSS.
This alteration in WSS magnitude and distribution creates a
biomechanical environment that not only favors downstream
plaque progression but also changes plaque vulnerability. Whereas
higher WSS is typically considered atheroprotective in healthy
vessels, its presence in arteries with protruding plaques can
further
fibroatheroma (TCFA) morphology. This phenomenon involves an

promote vulnerable changes leading to thin-cap
upregulation in nitric oxide production and the activation of
metalloproteinases, which contribute to the regression of fibrous
caps, thus destabilizing the plaques (13, 14). Even endothelial
progenitor cells have been hypothesized to act as mediators in the
link between traditional risk factors, WSS, and atherosclerosis, but
evidence has been controversial (15).

Numerous studies support these pathophysiological
evaluations, elucidating the role of WSS in the origin and
progression of coronary atherosclerosis. The PREDICTION
study, an IVUS-based CFD analysis, identified low WSS as a key
factor in increasing plaque burden and reducing lumen area (16).
Low WSS was also predictive of lesions requiring percutaneous
intervention in a majority of asymptomatic chronic coronary
(CCS)

Bourantas and colleagues demonstrated that low WSS in non-

syndrome patients during the follow-up. Similarly,
culprit vessels of patients with myocardial infarction (MI) was an
independent indicator of disease progression (17). Evidence
role of WSS
vulnerability, leading to destabilization and rupture (18). In the

underscores also the in changing plaque
EMERALD study, coronary computed tomographic angiography
(CTA), documented that, in patients with acute coronary
syndrome (ACS), culprit lesions were more likely to exhibit both
adverse plaque characteristics (APC) - positive remodeling, low
attenuation, and varied calcifications - and adverse hemodynamic
characteristics (AHC), namely higher proximal WSS. Lesions
exhibiting both APC and AHC were associated with a higher risk
of subsequent acute events, compared with patient without
APC/AHC and those with either APC or AHC (19). The
prognostic role of WSS was also demonstrated in 441 patients
with chronic coronary syndrome with significant lesions enrolled
in the medical therapy arm of the FAME II trial (20). The
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authors found that higher WSS in the proximal segments of
coronary lesions correlates with MI within 3 years. Similarly,
Zuin et al. demonstrated that in angiographically non-significant
left-main (LM) bifurcation disease, both higher proximal WSS of
each branch and higher WSS of the entire lesion predicted the
occurrence of bifurcation-located MI over the following 3 years
(21). Parallel findings by Fukumoto et al. using IVUS (22) and
Jin (23) in an OCT-based CFD study reinforced the link between
higher WSS and plaque rupture locations.

2.2 Axial plaque stress

Axial stress comes from the longitudinal stretching of tethered
blood vessels and represents the fluid stress aligned along the
vessel's central axis throughout the cardiac cycle. Non-diseased
arteries maintain minimal levels of axial stress. In atherosclerotic
arteries with flow obstructions, the imbalance of external
hemodynamic forces across lesions increases the axial stress and
overall plaque strain. This axial stress is of a higher magnitude
than WSS and may become concentrated at the upstream and
downstream segments of a plaque. The increase of axial stress
due to flow obstruction and subsequent pressure gradients may
play a role in plaque rupture (24).

Choi and colleagues evaluated APS acting on stenotic lesions
and its relationship with lesions’ length and geometry (25).
The authors divided lesions in upstream- and downstream-
dominant according to the localization (upstream or downstream,
respectively) of steeper radius change, where radius change refers
to the difference between the lesion starting (or ending) point
radius and the radius at the location of minimum lumen area. In
addition, a negative correlation between APS and lesion length
was found and APS was higher in the upstream segment of
upstream-dominant lesions and in the downstream segment of
downstream-dominant lesions. This offers insight into why short,
focal lesions are more prone to rupture than long ones and
elucidates the paradoxical phenomenon of downstream rupture.
Furthermore, the EMERALD study found that axial stress had an
incremental value for predicting ACS, resulting in higher APS in
culprit compared to non-culprit lesions.

2.3 Plaque structural stress

Circumferential stress is generated through the radial dilation
and contraction of arteries within the cardiac cycle. In healthy
arteries, this force is uniformly distributed along the artery wall
due to homogenous tissue composition. Plaque Structural Stress
(PSS) is the
atherosclerotic plaque as a consequence of vessel expansion

circumferential stress located inside an
induced by arterial pressure. The magnitude of PSS is influenced
by factors such as plaque composition, architecture, and lumen
geometry. In particular, PSS increases with increasing lumen
area, eccentricity, and necrotic core, and decreases in the
presence of dense calcium (26). In addition, there is a reciprocal

relationship between plaque composition and morphology, the
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thickness of fibrous cap (27), WSS, and PSS itself. Recently (28),
both in areas of plaque progression and regression, higher PSS
was associated with larger increases in necrotic core, leading to
vulnerable phenotype. Indeed, PSS was higher in patients
presenting with ACS vs. CCS (29), in peri-minimum lumen area
(MLA) of plaques showing rupture vs. no rupture (30), and in
non-culprit lesions leading to MACEs vs. no MACEs even with
similar characteristics (31).

2.4 Radial wall strain

Radial wall strain (RWS) similarly reflects the interplay
between cyclic pulsatile intravascular pressure and vessel wall
tissue composition, resulting in higher values for vulnerable
plaque components like lipids or macrophages, and lower values
for fibrous tissue or calcium. Coronary strain can be measured
using computational dynamic techniques with FEA from IVUS
or OCT images. However, this requires intracoronary imaging
devices and complex analytical processes. Recently, a novel
artificial intelligence (AI) method was developed to calculate
RWS from a single angiographic projection (RWS-Angio) and
has been validated against corresponding intravascular images
(32). This method provides a simplified and cost-effective tool
for assessing plaque biomechanical characteristics, potentially
accessible in all cath labs. Studies have demonstrated a strong
correlation between RWS-Angio and intracoronary imaging
features of plaque vulnerability in intermediate coronary stenosis
(33). Additionally, RWS-Angio has
independent prognostic value in predicting target vessel failure
(TVE), regardless of FFR values (34). Given the recent focus on
the unfavorable clinical outcomes of non-flow limiting coronary

shown increased and

plaques with high-risk characteristics (35) and the ongoing debate
about the revascularization of such lesions (36), the ability to
estimate RWS from a routine diagnostic coronary angiogram could
provide significant prognostic value in managing intermediate
coronary lesions and improving CAD treatment strategies.

3 Computational fluido dynamics
models and clinical applications

3.1 Assessment of plaque vulnerability and
rupture

The primary clinical outcome of atherosclerosis is ischemia,
leading to significant damage in the heart, brain, or lower limbs.
However, it is noteworthy that such lesions tend to manifest
predominantly in specific regions of the arterial tree (37). CFD
has been recently applied to the pathophysiology of
atherosclerosis to understand the mechanisms underlying plaque
progression. Over the years, both invasive and non-invasive
imaging studies have consistently demonstrated that evaluating
anatomical characteristics of plaque provides a more accurate
prediction of cardiac event risks than merely assessing the extent

of lumen obstruction (38, 39). Nevertheless, the evaluation of
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plaque vulnerability based solely on imaging features has its
limitations. As the PROSPECT study showed (40), only a small
proportion (<10%) of thin-cap fibroatheroma plaques progress to
cause clinical events over 3 years; similarly, Motoyama et al. (41)
documented that the majority (84%) of coronary high-risk
plaques defined by CTA failed to cause any event. While these
morphological characteristics are crucial indicators of vulnerable
plaques, there is a need for additional markers to identify
plaques that are likely to advance to clinical significance.
As mentioned before, WSS, APS, PSS and RWS account for
changes in plaque composition, leading to plaque vulnerability
and rupture. Recent investigations have also delved into the
phenomenon of cavitation, which physically occurs when
fluid pressure in a particular area falls below the vapor pressure
(42). CFD studies demonstrated that cavitation, triggered by
both concentric and eccentric coronary artery stenosis, travels
downstream, forming microbubbles that burst when fluid pressure
dips below the vapor pressure in a local thermodynamic condition.
This might damage endothelial surfaces, promoting thrombosis (43).

None of these biomechanical and anatomical factors alone can
however explain the complex phenomenon of plaque rupture and
acute thrombosis. They act as concurrent factors in the
precipitation of atherosclerotic disease. Future prospective studies
are warranted to understand whether the assessment of
biomechanical factors acting on a coronary lesion can provide
predictive value beyond anatomical and functional data and to
explore its potential clinical application in guiding preventive and
therapeutic measures.

3.2 Assessment of stent-vessel interaction

CFD is increasingly applied to assess how stent architecture
influences coronary blood flow dynamics. Recent studies suggest
that the geometry created by an implanted stent can alter local
blood flow and wall shear stress (WSS) distribution. This
alteration can predispose certain vessel wall areas to neointimal
hyperplasia and restenosis (44), rather than promoting the
typical shear stress-induced re-endothelialization (45). However,
in such cases, the precise mechanism driving the excessive
neointimal proliferation is still unclear.

When a stent, which is comparatively rigid, is implanted in a
curved vessel like a coronary artery, it alters the segment’s shape,
essentially straightening it. This results in increased curvature at the
stent’s edges, creating zones of low WSS and potential flow
reversal. Furthermore, the stent deployment - considering the
applied pressure, the design of the stent, and strut dimensions -
may result in the struts extending into the lumen, which modifies
velocity and the distribution of shear stress, thereby creating zones
of high and low WSS. Although in vitro studies have correlated
these flow disturbances to increased platelet adhesion, there is a
lack of studies evaluating clinical restenosis outcomes. Furthermore,
post-stent implantation, if the diameter of the restored lumen
within the stent surpasses that of the artery’s proximal section, a
sudden lumen expansion just downstream of the stent’s leading
edge occurs. Such flow patterns are comparable with low-WSS flow
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recirculation documented downstream stenosis. LaDisa et al. (46, 47)
demonstrated that low WSS occurs predominantly in the proximal
and distal edges of the stent. Such low WSS regions are also
notable behind struts, especially those protruding into the lumen at
steep angles to the flow direction (48), and were associated with
neo-atherosclerosis (49). Moreover, in vitro experiments exploring
the impact of stent geometry on platelet adhesion and aggregation,
found that localized platelet accumulation is influenced by flow
convection, implying that vascular response to stent deployment
can be somewhat governed by the hemodynamics associated with
stent configuration (50).

CFD models show promise in understanding how stents
interact with blood vessels. Optimizing stent design must account
for the local flow patterns induced by the stent’s deployment, to
avoid the fluid dynamic conditions that can promote neointimal
hyperplasia and subsequent restenosis.

3.3 Assessment of bifurcations

In bifurcations, the flow divides into two daughter branches
and changes in direction. Consequently, the faster moving
particles will impinge on the inner wall areas of the side branch
(SB) proximal to the carina, while in the hips or lateral wall
occurs low and oscillatory WSS with flow separation (Figure 3).
This complex flow pattern is influenced by several factors,
including the bifurcation angle, the size of the SB, and how the
blood flow is distributed between the branches.

10.3389/fcvm.2024.1392702

Coronary bifurcation revascularization poses challenges for
interventionalists. Factors such as the dimensions of the SB, the
extent of lesions, calcification levels, the morphology of the
bifurcation carina, and the angles formed between the two
branches demand careful consideration in treatment planning.
Bifurcation stenting inevitably affects coronary flow patterns and
induces geometric changes in both the main (MB) and SB. CFD
was used to anticipate the results of complex bifurcation stenting
and to understand how bifurcation rheology changes following
stenting with various devices and techniques. Key hemodynamic
parameters assessed at stented coronary bifurcations through CFD
include WSS, time-averaged wall shear stress (TAWSS), oscillatory
shear index (OSI), and relative residence time (RRT). TAWSS
quantifies the mean WSS over a cardiac cycle, OSI reflects the
variability of WSS, and RRT combines TAWSS and OSI to
indicate the duration that blood particles remain near the vessel
wall. Areas of low and oscillatory WSS with high OSI and RRT,
such as the lateral wall of stented MB, are prone to intra-stent
restenosis (ISR). Factors like the number and thickness of stent
struts (51), the bifurcation angle, and any stent malapposition
significantly affect the development of adverse hemodynamic
conditions and can promote ISR and thrombus formation.

Thus, choosing the optimal stenting strategy, whether a
provisional single-stent or a more complex two-stent approach, is
of paramount importance. Single-stent technique tends to leave
vulnerable areas opposite the flow divider (52), while dual-stent
techniques can create secondary flow disturbances and low WSS
due to strut apposition at the carina, strut layering and protrusion
into the MB, which are associated with ISR or thrombosis. The

FIGURE 3
Coronary computed tomography angiography shows plaques located at the lateral wall of the bifurcation. (A) Eccentric partially calcified plaque in the
left anterior descending coronary artery immediately downstream of the left main bifurcation. (B) Eccentric vulnerable plaque in lateral wall of left
anterior descending coronary artery immediately downstream of the left main bifurcation (red circle) in 2D and 3D reconstruction (C).
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best double stenting strategies with the most favorable fluid
dynamics are under debate (53-55) and efficiency of single or
double stenting depends
complexity. A recent OCT derived-CFD study evaluating RRT in
complex left main bifurcation disease suggested for example that
RRT is increased after cross-over stenting while is substantially
unchanged after double stenting techniques (56). Anyway, when

also on bifurcation anatomical

approaching a bifurcation stenting procedure, careful planning is
crucial, as the deployment of unplanned bailout additional stents
is associated with adverse events (57).

The application of CFD in this context may represent a
powerful tool to guide both PCI strategies and the type and
duration of antithrombotic therapy after bifurcation PCI (58) in
order to predict adverse events and identify the optimal strategy
to improve clinical outcomes.

3.4 Assessment of the functional severity of
coronary lesion

In recent years, the practice of coronary revascularization has
been revolutionized by physiology-guided approaches, leading to
improved outcomes in the management of CAD, compared to
revascularization based solely on angiographic data. While several
non-hyperemic pressure ratios have been developed to expand the
use of physiology beyond FFR and its adenosine-induced hyperemia
issues, the integration of these methods into routine practice
remains limited, due to prolonged procedural durations and risks
associated with guidewire use (59, 60). Addressing these challenges,
computational approaches have emerged with Quantitative Flow
Ratio (QFR) as the most validated technique (61), based on a three-
dimensional vessel reconstruction and estimation of its contrast
media flow velocity. QFR employs three-dimensional quantitative
coronary angiography (3D-QCA) in combination with CFD to
calculate  the This
angiography-based method offers an accurate alternative to estimate
FFR, bypassing the need for coronary wiring or the induction of
hyperemia. Strong agreement between QFR and traditional FFR

functional impact of coronary stenosis.

measurements have been observed (62, 63), including post-PCI
assessment (64, 65) and prognostication in patients with left main
or multi-vessels disease (66). Furthermore, QFR technology can
post-PCI  functional through
angioplasty. This “virtual angioplasty” could be pivotal in
strategizing revascularization plans and potentially forecasting

predict the outcomes virtual

procedural  outcomes. Recent investigations exploring the
relationship between QFR-obtained “virtual angioplasty” and wire-
based post-PCI functional evaluations gave conflicting results,

especially in tandem and complex lesions (67-69).

4 Conclusion and future prospective

fundamental  in
formation and progression and should be

Biomechanical factors are coronary

atherosclerosis
considered beyond anatomical

and physiological plaque

characteristics. The application of biomechanical models in
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patient studies is proving to be a game-changer, significantly
deepening our understanding of how shear stress interacts with
endothelial function and the pathogenesis of atherosclerosis.
Moreover, CFD applications extend beyond plaque assessment,
evaluating  stent-vessel interactions, coronary  bifurcation
complexities, and coronary lesion severity.

The and the

understanding of blood flow properties through CFD models will

advancements in noninvasive imaging
set the basis for a personalized approach. This will enable
tailored, patient-specific, or even plaque-specific solutions to
various issues. The assessment of plaque vulnerability and the
risk  of

revascularization, through the evaluation of biomechanical factors

rupture, along with the consequent need for
beyond anatomical and physiological characteristics will be
explored. Determining the optimal stent design that minimizes
damage to the coronary wall becomes a feasible consideration.
While

incorporating

numerous issues still resolution  before

these
integration of noninvasive imaging and biomechanical modeling

require

techniques into clinical practice, the
will support cardiologists in improving diagnosis and establishing

optimal treatment strategies for cardiovascular disease.
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Introduction: Complex Percutaneous coronary intervention (PCl) for the
treatment of ischemic heart disease has increased significantly. We aimed to
evaluate sex-related differences in patients undergoing complex PCI.
Methods: single-center prospective observational study including patients
undergoing complex PCl between 2017 and 2023. Baseline and procedural
features, and mid-term outcomes were compared according to the gender
distribution. The combined primary endpoint included stroke, myocardial
infarction, need for a new coronary revascularization, and all-cause mortality.
Propensity score (PS) matching with an inverse probability of treatment weight
(IPW) approach was used to adjust for differences in baseline characteristics.
Results: 1,283 patients were included, 983 (76.6%) male and 300 (23.4%) female.
Median follow-up was 2.4 (IQR: 1-3.8) years. There was a higher rate of
no-reflow phenomenon (4% vs. 1.8%, p = 0.03) among female patients. In the
overall cohort, female patients had a greater risk for the combined primary
endpoint (HR 1.28, 95% Cl: 1.02-1.59). In the matched cohort, female patients
exhibited a higher risk for the combined primary endpoint (HR 1.23, 95%
Cl: 1.06-1.42), as well as for myocardial infarction (HR 1.34, 95% Cl 1.03-1.75),
and all-cause mortality (HR 1.21, 95% Cl 1.02-1.45), and a trend towards
a higher risk for the need of a new coronary revascularization (HR 1.22,
95% Cl 0.92-1.61).

Conclusions: in a contemporary cohort of patients undergoing complex
PCl procedures, female patients are associated with a higher risk of
early complications.

KEYWORDS

coronary artery disease, percutaneous coronary intervention, complex PCIl, myocardial
infarction, sex-related differences inverse probability of treatment weight

Abbreviations
CI, confidence interval; HR, hazard ratio; IPW, inverse probability of treatment weight; LVEF, left
ventricular ejection fraction; PCI, percutaneous coronary intervention; PS, propensity-score.

85 frontiersin.org


http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2024.1382585&domain=pdf&date_stamp=2020-03-12
mailto:ipascua@live.com
https://doi.org/10.3389/fcvm.2024.1382585
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1382585/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1382585/full
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1382585/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2024.1382585
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Alperi et al.

Introduction

Cardiovascular disease continues to be the leading cause of
morbidity and mortality among Western countries, and an
exponential growth in its incidence is expected over the following
decades due to the aging population, the increased incidence of
obesity and other metabolic disorders, and certain social conditions
(1). Percutaneous coronary intervention (PCI) for treating ischemic
heart disease has increased dramatically over the last decades due
to its low invasiveness and improved clinical outcomes (2).
However, certain features of the coronary lesions are known to
represent a major challenge for the interventionalists and might
impact early- and long-term cardiovascular outcomes. Nowadays,
the widely known complex PCI and high-risk PCI procedures have
gained relevance given their frequency in clinical practice, and this
has been a matter of study in recent years (3, 4).

It is broadly known that females with cardiovascular disease
exhibit differential clinical features than males. For instance,
women with diabetes show a greater risk for cardiovascular
complications than their male counterparts, probably related with
inflammatory parameters and smaller coronary vessel size (5).
Additionally, their clinical course differs from men in several
cardiovascular pathologies (6-8).

Little is known so far about sex-related differences in patients
undergoing complex PCI, but some reports suggest there might
be relevant disparities. Prior studies on patients undergoing
rotational atherectomy or chronic total occlusion PCI found that
women more often experience coronary dissection, cardiac
tamponade, and significant complications than men (9-11).
Therefore, we aimed to evaluate differences in baseline clinical
conditions and procedural features among patients undergoing
complex PCI procedures according to their gender. Besides, we
sought to evaluate a sex-related clinical impact beyond other
clinical conditions in this specific setting.

Methods
Patient selection

This was a single-center, observational, and prospective study. All
patients receiving a complex percutaneous coronary intervention in
our center between 2017 and 2023 were prospectively included in a
dedicated database.
incorporated at the time of PCI, and in-hospital outcomes were

Baseline and procedural features were
added at the time of discharge. The treating physicians decided to
undergo complex PCI after carefully considering all available
alternatives. Patients were informed and consented to the procedure
and data collection. The local Ethics Committee of the center

approved data collection and reporting (2020.026).

Inclusion criteria

Complex PCI was defined when any of the following
conditions were present (12): true bifurcation lesions according
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to the Medina classification (13) with a side-branch diameter of
at least 2.5 mm; a chronic total occlusion; unprotected left main
coronary artery disease; long coronary-artery lesions requiring at
least 60 mm of stent length; multivessel PCI involving the 3
major epicardial coronary arteries being treated at the same time;
a severely calcified lesion needing plaque modification with either
rotational atherectomy or intravascular lithotripsy; PCI in a prior
saphenous bypass graft; PCI in a single remaining patent vessel;
or aorto-ostial lesions of a major epicardial coronary artery.

Exclusion criteria

For the purpose of homogeneity, those patients presenting with
cardiogenic shock that needed emergent placement of a left
ventricular assist device were excluded from the present analysis.

Therefore, emergent cases (ST-elevation myocardial infarction)
were included if they fulfilled the criteria for complex PCI and did
not require an acute ventricular assist device placement due to
cardiogenic shock.

Follow-up

Clinical follow-up was performed 6 months after the
intervention and yearly thereafter. All relevant clinical events
were updated at every outpatient visit. In case of missing a
clinical follow-up, telephonic contact and a review of the medical
files were performed to ensure live status and to avoid missing
any relevant clinical event for every patient. In our region,
healthcare professionals have unrestricted access to the entire
clinical history of the patient, hence minimizing the miss of any
significant event.

Endpoints

The main combined primary endpoint included stroke,
admission due to myocardial infarction, the need for a new
coronary revascularization, and all-cause mortality.

Secondary endpoints were the individual components of the
main primary endpoint.

Statistical analysis

Results are displayed as numbers (percentage) for categorical
data and as mean (standard deviation) for continuous variables.
Student’s t-test was used to compare normally continuous
variables and the Mann-Whitney U-test was used for continuous
non-normally distributed variables. The chi squared and Fisher’s
exact tests were used to compare categorical variables. Two
groups according to patient’s gender (male and female) were
used to evaluate baseline characteristics and outcomes.

Propensity score (PS) matching with an inverse probability of
treatment weight (IPW) approach was used to adjust for
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differences in baseline characteristics and potential confounders.
A PS was obtained for each patient to estimate the propensity
toward belonging to a specific group (female vs. male). This was
done by means of a multivariate logistic regression including the
following covariates: age, diabetes mellitus, hypertension, chronic
kidney disease, peripheral artery disease, history of stroke, left
ventricular ejection fraction (LVEF), clinical presentation (stable
coronary disease, unstable angina, non-ST elevation myocardial
infarction or ST elevation myocardial infarction), PCI to a
chronic total occlusion lesion, PCI to a true bifurcation lesion,
PCI of an aorto-ostial lesion, PCI involving the left main
coronary artery, severe calcification of the treated coronary vessel,
and the use of an intra-aortic balloon pump during PCI. The
propensity score calculation allowed case-weight estimation to
predict the inverse probability of belonging to the female group
among the study participants. The case weights balanced the
cohorts for an IPW analysis that included all patients with
available data for the variables included in the propensity model.
The adequate balancing of covariate distribution between the
matched groups was numerically assessed by means of
IPW-matching,
graphically assessed by means of the cumulative probability plots
for raw and IPW-adjusted data (Supplementary Figure S1). Then,

standardized means differences after and

an inverse probability of treatment-weighted Cox regression was
performed to determine the relation between gender and our
primary and secondary endpoints. Survival-free curves for both

TABLE 1 Baseline characteristics according to gender in the overall
cohort.

Men Women p value
(n =983) (n =300)

Age, years 69.6+11.4 738 +11.1 0.001
Diabetes Mellitus 367 (33.3) 109 (36.3) 0.75
Hypertension 681 (69.3) 214 (71.3) 0.5
Dyslipidemia 621 (63.2) 185 (65.7) 0.64
Chronic kidney disease 182 (14.5) 54 (18.1) 0.85
Prior MI 42 (4.3) 10 (3.3) 0.62
Prior CABG 79 (8) 16 (5.3) 0.12
Peripheral artery disease 181 (18.4) 25 (8.3) 0.001
Prior Stroke 85 (8.6) 18 (6) 0.14
Presentation: 0.18

Stable CAD 375 (38.2) 94 (31.3)

Unstable angina 152 (15.5) 53 (17.7)

NSTEMI 274 (27.9) 89 (29.7)

STEMI 182 (18.5) 64 (21.3)
LVEF, % 509 +£11.7 528 +11.5 0.02
Chronic total occlusion 159 (16.2) 42 (14) 0.36
Number of diseased vessels 1.62+0.8 1.58+0.8 0.43
Number of treated vessels 130+ 0.6 1.31+0.6 0.82
Left main PCI 379 (38.6) 132 (44) 0.09
Bypass graft PCI 24 (2.4) 8 (2.7) 0.83
3-vessel PCI 42 (4.3) 13 (4.3) 0.97
Aorto-ostial lesion PCI 213 (21.7) 85 (28.3) 0.02
Bifurcation lesion PCI 320 (30.7) 91 (30.3) 0.44
Euroscore 2 4.7+3.1 49+46 0.39

CABG, coronary artery bypass graft; CAD, coronary artery disease; LVEF, left ventricle
ejection fraction; MI, myocardial infarction; NSTEMI, non-ST elevation myocardial
infarction; PCI, percutaneous coronary intervention; STEMI, ST elevation myocardial
infarction.
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groups are displayed using the Kaplan-Meier method. Data
analyses were performed using STATA (v14.0; StataCorp), and
p-values <0.05 were considered significant.

Results

A total of 1,283 patients were included, 983 (76.6%) male and
300 (23.4%) female. The main baseline characteristics of the study
population are presented in Table 1. Female patients exhibited
an older age at the time of PCI (73.8+11.1 vs. 69.6 +11.4 years,
p<0.001), had a greater LVEF (52.8+11% in females vs. 50.9 +
11.7% in males, p=0.02), and a trend towards a higher rate of
left main PCI and a higher rate of aorto-ostial lesions (28.3%
female vs. 21.7% male, p = 0.02). Male patients exhibited a higher
burden of peripheral artery disease (18.4% male vs. 8.3%
female, p =0.001).

The main procedural features are displayed in Table 2. The
main access was radial (61% in males and 55.5% in females).

TABLE 2 Procedural and in-hospital characteristics according to gender
distribution in the overall cohort.

Men Women
(n=983) | (n=300)

Access 0.17
Radial 596 (61) 166 (55.5)

Femoral 371 (37.9) 131 (43.8)
Double access 11 (1.1) 2 (0.7)

Bifurcation strategy: 0.71
Provisional-stent 192 (62.9) 51 (60.7)
Double-stent 113 (37.1) 33 (39.3)

Severe angulation 74 (7.5) 19 (6.3) 0.49

Severe calcification 316 (32.2) 102 (34) 0.55

Use of cutting or scoring-balloon 135 (13.8) 33 (11) 0.21

Use of drug-coated balloon 217 (22.3) 43 (14.4) 0.003

Use of intracoronary lithotripsy 92 (9.4) 18 (6) 0.07

Use of rotablation 140 (14.2) 41 (13.7) 0.80

Intra-aortic balloon pump 107 (10.9) 43 (14.3) 0.11

Number of stents 21712 2.03+1.2 0.08

Length of stent 53 +31 47.8+28 0.01

Time of fluoroscopy 27.5+89 22.7+20 0.37

Dose of radiation 3,190 + 3600 2,330 + 1842 0.001

Contrast media used 191+ 96 178 £ 88 0.06

Procedural complications

Unsuccessful PCI 49 (4.9) 12 (4) 0.48

Vascular closure failure 10 (1) 2 (0.7) 0.58

Perforation 9 (0.9) 6 (2) 0.13

Dissection 39 (4) 13 (4.3) 0.78

Side branch closure 13 (1.3) 6 (2) 0.40

No-reflow 18 (1.8) 12 (4) 0.03

Procedural death 11 (1.1) 8 (2.7) 0.05

In hospital complications

Vascular complication 30 (3) 13 (4.3) 0.28

Stroke/TIA 12 (1.2) 3(1) 0.76

Contrast-induced nephropathy 98 (10) 33 (11) 0.61

In-hospital death 79 (8) 35 (11.7) 0.05

Length of hospitalization 7+9.7 79+12 0.19

PCI, percutaneous coronary intervention; TIA, transient ischemic attack.
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The rates of true bifurcation lesions, severe lesion angulation, and
severe calcification were comparable between genders, but there
was a trend towards a greater use of intracoronary lithotripsy
(9.4% vs. 6%, p=0.07), and higher number of stents and stent
length among male PCI recipients.

Procedural-related complications and in-hospital outcomes are
summarized in Table 2. There were no significant differences
between study groups in PCI failure (4.9% vs. 4%). However,
there was a higher rate of no-reflow phenomenon (4% vs. 1.8%,
p=0.03) and a trend towards a higher risk of procedural
mortality (2.7% vs. 1.1%, p=0.05) among female patients.
Similarly, differences in in-hospital complications were not
statistically significant but for a trend towards a higher risk of in-
hospital mortality for the female group.

Median follow-up was 2.4 (IQR: 1-3.8) years. Over that period,
a total of 290 (22.6%) patients died (205 [20.8%] and 85 [28.3%]
deaths among male and female patients, respectively), 14 (1.1%)
patients had a stroke (8 [0.8%] and 6 [2%] strokes among male
and female patients, respectively), 106 (8.3%) patients underwent
new coronary revascularizations (81 [8.2%] and 25 [8.3%] new
coronary revascularizations among male and female patients,
respectively), and there were 116 (9.1%) admissions for acute
myocardial infarction (87 [8.8%] and 29 [9.7%] among male and
female patients, respectively).

In the univariate Cox regression analysis, several variables
conferred a significantly higher risk for the primary combined
endpoint (older age, diabetes, hypertension, chronic kidney

10.3389/fcvm.2024.1382585

disease, peripheral artery disease, number of diseased vessels, left
main PCI, and true bifurcation lesions), whereas other were
protective factors (higher LVEF and PCI of a total chronic
occlusion). Besides, female gender was also associated with a
higher risk for the combined endpoint (HR 1.32, 95% CIL: 1.07-
1.64). In the multivariate analysis, after adjustment for covariates,
female gender was yet associated with a higher risk of death,
stroke, myocardial infarction or new coronary revascularization
(HR 1.28, 95% CI: 1.02-1.59) (Table 3). This higher risk for the
combined endpoint was mainly based on all-cause mortality (HR
1.38, 95% CI: 1.07-1.77) and stroke rates (HR 2.57, 95% CI:
0.89-7.4), and no significant differences for myocardial infarction
or new revascularization were observed for the overall unadjusted
cohort (Table 4). Kaplan-Meier graphics for the primary and
secondary endpoints are represented in Figures 1, 2, respectively.

IPW-adjusted cohort

After PS-IPW adjustment, baseline characteristics were well-
balanced between study groups (Supplementary Tables S1 and S2
and Supplementary Figure S1).

In the IPW-adjusted cohort, there was a higher risk for the
combined primary endpoint (HR 1.23, 95% CI: 1.06-1.42)
among female patients (Table 4 and Figure 3).

Besides, female patients exhibited higher rates for admission due to
myocardial infarction (HR 1.34, 95% CI: 1.03-1.75), a higher risk for

TABLE 3 Univariate and multivariate cox regression analysis for the primary combined endpoint of myocardial infarction, stroke, new coronary

revascularization and all-cause mortality.

Variable Univariate

Multivariate

HR (95% ClI)

HR (95% Cl) p value

Age, years 1.03 (1.02-1.04) 0.001 1.02 (1.01-1.03) 0.001
Diabetes Mellitus 1.82 (1.48-2.22) 0.001 1.67 (1.32-2.09) 0.001
Hypertension 1.32 (1.05-1.66) 0.02 1.02 (0.78-1.36) 0.83
Dyslipidemia 1.11 (0.90-1.37) 0.32
Chronic kidney disease 2.2 (1.76-2.7) 0.001 1.26 (0.96-1.64) 0.09
Prior MI 1.39 (0.90-2.14) 0.13
Prior CABG 1.19 (0.82-1.72) 0.35
Peripheral artery disease 1.84 (1.44-2.36) 0.001 1.46 (1.09-1.94) 0.009
Prior Stroke 1.54 (1.1-2.14) 0.01 1.02 (0.71-1.49) 0.89
Presentation:
Stable CAD (reference)
Unstable angina 1.27 (0.92-1.77) 0.14 1.03 (0.73-1.48) 0.83
NSTEMI 1.85 (1.42-2.4) 0.001 1.27 (0.95-1.68) 0.10
STEMI 2.12 (1.61-2.79) 0.001 1.57 (1.13-2.17) 0.006
LVEF, % 0.96 (0.95-0.97) 0.001 0.97 (0.96-0.98) 0.001
Chronic total occlusion 0.35 (0.26-0.52) 0.001 0.64 (0.42-0.98) 0.04
Number of diseased vessels 1.43 (1.27-1.61) 0.001 1.27 (1.11-1.44) 0.001
Left main PCI 1.74 (1.42-2.12) 0.001 1.09 (0.83-1.44) 0.53
Bypass graft PCI 1.99 (1.21-3.29) 0.007 2.01 (1.16-3.45) 0.02
3-vessel PCI 1.37 (0.89-2.11) 0.15
Aorto-ostial lesion PCI 1.21 (0.97-1.53) 0.09 1.12 (0.87-1.44) 0.39
Bifurcation lesion PCI 1.59 (1.29-1.96) 0.001 1.33 (1.01-1.74) 0.03
Gender (female vs. male) 1.32 (1.07-1.64) 0.01 1.28 (1.02-1.59) 0.04

CABG, coronary artery bypass graft; CAD, coronary artery disease; CI, confidence interval; HR, hazard ratio; LVEF, left ventricle ejection fraction; MI, myocardial infarction; NSTEMI, non-ST
elevation myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST elevation myocardial infarction.
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all-cause mortality (HR 1.21, 95% CI: 1.02-1.45), and a trend towards a
higher risk for the need of a new coronary revascularization (HR 1.22,
95% CI: 0.92-1.61) (Table 4 and Figure 4).

Discussion

The main findings of our investigation are summarized as
follows: (i) female patients undergoing complex PCI exhibited
differential features compared to their male counterparts, like

TABLE 4 Survival analysis for the primary and secondary endpoints
according to gender in the overall and IPW-adjusted populations.

Overall cohort

Endpoint HR (95% ClI)

Combined primary endpoint 1.32 (1.07-1.64) 0.01
Stroke 2.57 (0.89-7.4) 0.08
New revascularization 1.06 (0.68-1.67) 0.79
Myocardial infarction 1.13 (0.75-1.73) 0.55
All-cause mortality 1.38 (1.07-1.77) 0.01

IPW-adjusted cohort
HR (95% CI)

Endpoint

Combined primary endpoint 1.23 (1.06-1.42) 0.01
Stroke 1.71 (0.77-3.84) 0.19
New revascularization 1.22 (0.92-1.61) 0.17
Myocardial infarction 1.34 (1.03-1.75) 0.03
All-cause mortality 1.21 (1.02-1.45) 0.03

CI, confidence interval; HR, hazard ratio; IPW, inverse probability of treatment weight.

10.3389/fcvm.2024.1382585

a higher rate of left main PCI, aorto-ostial lesion PCI, and a
higher risk for non-reflow phenomenon. (ii) female gender
was independently associated with a higher risk for the
combined primary endpoint (stroke, myocardial infarction,
new coronary revascularization, and all-cause mortality) over
follow-up, and those results remain concordant after
adjustment for baseline covariates; (iii) in the adjusted cohort,
female patients exhibited a higher risk for myocardial
infarction and a trend towards a higher risk for new coronary

revascularization over follow-up.

Sex-related differences in baseline and
procedural characteristics

Although cardiovascular disease develops 5 to 10 years later in
women than in men, this is yet the leading cause of death in
women older than 65 years. In line with prior data, the higher
age of women presenting with ischemic heart disease was also
manifest in our patient cohort. Despite this age difference, male
patients carried a slightly higher cardiovascular disease burden in
our patient population, with a significantly higher rate of
peripheral artery disease and comparable rates of diabetes,
hypertension, and chronic kidney disease.

Coronary artery disease could be underrecognized among
female patients, given the disparities in clinical presentation
(frequent association of atypical symptoms) and the perception
that women are invariably more protected against cardiovascular
disease due to inherent endocrine characteristics (e.g., estrogen-

100
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251
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0 1 2 3 4 5
Years since PCI
Number at risk
Male 983 684 442 289 172 61
Female 300 191 140 97 57 23
— Male Female
FIGURE 1
Kaplan—Meier cumulative incidence estimates for the combined primary endpoint (stroke, new coronary revascularization, myocardial infarction or
all-cause mortality) in the overall cohort of patients.

Frontiers in Cardiovascular Medicine 89 frontiersin.org


https://doi.org/10.3389/fcvm.2024.1382585
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Alperi et al.

10.3389/fcvm.2024.1382585

50
40
304 log-rank p = 0.55
20+
— I
i //,Jif
0

T T T T
0 1 2 3 4 5
Years since PCI

Number at risk

Male 983 696 463 302 184 66
Female 300 196 145 101 60 24
Male Female
50
40
304 log-rank p = 0.08
20+
10
_—
0
T T T T T T
0 1 4 5

2 3
Years since PCI
Number at risk

Male 983 725 491 320 196 74
Female 300 206 156 108 66 27
Male Female

FIGURE 2

Number at risk

Number at risk

Kaplan—Meier cumulative incidence estimates for myocardial infarction (A), new coronary revascularization (B), stroke (C), and all-cause mortality (D).
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dependent vasodilatation of the endothelial wall). These facts could
lead to a delayed diagnosis among women, causing a more
advanced coronary disease at presentation and ultimately
impacting prognosis.

Notably, there was a lower use of contemporary techniques for
the management of complex coronary lesions in women than in
men in our cohort. As a matter of fact, despite similar rates of
severe lesion calcification, the use of intravascular lithotripsy and
cutting/scoring-balloon was numerically lower among female
patients. These data are in line with prior reports in which
ischemic stress testing and invasive procedures for the diagnosis
and management of ischemic heart disease were underused in
women (14). However, it should be noted that coronary anatomy
and pathophysiology vary significantly between genders. Women
tend to present with a smaller vessel size, less collateral flow,
lower coronary flow reserve, greater vascular stiffness, and more
tortuous anatomies (15). Hence, whether the disparities observed
in PCI technical aspects are driven by pathophysiological and
anatomical features between men and women remains widely
unknown. Nevertheless, in our cohort, there was a higher risk for
in women even after

no-reflow adjustment by baseline

Frontiers in Cardiovascular Medicine

characteristics, which may underline the more complex vessel
and endothelial regulation associated with the female gender (7).
This fact might also play a role in the higher rate of
complications observed in women undergoing rotational and
orbital atherectomy (9, 10, 16, 17). It could be a factor
underlying the numerically higher rate of early mortality (both
procedural and in-hospital) observed in our investigation.

In the setting of left-main PCI, women have frequently been
underrepresented in clinical trials. For instance, in the SYNTAX
trial, women with unprotected left main disease accounted for
only 10.3% of participants. Besides, women within the PCI group
had a higher adjusted 4-year mortality rate than men (18).
Noteworthy, there were both a higher rate of left main PCI and
of aorto-ostial lesions among women in our patient population.
Considering that women develop ischemic heart disease at an
older age than men and that cardiac surgical risk increases
steadily with age, those facts might translate into a greater
proportion of women with left main disease undergoing PCI
rather than surgery. Hence, aorto-ostial lesions involving the left
main ostium  were

probably more frequently managed

percutaneously among the female subgroup. Besides, bifurcation
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FIGURE 3
Kaplan—Meier cumulative incidence estimates for the combined primary endpoint (stroke, new coronary revascularization, myocardial infarction or
all-cause mortality) in the IPW-adjusted cohort.

involvement within the left main was probably less frequent in
women, rarely needing two-stent strategies in such a relevant
anatomic position. It should be also mentioned that ostial lesions
(more frequent among women) are characterized by being more
calcific and rigid, often associating a recoil phenomenon after
stent placement, altogether increasing PCI complexity (19).

Noteworthy, women presented more frequently exhibiting an
acute myocardial infarction. This issue might be related to
differences in clinical presentation, as women more frequently
experienced atypical symptoms such as weakness, palpitations, or
lightheadedness, hence delaying the diagnosis of ischemic heart
disease until most severe settings (STEMI) developed.

Sex-related differences for the study
endpoints

Although riskier baseline conditions may partially account for
poorer outcomes among the female group of patients, the
concordant results in both the multivariate analysis and the
IPW-adjusted cohort emphasize the differential clinical evolution
for both genders beyond baseline features. In the context of an
all-comer PCI study, it has already been reported that women
carried a higher early and mid-term risk for major
cardiovascular outcomes than men (20). The main reasons

postulated behind this finding were the low inclusion of women

Frontiers in Cardiovascular Medicine

in randomized trials, resulting in device-based techniques being
optimized for men, as well as the greater rates of in-stent
restenosis and lesion progression linked to the small diameter of
target vessels. These facts could be even more accentuated in
our patient population, given the greater complexity of the
coronary anatomy compared to prior reports on all-comer PCI
procedures. Consequently, the relevance of any technical aspect
potentially impacting clinical outcomes (e.g., rigorous lesion
preparation and optimal treatment of smaller vessels) increases
in parallel with coronary lesion complexity.

As mentioned above, the well-known delay between symptom
onset and diagnosis of ischemic heart disease in the female
gender could also be a potential source for unequal clinical
findings (21). Since the time between ischemic symptoms onset
and reperfusion are key prognostic factors both in ST elevation
delayed
presentation in women in our cohort could partially explain

and non-ST elevation myocardial infarction, a

their poorer prognosis. Unfortunately, we do not have
systematic data for all patients on the time interval between
anginal symptoms onset and the time of PCI, so this matter
still needs further investigation.

In light of our results, further investigations purposely designed
to assess the net benefit of complex PCI procedures among women
are needed, along with studies that implement strategies to mitigate
the residual risk that female patients face after a PCI procedure

beyond any disparities in baseline conditions.
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Limitations

This study presents several limitations. Firstly, its observational
nature is more prone to bias than randomized studies. Secondly,
despite the good comparability between groups after IPW
adjustment, the presence of unnoticed unbalanced confounders
could not be discarded. Thirdly, some variables that might be of
relevance were not assessed in our database, such as the SYNTAX
score. Social biases in the access to medical care cannot be fully
excluded, but its impact might be marginal considering that the
study was developed in a region where universal health-care
coverage without risking financial hardship has been implemented
for a long period of time. Finally, recent trials have demonstrated
better clinical outcomes in complex PCI settings such as
bifurcation lesions with the guidance of intravascular imaging
(22, 23), but we did not use systematic intracoronary imaging in
our series. Future studies should further explore this issue.

In conclusion, in a contemporary cohort of patients

undergoing complex PCI procedures, female patients are
associated with a higher risk of early complications and receive

less frequently state-of-the-art intravascular techniques despite

Frontiers in Cardiovascular Medicine

similar complexity. Additionally, after adjustment for baseline
features, women exhibited a higher risk for all-cause mortality,
myocardial infarction, and for the combined primary endpoint of
stroke, coronary revascularization, myocardial infarction, and all-
cause mortality at mid-term follow-up.
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