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Background: Previous intracoronary imaging studies have shown that coronary artery calcium (CAC) is an independent risk factor of stent underexpansion; however, limited preintervention assessments of CAC have been performed using noninvasive methods. We aimed to determine the association between lesion-specific CAC score and stent underexpansion.



Methods: In this retrospective observational study, we included 416 lesions from 359 patients who underwent intravascular ultrasound (IVUS)-guided stent implantation. CAC of each lesion was quantified using the Agatston method derived from either nongated noncontrast chest CT (NCCT) or electrocardiogram-gated coronary CT angiography (CCTA). The primary endpoint was stent underexpansion defined as minimum stent area of <80% of the average reference lumen area.



Results: Overall, stent underexpansion occurred in 144 (34.6%) of 416 lesions. Lesion-specific CAC score was significantly negatively correlated with the stent expansion rate (in NCCT cohort, r = 0.8113, P < 0.05; in CCTA cohort, r = 0.8024, P < 0.05). The optimal cutoff values of lesion-specific CAC score to predict stent underexpansion were >200 in both NCCT (sensitivity, 91.4%; specificity, 66.8%) and CCTA (sensitivity, 84.6%; specificity, 64.3%) cohort, which were associated with 24.94-fold increased risk of stent underexpansion in NCCT cohort and 13.56-fold increased risk of stent underexpansion in CCTA cohort.



Conclusions: In this study, we found that lesion-specific CAC scores in both NCCT and CCTA cohorts were significantly independently associated with an increased risk of stent underexpansion, and the cutoff value to predict stent underexpansion was >200.
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Introduction

Stent underexpansion may lead to increased risks of the early and late complications of percutaneous coronary intervention (PCI) and stent failure (1–3). PCI of calcified lesions is associated with higher risks of adverse procedural and clinical events, often owing to suboptimal lesion modification before stent implantation and stent underexpansion due to severe coronary artery calcium (CAC). Thus, assessing the severity of calcification in coronary lesions is clinically relevant because it could help identify lesions with a higher risk of stent underexpansion and guide the application of more aggressive lesion modification strategies.

To improve the plaque modification of lesions with severe CAC and reduce the risk of stent underexpansion, several interventional techniques, including balloon technologies (e.g., scoring and cutting balloon, super high-pressure balloon, and lithoplasty balloon), atherectomy (orbital and rotational), excimer laser coronary angioplasty, and intravascular lithotripsy are currently available (4). However, how to identify the lesions with severe CAC and requiring these aggressive modification techniques has not been comprehensively investigated.

Previous studies explored the use of intracoronary imaging tools [e.g., intravascular ultrasound [IVUS] and optical coherence tomography [OCT]] in assessing CAC severity (5, 6). Fujino et al. established an OCT-based calcium scoring system (assessing three OCT parameters: maximum angle >180°, maximum thickness >0.5 mm, length >5 mm), and found that calcified lesions with a score of 4 had poor stent expansion. The IVUS-based calcium scoring system raise by Zhang et al. (assessing four IVUS features: superficial calcium angle >270° longer than 5 mm, 360° of superficial calcium, calcified nodule, vessel diameter <3.5 mm) recommended calcium modification (orbital or rotational atherectomy) in lesions with calcium score ≥2. Since these intracoronary imaging tools can improve the outcome of PCI, they are highly recommended for procedural guidance in calcified lesions (7). However, considering that intracoronary imaging catheters may not be able to cross all of the calcified lesions before modification, preintervention assessment of calcified lesions is necessary.

In contrast to intracoronary imaging tools, computed tomography (CT) is a noninvasive tool for CAC assessment, which can be performed before the procedure. CAC is conventionally quantified using images of electrocardiogram (ECG)-gated coronary CT angiography (CCTA) by the Agatston method (8), which has been widely used in predicting cardiovascular risk and guiding primary prevention of cardiovascular disease (9, 10). Besides, CAC score has predictive value in predicting obstructive coronary artery disease, and lesion-specific CAC score may be superior to the whole-heart CAC score (11). Previous studies showed that the CAC score is associated with stent expansion and might help guide the use of rotational atherectomy during PCI (12, 13). Compared with CCTA, nongated noncontrast chest CT (NCCT) is simpler and more feasible in clinical practice. NCCT had a high agreement and correlation with CCTA when assessing CAC severity (14–16). Our group previously illustrated the associations of both NCCT- and CCTA-derived lesion-specific CAC scores with increased risk of ISR (17). However, the predictive role of the lesion-specific CAC score assessed by either NCCT and CCTA in stent underexpansion remains unclear. Accordingly, we performed this study to explore the associations between CCTA- or NCCT-derived lesion-specific CAC scores and stent underexpansion.



Materials and methods


Study design

This was a single-center, retrospective, observational study performed at Shanghai Chest Hospital, Shanghai Jiao Tong University School of Medicine. The study protocol followed the principles of the Declaration of Helsinki and was approved by our Institutional Review Board (IS23028). The need for written informed consent was waived.



Study population

We retrospectively screened adult patients (>18 years old) who underwent IVUS-guided drug-eluting stent (DES) implantation in de novo lesions in native coronary arteries at the Department of Cardiology, Shanghai Chest Hospital School of Medicine, Shanghai Jiao Tong University, from January 2020 to December 2021. Inclusion criteria were (1) lesions with calcium in CT (defined as plaque density >130 Hounsfield units with an area >1mm2), (2) both pre-PCI and post-PCI IVUS images with analyzable quality, and (3) analyzable CT (NCCT or CCTA) images taken within 3 months before the procedure. Exclusion criteria included (1) chronic total occlusion (CTO), (2) in-stent restenosis, (3) left main (LM) or ostial lesion, and (4) previous stenting in the target vessel. Thus, we screened 1001 lesions in 846 patients receiving IVUS-guided DES implantation, and finally included 416 lesions in 359 patients who met all of the inclusion criteria and none of the exclusion criteria in this study. According to the type of CT scan, 307 lesions were in the NCCT cohort and 109 lesions were in the CCTA cohort.



Study endpoint

The endpoint of this study was stent underexpansion in the final post-PCI IVUS measurement, defined as a minimum stent area (MSA) of <80% of the average (proximal and distal) reference lumen area, in accordance with the European Association of Percutaneous Cardiovascular Interventions (EAPCI) expert consensus document (18).



CT imaging acquisition and CAC scoring

Images of CCTA or NCCT were acquired using single-source ≥64-row CT scanners, and the protocols of CT scans were in accordance with the guidelines established by the Society for Cardiovascular Computed Tomography (SCCT) (19, 20). The following CT scanner systems were used: GE revolution CT, Philips iCT scanner, and Philips Ingenuity CT.

To quantify coronary calcium, we used the semiautomated software OsiriX (Pixmeo, Geneva, Switzerland) to obtain the Agatston score in noncontrast-enhanced data sets. In three main epicardial coronary arteries, namely, left anterior descending artery (LAD), left circumflex artery (LCX), and right coronary artery (RCA), we located the target lesion by using some conspicuous and reproducible anatomical landmarks such as the ostium of the main vessel and side branches (Supplementary Figure 1). As the slice thickness may differ from one patient to the next, we adjusted the Agatston score using the following formula: Adjusted score = original score × slice thickness/3 (21).



IVUS imaging acquisition and analysis

The IVUS testing and measurement protocol followed the requirements established by the American College of Cardiology (ACC) clinical expert consensus document (22). We used commercially available mechanical IVUS catheters (OptiCross 40 MHz; BostonScientific, Marlborough, MA, USA) to obtain the images. The IVUS catheter was inserted at least 10 mm distal to the lesion and automatically pulled back to the aorta at a rate of 0.5 mm/s or 1.0 mm/s after the intracoronary administration of 100–200 μg of nitroglycerin. We initially performed an IVUS examination before the lesion preparation. If the IVUS catheter could not be delivered across the lesion, dilation using a small balloon (diameter ≤2 mm) would be conducted and IVUS catheter delivery would be re-performed.

All IVUS images were analyzed using Echoplaque software (INDEC systems, Inc., Los Altos, CA, USA) offline by two independent experienced technicians. Several definitions or criteria were used in the IVUS analysis: (1) Reference lumen was defined as the site with the largest lumen area proximal or distal to the target lesion or stent edge, but within the same segment (within 10 mm of the lesion or within 5 mm of the stent edge, and with no major intervening branches). (2) The lesion was defined as the site with obvious atherosclerotic plaque compared with a predefined reference and usually had stenosis in at least 50% of the area. (3) Calcified plaque was defined as bright echoes and obstructed the penetration of ultrasound. In pre-PCI IVUS analysis, we measured lesion length, minimum lumen area (MLA), average reference lumen diameter, maximum calcium angle, and calcium length. Besides, we also calculate the IVUS-based calcium score using Zhang's method (5). In post-PCI IVUS analysis, we measured MSA, stent area at maximum calcium, average reference lumen area, and stent expansion rate (MSA/average reference lumen area).



Statistical analysis

We performed per-patient analyses for patient clinical characteristics, and per-lesion analyses for lesions or procedural characteristics. Continuous variables are presented as the mean ± standard deviation or median and first and third quartiles (Q1, Q3), where appropriate. Categorical variables are shown as number (percentage). We divided the lesions into high and low CAC score groups in both the NCCT cohort and the CCTA cohort according to the median CAC score. Variables were compared between the high and low CAC score groups using the Mann–Whitney test or chi-squared test, where appropriate. As an additional validation, we explored the distribution of IVUS-based calcium score due to high and low CAC score. Spearman's correlation analyses were used to assess the correlation between the CAC score and stent expansion rate. We also displayed the stent expansion rate of each lesion in both high and low CAC score groups. Receiver-operating characteristic (ROC) curve analysis was used to determine the ability of the lesion CAC score to predict stent underexpansion and identify the optimal cutoff value of the CAC score that provided the greatest sum of sensitivity and specificity in the NCCT cohort and CCTA cohort. The odds ratio (OR) and 95% confidence interval (CI) of the risk of stent underexpansion associated with the cutoff CAC score were obtained using a univariable logistic regression model. We also performed multivariable logistic regression analyses, which included the patient clinical characteristics (age, sex, smoking status, hypertension, dyslipidemia, diabetes, chronic kidney disease), procedure characteristics (total stent length, maximum inflation pressure, and device-to-artery ratio), and CAC score.

All analyses were conducted with SPSS, version 26.0 (SPSS Inc., IBM Corp., Armonk, NY, USA), and GraphPad Prism, version 9.5.0 (GraphPad Software, San Diego, CA, USA). A two-sided P-value of <0.05 was considered statistically significant.




Results


Patient clinical characteristics

We screened 1,001 lesions in 846 patients who underwent IVUS-guided DES implantation of a de novo native coronary artery lesion. Finally, 416 lesions in 359 patients who met the inclusion criteria and had none of the exclusion criteria were included in the analysis (Figure 1). The clinical characteristics of the patients in each cohort are summarized in Table 1. The mean age of the patients was 68.1 ± 7.2 years, and 69.9% were male.


[image: Figure 1]
FIGURE 1
Study flow. IVUS, intravascular ultrasound; DES, drug-eluting stent; CTO, chronic total occlusion; PCI, percutaneous coronary intervention; CT, computed tomography; LM, left main; NCCT, non-gated non-contrast chest computed tomography; CCTA, coronary computed tomographic angiography.



TABLE 1 Patient clinical characteristics.
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Lesion and procedure characteristics

As the median lesion-specific CAC score was 218 (96, 399) in the NCCT cohort and 207 (120, 360) in the CCTA cohort, we divided the lesions into high CAC score and low CAC score groups. Table 2 shows the lesion and procedure characteristics. In the pre-PCI IVUS assessment, the high CAC score group had greater calcium length, maximum calcium angle, and IVUS-based calcium score than the low CAC score group in both cohort. In the post-PCI IVUS assessment, compared with the high CAC score group, the low CAC score group had greater MSA and rate of stent expansion at the MSA site. Other variables were comparable between the two groups. The distribution of IVUS-based calcium score according to high and low CAC score was shown in Supplementary Figure 2.


TABLE 2 Lesion and procedure characteristics.
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Distribution of stent expansion rate in low and high CAC score groups

Stent underexpansion occurred in 144 (34.6%) of 416 lesions in the whole cohort. In addition, the distribution of stent expansion rate in both cohorts according to the CAC score is presented in Figure 2. In the NCCT cohort, the median stent expansion rate was 76.8% in the high CAC score group and 91.5% in the low CAC score group; the occurrence of stent underexpansion was 60.1% in the high CAC score group and 8.4% in the low CAC score group. In the CCTA cohort, the median stent expansion rate was 77.4% in the high CAC score group and 92.4% in the low CAC score group; the occurrence of stent underexpansion was 59.2% in the high CAC score group and 12.7% in the low CAC score group.


[image: Figure 2]
FIGURE 2
Distribution of stent expansion rate in the low and high CAC score groups in NCCT (A) and CCTA (B) cohort. NCCT, non-gated non-contrast chest computed tomography; CCTA, coronary computed tomographic angiography; CAC, coronary artery calcium.




Correlations between the CAC score and stent expansion rate

As shown in Figure 3, using Spearman's correlation analysis, the lesion-specific CAC score was significantly negatively correlated with the stent expansion rate in both cohorts (Spearman's r = −0.8113, P < 0.05, in NCCT cohort; Spearman's r = −0.8024, P < 0.05, in CCTA cohort).
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FIGURE 3
Correlations between the CAC score and stent expansion rate in NCCT (A) and CCTA (B) cohort. CAC, coronary artery calcium; NCCT, non-gated non-contrast chest computed tomography; CCTA, coronary computed tomographic angiography.




Receiver-operating characteristic analyses

In Figure 4, ROC analyses demonstrated lesion-specific CAC score to be highly sensitive and specific for predicting stent underexpansion, as indicated by an area under the curve (AUC) of 0.8825 (95% CI, 0.8457–0.9193; P < 0.05) in NCCT cohort and by an AUC of 0.8390 (95% CI, 0.7643–0.9137; P < 0.05) in CCTA cohort. Using Youden's index, we found the optimal cutoff value for predicting stent underexpansion was 200, which provided a sensitivity of 91.4% (95% CI, 84.5%–95.4%) and specificity of 66.8% (95% CI, 60.1%–73.0%) in NCCT cohort and provided a sensitivity of 84.6% (95% CI, 70.3%–92.8%) and specificity of 64.3% (95% CI, 52.6%–74.5%) in CCTA cohort. Representative case examples are shown in Figure 5.


[image: Figure 4]
FIGURE 4
ROC curves for CAC score to predict stent underexpansion in NCCT (A) and CCTA (B) cohort. ROC, receiver operating characteristic; NCCT, non-gated non-contrast chest computed tomography; CCTA, coronary computed tomographic angiography; AUC, area under the curve.
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FIGURE 5
Representative case examples. Case 1. CAC score < 200 in NCCT (A1) and excellent stent expansion (A2); A3 and A4 present the pre- and post-PCI angiography of the LAD lesion. Case 2. CAC score > 200 in NCCT (B1) with stent underexpansion (B2); B3 and B4 present the pre- and post-PCI angiography of the LAD lesion. Case 3. CAC score < 200 in CCTA (C1) and excellent stent expansion (C2); C3 and C4 present the pre- and post-PCI angiography of the LAD lesion. Case 4. CAC score > 200 in CCTA (D1) with stent underexpansion (D2); D3 and D4 present the pre- and post-PCI angiography of the LAD lesion. NCCT, non-gated non-contrast chest computed tomography; CCTA, coronary computed tomographic angiography; PCI, percutaneous coronary intervention; LAD, left anterior descending artery.




Univariable and multivariable logistic regression analyses

Table 3 shows the results of the univariable and multivariable logistic regression models for factors that correlated with stent underexpansion. In the univariable logistic regression model, lesion-specific CAC score >200 was associated with 21.49-fold (OR, 21.49; 95% CI, 10.22–45.20; P < 0.05) increased risk of stent underexpansion in the NCCT cohort and was associated with 7.74-fold (OR, 7.74; 95% CI, 2.99–20.02; P < 0.05) increased risk of stent underexpansion in the CCTA cohort. In the multivariable logistic regression model, after adjusting for patient characteristics (age, sex, smoking status, hypertension, dyslipidemia, diabetes, chronic kidney disease) and procedure characteristics (total stent length, maximum inflation pressure, and device-to-artery ratio), CAC score >200 was associated with 24.94-fold (OR, 24.94; 95% CI, 11.53–53.95; P < 0.05) increased risk of stent underexpansion in the NCCT cohort and was associated with 13.56-fold (OR, 13.56; 95% CI, 4.23–43.47; P < 0.05) increased risk of stent underexpansion in the CCTA cohort.


TABLE 3 Univariable and multivariable logistic regression analyses for stent underexpansion.
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Discussion

In this study, we found that lesion-specific CAC score was significantly associated with the stent expansion rate. In NCCT cohort, lesion-specific CAC score >200 was significantly associated with a 24.94-fold increased risk of stent underexpansion. In CCTA cohort, lesion-specific CAC score >200 was significantly associated with a 13.56-fold increased risk of stent underexpansion.

Previous studies have shown that stent underexpansion increases the risk of stent thrombosis and in-stent restenosis, leading to myocardial infarction, unplanned revascularization, and even death (2, 23). To reduce stent and clinical failure, good stent expansion should be achieved during PCI. The EAPCI expert consensus document of intracoronary imaging has summarized the optimization targets for stent expansion in non-LM lesions: (1) MSA >5.5 mm2 in IVUS or MSA >4.5 mm2 in OCT; and (2) MSA/average reference lumen >80% as optimal stent expansion (18). However, the incidence of stent underexpansion in severely calcified lesions is higher, resulting in higher risks of procedure and clinical failure.

With regard to the procedure, the most important factor to prevent calcium-related stent underexpansion is accurate assessment and adequate lesion preparation. Hence, an interventional cardiologist should use certain tools to identify calcified lesions at high risk of stent underexpansion, and prepare to perform atherectomy (rotational or orbital), intravascular lithotripsy, or excimer laser coronary angioplasty (4). Several imaging tools are available to evaluate coronary calcium, of which the most commonly used is coronary angiography. However, owing to the device resolution, overlapping anatomical structures, and poor delineation of nonphosphate calcium, coronary angiography is unable to accurately reveal calcified lesions. In contrast, intracoronary imaging including IVUS and OCT has higher sensitivity and specificity in demonstrating calcified lesions and correlates with the pathological findings (24, 25). When describing a calcified lesion in IVUS or OCT, several characteristics should be included: calcium length, calcium angle, calcium thickness (not in IVUS given the poor penetrability), calcium location (deep or superficial), and calcium morphology. Deep calcium is generally not considered to affect stent implantation. It is also clear that calcium morphology markedly impacts cardiovascular events and stent expansion. Calcified nodules (CNs) have been demonstrated as a cause of acute coronary syndrome (ACS) and are very common in heavily calcified lesions requiring rotational atherectomy (26, 27). Meanwhile, whether calcium length and angle can increase the risk of stent underexpansion independently is debatable, as studies have shown opposite results in both IVUS and OCT (5, 6, 28, 29).

Both coronary angiography and intracoronary imaging can only be performed in a catheter laboratory, while CT scans can provide qualitative and quantitative information about CAC noninvasively before the procedure. CAC has historically been used for the auxiliary diagnosis of coronary artery disease and cardiovascular risk stratification. Mechanistically, the CAC score is a quantitative calcium-volume evaluation tool obtained from non-contrast-enhanced data sets of CCTA scans (8). Until now, the primary use of CAC score recommended by professional societies is predicting the risk of atherosclerotic cardiovascular disease and then guiding primary prevention. There are only a few researches explore the association between CAC score and procedures or outcomes of PCI, and the utility of CAC score in PCI is far from being discovered.

When talking about CAC score derived from CT, three parameters should be distinguished: the total CAC score, the vessel CAC score and the lesion CAC score. Although the total CAC score is a reliable imaging surrogate of atherosclerosis burden, the vessel CAC score and lesion CAC score are more related to specific calcified lesion features. Qian et al. have found that vessel- and lesion-specific CAC score are superior to the whole-heart CAC score in predicting obstructive coronary artery disease (11). A recent study by Sugiura et al. had investigated the ability of CCTA in predicting CNs detected by OCT and higher CAC score of the target vessel in the CN group than the non-CN group, CACS ≥162 was the best cutoff values for predicting CNs (30). Komaki et al. have explored the association between target vessel CAC score derived from CCTA and stent expansion in PCI, they found that stent expansion rate was associated with the target vessel CAC score and the target vessel CAC score was a better predictor of stent expansion than the total CAC score (12). Sekimoto et al. have conduct a research focused on per-lesion CAC score, they found per-lesion calcium score ≥453 predicted rotablation and high per-lesion calcium score was an independent predictor of rotablation (13). At present, the lesion CAC score is more difficult to measure automatically than the total and vessel CAC score and its importance in PCI practice is not well understood. Unlike Sekimoto's study, we measured CAC score of the target lesion from both CCTA and NCCT cohort in this research and demonstrated the lesion-specific CAC score were associated with stent underexpansion.

Considering the limitations of CCTA and the technical feasibility of NCCT in routine clinical practice, CAC evaluation by NCCT has been explored by many studies. Although NCCT cannot be practically used for formal Agatston scoring, studies have shown that gated and nongated Agatston scores are highly correlated (14–16). Furthermore, the SCCT guidelines have recommended that the presence, severity, and extent of CAC be reported on noncontrast noncardiac chest CT scans (20). In our previous research, lesion-specific CAC scores in both NCCT and CCTA were significantly associated with an increased risk of in-stent restenosis, which could be a result of stent underexpansion (17). Therefore, in the current study, we explored the association between lesion-specific CAC score and stent expansion. Besides we also provided a cutoff value to predict stent underexpansion for clinical use in both CCTA and NCCT scans. When preintervention assessments reveal lesion-specific CAC score >200 in either NCCT or CCTA, the operators can more strongly consider aggressive calcium modification, such as atherectomy (rotational or orbital), intravascular lithotripsy, or excimer laser coronary angioplasty, which were mentioned above.


Limitations

In terms of the limitations of this study, first, as a single-center retrospective study, the occurrence rate of stent underexpansion may be biased by patient selection. Large-scale prospective studies with strict inclusion and exclusion criteria and controlled follow-up may provide more useful information. Second, our study has not revealed the impact of lesion-specific CAC score on clinical outcomes in patients receiving stent implantation; therefore, we cannot conclude that pre-PCI assessment of CAC by CT can improve the prognosis. Third, CT scan cannot distinguish the depth and morphology of calcium accurately, but usually only thick or circumferential superficial calcium and CNs will lead to stent underexpansion. Fourth, the sample size of CCTA cohort was relatively small for the results to be generally accepted than the NCCT cohort. Finally, these conclusions do not apply to patients with LM lesions, ostial lesions, or CTO lesions.
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