Virtual Monochromatic Imaging in Patients with Intermediate to High Likelihood of Coronary Artery Disease: Impact of Coronary Calcification

Abstract
Rationale and objectives: We sought to explore the image quality and diagnostic performance of virtual monochromatic imaging derived from dual energy computed tomography coronary angiography (DE-CTCA) in patients with intermediate to high likelihood of coronary artery disease (CAD), and the influence of calcification. 
Materials and methods: Consecutive symptomatic patients with suspected CAD referred for invasive coronary angiography who underwent DE-CTCA and a coronary artery calcium scoring (CACS) before the invasive procedure comprised the study population. 
Results: Sixty-seven patients were included. Image quality was significantly lower at 45 keV reconstructions (mean Likert score 45 keV 3.57±0.6, 65 keV 4.07±0.5, and 85 keV 4.09±0.6; p<0.0001). Patients with moderate calcification showed a trend towards a significant improvement in diagnostic performance with 65 keV versus 45 keV reconstructions [(45 keV, AUC 0.92 (95 % CI 0.89-0.95) vs. 65 keV, AUC 0.96 (95 % CI 0.93-0.98), p= 0.06]. The diagnostic performance of DE-CTCA was significantly lower in segments with higher CACS compared to segments with none or mild calcification, independent of the energy level applied. Conclusions: In patients with intermediate to high likelihood of CAD, DE-CTCA had a good diagnostic performance, although significantly lower in segments with severe calcification.
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Introduction

Computed tomography coronary angiography (CTCA) has been established as a valuable non-invasive diagnostic tool for the assessment of symptomatic patients with low to intermediate likelihood of coronary artery disease (CAD) 
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(1-3)
. Notwithstanding, patients with intermediate to high likelihood of CAD have been consistently excluded from clinical studies involving this technology and consequently from diagnostic algorithms. This has been to some extent attributed to the intricate distinction between heavily calcified plaques and luminal opacification that hamper the precise quantification of coronary stenosis 
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( Calcified plaques usually seem larger on conventional single energy CT (SECT) due to a number of technical issues such as blooming, beam hardening, and partial-volume effects, frequently leading to false positive findings and therefore to potential unnecessary referral to invasive angiography )
. 
Virtual monochromatic imaging derived from dual energy CTCA (DE-CTCA) shows promises to attenuate some of the aforementioned limitations and therefore might provide a more accurate assessment of high risk patients 
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. Briefly, the basic principle of DE-CTCA is the acquisition of 2 datasets from the same anatomic location with different kVp which allows for synthesized monochromatic image reconstructions at different energy levels ranging from 40 to 140 keV. Although at the expense of higher image noise and blooming, lower energy levels yield higher intraluminal enhancement that allows a substantial iodine volume load reduction 
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(8,9)
. In contrast, higher energy levels render a reduction in image noise and blooming, but are also associated with significant reduction in luminal attenuation. We therefore sought to evaluate the image quality and diagnostic performance of DE-CTCA and the influence of different energy levels and extent of coronary calcification to accurately detect coronary stenosis in patients with intermediate to high likelihood of CAD.

Methods

The present study was a single-center, investigator driven, prospective investigation, that involved patients with suspected CAD referred for invasive coronary angiography (ICA). Between May 2014 and January 2015, consecutive symptomatic patients referred for ICA who accepted to undergo DE-CTCA and a coronary artery calcium scoring (CACS) within one month before the invasive procedure were included in the study. Exclusion criteria comprised age ≤ 18 years, atrial fibrillation, inability to maintain a breath-hold for 15 seconds; history of contrast related allergy, renal failure (serum creatinine level greater than 1.5 mg/dL or estimated glomerular filtration rate <60 mL/min/1.73 m2), or hemodynamic instability. Additional exclusion criteria comprised patients with low and low to intermediate (< 50 %) likelihood of CAD according to the Diamond and Forrester’s updated model, a history of previous myocardial infarction within the previous 30 days, previous percutaneous coronary intervention or coronary bypass graft surgery, or chronic heart failure 
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(10)
. Coronary risk factors and clinical status were recorded at the time of the CT scan, and clinical variables were defined as indicated by the Framingham risk score assessment. 

The institutional review board approved the study protocol, which complied with the Declaration of Helsinki, and written informed consent was obtained from all patients.

Image acquisition 

Patients were scanned using a 64-slice high definition scanner (Discovery HD 750, GE Healthcare, Milwaukee, USA). Non-enhanced (CACS) CT scans were performed using ECG-gating at 75% of the cardiac cycle, using a 2.5 mm slice thickness and a tube potential of 120 kV.
DE-CTCA was performed after intravenous administration of iodinated contrast (iobitridol, Xenetix 350TM, Guerbet, France) through an antecubital vein. A total of 60-80 ml of iodinated contrast was injected using a 3-phase injection protocol, as follows. Phase 1: 80 % of the total iodinated contrast volume being injected undiluted at a rate of 4.5 to 5.0 mL/sec; phase 2: the other 20 % of the contrast medium mixed at a 50 % saline dilution, injected at a rate of 4.5 to 5.0 mL/sec; and phase 3: a 30 to 40 mL saline chasing bolus at a rate of 4.5 to 5.0 mL/sec. A bolus tracking technique was used to synchronize the arrival of contrast at the level of the coronary arteries with the start of the scan. Image acquisition was performed after sublingual administration of 2.5-5 mg of isosorbide dinitrate. Patients with a heart rate of > 65 beats per minute received 50 mg oral metoprolol one hour prior to the scan or 5 mg intravenous propralonol if needed in order to achieve a target heart rate of less than 60 bpm.

DE-CTCA were acquired using prospective ECG-gating applying a 100 msec padding centered at 75 % of the cardiac cycle for patients with a heart rate lower than 60 bpm, a 200 msec padding centered at 60 % of the cardiac cycle for patients with a heart rate between 60 and 74 bpm, and a 100 msec padding centered at 40 % of the cardiac cycle for patients with a heart rate higher than 74 bpm. DE-CTCA was performed by rapid switching (0.3-0.5 milliseconds) between low and high tube potentials (80-140 kV) from a single source, thereby allowing the reconstruction of low and high energy projections and generation of monochromatic image reconstructions ranging from 40 to 140 keV. Other scanner-related parameters were a collimation width of 0.625 mm and a slice interval of 0.625 mm. 

Image analysis

DE-CTCA image analyses were performed off-line on a dedicated workstation, using a commercially available dedicated software tool (AW 4.6, GE Healthcare). An independent observer generated blinded reconstructions at 3 independent energy levels (45 keV, 65 keV, and 85 keV). Datasets were randomly assigned for analysis by consensus of 2 experienced level 3–certified coronary CTCA observers [XX (radiologist), XX (cardiologist)], blinded to the clinical data and to energy level applied. Iterative reconstruction, applied in the raw data space, was performed in all cases at 40% ASIR (Adaptive Statistical Iterative Reconstruction). Adjustments of window with and level were left at the observer’s discretion for each energy level. Axial planes, curved multiplanar reconstructions, and maximum intensity projections were obtained and used at 1-5 mm slice thickness, according to the 18-segment Society of Cardiovascular Computed Tomography classification 
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(11)
. Furthermore, thin multiplanar reconstructions using both cross-sectional and longitudinal views were used to assess plaque morphology and severity. Segments with a reference diameter lower than 1.5 mm were not included in the analysis. Each segment was graded as follows: normal; non-significant stenosis (< 50 %); significant stenosis (≥ 50 %); or uninterpretable. Uninterpretable segments due to motion artifacts or severe concentric calcification were assumed as positive for the diagnostic performance analysis. Segments distal to a total occlusion were not included in the analysis since conventional ICA usually does not provide accurate assessment of the distal runoffs. 

Quantitative image quality assessment was performed using a 5-point Likert scale, as follows: 1 and 2) Non-diagnostic, impaired image quality due to motion artifacts or severe calcification that precluded appropriate assessment; 3) Suboptimal but sufficient, reduced image quality due to motion artifacts, image noise or low contrast attenuation, but sufficient to rule out obstructive disease; 4) Good, presence of mild motion artifacts, image noise, coronary calcifications or low contrast, but preserved ability to evaluate the presence of stenosis as well as to identify the presence mild atherosclerosis; and 5) Excellent, absence of motion artifacts, high intraluminal attenuation and clear delineation of vessel walls, with the ability to evaluate both the presence of obstructive disease and mild atherosclerosis. Furthermore, luminal attenuation and signal noise were evaluated at the aortic root.

CACS was calculated by an independent observer (XX) using dedicated software (SmartScore; GE Healthcare), which automatically defined the presence of calcified lesions as those with > 130 Hounsfield units (HU). Overall CACS and CACS per vessel were calculated using the Agatston method as previously established, and subgroup analyses was performed according to individual vessel CACS 12()
. Each coronary segment was assigned a vessel territory and categorized into tertiles according to the individual vessel CACS. 

CT effective radiation dose was derived by multiplying the dose-length product with the weighting (k) value of 0.014 mSv/mGy/cm for chest examinations, as suggested by the Society of Cardiovascular Computed Tomography 
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.  

Coronary angiograms were obtained in multiple projections after administration of intracoronary nitrates. All procedures were performed in accordance to standard techniques. Quantitative coronary angiography analysis was performed by an experienced interventional cardiologist blinded to the CTCA data (XX). The catheter tip was cleared of contrast for accurate calibration. Lesion measurements were performed using an end-diastolic frame and further converted into binary data (< 50% or ≥ 50 stenosis).

Statistical analysis

Discrete variables are presented as counts and percentages. Continuous variables with normal (Gaussian) distribution are presented as means ± SD and as median (interquartile range) for skewed distribution. Comparisons among groups were performed using one way analysis of variance for continuous variables (with Bonferroni correction for multiple comparisons) and Friedman tests for discrete variables. To determine the accuracy of DE-CTCA to identify coronary stenosis equal or greater than 50 %, we calculated the sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, negative likelihood ratio, and receiver-operating characteristic (ROC) curve analyses, accounting for potential non-uniform distribution (95 % confidence intervals). ROC curve analyses were performed using specific software for ROC analysis (MedCalc Software, Ostend, Belgium). Pairwise comparison of ROC curves were performed using the method of DeLong et al. for detection of differences between 2 areas under the curve (AUC), and calculated the binomial exact confidence interval for the area under the curve 14()
. All other statistical analyses were performed using SPSS software, version 22.0 (Chicago, Illinois, USA). A two-sided p value of less than 0.05 indicated statistical significance.

Results

Sixty-nine patients were prospectively included in the study protocol. Two patients were excluded from the analysis due to severe motion artifacts. The mean age of the 67 patients that comprised the study population was 61.3±11.1 years, 51 (70 %) patients were male, and 14 (21 %) had diabetes (Table 1). The clinical presentation was typical chest pain in 41 (61 %) patients, dyspnea on exertion in 10 patients (15 %), and atypical symptoms with positive stress test in 16 (24 %) patients. The mean pre-test likelihood of CAD was 67.9±17.7 %. The mean heart rate before the CT scan was 61.4±6.4 bpm. The mean effective radiation dose of DECT was 4.1±1.0 mSv and of CACS 0.9±0.3 mSv. The median CACS was 597 (interquartile range 184-1095).
Ten segments (1.0 %) were deemed non-assessable among 45 keV reconstructions, compared to 5 (0.5 %) among both 65 keV and 85 keV reconstructions (p= 0.07, Friedman test). 
Image quality was significantly lower at 45 keV reconstructions (mean Likert score 45 keV 3.57±0.6, 65 keV 4.07±0.5, and 85 keV 4.09±0.6; p<0.0001). At the aortic root, 45 keV reconstructions showed mean signal density levels of 964.4±225.9 HU, compared to 449.5±108.5 HU and 247.2±65.7 HU (p <0.0001), respectively, for 65 keV and 85 keV reconstructions. Image noise levels were significantly higher at 45 keV reconstructions (45 keV 81.4±18.1 HU, 65 keV 42.6±14.2 HU, and 85 keV 25.5±5.3 HU; p <0.0001). Signal-to-noise ratio was significantly higher in 45 keV reconstructions compared to 85 keV reconstructions [45 keV 12.4±4.1, 65 keV 11.3±3.9, 85 keV 9.9±3.9; p= 0.007 (ANOVA); p=0.05 for 45 keV versus 85 keV at post hoc Bonferroni test].

Fifty seven (85 %) patients had evidence of obstructive CAD at invasive angiography. The diagnostic performance was assessed on a per patient and per segment basis (954 segments). These results are depicted in Figure 1. ROC curve analysis showed no significant differences between energy levels on a per patient (area under the curve 45 keV 0.88 (0.78-0.95); 65 keV 0.88 (0.78-0.95); 85 keV 0.88 (0.78-0.95)] or a per segment (area under the curve 45 keV 0.92 (0.90-0.94); 65 keV 0.94 (0.93-0.96); 85 keV 0.94 (0.92-0.95)] level. 
After discrimination of evaluated segments according to CACS tertiles on a per vessel basis (right coronary artery, tertile 1 CACS below 20, tertile 2 CACS 20-306, tertile 3 CACS above 306; left main coronary artery, tertile 1 CACS 0, tertile 2 CACS 1-11, tertile 3 CACS above 11; left anterior descending artery, tertile 1 CACS below 115, tertile 2 CACS 115-325, tertile 3 CACS above 325; left circumflex, tertile 1 CACS below 14, tertile 2 CACS 14-124, tertile 3 CACS above 124), the diagnostic performance according to the energy level was indistinguishable among the 3 energy levels in patients with none or mild calcification (Figure 2). Patients with moderate calcification (second tertile) showed a modest increase in the positive predictive value among mid and high energy levels compared to reconstructions at 45 keV, modest improvement in likelihood ratios, and a trend towards a significant improvement in diagnostic performance with 65 keV versus 45 keV reconstructions [(45 keV, AUC 0.92 (95 % CI 0.89-0.95) vs. 65 keV, AUC 0.96 (95 % CI 0.93-0.98), p= 0.06].

The diagnostic performance of DE-CTCA was significantly lower in segments with severe calcification compared to segments with none or mild calcification, independent of the energy level applied (Figures 3-6). Segments with severe calcification (third tertile) had increased specificity among mid and high energy levels compared to low energy levels (Figure 2), although the overall diagnostic performance did not reach statistical significance  [(45 keV, AUC 0.88 (95 % CI 0.84-0.92); 85 keV, AUC 0.90 (95 % CI 0.86-0.93); p= 0.06]. 
Discussion

Although CTCA (single energy) has shown a relatively high diagnostic accuracy in most clinical scenarios, it has limited incremental value over functional tests in patients with intermediate to high likelihood of CAD 
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(15,16)
. This limitation seems to be at least partly associated to the fact that such patients commonly have diffusely calcified vessels. Despite major technological advancements have been achieved by different platforms and vendors, calcification endures as the variable with the greatest impact in the diagnostic accuracy 
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. Indeed, a recent study has established that higher CACS is an independent predictor of false positive findings on a patient level 
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.
To test whether dual energy CT may improve diagnostic performance, the present study has 2 main findings: 1) In symptomatic patients with intermediate to high likelihood of CAD DE-CTCA had a good diagnostic performance; 2) Patients with higher CACS showed only moderate increases in the likelihood of CAD by DE-CTCA, independent of the energy level applied.  
Cardiac applications of dual energy CT have originally been oriented at myocardial perfusion given the ability of monochromatic evaluation to attenuate the presence of beam hardening artifacts that might mimic perfusion defects. By reducing blooming effects and consequently the aforementioned artifacts on the basis of synthesized monochromatic reconstructions meant to portray how the object would appear if the x-ray source produced only monochromatic x-ray photons, DE-CTCA aims to decrease the false positive rate of (single energy) CTCA at least in part related to the polychromatic nature of x-rays 
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Very limited studies, most of them pre-clinical, have shown the potential of DE-CTCA to improve the assessment of coronary stenosis 
 ADDIN EN.CITE 
(21-23)
. In the present study, we demonstrated a good diagnostic performance of single-source ultrafast kV switching DE-CTCA in patients with intermediate to high likelihood of CAD. One of the main strengths of our study is that it comprises a population that is commonly excluded from most CTCA clinical studies. It is noteworthy that the application of reconstructions at mid and high energy levels led to a high specificity even in segments with higher CACS. Nevertheless, it should be acknowledged that such segments showed only moderate increases in the likelihood of obstructive CAD by DE-CTCA (positive likelihood ratio below 10), independent of the energy level applied. 

Our findings suggest that DE-CTCA using energy levels from 65 to 85 keV might be a valid alternative for patients with moderate CACS. In this group of patients, mid to high energy levels showed modest improvements in likelihood ratios, and a trend towards a significant improvement in diagnostic performance compared to reconstructions at low energy levels. This finding was anticipated since low energy levels are related to higher image noise, and are more prone to blooming and beam hardening artifacts. Indeed, our results are in concur with previous studies that placed energy levels from 60 to 80 keV as the optimal range for coronary artery evaluation 
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(24,25)
. Energy levels higher than 85 keV were not explored since it has been shown that signal density levels experience a steep decrease from 40 keV to 60 keV, attenuating the decline from 60 keV to 80 keV, and show no significant further reductions at energy levels higher than 90 keV 26()
. 

On the downside, the diagnostic performance of DE-CTCA was significantly lower in segments with higher CACS compared to segments with none or mild calcification, independent of the energy level applied. This is in line with the consistent failure of most emergent technological developments in the field to attempt to overcome the Achille’s heel of CTCA, diffuse coronary calcification. Overall, our findings suggest that DE-CTCA at mid to high energy levels might partially attenuate the increased false positive rate related to calcified segments commonly observed among patients with intermediate to high likelihood of CAD. These findings are encouraging under the scope of recent data suggesting that the atherosclerotic burden of disease might have a greater impact than the ischemic burden 
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(27)
. Nonetheless, the persistent decrease in diagnostic performance in patients with diffuse calcification confirm the lack of significant benefit of CTCA in these population.
A number of limitations should be acknowledged. The relatively small sample size might lead to selection bias, although the fact that most patients included had no clinical indication for CTCA, thus implying potential ethical issues, deserves consideration. Indeed, the significantly high prevalence of obstructive disease should be contemplated in the interpretation of the results. We did not perform conventional (single energy) CTCA in these patients due to obvious ethical reasons considering a population of patients already clinically referred to ICA. Finally, qualitative analyses were performed by consensus of 2 experienced observers. 
Conclusions

In conclusion, in symptomatic patients with intermediate to high likelihood of CAD, DE-CTCA had good diagnostic performance to identify obstructive coronary stenosis compared with ICA, although a significantly lower diagnostic accuracy in segments with severe calcification.
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Figure legends
Figure 1.
Diagnostic performance of dual energy-computed tomography coronary angiography. PPV refers to positive predictive value; NPV refers to negative predictive value; LR refers to likelihood ratio.

Figure 2.
Diagnostic performance of DE-CTCA according to the extent of calcification (coronary artery calcium scoring, CACS) on a per segment basis. Sen= sensitivity; Sp= specificity; PPV= positive predictive value; NPV= negative predictive value; LR= likelihood ratio.
Figure 3.
Receiver operating characteristic analysis for the detection of obstructive coronary artery disease according to coronary artery calcium scoring (CACS) tertile and energy level.

Figure 4.
Maximum intensity projection (MIP) reconstructions of the right coronary artery in a 63 year-old female with hypertension, hypercholesterolemia, and smoking as coronary risk factors and typical chest pain. The vessel is diffusely calcified and totally occluded at the mid segment (arrow). A patient-level Likert scale was of 4 was assigned for 45, 65, and 85 keV reconstructions. Distal flow is provided by collateral circulation from the right ventricular branch. Reconstructions at increasing energy levels (45 keV, 65 keV, and 85 keV) are provided, showing that the segment with severe calcification (*) remains non-assessable independently of the energy level applied, although a minimal lumen area can be observed at the highest energy levels (L). At invasive coronary angiography (right panel), the total occlusion is confirmed whereas the segment with diffuse calcification has only a mild to moderate stenosis.
Figure 5.
Curved multiplanar reconstructions of the right coronary artery in a 62 year-old male with hypertension and hypercholesterolemia as coronary risk factors, with typical chest pain. A focal suboclusive (~99 % stenosis) predominantly non-calcified lesion is identified at the mid segment (*). Reconstructions at increasing energy levels (45 keV, 65 keV, and 85 keV) are provided, showing that the severity of the stenosis remains unchanged independently of the energy level applied. A patient-level Likert scale was of 4 was assigned for 45, 65, and 85 keV reconstructions. Invasive coronary angiography (right panel) confirms the lesion.
Figure 6.
Curved multiplanar reconstructions of the left anterior descending artery in a 68 year-old male with hypercholesterolemia, atypical chest pain, and inconclusive stress test. An intermediate non-calcified lesion (arrow) is observed at the proximal segment. Reconstructions at increasing energy levels (45 keV, 65 keV, and 85 keV) show similar degree of stenosis independently of the energy level applied. A patient-level Likert scale was of 4 was assigned for 45, 65, and 85 keV reconstructions. A focal eccentric calcified lesion is identified at the mid segment. Reconstructions at low (45 keV) energy levels depict apparently larger plaque size and smaller lumen area, whereas reconstructions at mid and higher (65 keV and 85 keV) energy levels confirm the minimal size of the lesion. Invasive coronary angiography indentified no apparent lesion at such site.
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