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Abstract - Coronary chronic total occlusions (CTOs) are very common in patients undergoing coronary angiography. There has been
an increasing acceptance of the percutaneous coronary interventions (PCI) in CTOs. The success rate of PCI has been boosted over the
last few years by, among else, operator experience and advances in technology, even achieving levels of approximately 90%. This study
proposes a prediction model for the classification of the cases in successful and unsuccessful operations and addresses the problem of
class imbalance in the response variable (operation result). It is based on the EuroCTO Registry, which is the largest database available
worldwide consisting of 29,995 cases for the period 2008-2018. Binary logistic regression analysis and down-sampling were applied
within a customized step-algorithm and standard statistical accuracy measures were employed for the assessment of the prediction model,
such as sensitivity, specificity and the value of the area under the ROC (AUROQOC) curve. The analysis revealed new predictive factors,
validating at the same time the impact of well-known predictors. A brief comparison has been performed with other models from the
literature, which showed that the proposed model performs similarly or better than its contemporary competitors.
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Introduction

Coronary chronic total occlusions (CTOs) are defined as occlusions with duration at least 3 months with thrombolysis
in myocardial infraction flow grade 0 (TIMI=0) [1]. Approximately 20% of the patients undergoing coronary angiography
exhibit CTOs. These are the most complicated malfunctions of coronary arteries that an operator/cardiologist might address.
The last decade, there has been an increasing acceptance of the percutaneous coronary interventions (PCI) in CTO, with
increasing success rate [2]. There exist several attempts in the literature to assess the impact of different predictor variables
to the success or failure of the PCI, ranging in size of the dataset from a few hundred cases [3] to approximately 20,000 [4].
In most studies, the authors develop a scoring system that categorizes patients in risk groups relevant to the success of the
operation ( [3]- [8]). The operation success ranges from 50% in the seminal paper of Morino et al. ( [3]) to 93% in [6], and
it depends on the experience of the operators and the time interval when data were collected, since advance in technology
has a positive impact in the success of the operation. In this study, the analysis is based on the largest database available
worldwide (EuroCTO Registry), which consists of 29,995 cases for the period 2008-2018 (164 variables including
demographic data, clinical, anatomic, procedure parameters etc.). The aim of the study is to assess the impact of a large
number of predictor variables in operation success, and to address for the first time the imbalance of the classes of the
response variable (in this dataset it is 87.6% success and 12.4% failure).
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Statistical Analysis

The aim of the statistical analysis was to develop an efficient predictive model for the operation success of the CTO PCI
(response variable). For the purposes of the analysis, 32 out of the 164 variables were selected as predictor variables, based
on conceptual, relevance, and literature criteria (e.g. technical parameters that are related with material, etc. were excluded).
An additional criterion was the percentage of missing values, particularly variables with missing values over 20% were not
assessed. No imputation methods for the missing values were considered, thus the analysis was based only on the observed
data. The response variable is binary, and the association of the predictor variables with the response was assessed separately
for each predictor variable with logistic regression analysis. Predictor variables with a p-value<0.05 (26 variables out of 32)
were then included in a multivariate logistic regression model.

The following algorithm, which was based on [9], applied in order to assess the predictive power of our model:

1. Randomly draw 70% of the cases representing the training dataset.

2. Apply the full main effects model based on the training data.

3. Employ a stepwise approach to exclude variables from the full model based on the Akaike Information Criterion

(AIC).

4. From the remaining variables, assess (with ANOVA) whether variables with corresponding p-value>0.05, or at

least one corresponding p-value>0.05 (for categorical variables) can be excluded from the multivariable model.

5. For categorical variables assess whether merging of categories is possible.

6. Assess the model predictive accuracy on the test dataset (representing the remaining 30% of the original cases).

The assessment of the final model was based on specific statistical accuracy measures, i.e. sensitivity, specificity (the
predicted probabilities for operation success were calculated for each case/patient, and specific thresholds were employed to
categorize a case as operation success (predicted probability>=threshold) and as operation failure (<0.5, respectively)), and
the value of the area under the ROC curve (AUROC).

To address the imbalance between the two classes of the response variable (12.4% Operation failure, 87.6% Operation
success), a down-sampling approach was employed in the training data, resulting in a sample with equally -sized classes for
the response variable (when down-sampling is used, it corresponds to an extra step (1a) in the step-algorithm above). The
analysis was performed with R version 3.6.3.

Results

The data used after omitting any cases with at least one missing value (in the variables of interest) included 17,370 cases
and 26 variables (including 25 predictors and the response). The proposed step-algorithm was initially applied without
considering down-sampling, resulting in a model with 13 predictor variables, exhibiting very low specificity (prediction
accuracy for the minority class - failure). To address this problem (probably due to the imbalance of the response classes),
the step-algorithm was applied anew including down-sampling. The final model included 8 predictor variables. The results
are displayed in Table 1, where apart from the standard threshold of 0.5, 4 more thresholds around 0.5 were considered to
provide a short sensitivity analysis of the accuracy measures considered. Particularly, the sensitivity ranged from 49.39% to
81.57%, and the specificity from 47.22% to 80.71%. The AUROC was 0.7273.

Table 1: The values of sensitivity, specificity and AUROC in the test dataset for selected thresholds relevant to the predicted
probabilities computed based on the logistic regression model including down-sampling.

Prediction probabilities threshold

Accuracy measures 0.4 0.45 0.5 0.55 0.6
Sensitivity 0.8157 0.7510 0.6725 0.5897 0.4939
Specificity 0.4722 0.5725 0.6636 0.7361 0.8071

AUROC 0.7273 0.7273 0.7273 0.7273 0.7273

The final model developed (based on the training data) included 8 main effects/predictors. The model coefficient
estimates, and the corresponding Odds Ratio (with 95% confidence intervals) are displayed in Table 2. Most of these results
are in agreement with the literature, e.g. it is known that the Proximal tortuosity classes Moderate and Severe are
compounding regarding the success of the operation compared to the Straight class. Similarly the classes Moderate and
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Severe of Calcification are compounding regarding the success of the operation compared to the None/Mild class. However,
some new predictor variables were included in this model, such as Dyspnea and Bifurcation involvement.

In addition, the value 0.73 (p-value<0.001) of AUROC in the validation dataset is very good compared to the literature,
since, in [4] the AUROC was 0.68, in [6] it was 0.72, and in [5] it was 0.68. In [3] the AUROC was found to be 0.76, however
in this case, the data were far less (N=494), and the response classes were even.

Table 2; Coefficient estimates, and the corresponding Odds Ratio (with 95% confidence intervals) for the logistic regression model
including down-sampling.

95% Cl for Exp(B)
B Estimate p-value Exp(B) Lower Upper

Constant -.942 .001 .390

Dyspnea_Yes .294 <.001 1.342 1.144 1.575

Segmental [2] [2]wall motion CTO. -.408 <.001 .665 .569 777

Related lesion_H/A/D

Bifurcation involvement_Yes .308 .003 1.361 1.108 1.672

Visual estimation CTObrlength mm -.015 <.001 985 981 989

Visual estimation vessel diameter mm 402 <.001 1.495 1.247 1.792

Proximal tortuosity <.001

Proximal tortuosity_Moderate -324 <.001 723 602 868

Proximal tortuosity_Severe -.993 <.001 371 277 496

Calcification <.001

Calcification_Moderate (<=50% RLD) -411 <.001 663 552 797

Calcification_Severe (>50% RLD) -1.011 <.001 364 294 450

Stump <.001

Stump_Tapered stump 1.246 <.001 3.475 2.755 4.383

Stump_Blunt stump 671 <.001 1.956  1.561 2.452
Conclusion

This study has revealed the importance of factors that have not been included in similar modeling approaches in the
literature to the best of our knowledge. This may indicate the need for further research in the field. On top of that, new
methodology has to be introduced to address the imbalance in the classes of the operation result attributed to the high
percentage of operation success, which is related, among else, with the increasing operator experience and advances in
technology.
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