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Abstract

:

Objectives: CT-derived fractional flow reserve (CT-FFR) can improve the specificity of coronary CT-angiography (cCTA) for ruling out relevant coronary artery disease (CAD) prior to transcatheter aortic valve replacement (TAVR). However, little is known about the reproducibility of CT-FFR and the influence of diffuse coronary artery calcifications or segment location. The objective was to assess the reliability of machine-learning (ML)-based CT-FFR prior to TAVR in patients without obstructive CAD and to assess the influence of image quality, coronary artery calcium score (CAC), and the location of measurement within the coronary tree. Methods: Patients assessed for TAVR, without obstructive CAD on cCTA were evaluated with ML-based CT-FFR by two observers with differing experience. Differences in absolute values and categorization into hemodynamically relevant CAD (CT-FFR ≤ 0.80) were compared. Results in regard to CAD were also compared against invasive coronary angiography. The influence of segment location, image quality, and CAC was evaluated. Results: Of the screened patients, 109/388 patients did not have obstructive CAD on cCTA and were included. The median (interquartile range) difference of CT-FFR values was −0.005 (−0.09 to 0.04) (p = 0.47). Differences were smaller with high values. Recategorizations were more frequent in distal segments. Diagnostic accuracy of CT-FFR between both observers was comparable (proximal: Δ0.2%; distal: Δ0.5%) but was lower in distal segments (proximal: 98.9%/99.1%; distal: 81.1%/81.6%). Image quality and CAC had no clinically relevant influence on CT-FFR. Conclusions: ML-based CT-FFR evaluation of proximal segments was more reliable. Distal segments with CT-FFR values close to the given threshold were prone to recategorization, even if absolute differences between observers were minimal and independent of image quality or CAC.






Keywords:


aortic stenosis; computed tomography coronary angiography; coronary angiography; coronary artery disease; transcatheter aortic valve implantation; diagnostic accuracy; machine learning












1. Introduction


Coronary computed tomography angiography (cCTA) is an excellent test for safely ruling out coronary artery disease [1] and is also employed in patients before transcatheter aortic valve replacement (TAVR) [2,3]. The diagnostic performance and specificity of cCTA can be improved by adding CT-derived fractional flow reserve (CT-FFR) to the diagnostic algorithm [4,5]. CT-FFR is a tool that in its original form is based on computational fluid dynamics (CFD) to simulate the blood flow in coronary vessels. CT-FFR combines this with the patient’s vessel anatomy derived from cCTA. This way, the blood flow can be computed at every point of the coronary tree in a resting state and simulated hyperemia. The result is a 3D, color-coded model of the coronary tree from which the CT-FFR values can be read [6]. In contrast to commercially available CFD-based CT-FFR, machine-learning (ML)-based CT-FFR can be performed on-site without time delay and potentially at a significantly lower cost. ML-based CT-FFR is based on a less computationally demanding algorithm and immediately renders results [7] based on a semi-automatic segmentation of the coronary arteries performed by physicians or other staff on site. ML-based CT-FFR correlates well with CFD CT-FFR [4] and may also improve diagnostic performance compared to cCTA in patients before TAVR [5,8,9,10,11,12].



CT-FFR is particularly useful for ruling out hemodynamically relevant coronary artery disease (CAD) in patients with intermediate stenoses on cCTA [13], as the latter is limited by its low specificity. Validation studies of CT-FFR have focused on CAD-positive (CAD+) patients and it is generally not recommended for patients without discrete stenoses (CAD−). A recent study on CAD− patients before TAVR reported a very high count of false-positive ratings with especially distal CT-FFR values frequently being pathologically decreased [14]. A similar gradual decrease has also been described in invasive FFR in patients with diffuse atherosclerosis [15]. It is still unclear whether these distal measurements in CT-FFR reflect true pathophysiology in severe aortic stenosis (AS; e.g., imbalance of left ventricular myocardium and vessel cross section), diffuse arteriosclerosis, or may stem from a cumulative segmentation error. An analysis of interobserver correlation in CAD− patients could help differentiate between inaccurate, random measurements or true pathophysiology and remains to be assessed [16,17,18]. While CT-FFR is not recommended in this patient cohort, the results of this scientific approach will contribute to better interpretate pathologically decreased distal values in the clinical setting. The chosen cohort of patients with severe AS allows the evaluation of a gradual CT-FFR decrease without the influence of significant CAD.



In this study, we analyzed the interrater variability of ML-based CT-FFR in patients without obstructive CAD before TAVR. Secondarily, we examined the influence of image quality, coronary artery calcium score (CAC), and the location of measurement.




2. Materials and Methods


2.1. Study Design and Patient Population


The patient population and study design have been described previously [14]. Consecutive CT examinations within a 7-month period of patients with severe aortic valve stenosis undergoing TAVR planning were included. Patients also received invasive coronary angiography (ICA) within 3 months of the CT. Of 388 patients, 116 showed no relevant stenosis (≥50%) on cCTA and were subsequently evaluated by two observers with CT-FFR.



The study was conducted in compliance with the Declaration of Helsinki (Medical Association 2013). The Ethics Committee of the University of Leipzig approved the study and written informed consent was waived (reference number: 435/18-ek).




2.2. CT Acquisition


The scan protocol has been described in a previous publication [3]. To reiterate, a non-enhanced scan for calcium scoring in standard technique was performed. This was followed by a single i.v. bolus of 70 mL iodinated contrast agent for a retrospectively ECG-gated helical CT scan of the heart and a non-gated high-pitch scan of the torso. No other medications were given. All examinations were performed on the same second-generation dual-source scanner (Somatom Definition Flash; Siemens, Erlangen, Germany).




2.3. Image Analysis


The cCTA scans and ICA were analyzed by segment, based on the 18-segment model (Figure 1) [16]. For both cCTA and ICA with quantitative coronary angiography (QCA), a diameter stenosis of ≥50% was deemed relevant. ICA was used as the standard of reference in this study. Results on vessel and patient levels were formed by considering the respective worst segment (highest-grade stenosis). The assessment of qualitative and quantitative image quality has previously been described in detail [3,5]. Quantitative image quality consisted of contrast opacification and contrast to noise ratio, qualitative image quality categorized the examination as one of the following: 0 = nondiagnostic (excluded from this analysis, as CAD could not be excluded); 1 = diagnostic; 2 = good; 3 = excellent.



ML-based CT-FFR (cFFR version 3.2.0, Siemens, Erlangen, Germany; not commercially available) was performed on all patients without morphological signs of obstruction twice on the same examination by two observers. Observers A and B received the same instructions, while observer A had additionally received clinical training beforehand [17]. The CT-FFR prototype for on-site evaluation used in this study has been described extensively elsewhere [4,5,7].



Readings were taken at the junction point of the middle and distal third of each segment for vessels with a luminal diameter of >1.5 mm [14]. CT-FFR values ≤ 0.80 were considered to be indicative of hemodynamically relevant CAD [18]. Per-vessel and per-patient gradings were generated by considering the respective minimal CT-FFR value of the comprising segments. Gradings were compared between both observers and mismatches were classified as recategorizations. Evaluation time was measured from the time the dataset was loaded till the CT-FFR was computed, with the largest proportion of time allocated to centerline definition and segmentation of the vessel lumen.



For subsequent analyses, segments 1, 5, 6, 17, and 11 were arbitrarily considered proximal; all other segments were considered distal (Figure 1). The methods in this study comply with the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) [19].




2.4. Statistics


Body mass index and age were given as mean ± standard deviation. Asymmetric distributions for evaluation times and pairwise interobserver differences were given as median and interquartile range (IQR). In addition, 95% confidence intervals (CIs) of the median differences were specified. To assess differences in median CT-FFR values of the observers, a Wilcoxon signed-rank test was performed. Interrater agreement was calculated using the intra-class correlation coefficient (ICC) of type ICC (3,1) [20] with the corresponding 95% CI. For the interpretation of ICC values, Cicchetti’s guidelines were employed [21] wherein values less than 0.4 and between 0.4 and 0.6 were considered indicative of poor and fair correlation, respectively. Values between 0.6 and 0.75 suggested good agreement; values exceeding 0.75 signified excellent correlation.



To determine the correlation between CT-FFR differences and covariates, Spearman’s rank correlation (quantitative image quality measures and CAC) or Kendall’s rank correlation (qualitative image quality) were calculated. The correlation of CAD categorization between both observers and covariates was assessed using point-biserial correlation (quantitative image quality and calcium burden) or rank-biserial correlation (qualitative image quality). p-values of all correlation analyses are with respect to the null hypothesis that the correlation coefficient equals zero. p-values < 0.05 were considered statistically significant.



Data curation and computation of inferential statistics were performed with spreadsheets (Microsoft Excel version 2010, Microsoft Corporation, Redmond, WA, USA). For further statistical analyses, R (v4.3.3, R Foundation for Statistical Computing, Vienna, Austria) was used.





3. Results


3.1. Study Population


In this study, 109 of 116 CT examinations of CAD− patients were successfully evaluated by both observers. Initial exclusions occurred because of borderline image quality of cCTA rendering segmentation for CT-FFR not feasible (n = 3) and anatomical variants outside of the model boundaries of the CT-FFR prototype (n = 4) [14]. No additional exclusions occurred. The included patients had a mean body mass index of 28.4 ± 5.5 kg/m2, a mean age of 78.4 ± 7.2 years, and 64.2% were female [3]. The median evaluation time of CT-FFR was 21 (16–28) min. and 24 (19–29) min. for observers A and B, respectively.




3.2. Absolute Differences


Absolute CT-FFR values were very similar between the observers (Figure 2) and showed no significant median difference on patient (n = 109; −0.005 [−0.09 to 0.04]; p = 0.47) or vessel level (p ≥ 0.12; Table 1). On segment level, median differences were also very low, with few of these differences reaching statistical significance (Table 1). Between proximal and distal segments, there was no discernable trend toward higher or lower differences in CT-FFR values. All data is shown in Table 1.




3.3. Interobserver Variability


Analysis on patient level showed a fair correlation of absolute CT-FFR values between both observers (ICC = 0.421; p < 0.001). The LAD showed a poor correlation (ICC = 0.334; p < 0.001); the other vessels showed fair (LM: ICC = 0.507; p < 0.001; LCX: ICC = 0.588; p < 0.001) or good agreement (RCA: ICC = 0.701; p < 0.001) of CT-FFR values. The segments forming the LAD showed mostly a poor correlation. Segments forming the other vessels showed a better correlation (RCA > LM > LCX; Table 1). No trend towards higher or lower correlation in distal segments was found.



Between both observers, recategorizations into hemodynamically relevant CAD occurred in 29.4% of patients. On vessel level, the LAD showed the highest number of recategorizations, whereas the LM showed the lowest (LAD: 31.2% > RCA: 26.6% > LCX: 20.2% > LM: 0%) (Table 1). Recategorizations in proximal segments (median: 0.9%) were less frequent than in distal segments (median: 14.8%).




3.4. Diagnostic Performance


Diagnostic performance on patient level was identical between both observers (sensitivity: 100%; specificity: 29.0%; diagnostic accuracy: 30.3%; Table 2). On vessel level, observer B showed slightly better specificity and accuracy of Δ +1.8% and Δ +2.1%, respectively. The specificity and diagnostic accuracy of observer B were minimally higher for segmental measurements (Δ +0.4%). All values can be found in Table 2.




3.5. Localization of Measurement


Proximal segments showed higher diagnostic accuracy and specificity than distal segments for both observers (accuracy: 98.9%/99.1% vs. 81.1%/81.6%; specificity: 98.9%/99.1% vs. 81.3%/81.8%; Table 3). Differences between both observers were very small with slightly smaller differences in proximal segments compared to distal ones (accuracy and specificity: Δ −0.2% vs. Δ −0.5%). Further detail is shown in Table 3.




3.6. Influence of Image Quality and Coronary Artery Calcifications


On patient level, absolute and categorized CT-FFR values did not correlate with any image quality parameters. On vessel level, there were weak correlations between absolute CT-FFR values and contrast opacification in the LM (r = 0.204; p = 0.03) and between categorized values and contrast opacification in the RCA (r = 0.218; p = 0.02). Coronary artery calcium burden correlated weakly with absolute CT-FFR values on patient level (r = 0.394; p < 0.001) and in the LAD (r = 0.393; p < 0.001). Categorized CT-FFR values only showed a weak correlation with CAC in the LCX (r = 0.207; p = 0.03). Further detail is given in Table 4.





4. Discussion


Overall, CT-FFR values of patients before TAVR without obstructive CAD on cCTA were highly consistent between the observers with only sporadic differences on segment level. Despite these small differences and identical diagnostic performance on patient level, numerous recategorizations into hemodynamically relevant CAD occurred, and correlation according to CT-FFR values ranged from good to even poor in several instances. Interestingly, differences in categorization were much smaller in proximal coronary artery segments and were generally independent of image quality and CAC.



Absolute CT-FFR values showed very small differences between both observers (Figure 2). In comparison to other studies on patients with obstructive CAD, our average differences on patient level were roughly one magnitude smaller (our results: −0.005 (−0.09 to 0.04), p = 0.47; CAD+ patients before TAVR: −0.05 (−0.12 to 0.02); p < 0.001 [17]; Gaur et al.: 0.011 ± 0.034 [22]). The presence of CAD appears to be associated with an increase in variability, even more so in patients with multiple comorbidities. Gaur et al. were the first to publish data on the variation of values determined by the commercially available CFD CT-FFR algorithm [22]. Differences were higher than in this CAD− cohort, but similar to those of invasive FFR measurements. However, the details of the segmentation process or the observer experience remain undisclosed.



The sporadic statistically significant differences found in several segments should not be over-interpreted in light of the only weak associations found and the sheer number of tests performed. A possible explanation for the small differences may be that CT-FFR segmentation for computation of CT-FFR in CAD− patients could rely more heavily on the semi-automatic segmentation algorithm and is thus less susceptible to variation by manual intervention, e.g., correction of the luminal contours at calcified plaques. Interestingly, the interrater agreement of absolute CT-FFR values on patient level in comparison to our previous publication is lower than the much smaller absolute differences may lead to expect (our results: ICC = 0.421, p < 0.001; CAD+ patients: ICC = 0.567, p < 0.001) [17]. One possible reason for this is the relatively homogenous data set compared to CAD+ patients with reduced variability having the effect of potentially decreasing parameters like the ICC. Other studies thus showed higher ICC values, while examining different patient cohorts with also generally more experienced observers [8,23,24,25]. Less experienced observers typically achieve lower correlations in CT-FFR [26,27] as well as in the morphological assessment of cCTA and ICA [28,29,30]. However, in light of the low absolute differences, we do not believe this to be the primary explanation for the only moderate correlation of CT-FFR values, as supported by the reasons mentioned above [25,26]. Still, standardized training of observers is likely critical to secure robustness and reliability. Therefore, clinical application of ML-based CT-FFR should be carried out by experienced staff.



Evaluation on vessel level showed that the correlation of values in the LAD was the lowest. A possible explanation is that the LAD was the vessel with the most included segments in our cohort (mean: 4.6 segments/patient) thus entailing the highest potential for cumulative segmentation error. Additionally, segments 9, 10, and 17 (LAD side branches) with their respective bifurcation increase the difficulty of the segmentation process enabling potential errors in assignment.



Differences in categorization into hemodynamically relevant CAD between both observers occurred frequently, without affecting diagnostic accuracy on patient level at all. Considering these findings alongside the exceedingly small absolute median differences, it is evident that many reclassified segments likely possess CT-FFR values in close proximity to the threshold, thereby increasing the likelihood of ‘threshold jumps’ due to the minimal discrepancies observed during segmentation. A lower diagnostic power of CT-FFR values was described around the cut-off of ≤0.80 [31]. These values also correlated less well with invasive FFR in another study [32]. This study highlights that dichotomous decision-making should be discouraged with CT-FFR values around the cut-off (particularly values between 0.76 and 0.80), and additional risk stratification is needed before a treatment decision is made to account for the increased variability [13].



In our study, recategorizations were lower in proximal segments compared to distal ones (median: 0.9% vs. 14.8%). Thus, the assessment of proximal segments seems more reliable. The increasing number of recategorizations distally is most likely the result of a cumulative segmentation error. As this may alter CT-FFR values in either direction, threshold jumps for CT-FFR values close to the cut-off become more probable. Because this study was performed on CAD− patients, the gradually decreasing values along any vessel occurred independently of discrete coronary artery stenoses. Generally, a decrease of 0.08 to 0.13 has been reported in the literature for CAD+ patients too [33]. The approach of this study enables the assessment of this phenomenon without the influence of stenoses. It can be assumed that these hemodynamic changes also occur in CAD+ patients. Similarly, Tsugu et al. recently reported that the lumen volume-to-vessel-length ratio was the strongest predictor after calcified plaque volume for CT-FFR ≤ 0.80 in the RCA in patients with non-obstructive CAD [34]. Additionally measuring the volume/length ratio might improve diagnostic performance distally for all patients undergoing CT-FFR in the future. Our study cohort before TAVR may present a special case because of severe AS with ultimately altered hemodynamics and frequent coinciding left ventricular myocardial hypertrophy and diffuse atherosclerosis. These may lead to an imbalance between vessel cross-section and muscle mass and thereby alter CT-FFR values [33].



To evaluate distal segments more reliably, changing the cut-off may be beneficial. The currently employed cut-off of ≤0.80 was proposed after evaluating lesions independent of their location [13,35]. A more lenient cut-off distally could factor in the gradual CT-FFR decrease and reduce the number of false positive ratings. Another way to mitigate this issue could be to apply ΔCT-FFR between two or more points of measurement along a vessel, rather than an absolute cut-off. An abrupt pressure drop along the coronary vessel has high diagnostic accuracy for relevant CAD [13,36,37]. Furthermore, in a recent study, Chen et al. found changes in CT-FFR values potentially useful for monitoring treatment efficacy in diffuse atherosclerosis [38].



The diagnostic performance of both observers was identical on patient level, with only minimal variances observed at vessel and segment levels. Looking at the high rate of recategorizations, especially on patient level, equal numbers of recategorizations from true to false and vice versa between both observers occurred (Table 1 and Table 2; ∆accuracy: 0.0%; recategorizations: 29.4%). This reinforces the assumption that recategorizations are more likely caused by a random error affecting both, rather than, e.g., one observer’s subpar/worse segmentation. As the prevalence of CAD is very low in our study cohort (n = 2), no meaningful findings could be generated concerning PPV, NPV, and absolute values of diagnostic accuracy. Hence, the values are listed to compare observers and should not be compared to other patient populations.



In proximal segments, higher diagnostic accuracy and specificity were observed (Table 3). This is analogous to the lower rate of recategorization in those segments discussed above and points towards a cumulative segmentation error with increasing importance distally. Conversely, the ICC showed no trend towards lower values distally. However, any trend could be masked by high ICC fluctuations due to the statistical impact of small differences within the otherwise homogenous data set. Similarly, Renker et al. reported in a CAD+ patient cohort lower lesion-specific diagnostic accuracy in distal segments with ML-based CT-FFR compared to invasive FFR serving as the standard of reference. Nonetheless, ML-based CT-FFR remained superior to cCTA alone [39] and is aimed at widespread clinical application. Current guidelines today already recommend (CFD) CT-FFR after cCTA evaluation for patients with intermediate pretest probability for CAD with intermediate stenosis [40]. Issues like relatively long evaluation time could be mitigated by further improving patient selection and image quality, e.g., with third-generation dual-source CTs.



Only sporadically, weak correlations between image quality or CAC burden and CT-FFR were found. The few sporadic significant correlations that were found in either absolute CT-FFR values or categorized values did not seem to be connected. Several other studies have published similar results [17,23,24,35]. On the other hand, for obvious reasons, a very high calcium burden may influence the readability of cCTA and ultimately CT-FFR [41]. Image quality parameters had no clinically meaningful influence on the consistency of CT-FFR values. A possible explanation for this may be that once image quality is sufficient to exclude relevant CAD reliably, neither image quality nor CAC burden significantly interferes with confident lumen segmentation.



Values obtained in proximally located segments appear more reliable. The gradual decrease of CT-FFR values distally leads to values falling closer to the cut-off of ≤0.80, making threshold jumps with the coinciding cumulative segmentation error more probable. Image quality and CAC seem not to have a major influence. A way to mitigate this would be the clinical application of a location-dependent threshold or ∆CT-FFR along a stenosis. Further studies of CT-FFR with correlation to invasive tests (e.g., invasive FFR) are needed. Lastly, an interesting subject for further studies is how reliable CT-FFR is on CAD− patient cohorts without severe AS, as AS might facilitate low CT-FFR values.



Limitations


Several important limitations of this study must be mentioned. The cCTA data were acquired without the use of nitroglycerin or beta-blockers, likely adding to the challenges of interpretation, rather than artificially enhancing the results. Also, this study compared functional CT-FFR values with a morphological standard of reference (QCA ≥ 50%). A functional standard of reference would have been desirable to have more certainty of actual possible hemodynamic changes in patients before TAVR. These patients have severe AS and often have myocardial hypertrophy and comorbidities such as CAD. The aforementioned myocardial hypertrophy being relevant for the computation of CT-FFR is potentially contributing to the gradually decreasing CT-FFR values in our study cohort. As this was a single-center study employing a not commercially available prototype outside of its aimed for CAD+ patient cohort, the generalizability of our findings must be conducted cautiously.



Furthermore, both observers had a moderate amount of experience with the method beforehand, whereas other studies with better correlation were often carried out by experts with several years of clinical experience [24]. The comparability to the study on CFD CT-FFR variability is limited because a very small CAD+ patient cohort (n = 28) was assessed and their segmentation process remained undisclosed [22].





5. Conclusions


Differences in absolute CT-FFR values in CAD− patients were very small, enabling a reliable evaluation of proximal segments. Nevertheless, a gradual decrease in CT-FFR value towards distal segments is known and in combination with a small coinciding cumulative segmentation error leads to a substantial amount of threshold jumps and consequently recategorizations, particularly in distal segments. Interobserver variability was independent of image quality and CAC, suggesting these abnormal measurements to be related to pathophysiological changes in severe AS. Though not useful for its original indication, these results are encouraging the use of CT-FFR also in challenging patient groups, potentially enabling novel uses, e.g., monitoring of diffuse CAD.
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Abbreviations




	AS
	aortic stenosis



	CAC
	coronary artery calcium score



	CAD
	coronary artery disease



	CAD+
	positive for coronary artery disease



	CAD−
	negative for coronary artery disease



	cCTA
	coronary CT-angiography



	CFD
	computational fluid dynamics



	CT-FFR
	CT-derived fractional flow reserve



	ICA
	invasive coronary angiography



	ICC
	intra-class correlation coefficient



	ML
	machine learning



	LM
	left main coronary artery



	LAD
	left anterior descending coronary artery



	LCX
	circumflex coronary artery



	QCA
	quantitative coronary angiography



	RCA
	right coronary artery



	TAVR
	transcatheter aortic valve replacement
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Figure 1. Diagram of the 18-segment model of the coronary tree. Diagram showing the coronary tree with its division into 18 segments according to the SCCT guidelines [16]. Shaded segments were defined as proximal in this study. L = left; LAD = left anterior descending artery; PDA = posterior descending artery; PLB = posterior-lateral branch; R = right; RCA = right coronary artery; SCCT = Society of Cardiovascular Computed Tomography. 
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Figure 2. CT-FFR values at patient level. Bland-Altman plot showing the distribution of differences in CT-FFR values between both observers. Differences between both observers are overall very small. The plot shows no indication of a systematic bias. Lower mean CT-FFR values show one outlier (CT-FFR difference of −0.45 at a CT-FFR mean value of 0.58), which has been omitted from the plot for clarity. Lower mean CT-FFR values also show a larger heterogeneity of CT-FFR differences. CT-FFR = CT-derived fractional flow reserve. Dashed horizontal lines represent the mean difference (middle line) and the upper and lower limits of agreement (±1.96 SD, upper and lower lines). 
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Table 1. Interobserver variability of absolute CT-FFR values.






Table 1. Interobserver variability of absolute CT-FFR values.





	
Level of Observation

	
n

	
Difference

	
95% CI

	
p

	
ICC

	
95% CI

	
p

	
RoR %

	
95% CI






	
Patient

	
109

	
−0.005 (−0.09 to 0.04)

	
−0.02, 0.01

	
0.47

	
0.421

	
0.25, 0.56

	
<0.001

	
29.4

	
21.6, 38.5




	
Vessel

	
RCA

	
109

	
0.0 (−0.03 to 0.05)

	
−0.01, 0.02

	
0.62

	
0.701

	
0.59, 0.79

	
<0.001

	
26.6

	
19.2, 35.6




	
LM

	
109

	
0.0 (0.00 to 0.01)

	
0.00, 0.01

	
0.14

	
0.507

	
0.35, 0.63

	
<0.001

	
0.0

	
0.0, 3.4




	
LAD

	
109

	
−0.015 (−0.08 to 0.04)

	
−0.03, 0.01

	
0.12

	
0.334

	
0.16, 0.49

	
<0.001

	
31.2

	
23.3, 40.4




	
LCX

	
109

	
0.00 (−0.05 to 0.05)

	
−0.02, 0.01

	
0.76

	
0.588

	
0.45, 0.70

	
<0.001

	
20.2

	
13.7, 28.7




	
Segments

	
S1

	
109

	
0.01 (−0.01 to 0.01)

	
0.01, 0.02

	
<0.001

	
0.498

	
0.34, 0.63

	
<0.001

	
0.0

	
0.0, 3.4




	
S2

	
108

	
0.015 (−0.01 to 0.03)

	
0.01, 0.02

	
<0.001

	
0.725

	
0.62, 0.80

	
<0.001

	
1.9

	
0.5, 6.5




	
S3

	
101

	
0.015 (−0.02 to 0.04)

	
0.01, 0.03

	
0.003

	
0.724

	
0.62, 0.81

	
<0.001

	
13.9

	
8.4, 21.9




	
S4

	
76

	
−0.005 (−0.04 to 0.03)

	
−0.02, 0.01

	
0.46

	
0.73

	
0.61, 0.82

	
<0.001

	
28.9

	
20.0, 40.0




	
S16

	
80

	
0.00 (−0.04 to 0.04)

	
−0.01, 0.02

	
0.83

	
0.676

	
0.54, 0.78

	
<0.001

	
21.2

	
13.7, 31.4




	
S5

	
109

	
0.00 (0.00 to 0.01)

	
0.00, 0.01

	
0.14

	
0.507

	
0.35, 0.63

	
<0.001

	
0.0

	
0.0, 3.4




	
S6

	
109

	
0.015 (−0.01 to 0.02)

	
0.01, 0.02

	
<0.001

	
0.432

	
0.27, 0.57

	
<0.001

	
0.9

	
0.2, 5.0




	
S7

	
109

	
0.00 (−0.05 to 0.03)

	
−0.02, 0.01

	
0.81

	
0.349

	
0.17, 0.50

	
<0.001

	
9.2

	
5.1, 16.1




	
S8

	
108

	
−0.01 (−0.08 to 0.03)

	
−0.03, 0.01

	
0.17

	
0.362

	
0.19, 0.52

	
<0.001

	
29.6

	
21.8, 38.8




	
S9

	
88

	
0.00 (−0.05 to 0.04)

	
−0.02, 0.02

	
0.77

	
0.343

	
0.15, 0.52

	
<0.001

	
14.8

	
8.8, 23.7




	
S10

	
56

	
−0.01 (−0.06 to 0.03)

	
−0.04, 0.01

	
0.42

	
0.475

	
0.24, 0.65

	
<0.001

	
17.9

	
10.0, 29.8




	
S17

	
34

	
0.01 (−0.03 to 0.03)

	
−0.02, 0.04

	
0.35

	
0.304

	
−0.03, 0.58

	
0.04

	
14.7

	
6.4, 30.1




	
S11

	
109

	
0.01 (−0.01 to 0.03)

	
0.01, 0.02

	
<0.001

	
0.485

	
0.33, 0.62

	
<0.001

	
2.8

	
0.9, 7.8




	
S12

	
88

	
0.005 (−0.03 to 0.04)

	
−0.01, 0.02

	
0.38

	
0.297

	
0.10, 0.48

	
0.002

	
10.2

	
5.5, 18.3




	
S13

	
90

	
0.015 (−0.02 to 0.05)

	
0.01, 0.03

	
0.009

	
0.554

	
0.39, 0.68

	
<0.001

	
11.1

	
6.1, 19.3




	
S14

	
58

	
0.00 (−0.06 to 0.04)

	
−0.02, 0.02

	
1.00

	
0.621

	
0.43, 0.76

	
<0.001

	
19.0

	
10.9, 30.9




	
S15

	
11

	
0.005 (−0.03 to 0.06)

	
−0.06, 0.07

	
0.89

	
0.619

	
0.07, 0.88

	
0.02

	
9.1

	
1.6, 37.7




	
S18

	
13

	
−0.024 (−0.06 to 0.06)

	
−0.09, 0.03

	
0.33

	
0.430

	
−0.13, 0.78

	
0.06

	
30.8

	
12.7, 57.6








Values are median difference (and IQR) of CT-FFR values, the intra-class correlation coefficient (ICC), and rate of recategorizations of the two observers. The first p-value column (and 95% CI) corresponds to the difference of median CT-FFR differences from zero while the second p-value column (and 95% CI) corresponds to the difference of the ICC from zero. p-values < 0.05 were statistically significant. CI = confidence interval; ICC = intra-class correlation coefficient; IQR = interquartile range; LAD = left anterior descending artery; LM = left main coronary artery; LCX = circumflex artery; RoR = rate of recategorization; RCA = right coronary artery.













 





Table 2. Comparison of diagnostic performance of observer A and B.
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Level of Observation

	
Observer

	
n

	
TP

	
TN

	
FP

	
FN

	
Sen. %

	
Spe. %

	
PPV %

	
NPV %

	
Acc. %






	
Patient

	
Observer A

	
109

	
2

	
31

	
76

	
0

	
100.0%

	
29.0

	
2.6

	
100.0

	
30.3




	
Observer B

	
2

	
31

	
76

	
0

	
100.0%

	
29.0

	
2.6

	
100.0

	
30.3




	
Difference Δ

	
0

	
0

	
0

	
0

	
0.0%

	
0.0

	
0.0

	
0.00

	
0.0




	
Vessel

	
Observer A

	
436

	
0

	
306

	
128

	
2

	
0.0%

	
70.5

	
0.0

	
99.4

	
70.2




	
Observer B

	
1

	
314

	
120

	
1

	
50.0%

	
72.4

	
0.8

	
99.7

	
72.3




	
Difference Δ

	
1

	
8

	
−8

	
−1

	
50.0%

	
+1.8

	
+0.8

	
+0.3

	
+2.1




	
Segment

	
Observer A

	
1456

	
0

	
1265

	
189

	
2

	
0.0%

	
87.0

	
0.0

	
99.8

	
86.9




	
Observer B

	
0

	
1271

	
183

	
2

	
0.0%

	
87.4

	
0.0

	
99.8

	
87.3




	
Difference Δ

	
0

	
6

	
−6

	
0

	
0.0%

	
+0.4

	
0.0

	
0.0

	
+0.4








ICA was used as the standard of reference. Thresholds for coronary artery disease were ICA ≥ 50% diameter and CT-FFR ≤ 0.80. Acc. = accuracy; CT-FFR = CT-derived fractional flow reserve; FN = false negative; FP = false positive; ICA = invasive coronary angiography; NPV = negative predictive value; PPV = positive predictive value; Sen. = sensitivity; Spe. = specificity; TN = true negative; TP= true positive.













 





Table 3. Comparison of diagnostic performance of observers A and B depending on segment location.
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Segment Location

	
Observer

	
n

	
TP

	
TN

	
FP

	
FN

	
Sen. %

	
Spe. %

	
PPV %

	
NPV %

	
Acc. %






	
Proximal

	
Observer A

	
470

	
0

	
465

	
5

	
0

	
/

	
98.9%

	
0.0%

	
100.0%

	
98.9%




	
Observer B

	
0

	
466

	
4

	
0

	
/

	
99.1%

	
0.0%

	
100.0%

	
99.1%




	
Difference Δ

	
0

	
−1

	
1

	
0

	
/

	
−0.2%

	
0.0%

	
0.0%

	
−0.2%




	
Distal

	
Observer A

	
986

	
0

	
800

	
184

	
2

	
0.0%

	
81.3%

	
0.0%

	
99.8%

	
81.1%




	
Observer B

	
0

	
805

	
179

	
2

	
0.0%

	
81.8%

	
0.0%

	
99.8%

	
81.6%




	
Difference Δ

	
0

	
−5

	
5

	
0

	
0.0%

	
−0.5%

	
0.0%

	
0.0%

	
−0.5%








ICA was used as the standard of reference. Thresholds for coronary artery disease were ICA ≥ 50% diameter and CT-FFR ≤ 0.80. Acc. = accuracy; CT-FFR= CT-derived fractional flow reserve; FN = false negative; FP = false positive; ICA = invasive coronary angiography; NPV = negative predictive value; PPV = positive predictive value; Sen. = sensitivity; Spe. = specificity; TN = true negative; TP = true positive.













 





Table 4. Influence of image quality and coronary arterial calcifications on recategorization.
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CT-FFR Values

	
Level of Observation

	
n

	
Image Quality

	
Calcium Burden




	
r CNR

	
95% CI

	
p

	
r HU

	
95% CI

	
p

	
r QIQ

	
95% CI

	
p

	
r CAC

	
95% CI

	
p






	
Absolute

	
Patient

	
109

	
−0.059

	
−0.241, 0.127

	
0.55

	
−0.073

	
−0.261, 0.120

	
0.45

	
−0.064

	
−0.208, 0.080

	
0.40

	
0.394

	
0.221, 0.542

	
<0.001




	
Vessel

	
RCA

	
109

	
−0.032

	
−0.223, 0.157

	
0.74

	
−0.081

	
−0.276, 0.121

	
0.41

	
−0.127

	
−0.283, 0.033

	
0.10

	
0.078

	
−0.115, 0.264

	
0.42




	
LM

	
109

	
0.173

	
−0.038, 0.363

	
0.07

	
0.204

	
−0.010, 0.396

	
0.03

	
0.004

	
−0.178, 0.184

	
0.97

	
0.001

	
−0.184, 0.192

	
1.00




	
LAD

	
109

	
−0.122

	
−0.311, 0.075

	
0.21

	
−0.146

	
−0.340, 0.059

	
0.13

	
−0.094

	
−0.246, 0.066

	
0.22

	
0.393

	
0.200, 0.553

	
<0.001




	
LCX

	
109

	
0.090

	
−0.102, 0.276

	
0.35

	
0.066

	
−0.135, 0.260

	
0.50

	
−0.026

	
−0.175, 0.128

	
0.73

	
0.129

	
−0.069, 0.311

	
0.18




	
Categorized

	
Patient

	
109

	
0.011

	
−0.177, 0.199

	
0.91

	
−0.040

	
−0.226, 0.149

	
0.68

	
0.009

	
−0.227, 0.243

	
0.94

	
0.133

	
−0.057, 0.313

	
0.17
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0.114

	
−0.076, 0.296

	
0.24

	
0.218

	
0.031, 0.390
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−0.226

	
−0.444, 0.016

	
0.05

	
0.013

	
−0.176, 0.200
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LAD

	
109

	
0.118

	
−0.071, 0.300

	
0.22

	
0.091

	
−0.098, 0.275

	
0.35

	
−0.019

	
−0.249, 0.213

	
0.86

	
0.099

	
−0.091, 0.282

	
0.31
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109

	
−0.020

	
−0.207, 0.169

	
0.84

	
-0.061

	
−0.246, 0.129

	
0.53

	
0.139

	
−0.131, 0.389

	
0.28

	
0.207

	
0.019, 0.380
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Correlation of CNR, contrast opacification (measured in HU), qualitative image quality, or CAC with either absolute CT-FFR values or categorization into hemodynamically relevant CAD. The first p-value column (and 95% CI) corresponds to CNR, the second to HU, and the third to QIQ, while the fourth p-value column (and 95% CI) corresponds to CAC. All p-values are with respect to the null hypothesis that no correlation exists (correlation coefficient r = 0). p-values < 0.05 were considered statistically significant. Thresholds for significant CAD were ≥50% diameter for QCA and ≤0.80 for CT-FFR, respectively. The LM was excluded in categorized values because no recategorizations were observed in the cohort. CAC = coronary artery calcium score, CAD = coronary artery disease, CI = confidence interval; CNR = contrast-to-noise ratio; CT-FFR = CT-derived fractional flow reserve; HU = Hounsfield units; LAD = left anterior descending artery; LM = left main coronary artery; LCX = circumflex artery; QCA = quantitative coronary angiography; QIQ = qualitative image quality; RCA = right coronary artery.
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