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The role of coronary artery calcium scoring in the prediction of coronary artery disease based on non-contrast non-cardiac chest CT scans in airline pilots
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Background: The aim of the present study was to explore the value of coronary artery calcium score (CACS) using non-gated, non-contrast chest computed tomography (NCCT) to predict coronary artery disease (CAD) in airline pilots.



Methods: Pilots with coronary calcification found on NCCT were consecutively enrolled into this study. All received a coronary computed tomography angiography (CCTA) examination. The coronary artery calcium score (CACS) was evaluated on NCCT using the Agatston method. CCTA images were analyzed using a semi-automated software. Coronary Artery Disease Reporting and Data System (CAD-RADS) scoring categorized coronary stenosis.



Results: A total of 217 male pilots were included, of which 49 were diagnosed with significant CAD (CAD-RADS category 3 or higher). Pilots with significant CAD had much higher CACS (324.28 ± 389.02 vs. 39.16 ± 68.88; p < 0.001). Plaque volumetric measurements showed that total plaque volume (1,103.50 ± 285.51 mm3 vs. 913.18 ± 277.45 mm3; p < 0.001) and calcified plaque volume (149.77 ± 160.71 mm3 vs. 36.42 ± 26.86 mm3; p < 0.001) were more pronounced in individuals in the significant CAD group than those in the non-significant CAD group. A multivariate analysis demonstrated that CACS (odds ratio 1.01; 95% confidence interval 1.005–1.014; p < 0.001) was the only independent risk factor of significant CAD but traditional cardiovascular risk factors, pre-existing medication regimens, or prolonged flight duration were not. CACS positively correlated with total plaque volume (r = 0.156; p = 0.027) and calcified plaque volume (r = 0.434; p < 0.001). Receiver operating characteristic curve analysis showed the area under the curve for the CACS in diagnosing significant CAD was 0.891 (p < 0.001).



Conclusions: CACS assessed using NCCT was significantly associated with CAD-RADS category 3 or higher, as confirmed by CCTA, which indicates that it may serve as a robust predictor for diagnosing significant CAD among airline pilots.
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Introduction

Cardiovascular diseases (CVDs) are the leading cause of deaths worldwide and are projected to still be the single leading cause of death globally by 2030 (1). The majority of these CVD deaths are attributable to coronary artery disease (CAD), of which the most serious and devastating clinical manifestation was myocardial infarction (MI). At least 25% of patients who develop MI and sudden death have no previous warning symptoms (2). Therefore, the identification of asymptomatic individuals who are at greater risk of MI is extremely significant for the implementation of primary preventive strategies. Commercial airline pilots, who work in the aviation industry, are responsible for the safety and efficient transportation of passengers. The health of pilots is of great importance and closely related to public security. The sudden impairment of pilots’ health could lead to catastrophic consequences for many others (3, 4). Therefore, early detection of severe CAD in pilots without a prior diagnosis is crucial to preventing MI and sudden death.

The severity of coronary stenosis is classified according to the Coronary Artery Disease Reporting and Data System (CAD-RADS), which ranges from 0 to 5. Categories 3, 4, and 5 are considered indicative of significant CAD (5). Coronary artery calcium score (CACS), a non-invasive quantitative assessment using non-contrast chest computed tomography (NCCT), has been proven to be associated with the presence and extent of atherosclerotic plaque (6, 7). Furthermore, there was a strong association between CACS and cardiovascular outcomes in asymptomatic patients (8, 9).

Although multiple studies with CACS have been published, most were confined to general cohorts. The aim of the present study was to assess the role of CACS measured by NCCT in identifying significant CAD within a cohort of airline pilots in China.



Methods


Study population

A total of 2,899 male pilots aged 21–60 years underwent regular check-ups in CAAC East China Aviation Personnel Medical Appraisal Center between January 2020 and December 2022. NCCT was performed for all the pilots. Of them, 217 pilots without a history of CAD who were found via NCCT to have coronary calcification received a coronary computed tomography angiography (CCTA) examination and were enrolled into this study (Figure 1). The diagnosis of type 2 diabetes mellitus (T2DM) was made according to the American Diabetes Association criteria [symptoms of diabetes included casual plasma glucose concentration ≥200 mg/dl (11.1 mmol/L) or fasting blood glucose (FBG) ≥ 126 mg/dl (7.0 mmol/L), 2 h postprandial glucose (2 h PG) ≥ 200 mg/dl (11.1 mmol/L) during an oral glucose tolerance test, glycated hemoglobin (HbA1c) ≥6.5% (48 mmol/mol), and currently or previously treated with insulin and/or oral hypoglycemic agents]. Hyperlipidemia was diagnosed in patients with total cholesterol levels of 200 mg/dl or higher and/or low-density lipoprotein (LDL) cholesterol levels of 130 mg/dl or higher and/or triglyceride values of 150 mg/dl or higher and/or high-density lipoprotein (HDL) cholesterol levels below 40 mg/dl or in patients with a present history of anti-hyperlipidemia drug use. The study was approved by the ethics committee of Ruijin Hospital.
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FIGURE 1
Flow chart of patient inclusion.




Image acquisition and analysis

Non-gated NCCT was performed for all the pilots. All CT scans were performed with a second-generation 128-slice dual-source CT (DSCT) scanner (SOMATOM Deﬁnition Flash; Siemens Healthcare, Erlangen, Germany) with a gantry rotation time of 280 ms. Initially, non-gated NCCT scans were performed with a pitch of 1.2. The patients underwent scanning in the supine position while holding their breath at the end of each inspiration. The CT images of the thorax from the lung apex to the adrenal glands were acquired at a voltage of 120 kVp and a reference tube current of 180 mAs. The acquisition was performed at a slice thickness of 5 mm, followed by reconstruction with a slice thickness of 1 mm and a slice interval of 0.7 mm. The axial images were transferred to a workstation for CAC scoring according to the Agatston method using a commercially available software (Circle Cardiovascular Imaging: cvi42 version 6.1, Calgary, Canada). Total Agatston CAC score was calculated as the sum of the individual lesion scores in all coronary arteries and stratified into three groups: mild (1–100), moderate (101–300), and severe (>300) (10–12).

CCTA examinations were performed separately using a second-generation 128-slice DSCT scanner (SOMATOM Deﬁnition Flash; Siemens Healthcare, Erlangen, Germany) with a tube voltage of 100 kVp and a reference tube current of 310 mAs in a dose auto-modulation system. Scanning and image reconstruction procedures were performed in accordance with Society of Cardiovascular Computed Tomography (SCCT) guidelines (13). The scanning area, starting from the level of the carina, extends to the diaphragm surface of the heart. The spiral acquisition with prospective or retrospective electrocardiography (ECG) gating scan was selected based on the patients’ heart rate. The field of view was set according to the size of individual patients, resulting in a mean pixel size of 0.36 ± 0.04 mm (range 0.30–0.48 mm). Image reconstruction was performed with a slice thickness of 0.75 mm, reconstruction interval of 0.5 mm, and a SAFIRE reconstruction algorithm (I26f) at the best diastole or best systole phase. For the contrast-enhanced scan, contrast medium (Iopromide, Ultravist 370 mg iodine/ml, Bayer Healthcare, Berlin, Germany) was injected into the cubital vein at a rate of 4–5 ml/s with a dose of 50–70 ml dependent on the patient’s size, followed by 50 ml of normal saline at the same injection rate.

Blinded image analysis and standardized measurements were performed by an independent experienced reader with over 5 years of experience using semi-automated plaque analysis software (QAngioCT Research Edition version 2.1.9.1; Medis Medical Imaging Systems, Leiden, Netherlands). After the extraction of the coronary tree from the raw data, the inner vessel lumen and the outer vessel wall from the ostium to the distal end of each artery were automatically traced with appropriate manual correction. For each segment of the 18-segment SCCT model with a diameter >2 mm, quantitative analysis was performed on every 1-mm cross-section to measure vessel length, volume, plaque volume (PV), mean plaque burden (PB), and plaque composition using pre-defined Hounsfield unit (HU) thresholds: necrotic core (NC) (−30 to 30 HU), fibro-fatty (30–130 HU), fibrous (131–350 HU), and calcified plaque (>350 HU). For each lesion, measurements were performed of minimum luminal diameter, minimum luminal area, percent diameter stenosis (%DS), area stenosis, cross-sectional PB, and mean PB. Segment-based PVs and lesion-based measurements were summarized to the patient level (Figure 2).
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FIGURE 2
Paradigmatic example of CAC by non-contrast CT, severity of stenosis, and plaque volume analysis by CCTA in left coronary artery. CAC, coronary artery calcium; CCTA, coronary computed tomography angiography; CT, computed tomography.


CAD-RADS, which has been proven to provide more specific information regarding the location and extent of coronary plaque and stenosis, was used to evaluate the severity of CAD (5). According to the highest grade of coronary stenosis detected in any vessel, the CAD-RADS score classification is divided as follows: (1) CAD-RADS 0: 0%, (2) CAD-RADS 1: 1%–24%, (3) CAD-RADS 2: 25%–49%, (4) CAD-RADS 3: 50%–69%, (5) CAD-RADS 4A: 70%–99%, (6) CAD-RADS 4B: left main >50% or three-vessel obstruction, and (7) CAD-RADS 5: 100%. CAD-RADS categories 3, 4, and 5 were defined as significant CAD (Figure 3).


[image: Figure 3]
FIGURE 3
Paradigmatic example of CAD-RADS score classifications based on the study population.




Statistical analysis

Statistical analysis was performed using the SPSS statistical package, version 26 (IBM Corp., USA). Continuous variables were presented as mean ± SD and compared using a one-way ANOVA with a post-hoc analysis in two-group comparisons using Fisher’s protected least significant difference (PLSD) or Dunnett's T3 tests. Categorical variables were presented as frequencies and compared using a chi-square test or Fisher's exact test. The strength of association between two continuous variables was evaluated with partial correlation analysis by adjusting for clinically relevant covariates including age, body mass index (BMI), risk factors, and pre-existing medication regimens. To identify independent predictors of significant CAD, logistic regression was used. Those variables associated with significant CAD were entered into the multivariate model. All tests of significance were two-tailed and p < 0.05 was considered significant.




Results

A total of 217 pilots with coronary calcium received a CCTA examination. Of them, 49 (22.6%) pilots were diagnosed with significant CAD (CAD-RADS category 3 or higher) and 168 pilots were diagnosed with non-significant CAD.


Baseline characteristics

Table 1 shows the baseline characteristics of patients. The mean age was 50.62 ± 8.37 years. The median total flight time was 17,000 h. Compared with pilots with non-significant CAD, pilots with significant CAD were older (53.16 ± 5.31 years vs. 49.29 ± 10.47 years; p < 0.001). There were more smokers in the significant CAD group than in the non-significant CAD group (79.6% vs. 60.7%; p = 0.015). No significant differences were observed between the two groups regarding the proportion of hypertension, diabetes mellitus (DM), and dyslipidemia. The proportion of medications, including the intake of statins, antihypertensives, and hypoglycemic agents, was similar between the two groups. Pilots with and without significant CAD had similar total flight times and flight time/year (all p > 0.05).


TABLE 1 Baseline characteristics.
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NCCT and CCTA findings

Compared to pilots with non-significant CAD, pilots with significant CAD had a much higher Agatston CAC score (324.28 ± 389.02 vs. 39.16 ± 68.88; p < 0.001). The proportion of moderate (20.4% vs. 6.0%) and severe (32.7% vs. 1.2%) CACS was higher in the significant CAD group than in the non-significant CAD group (p < 0.001).

Lesion measurements on CCTA showed that patients with significant CAD had larger maximal diameter stenosis (57.36% ± 9.56% vs. 30.67% ± 7.01%; p < 0.001), maximal area stenosis (79.63% ± 11.69% vs. 51.45% ± 10.16%; p < 0.001), maximal cross-sectional plaque burden (80.18% ± 10.31% vs. 55.56% ± 9.72%; p < 0.001), and mean plaque burden (34.99% ± 5.16% vs. 30.83% ± 5.38%; p < 0.001) than patients without significant CAD. Plaque volumetric measurements showed that total plaque volume (1,103.50 ± 285.51 mm3 vs. 913.18 ± 277.45 mm3; p < 0.001) and calcified plaque volume (149.77 ± 160.71 mm3 vs. 36.42 ± 26.86 mm3; p < 0.001) were much higher in the significant CAD group than in the non-significant CAD group. No significant differences were observed in fibrous plaque volume, fiber-fatty plaque volume, and necrotic core plaque volume between the two groups (all p > 0.05) (Table 2, Figure 4).


[image: Figure 4]
FIGURE 4
Whole-heart plaque volume by composition on CCTA for patients with significant and non-significant CAD. *p < 0.05 between groups. TPV, total plaque volume; CPV, calcified plaque volume; FPV, fibrous plaque volume; FFPV, fibro-fatty plaque volume; NCPV, necrotic core plaque volume.



TABLE 2 CT measurements.
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TABLE 3 Independent predictors of significant CAD.
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Independent predictor of significant CAD

Independent predictors of significant CAD were evaluated using logistic regression analysis. CACS [odds ratio (OR) 1.01, 95% confidence interval (CI) 1.005–1.014; p < 0.001] was the only independent risk factor of significant CAD; no other traditional cardiovascular risk factors, including age, smoking, hypertension, diabetes mellitus, dyslipidemia, and pre-existing medication regimens, showed significant associations. In addition, flight time, including total flight time and flight time/year, were not found to be independent risk factors of significant CAD (Table 3).



Association between CACS and plaque volume

CACS is positively correlated with total plaque volume (r = 0.156; p = 0.027) and calcified plaque volume (r = 0.434; p < 0.001). No significant correlation of Agatston CACS with fibrous plaque volume (r = 0.012; p = 865), fibro-fatty plaque volume (r = 0.067; p = 0.341), and necrotic core plaque volume (r = 0.100; p = 0.154) were found.



Receiver operating characteristic curve for CACS

According to the receiver operating characteristic (ROC) curve analysis, the area under the ROC curve (AUC) for the Agatston CACS for diagnosing significant CAD in pilots was 0.891 (p < 0.001), indicating excellent discriminative ability. At the optimal cutoff value of 46, the sensitivity was 87.8% and the specificity was 77.4%. The positive predictive value was 75%, the negative predictive value was 83.9%, and the accuracy was 82.9%. These results suggested that CACS could accurately predict the severity of coronary stenosis in airline pilots (Figure 5).


[image: Figure 5]
FIGURE 5
Receiver operator characteristic curve for significant CAD.





Discussion

To the best of our knowledge, this was a novel study that investigated the value of CACS based on NCCT for the assessment of significant CAD specializing in airline pilots in China. Our study demonstrated that CACS assessed by NCCT was associated with plaque burden, including total and calcified plaque volume, and could effectively predict CAD-RADS category 3 or higher. NCCT may serve as a promising and effective tool for early screening of significant CAD risk among airline pilots.

Maintaining optimal physical health for flight duties in pilots is of paramount importance as they are responsible for passenger safety and flight operations. Sudden in-flight incapacitation or even death among pilots is often caused by CVD, especially CAD, and it has been well-documented as one of the most serious threats to aviation safety (14, 15). Therefore, the early detection of significant CAD in pilots to avoid MI or sudden death is pivotal to prevent potentially catastrophic airplane accidents. Although annual physical examinations are routinely conducted to monitor heath conditions, identifying pilots at high risk of CAD remains challenging. NCCT offers a feasible approach for large-scale early risk stratification and CAD screening in the pilot population. CAC, a hallmark of atherosclerosis, can be quantified by NCCT in a simple, rapid, and reliable manner using the CACS (16–18). Previous studies have demonstrated a strong correlation between the degree of luminal stenosis and the extent of coronary calcification (18–20). Moradi et al. emphasized that CACS could predict CAD-RADS score, a robust and well-established diagnostic tool for assessing CAD severity (21)—a perspective consistent with our findings in the pilot population, which is critically important for aviation medicine and the implementation of pilot health surveillance programs. Furthermore, CACS has been extensively established as a strong prognostic predictor of major cardiovascular outcomes in asymptomatic individuals (8, 19, 22, 23).

Our study has demonstrated the predictive value of CACS for significant CAD defined by CAD-RADS score using CCTA, rather than invasive coronary angiography (ICA), which remains the gold standard for CAD assessment in clinical practice (24). CCTA is widely recognized as a robust, non-invasive, highly effective tool for evaluating the severity of coronary artery stenosis. Numerous studies have shown high concordance and comparable accuracy between CCTA and ICA in identifying patients with significant CAD (12, 25–27). However, the diagnostic accuracy of CCTA might be reduced in case of severe calcification or imaging artifacts, primarily due to limitations in imaging resolution (27, 28). These challenges could potentially be mitigated by the application of innovative photon-counting CT technology as its comparable imaging resolution to ICA reported (29, 30). Previous studies had documented the correlation between NCCT-CACS and plaque burden as well as plaque components by CTA (19, 20, 31), which aligns with the findings of our study. In addition, CCTA-derived plaque volumes, morphology, and composition have illustrated significant prognostic value for predicting cardiovascular events (32–34).

The use of medication, particularly statins, may influence the progression of atherosclerotic plaque. The PARADIGM study, which included 654 patients with available statin usage data and serial CCTA, demonstrated that CACS progression reflected the progression of total PVs and calcified PV in both the statin-naive group and statin-treated group. Nevertheless, in patients receiving statins, CACS was associated only with calcified PV progression, not with non-calcified PV progression (35). Similarly, Shi et al. reported that an increase of CACS in statins-treated patients with DM indicated the progression of compositional PVs (11). In our study, no significant difference in statin usage was observed between the significant and non-significant CAD groups. However, only a small proportion of the cohort had a history of statin therapy (4.1% in the significant CAD group and 3.0% in the non-significant CAD group), limiting the ability to comprehensively evaluate the effects of statin use on the current findings.

Given the limitations of statin therapy evaluation in our study, it is crucial to consider broader strategies for screening and managing CAD, especially in high-risk populations such as airline pilots. The management of CAD in this unique group requires a comprehensive approach, as highlighted by Davenport et al. (36). Specifically, they emphasized that aircrew with a history of myocardial infarction or revascularization necessitates rigorous risk stratification, regular monitoring, and tailored interventions. Consequently, an optimal strategy for CAD screening and management in airline pilots should integrate advanced diagnostic tools, personalized treatment plans, and collaborative decision-making among healthcare professionals. Achieving a balance between aviation safety and individual health outcomes is paramount, particularly considering the high-risk nature of their profession and the potentially catastrophic consequences of in-flight cardiac events.

Building on the utility of CACS in high-risk populations like airline pilots, our study has demonstrated its effectiveness as a predictor of significant CAD in high-stress occupations. This approach may also extend to other safety-sensitive or high-stress professions, such as firefighters, police officers, and healthcare workers in emergency rooms or intensive care units. For the general population, CACS could serve as a valuable tool for risk stratification, particularly in individuals with intermediate risk factors. However, its widespread adoption would require careful consideration of cost-effectiveness, potential for overdiagnosis, and ethical implications. Ultimately, the use of CACS should be guided by evidence-based guidelines and tailored to the specific needs of the population being screened, ensuring a balance between early detection and the avoidance of unnecessary interventions.

Our study leverages CACS derived from non-gated NCCT scans, initially performed for lung cancer screening, to predict significant CAD. This opportunistic approach enhances the diagnostic and preventive capabilities of medical imaging by extracting additional insights from existing scans. The idea of our study aligns well with very recent studies using artificial intelligence (AI) to predict the atherosclerotic burden or coronary event risk based on imaging modalities such as chest X-ray and lung CT scans (37–39). These developments in AI further underscore the clinical utility of opportunistic imaging interpretation, paving the way for more comprehensive and efficient diagnostic strategies.


Limitations

Our study has some limitations. The definition of significant CAD was made using CCTA but not ICA; therefore, the possibility of false-positive and false-negative CCTA findings might exist despite the performance of CCTA by experienced experts. The CACS was assessed using non-gated NCCT with a reconstructed slice thickness of 1 mm and a slice interval of 0.7 mm, as opposed to the standard ECG-gated technique with a 3 mm slice thickness (40), potentially introducing systematic bias. The absence of validation between these two methods represents a significant limitation, suggesting that the current methodology needs verification before it can be used in external cohorts. The sample size was relatively small and women were excluded from the study. In addition, high-risk plaque (HRP) has been shown to independently increase the risk of MI, irrespective of calcium score, obstructive disease, gender, or cardiovascular risk factors (41). Although the absence of CAC reduces the likelihood of significant CAD, it does not completely rule out its occurrence (42). Further studies are needed to investigate the relationship between CACS and HRP, as well as to identify additional screening methods to effectively evaluate CAD in pilots without detectable CAC.




Conclusions

CACS assessed by NCCT was significantly associated with CAD-RADS 3 or higher, as confirmed by CCTA, indicating that it may serve as a robust predictor for diagnosing significant CAD among airline pilots. Therefore, CACS based on NCCT holds potential as a promising and effective tool for early screening of significant CAD risk in the airline pilot population.
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