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Introduction: Coronary artery disease (CAD) remains a significant global health challenge, with percutaneous coronary intervention
(PCI) being a primary revascularization method. In-stent restenosis (ISR) post-PCI, although reduced, continues to impact patient
outcomes. Inflammation and platelet activation play key roles in ISR development, emphasizing the need for accurate risk assessment
tools. The systemic inflammation aggregation index (AISI) has shown promise in predicting adverse outcomes in various conditions
but has not been studied in relation to ISR.

Methods: A retrospective observational study included 1712 patients post-drug-eluting stent (DES) implantation. Data collected
encompassed demographics, medical history, medication use, laboratory parameters, and angiographic details. AISI, calculated from
specific blood cell counts, was evaluated alongside other variables using machine learning models, including random forest, Xgboost,
elastic networks, logistic regression, and multilayer perceptron. The optimal model was selected based on performance metrics and
further interpreted using variable importance analysis and the SHAP method.

Results: Our study revealed that ISR occurred in 25.8% of patients, with a range of demographic and clinical factors influencing the
risk of its development. The random forest model emerged as the most adept in predicting ISR, and AISI featured prominently among
the top variables affecting ISR prediction. Notably, higher AISI values were positively correlated with an elevated probability of ISR
occurrence. Comparative evaluation and visual analysis of model performance, the random forest model demonstrates high reliability
in predicting ISR, with specific metrics including an AUC of 0.9569, accuracy of 0.911, sensitivity of 0.855, PPV of 0.81, and NPV of
0.948.

Conclusion: AISI demonstrated itself as a significant independent risk factor for ISR following DES implantation, with an escalation
in AISI levels indicating a heightened risk of ISR occurrence.

Keywords: coronary artery disease, percutaneous coronary intervention, Systemic inflammation aggregation index, machine learning
models, In-stent restenosis

Background

Coronary artery disease (CAD) stands as a formidable contributor to global mortality rates, accompanied by significant
economic implications.' Percutaneous coronary intervention (PCI) has emerged as a primary revascularization strategy
amidst the evolving landscape of CAD treatment modalities.”> Advancements from conventional balloon angioplasty to
contemporary second-generation drug-eluting stent (DES) implantation have substantially reduced the incidence of in-
stent restenosis (ISR) from an initial 40% to the current 3%, significantly enhancing long-term patient outcomes.® Given
the high prevalence of cardiovascular diseases worldwide, ISR remains a significant challenge. ISR can lead to various
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adverse cardiovascular outcomes, such as recurrent angina, recurrent myocardial infarction, and sudden cardiac death.*
Therefore, early and accurate identification of factors contributing to DES-ISR is crucial for clinical management and
prognosis.

The complex mechanisms underpinning ISR encompass a spectrum of factors, spanning dyslipidemia, coagulation
irregularities, inflammatory cascades, patient-specific variables, anatomical considerations, procedural intricacies, and
stent-related parameters.” ® Extensive research has underscored the pivotal role of inflammation in instigating and
perpetuating ISR.” Furthermore, the synergistic interplay between inflammation and platelet activation serves as
a catalyst for neointimal formation and atherosclerosis,'® intensifying the progression of ISR. Immune cells of innate
origin, including lymphocytes, neutrophils, and monocytes, contribute to endothelial inflammation, triggering oxidative
stress and cytokine release, thereby fostering ISR pathogenesis.''

Platelet activation emerges as a key player in orchestrating the intricate immune-inflammatory response, elucidating
the intimate intersection between the coagulation and immune systems.'? The systemic inflammation aggregation index
(AISI) represents a novel prognostic marker derived from lymphocytes, neutrophils, monocytes, and platelets, offering
insights into the immune-coagulation status and inflammatory milieu within the body.'? Prior studies have highlighted the
independent correlation between AISI levels and adverse outcomes in diverse conditions such as idiopathic pulmonary
fibrosis (IPF), viral pneumonia, renal ailments, and hypertension.'*!” However, there is currently no research on the
association between AISI and ISR. Therefore, this study aims to investigate whether AISI is independently associated
with ISR occurrence. Notably, despite the evident prognostic value of AISI across various health conditions, its potential
association with ISR remains unexplored. Hence, this study seeks to illuminate the potential independent linkage between
AISI levels and ISR occurrence. In light of the increasing application of machine learning (ML) as an innovative
algorithmic tool in medical data analysis, this study aims to leverage the robust predictive abilities of ML algorithms to
thoroughly investigate the association between AISI and ISR. The goal is to offer a more precise and dependable
predictive approach for ISR.

Methods

Data collection spanned from January 2018 to December 2022, encompassing patients who underwent DES implantation
at the Central Hospital of Enshi Prefecture and followed up with angiography 6—18 months post-procedure. Exclusion
criteria comprised patients with cognitive impairment, autoimmune disorders, malignancies, severe infections, hepatic or
renal impairment, prior coronary artery bypass grafting, balloon angioplasty, chronic inflammatory conditions, or
significant valvular heart disease. Ultimately, 1712 patients were included in this retrospective observational study,
which was approved by the Institutional Review Board of the Enshi Tujia and Miao Autonomous Prefecture Central
Hospital in accordance with the Helsinki Declaration. Given the retrospective nature of the study, written informed
consent was not required. The waiver of patient consent was granted by the Institutional Review Board based on the
nature of the study and the assurance of patient data confidentiality in compliance with the Declaration of Helsinki. ISR
was defined as luminal narrowing exceeding 50% post-PCI, encompassing the stent segment and adjacent vessel sections
within a 5 mm span proximal and distal to the stent.'®

Data compilation comprised demographic details (age, sex), lifestyle habits (smoking), medical Backgrounds
(hypertension, diabetes, stroke), medication regimens (anticoagulants, diuretics), and assorted laboratory parameters
(complete blood count, liver and kidney function tests, glucose levels, lipid profile, and thyroid-stimulating hormone).
Angiographic specifics entailed stent quantity, lesion locale, and stenosis severity. The systemic inflammation aggrega-
tion index was computed by sequentially multiplying the neutrophil, platelet, and monocyte counts and dividing by the
lymphocyte count.'”

The machine learning models were developed using a five-fold cross-validation strategy. Patients were randomly
divided into training and validation subsets at a 7:3 ratio for each machine learning (ML) model (Figure 1). Notable
models, including Random Forest (RF), XGBoost, neural network, logistic regression, and multilayer perceptron (MLP),
were trained and evaluated using metrics such as the area under the receiver operating characteristic curve (AUC),
accuracy, sensitivity, specificity, positive predictive value, and negative predictive value. A stacked ensemble learning
model was constructed by integrating the predictions of the five machine learning models. A meta-model based on
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Figure | Flowchart of data screening and modeling.

LASSO was applied after parameter tuning to enhance predictive performance. Calibration curves were generated to
evaluate model alignment, ensuring accuracy and stability. The top ten contributors to model outcomes were visually
identified through random forest analysis determining variable importance.

Additionally, the SHAP (SHapley Additive exPlanation) methodology was used to elucidate the Average Individual
SHAP Impact (AISI). This involved examining the relationship between variables and SHAP values using scatter plots
and smooth curves.

Statistical analyses were conducted using R version 4.3.2. Continuous variables were reported as mean + standard
deviation, while categorical variables were presented as counts and percentages. Statistical comparisons were carried out
using the Student’s #-test for continuous variables and chi-square or Fisher’s exact tests for categorical variables, with
a significance level set at P < 0.05.

Result

Baseline Information

According to Table 1, in a cohort of 1712 patients, ISR was experienced by 443 individuals, representing 25.8% of the
study population. Demographic analysis unveiled that male patients, those with a history of stroke, smokers, and
individuals with reduced anticoagulant usage exhibited increased susceptibility to ISR. Factors such as lesion location,
stenosis severity, and the number of stents implanted also played crucial roles in ISR incidence. Laboratory investigations
highlighted significantly elevated white blood cell counts and AISI levels in the ISR group compared to those without
stenosis (6.53 vs 6.13; 198.56 vs 170.17). Moreover, total cholesterol and low-density lipoprotein levels were notably
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Table | The Baseline Characteristics of the Subjects Between ISR Group and Non-ISR Group

Characteristics ISR (n=1269) Non ISR (n=443) P-value
Age (median [IQR]) 63.00 [55.00, 70.00] 64.00 [56.00, 70.00] 0414
Gender=1 (%) 886 (69.8) 393 (88.7) <0.001*
Hypertension=1 (%) 711 (56.0) 235 (53.0) 0.277
Diabetes=1(%) 314 (24.7) 120 (27.1) 0.329
Stroke=1 (%) 138 (10.9) 29 (6.5) 0.008*
Smoking =1(%) 656 (51.7) 275 (62.1) <0.001*
Anticoagulate=1 (%) 465 (36.6) 88 (19.9) <0.001*
Diuretic=1 (%) 167 (13.2) 68 (15.3) 0.249
Left main stem=1 (%) 96 (7.6) 49 (11.1) 0.023*
Left anterior descending branch=1 (%) 974 (76.8) 402 (90.7) <0.001*
Left Circumflex branch=I (%) 825 (65.0) 312 (70.4) 0.038*
Right Circumflex branch=1(%) 858 (67.6) 331 (74.7) 0.005*
Gensini score (median [IQR]) 40.00 [20.00, 70.00] 57.00 [40.00, 87.00] <0.001*
Number of brackets (median [IQR]) 1.00 [1.00, 2.00] 2.00 [1.00, 3.00] 0.002*
Leukocyte (median [IQR]) 6.13 [5.09, 7.51] 6.53 [5.38, 7.62] <0.001*
AISI (median [IQR]) 170.17[107.78,302.81] | 198.56[131.11,310.87] | <0.001*
PDW (median [IQR]) 16.30 [16.10, 16.50] 16.30 [16.10, 16.50] 0.571
ALT (median [IQR]) 23.00 [16.00, 33.00] 24.00 [16.50, 33.00] 0.063
AST (median [IQR]) 24.00 [20.00, 32.00] 25.00 [21.00, 33.00] 0.027*
TBIL (median [IQR]) 12.50 [9.70, 16.10] 12.60 [9.55, 16.20] 0.78
Creatinine (median [IQR]) 73.70 [62.10, 88.40] 74.40 [62.00, 87.40] 0.862
Glucose (median [IQR]) 5.21 [4.58, 6.46] 5.26 [4.66, 6.49] 0.255
Uric acid (median [IQR]) 349.23[290.18,411.74] | 345.51[292.76,408.98] 0917
Total cholesterol (median [IQR]) 3.82 [3.18, 4.65] 4.11 [3.48, 4.84] <0.001*
Triglyceride (median [IQR]) 1.28 [0.94, 1.85] 1.36 [1.03, 1.83] 0.124
HDL (median [IQR]) 1.03 [0.87, 1.19] 1.04 [0.87, 1.20] 0.477
LDL (median [IQR]) 2.26 [1.81, 2.84] 2.49 [1.99, 3.03] <0.001*
TSH (median [IQR]) 2.24 [1.46, 3.52] 224 [1.39, 3.54] 0.524

Note: *P<0.05.

Abbreviations: PDW, platelet distribution width; ALT, Glutathione aminotransferase; AST, glutathione transaminase;
TBIL, total bilirubin; AlSI, Aggregate Index of Systemic Inflammation; HDL, high density lipoprotein; LDL, low density
lipoprotein; TSH, thyroid stimulating hormone.

higher in the ISR group. Conversely, variables like age, hypertension, diabetes, diuretic use, TBIL, creatinine, glucose,
uric acid, PDW, HDL-C, and TSH showed no statistical significance (P > 0.05). To ensure the transparency and integrity
of the dataset and validate the model’s suitability across various datasets, we provide basic statistical descriptions of the
test and validation sets in Table S1.

Model Comparison

Five distinct machine learning (ML) models were developed, encompassing random forest, Xgboost, LASSO, MLP, and
logistic regression. Evaluation of their performance yielded varying AUC values (Table 2): 0.9569 (random forest),
0.7358 (Xgboost), 0.7143 (elastic networks), 0.7316 (MLP), and 0.7338 (logistic regression). Notably, the random forest
model demonstrated superior predictive capabilities with a high AUC (0.9569) and commendable accuracy (0.911),
alongside heightened sensitivity, positive predictive value, and negative predictive value. In contrast, the Xgboost model
exhibited relatively poorer performance with lower AUC (0.7358), accuracy (0.705), and positive predictive value.
Comparative assessment and visualization of performance metrics among diverse models, showcased in parallel line
plots, revealed the robust predictive prowess of the random forest and stacked ensemble models (Figure 2), with well-
fitted calibration curves in comparison to ideal curves, accentuating their high predictive accuracy (Figure 3).
Consequently, the random forest model emerged as the optimal choice, whereas the Xgboost model underperformed in
the context of ISR prediction.
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Table 2 Performance Evaluation of Five Models

Prediction Model | AUC 95% CI Accuracy | Sensitive | PPV | NPV
Random forest 0.9569 | 0.9447-0.9691 0911 0.855 0.81 | 0.948
Xgboost 0.7358 | 0.7048-0.7667 0.705 0.648 0.452 | 0.855
Elastic Net 0.7143 | 0.6826-0.746 0.657 0.748 0411 | 0.877
MLP 0.7316 | 0.7002-0.763 0.683 0.69 043 | 0.863
Logistic 0.7338 | 0.7025-0.7651 0.678 0.697 0.425 | 0.864

Abbreviations: AUC, Area Under the Curve; PPV, positive predictive value; NPV, negative predictive value.

Further insight into the model optimization process was gleaned through variable importance analysis, ranking AISI

fifth among the top 10 influential variables (Figure 4). Subsequently, leveraging the SHAP (Shapley Additive
Explanations) method, the impact of AISI on ISR was visually elucidated, elucidating an escalating ISR likelihood

with increasing AISI values (Figure 5).

Discussion
In our retrospective study, after comparing models, we chose the random forest as the optimal model for predicting ISR.

The random forest model surpassed others in terms of AUC, sensitivity, and accuracy, showcasing superior predictive
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Figure 2 ROC curve of the model.
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performance in our investigation. Further scrutiny of the random forest model unveiled a substantial correlation between
ISR and variables such as gensini score, gender, creatinine level, postoperative anticoagulant usage, and AISI. By
employing the random forest algorithm, we assessed the predictive impact of each variable on ISR and pinpointed the
pivotal factors influencing prediction outcomes. Notably, among the top ten variables, AISI emerged as highly sig-
nificant, underlining its crucial role in ISR prediction. Moreover, we employed the SHAP method to visually expound on
ISR. Through scatter plots and smoothed curves, the relationship between AISI values and SHAP values was elucidated,
aiding in clarifying the model’s predictive mechanisms and facilitating decision-making.
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Paliogiannis et al proposed the utility of AISI for outcome prognostication in surgical cohorts back in 20182
However, pertinent data regarding the impact of AISI post-drug-eluting stent (DES) percutaneous coronary intervention
(PCI) on ISR remains scarce. This study pioneers the evaluation of the AISI-ISR link, establishing AISI as an
autonomous risk factor for DES-related ISR in acute coronary syndrome patients. Prior literature has hinted at
a mechanistic interplay where inflammation triggers early vascular trauma, fostering neointimal hyperplasia and luminal
injury, while stent deployment exacerbates local inflammatory reactions.”' The presence of stents as foreign entities can
incite immune responses, alongside inducing arterial wall damage.”> Subsequent cascades involving activated platelets,
fibrinogen, neutrophils, monocytes, and lymphocytes propel an uncontrolled inflammatory spiral conducive to
inflammation.”> The AISI-driven ISR pathway is delineated by heightened neutrophil, platelet, and monocyte counts,
coupled with diminished lymphocyte levels. Increased platelet counts denote an inflammatory-thrombotic milieu,
whereas reduced lymphocytes signify unbridled inflammation.***> Platelet-neutrophil interactions instigate monocyte
recruitment, fostering inflammatory factor release and perpetuating inflammation, ultimately fostering neointimal pro-
liferation and atherosclerosis, culminating in ISR genesis.”**® AISI, inclusive of platelets alongside innate immune cells,
offers a holistic panorama of the systemic inflammatory and immune-coagulation milieu, surpassing single-cell ratio
markers like NLR, PLR, and SII in capturing a comprehensive snapshot of the inflammatory and immune landscape.

While our study pioneers the AISI-ISR paradigm, limitations exist. It was a single-center retrospective study with
a modest sample size, warranting validation in larger-scale multicenter prospective studies. Moreover, the study solely
delved into the AISI-ISR nexus sans an exhaustive evaluation of other ISR influences. Future avenues could explore AISI
interplay with a broader spectrum of clinical variables to fortify a more exhaustive predictive model.

Conclusion

In summary, this seminal study unveils AISI as a potent inflammatory indicator in forecasting ISR post-coronary stent
placement, unraveling potential pathogenic pathways. This discovery equips clinicians with a novel predictive instru-
ment, forging new avenues for ISR prevention and management post-coronary stent implantation.
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