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Assessment of New Coronary Features on Quantitative Coronary Angiographic Images With Innovative Unsupervised Artificial Adaptive Systems: A Proof-of-Concept Study
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Background and Purpose: The Active Connection Matrixes (ACMs) are unsupervised artificial adaptive systems able to extract from digital images features of interest (edges, tissue differentiation, etc.) unnoticeable with conventional systems. In this proof-of-concept study, we assessed the potentiality of ACMs to increase measurement precision of morphological structures (e.g., stenosis and lumen diameter) and to grasp morphological features (arterial walls) from quantitative coronary angiography (QCA), unnoticeable on the original images.

Methods: Archive images of QCA and intravascular ultrasound (IVUS) of 10 patients (8 men, age 69.1 ± 9.7 years) who underwent both procedures for clinical reasons were retrospectively analyzed. Arterial features derived from “IVUS images,” “conventional QCA images,” and “ACM-reprocessed QCA images” were measured in 21 coronary segments. Portions of 1-mm length (263 for lumen and 526 for arterial walls) were head-to-head compared to assess quali-quantitative between-methods agreement.

Results: When stenosis was calculated on “ACM-reprocessed QCA images,” the bias vs. IVUS (gold standard) did not improve, but the correlation coefficient of the QCA–IVUS relationship increased from 0.47 to 0.83. When IVUS-derived lumen diameters were compared with diameters obtained on ACM-reprocessed QCA images, the bias (−0.25 mm) was significantly smaller (p < 0.01) than that observed with original QCA images (0.58 mm). ACMs were also able to extract arterial wall features from QCA. The bias between the measures of arterial walls obtained with IVUS and ACMs, although significant (p < 0.01), was small [0.09 mm, 95% CI (0.03, 0.14)] and the correlation was fairly good (r = 0.63; p < 0.0001).

Conclusions: This study provides proof of concept that ACMs increase the measurement precision of coronary lumen diameter and allow extracting from QCA images hidden features that mirror well the arterial walls derived by IVUS.
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INTRODUCTION

Historically, analysis of luminal stenosis by quantitative coronary angiography (QCA) has been the reference method for angiographic diagnosis of coronary narrowing (1, 2), for guiding revascularization procedures (1), and for the assessment of coronary artery disease (CAD) (3). QCA, however, provides only two-dimensional images of luminal narrowing and does not provide any direct information on the arterial wall. Moreover, QCA may underestimate stenosis severity in patients with low-grade and/or eccentric atherosclerotic lesions (4, 5).

Nowadays, diagnosis and therapeutic decision-making processes about coronary atheroma are supported by the intravascular ultrasound (IVUS), which allows the direct assessment of coronary arterial wall geometry (6). Unfortunately, the invasive nature of IVUS limits its use in coronary characterization. Furthermore, IVUS can only explore vessels large enough to allow the unrestricted passage of the ultrasound transducer (7). Therefore, despite being widely used by interventional cardiologists, IVUS does not fully solve the problem of the lack of information on coronary arterial walls.

Experimental evidences show that diagnostic images produced by conventional imaging techniques contain more information than usually believed (8–10). Such information, however, is often not visible even to skilled observers, since they emerge from between-pixels relationships/interactions too complex to be grasped by conventional mathematical systems. The Active Connection Matrixes (ACMs) are a family of unsupervised artificial adaptive systems able to automatically extract features of interest (e.g., edges and tissue differentiation) from digital images when activated by original non-linear equations. ACM activation allows the reduction of image noise while maintaining the spatial resolution of high contrast structures and the expression of hidden morphological features (11). This proof-of-concept study aimed at investigating the potentiality of ACMs to grasp additional information from QCA images.



MATERIALS AND METHODS


Coronary Segments Analyzed

This retrospective study, performed by using archive images collected between 2012 and 2013, was approved by the local Institutional Review Boards and individual informed consent was waived. The study was conducted on images of 21 independent coronary segments derived from 10 patients (8 men, age 69.1 ± 9.7 years) specifically selected among those who had been exposed to both a QCA procedure due to suspected or proven coronary steno-occlusive disease, and to an IVUS examination during the same session performed to clarify ambiguous angiographic findings. Examples of ambiguous angiographic findings consist in doubts in stenosis quantification (a) due to coronary segments with diffuse atherosclerotic lesions, (b) due to the presence of a large plaque burden, or (c) when atherosclerotic lesions are located at the origin of a side branch. The 21 coronary segments (one to three per patient, length: 11.8 ± 5.0 mm) considered were obtained from seven left anterior descending arteries and three right coronary arteries.



Quantitative Coronary Angiography

Coronary angiography was performed by a standard Judkins femoral approach. On-line QCA analysis was performed using ARTREK Quantum IC (Image Communication System, Inc., Sunnyvale, CA, USA). QCA images were recorded by using a monoplane X-ray angiogram (AXIOM-Artis, Siemens, Germany). The contrast cine-angiography (resolution: 960 × 960 pixels; frame rate: 25 frames/s) was acquired in multiple angles and saved in DICOM for off-line analyses. The angle associated with an optimal separation of the coronary region of interest from surrounding vessels was chosen. The outer diameter of the contrast-filled catheter was used for calibration. The conversion from pixel size to millimeter was performed by using scaling factors obtained by DICOM metadata.



Active Connection Matrix Systems (ACMs): Procedures to Identify ACMs Suitable for Reprocessing QCA Images

ACMs are a collection of unsupervised artificial adaptive systems designed and developed by Semeion, Research Centre of Sciences of Communication (Rome, Italy) (11–13) [Patents: (14–17)]. The mathematical background of ACMs has been previously described (18).

Each ACM may reprocess an image according to different “CRITERIA” (learning laws, weights functions, pixels functions, classes, actors, dynamics, and post-processing types). Moreover, each reprocessing procedure may run with a different number of computational iterative cycles, thus generating a huge number of reprocessed images that may contain, or not, information unnoticeable in the original image. Using all possible combinations of ACMs and CRITERIA (each one run with 1, 3, 5, 10, 20, 50, 100, 150, 250, and 300 computational iterative cycles, arbitrarily set up), each image is reprocessed in ≈21.000 different ways (12 examples are shown in Figure 1). The time required to reprocess a single QCA image with one of the selected combinations of ACM and CRITERIA is in the order of 2 s.
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FIGURE 1. Example of one original image (image “0”) and 12 ACM-reprocessed QCA images survived to the automatic screening procedure described in the Supplementary Material. For the identification of the elective ACM/CRITERIA combination, the images survived to the automatic screening procedure were then exposed to a final visual selection. In this particular example, image “5” was considered to be the best one, because it was the only one in which, in addition to the lumen, a potential and unambiguous silhouette of the arterial wall thickness could also be recognized. Indeed, in images 1, 2, 4, 6, 9, and 12, the arterial wall thickness has not been grasped at all; images 3, 7, 8, 10, and 11 were, instead, characterized by an excessive noise.


The a priori identification of the ACMs/CRITERIA combinations actually able to produce additional features on QCA images is not possible. Therefore, in the initial phase of the project, we implemented a semi-automatic selection procedure to identify a posteriori the ACMs/CRITERIA combinations able to produce images containing anatomical structures unnoticeable in the original image. The selection procedure was run on all the 21 images of coronary segments considered. This yielded 441,000 ACM-reprocessed QCA images (21,000 × 21) for the a posteriori selection. Subsequently, to identify the ACMs/CRITERIA combinations able to generate reprocessed images containing new information, a high-throughput quantitative texture analysis, based on a seven-step sequential selection procedure, was developed in-house by using MATLAB R2014b (MathWorks, Inc., Natick, MA, USA).

Supplementary Figure 1 summarizes the entire procedure. A detailed technical description of the procedure to identify the ACMs/CRITERIA combinations is available on request. Details on measurements performed on both original QCA images and ACM-reprocessed QCA images are provided in Appendix 1 (Supplementary Material), also containing Supplementary Figure 2, which shows how measurements have been used to rebuild lumen and arterial wall silhouettes derived from both original and ACM-reprocessed QCA images. At the end of the semi-automatic selection procedure, one “elective ACMs/CRITERIA combination” and two “second-choice ACMs/CRITERIA combinations” were identified. The whole procedure takes about 10 min. The elective ACMs/CRITERIA combination was able to grasp potentially significant new arterial wall features in 19 out of the 21 (90.5%) coronary segments considered. In the remaining two arterial segments, where the elective ACMs/CRITERIA combination failed, new arterial features were grasped by the two second-choice ACMs/CRITERIA combinations. Being able to grasp new morphological information on the edges of the arterial silhouette, these three ACM combinations were considered suitable for a proof-of-concept study, and used to assess whether the new morphological features retrieved were artifacts or real arterial morphological structures. To this aim, a qualitative and quantitative validation of arterial features grasped by ACMs on QCA images was performed by a head-to-head comparison with IVUS used as gold standard.

The elective and the two second-choice ACMs as well as the high-throughput screening procedure are the object of a specific patent (19).



Coronary Intravascular Ultrasound

Detailed technical descriptions of IVUS procedures and measurements of lumen diameter and wall thicknesses are provided in Appendix 2 (Supplementary Material), and illustrated in Supplementary Figures 3–7. A total of 1,364 IVUS images were measured and used for geometry comparison. The number of IVUS frames measured per patient ranged from 41 to 276.



Qualitative and Quantitative Validation of Expected (Lumen) and New (Vessel Walls) Morphological Structures

The qualitative validation of the anatomical structures identified in ACM-reprocessed QCA images was performed by visually comparing the longitudinal silhouettes of lumen and/or arterial wall grasped by this image modality with those detected on the original QCA images and/or IVUS images (Supplementary Figures 8–18).

For quantitative validation, the longitudinal silhouettes of the coronary lumen and arterial walls (whenever visible) obtained with the three image modalities (original QCA images, ACM-reprocessed QCA images, and IVUS images) were fractionated in portions of 1-mm length. The minimal luminal diameter (Min-LD), the maximal luminal diameter (Max-LD), and the maximal stenosis, calculated by considering the total segment length, were also determined in each of the 21 coronary segments considered. The percent stenosis was calculated as (1 – Min-LD/Max-LD) × 100. Figure 2 summarizes the validation protocol. Max-LD, used as reference in the formula for stenosis assessment, was calculated as the mean of two diameters (measured 5 mm proximally and distally from the plaque that produces the Min-LD) to correct for vessel tapering.


[image: Figure 2]
FIGURE 2. Protocol for validation of lumen and arterial wall silhouettes derived from ACM-reprocessed QCA images. (A) Original QCA image; (B) crop of the original QCA image; (C) lumen-diameter measured on the crop of the original QCA image; (D) ACM-reprocessed QCA image; (E) lumen (inner red lines) and adventitial (outer red lines) longitudinal contours of the artery reprocessed by ACMs. The distances between red lines in the upper and lower part of the image are supposed to be the upper (U-AWT) and lower (L-AWT) arterial wall thicknesses; (F) IVUS images (gold standard); (G) IVUS measurement converted in bi-dimensional longitudinal lumen and walls silhouettes; (H) lumen (inner green lines) and adventitial (outer green lines) contours of IVUS longitudinal silhouettes. The distances between the green lines in the upper and lower part of the image are the upper (U-AWT) and lower (L-AWT) arterial wall thicknesses; (I) qualitative concordance between lumen silhouettes derived from original QCA (black silhouettes), ACM-reprocessed QCA images (red silhouettes), and IVUS images (green silhouettes); (J) qualitative concordance between the arterial wall thicknesses derived from ACM-reprocessed QCA images (red silhouettes) and IVUS images (green silhouettes).




Statistical Analysis

Between-methods agreements and biases were evaluated by using Bland–Altman analysis (20). The accuracies of QCA-vs.-IVUS and ACM-vs.-IVUS were compared in absolute terms (i.e., regardless of whether they underestimate or overestimate the IVUS value) by considering the absolute value of the Bland–Altman biases. To this aim, in case of discordance in the biases direction (i.e., one bias positive and one negative), the signs of the differences vs. IVUS of the variable associated to the negative bias have been changed. The agreement of QCA and ACM-reprocessed QCA vs. IVUS was also assessed by computing absolute differences. In order to take into account the within-subject and within-coronary-segment correlation of the multiple measurements, biases and absolute differences were analyzed by Generalized Estimating Equations (GEEs). Due to non-normal distribution, results for absolute differences were confirmed by Wilcoxon signed-rank test. Significance was set at p < 0.05.




RESULTS


Qualitative Between-Methods Agreement in Coronary Lumen and Arterial Wall Silhouettes

The qualitative concordance of the shape of lumen and arterial wall silhouettes derived by ACM-reprocessed QCA images and IVUS images of all the 21 segments considered are shown in Supplementary Figures 8–18. Each figure shows (1) the original QCA image (Panel A), (2) the same QCA image reprocessed with ACMs, where it is possible to appreciate the new features supposed to be the arterial walls (Panel B), and (3) the same image reporting also the IVUS-derived arterial wall silhouettes (green silhouettes of Panel C). All figures show that, from a qualitative point of view, the new features grasped by ACMs mirror well the arterial wall silhouettes derived by IVUS.

The descriptive measures of the 21 coronary segments obtained from “original QCA images,” “ACM-reprocessed QCA images,” and “longitudinal silhouette of IVUS images” are shown in Table 1.


Table 1. Measurements on the 21 coronary segments used to assess the between-methods agreement.

[image: Table 1]



Quantitative Between-Methods Agreement in the Percent of Coronary Stenosis

The agreement in the percent coronary stenosis was assessed by considering each coronary segment for the whole length. Bland–Altman plots (Figures 3A,B and Table 2) revealed no significant bias differences vs. IVUS measurements when “original” or “ACM-reprocessed QCA images” were considered [mean difference between absolute biases (95% CI) = −1.84 (−9.44, 5.76) mm, p = 0.63 by GEE]. Accordingly, also the delta absolute differences were not significantly different. By contrast, the correlation coefficient (Figures 3C,D) improved from 0.47 to 0.83 when “original QCA images” or “ACM-reprocessed QCA images” were, respectively, plotted against IVUS.


[image: Figure 3]
FIGURE 3. Agreement in measurement of percent of stenosis. Bland–Altman plots (A,B) and linear regression analyses (C,D) assessing the agreement between the percent of stenosis derived by IVUS and that derived by original QCA images (A,C) or by ACM-reprocessed QCA images (B,D). Continuous lines in the scatter plots indicate the regression line and 95% CI.



Table 2. Morphologic measurements of the pooled vessel lumen stenosis, lumen diameter, and vessel wall thickness among measurements at original QCA, ACM-reprocessed QCA, and IVUS.
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Quantitative Between-Methods Agreement in Lumen Diameter Assessment

For the quantitative between-methods agreement in lumen diameter assessment, the longitudinal silhouettes of the coronary segments, obtained with the three imaging modalities (Supplementary Figure 7) and fractionated in portions of 1-mm length, generated 263 values for lumen comparison.

Bland–Altman plots (Figure 4A) revealed a bias of 0.58 mm when lumen diameter measured on original QCA images was compared with that measured on IVUS images (gold standard). According to GEE analysis, such bias was statistically significant (p < 0.001; Table 2). The correlation coefficient was 0.83, and the slope very close to 1 (Figure 4C).


[image: Figure 4]
FIGURE 4. Agreement in measurement of lumen diameters. Bland–Altman plots (A,B) and linear regression analyses (C,D) assessing the agreement between the lumen diameters derived by IVUS and that derived by original QCA images (A,C) or by ACM-reprocessed QCA images (B,D). Continuous lines in the scatter plots indicate the regression line and 95% CI.


When IVUS-derived lumen diameters were compared with those obtained on ACM-reprocessed QCA images (Figure 4B), the bias was still significant (p < 0.001 by GEE); however, both the bias and the absolute differences between methods were significantly smaller (−0.25 and 0.28 mm, respectively) than that observed between QCA images and IVUS images (0.58 and 0.49 mm, respectively; Table 2). Both the mean difference between absolute biases (−0.33 mm) and the delta absolute difference (−0.23 mm) were also significant (p = 0.0014 and p = 0.0063, respectively). The correlation coefficient (0.85) and the slope (1.01) remained almost the same (Figure 4D).



Quantitative Between-Methods Agreement in Arterial Wall Thickness

Considering the 21 coronary segments in their entire length, the average arterial wall thickness was 0.70 ± 0.21 mm (range 0.22, 1.44 mm) when measured on ACM-reprocessed QCA images and 0.61 ± 0.25 mm (range 0.16, 1.75 mm) when measured on longitudinal reconstructed IVUS arterial wall silhouettes. Supplementary Figures 8–18 show the concordance of the shape of arterial wall silhouettes from a qualitative point of view. As done for the lumen, also for the quantitative between-methods agreement in the assessment of arterial walls thickness, the longitudinal silhouettes of coronary segments (Figure 5) were fractionated in portions of 1-mm length, generating 263 values for the upper (U-AWT) and 263 values for the lower (L-AWT) arterial wall thicknesses. Both the Bland–Altman plots (Figure 5A) and the regression analysis (Figure 5B) revealed that the arterial wall thickness grasped by ACMs on QCA images mirrors well the measures derived by IVUS images (gold standard). Indeed, the bias between the measures obtained with IVUS and ACMs, although significant in the GEE analysis (p < 0.01), was very small [0.09 mm, 95% CI (0.03, 0.14); Table 2] and the correlation between the two imaging modalities was fairly good (r = 0.63; p < 0.0001; Figure 5B).


[image: Figure 5]
FIGURE 5. Agreement in measurement of coronary wall thicknesses. Bland–Altman plot (A) and linear regression analysis (B) assessing the agreement between the arterial wall thicknesses derived by IVUS and by ACM-reprocessed QCA images. In the scatter plot, continuous lines indicate the regression line and 95% CI.





DISCUSSION

Correlation between standard QCA and IVUS measurements of the lumen has been shown to be excellent just in normal coronary arteries, but only moderate when diseased arteries were considered (21). Beyond corroborating such moderate correlation, in this proof-of-concept study we have shown that, when QCA images are reprocessed with ACMs, measurements of lumen diameter improve and, compared with IVUS data, are better than those measured on standard QCA images. Furthermore, this is the first study to show that ACMs allow grasping additional arterial features that mirror well the arterial wall profile derived by IVUS. This is a novel finding as, so far, arterial wall information could be accurately detected only by IVUS (7, 22–24).

The accurate assessment of lesion severity is crucial for decision-making in the cardiac catheterization laboratory. Indeed, regardless of whether the lesion protrudes into the lumen or not, the underestimation of the disease severity would leave critical lesions untreated, while an overestimation would lead to unnecessary revascularization procedures that could cause coronary restenosis for catheter-induced injury (25, 26). Yet, QCA assessment is still visual and highly observer-dependent, and it is known that the visual interpretation of standard coronary arteriograms cannot visualize eccentric plaques (27) and is a poor predictor of the physiological importance of coronary stenosis (28). Moreover, although pivotal to evaluate plaques protruding into the lumen, standard QCA is unsuitable for plaques developed extensively into the arterial wall but negligibly protruding into the lumen, due to the phenomena of outward arterial remodeling (29, 30). As a consequence, such “invisible-to-QCA” lesions are neglected in clinical practice, despite evidences of an association between non-protruding plaques and risk of events (31). Plausibly, a timely and accurate identification/quantification of these non-flow-limiting lesions through ACM-reprocessed QCA might help to improve personalization of preventive interventions.

The ACM approach has several advantages even when compared to IVUS. First, it evades the potential risks of minor (e.g., endothelial damage) or major (e.g., arterial dissection) complications of the intra-coronary passage of a transducer. Second, though not assessed in this study, it may provide information about coronary segments not reached by the IVUS transducer. Accordingly, a reprocessing tool for the assessment of regional coronary arterial geometry that (1) does not require additional diagnostic procedures, (2) is able to visualize not protruding lesions, and (3) is more objective, consistent, and widely available not only to experts but also to less trained personnel has a high potential to increase the prognostic performance of QCA and would be of great interest in both clinical and research setting.

The results here presented have to be interpreted with caution. Indeed, the study being just a “proof of concept,” we do not want to claim that the ACM-reprocessed QCA images can be considered as a replacement of IVUS, but rather that, adopting these systems, there is today the concrete possibility to improve the measurement accuracy of arterial conventional features from QCA images and, overall, to grasp arterial wall information that, till now, were completely invisible in the original images.

The study has some limitations. First, it does not include a comparison with a standard of reference like pathology; however, the IVUS (our gold standard) was previously validated against histology (32, 33) and has often been used as the reference standard of coronary vessel wall evaluation. Second, our results refer to coronary segments free of lumen-protruding plaques, and further research, in coronary segments with such characteristics, is warranted. Third, the sample size is small. Regardless that, with proof-of-concept studies, a small sample is almost the norm (34, 35), it has to be underlined that we have analyzed multiple segments per subject (n = 21 segments for 10 patients) and multiple (1 mm by 1 mm) sub-segments per segment (for a total of 263 sub-segments analyzed). With such a number of comparisons, we believe that our results give a good impression about possibilities and limitations of ACM-reprocessing of QCA compared with IVUS. Finally, it has to be underlined that this is just an initial step toward the assessment of coronary walls from QCA images. Further studies with larger sample sizes and training-and-testing procedures have to be performed for a more comprehensive assessment of the potentialities of this novel vessel wall reprocessing approach.

In conclusion, this proof-of-concept study shows that the use of ACMs to reprocess conventional QCA images markedly improves the accuracy in lumen diameter and allows grasping additional features, invisible on the original images, which mirror well the arterial wall profile derived by IVUS. If validated in larger samples, the approach here proposed might have a great interest and transferability into the clinical practice and suggests a potential role of this test as a first-line diagnostic modality, i.e., prior to coronary IVUS, for excluding the presence of hidden plaques in non-obstructive coronary disease.
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reacings (see Materials and Methods). Biases, delta biases, and delta absolute differences
are reported as mean (95% CI of the mean); absolute differences are reported as median
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