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Abstract
Background: Scan quality can have a significant effect on the diagnostic performance of non-invasive imaging techniques. However, the extent of its influence has scarcely been investigated in a head-to-head manner. 
Methods: Two-hundred and eight patients underwent CCTA, SPECT, and PET prior to invasive fractional flow reserve measurements. Scan quality was classified as either good, moderate, or poor. 
Results: Distribution of good, moderate, and poor quality scans was; CCTA; 66%, 22%, 13%; SPECT; 52%, 38%, 9%; PET; 86%, 13%, 1%. Good quality CCTA scans possessed a higher specificity (75% vs. 31%, p=0.001), positive predictive value (PPV, 71% vs. 51%, p=0.050), and accuracy (80% vs. 60%, p=0.009) compared to moderate quality scans, while sensitivity (94%) and negative predictive value (NPV, 88%) were similar to moderate and poor quality scans. Sensitivity (76%), NPV (84%), and accuracy (85%) of good quality SPECT scans was superior to those of moderate (41% p=0.001, 56% p=0.010, 70% p=0.010 and poor quality (30% p=0.003, 65% p=0.069, 63% p=0.038). Specificity (92%) and PPV (87%) of good quality SPECT scans did not differ from scans of diminished quality. Good quality PET scans exhibited high sensitivity (84%), specificity (86%), NPV (88%), PPV (81%) and accuracy (85%), which was comparable to scans of lesser quality. Good quality CCTA, SPECT, and PET scans demonstrated a similar diagnostic accuracy (p=0.247). 
Conclusion: Diagnostic performance of CCTA, and SPECT is hampered by scan quality, while the diagnostic value of PET is not affected. Good quality CCTA, SPECT, and PET scans possess a high diagnostic accuracy. 
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1. Introduction
Despite advances in scanner technology improving spatial and temporal resolution, artifacts, and patient characteristics continue to directly influence the diagnostic performance of non-invasive imaging techniques in a negative manner. Although the impact of scan quality on diagnostic quality is well recognized, factors affecting scan quality might prove to have a different impact on coronary computed tomography angiography (CCTA), single photon emission computed tomography (SPECT), and position emission tomography (PET) imaging. 
The recently published PACIFIC-trial reported that SPECT might influence clinical decision-making unfavorably as reflected by a low sensitivity of 57%, while CCTA and [15O]H2O PET were both shown to possess a high sensitivity of 90% and 87%, respectively.1 On the other hand, CCTA suffers from false-positive findings, as reflected by a moderate specificity and positive predictive value.1,2 This striking difference in diagnostic performance between imaging modalities might be attributable to image quality. Artifacts such as beam hardening and blooming affect the interpretability of CCTA, while myocardial perfusion imaging (MPI) suffers from e.g. attenuation artifacts, more common in SPECT than PET.3,4 Head-to-head comparative studies evaluating the impact of scan quality on the diagnostic performance of non-invasive imaging modalities for determining myocardial ischemia are scarce. 
As such, the aim of this PACIFIC sub-study was to investigate the influence of scan quality on the performance of CCTA, SPECT, and PET for diagnosing myocardial ischemia using fractional flow reserve (FFR) measurements as reference-standard.  

2. Methods
2.1 Patient population
The current study is a post-hoc analysis comprising all 208 patients of the Prospective Comparison of Coronary CT Angiography, SPECT, PET, and Hybrid Imaging for Diagnosis of Ischemic Heart Disease Determined by Fractional Flow Reserve (PACIFIC) trial.1 Study subjects were characterized by an intermediate pre-test likelihood, suspected of having stable coronary artery disease (CAD), and referred for invasive coronary angiography (ICA). Patients with previously documented CAD, atrial fibrillation, renal failure, or contraindications to adenosine were excluded. Study participants underwent CCTA, SPECT, and PET prior to ICA in conjunction with FFR measurements of all major coronary arteries (NCT01521468).1 The study protocol was approved by the institutional Medical Ethics Committee and complied with the Declarations of Helsinki. All participants provided written informed consent. 
2.2 Coronary Computed Tomography Angiography
Coronary CTA scans were obtained in accordance with best practice standards as delineated in the imaging guidelines of the society of cardiovascular computed tomography using a 256-slice CT scanner (Philips Brilliance iCT, Philips Healthcare, Best, the Netherlands) with a collimation of 128*0.625 mm and tube rotation time of 270ms.5 A tube current between 200 and 360 mAs at 120 kV was used primarily adjusting the mAs based on body habitus. Sublingual nitroglycerine was administered prior to scanning, metoprolol only if necessary aiming at a heart rate of <65 beats per minute. To visualize the coronaries a bolus of 100 mL iobitridol (Xenetix) was intravenously injected (5,7 mL/s) followed by a 50 mL saline chaser. The scan was triggered using an automatic bolus-tracking technique with a region of interest delineated in the descending thoracic aorta and a threshold of 150 Hounsfield Units. Prospective electrocardiogram-gating was used at 75% of the R-R interval. A retrospective helical protocol (7 scans) was used when irregular heart rhythms and/or elevated heart rates (>65 beats per minute) despite optimal use of beta-blockers persisted. All coronary segments with a diameter of >2 mm were visually graded using an intention-to-diagnose approach wherein non-interpretable segments and segments with a ≥50% diameter stenosis (DS) were considered obstructive. 
2.3 Single-Photon Emission Computed Tomography
All SPECT scans were acquired on a dual-head hybrid SPECT/CT scanner (Symbia T2, Siemens Medical Solutions, Erlanger, Germany). Patients underwent a 2-day stress-rest protocol using intravenous adenosine (140 µg/kg/min) as hyperaemic agent and a weight adjusted dose of 370 to 550 Mega Becquerel (MBq) 99mTc-tetrofosmin as radiotracer. Images were acquired using ECG-gating and followed by a low-dose CT scan for attenuation correction. The radiotracer uptake images were graded using a 17-segment model. Each segment was visually scored using a 5-point system (0, normal; 1, mildly decreased; 2, moderately decreased; 3, severely decreased; 4 absence of uptake). Summed difference scores (SDS) were calculated from the segmental scores. A SDS of ≥2 was considered indicative of myocardial ischemia. 
2.4 Positron Emission Tomography
Dynamic PET perfusion datasets were acquired using a hybrid PET/CT device (Philips Gemini TF64, Philips Healthcare, Best, The Netherlands) and by injecting 370 MBq of [15O]H2O during resting as well as during hyperaemic conditions achieved by intravenous infusion of adenosine (140 µg/kg/min). A low-dose CT scan was acquired for attenuation correction following each dynamic PET sequence. Reconstructed PET images using quantitative PET perfusion values were assessed for the presence of significant CAD. A perfusion defect of at least 2 adjacent myocardial segments with a hyperaemic myocardial blood flow (MBF) of ≤2.30 mL/min/g was considered indicative of myocardial ischemia.6  
2.5 Grading of Non-Invasive Imaging Techniques
All scans were analyzed by blinded and independent core laboratories (corelab) which graded scan quality and presence of significant CAD using definitions mentioned previously. CCTA scans were analyzed by two corelabs (St Paul’s Hospital, Vancouver, British Columbia, Canada and the Dalio Institute of Cardiovascular Imaging, New York-Presbyterian Hospital, New York, United States of America) under supervision of J. Leipsic and J Min. In case of discordant corelab results CCTA scans were evaluated by a third reader (R. Driessen). R. Underwood (The Royal Brompton Hospital, London, England) graded SPECT scans. The Turku University Hospital, Turku, Finland, under supervision of J. Knuuti served as PET corelab. Readers had no prior tuition on how to grade scan quality but instead used their expert opinion taking into account parameters inherently linked to scan quality such as contrast filling, noise, motion, and blooming artifacts for CCTA, and artifacts such as noise, motion, reconstruction, and attenuation for MPI techniques.3,7 CCTA scans were graded as being of excellent, good, moderate or poor quality. While rest, and stress SPECT scan quality was graded as excellent, good or poor. Lastly, PET scan quality was graded as good, moderate, or poor. In contrast to the PACIFIC main paper, which classified good scan quality based on adequate diagnostic interpretability, the present study stratified scan quality in more detail applying an unambiguous image grading scale of good, moderate, and poor quality for all modalities. CCTA scans originally graded as excellent or good quality were reclassified as good quality scans. With regard to SPECT, the lowest scan quality score of either the rest or stress defined the scan quality score for the present study, furthermore, excellent scans were reclassified as good quality scans, and good quality scans as moderate. The PET quality grading scale for the present study did not differ from the grading scale applied by the corelab. 
2.6 Invasive Coronary Angiography 
Invasive coronary angiography was performed using a standard protocol in which at least two orthogonal directions per evaluated coronary artery segment were obtained. Prior to contrast injection, epicardial vasodilation was induced by intracoronary injection of 0.2 mL nitroglycerine. Hyperaemia was achieved via infusion of intracoronary (150 µg) or intravenous (140 µg/kg/min) adenosine. All major coronary arteries were interrogated by FFR, regardless of stenosis severity, except for occluded or subtotal lesions in which wire passage was not possible. Hemodynamically significant lesions were defined as having an FFR ≤0.80 or a DS ≥90% on quantitative coronary angiography (QCA) in the absence of FFR measurements. Coronary lesions with an FFR >0.80 or a stenosis grade below 30% on QCA, in case of missing FFR, were considered as non-flow limiting.  
2.7 Statistical Analysis
Continuous variables are presented as mean values ± standard deviation (SD) or median with [interquartile range (IQR)] where appropriate, whereas categorical variables are expressed as frequencies with corresponding percentages. Diagnostic performance measures (sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and diagnostic accuracy) were calculated per scan quality category and compared using Pearson Chi-square - or Fisher’s exact test when appropriate. In addition, the diagnostic performance measures of good quality CCTA, SPECT, and PET scans were compared using generalized estimating equations applying a Bonferroni correction to account for multiple testing. Area under the receiver operating curve (AUC) of good quality CCTA, SPECT, and PET scans were compared with the DeLong method.8 A multivariable logistic regression analysis was used to find a set of independent predictors of diminished scan quality (moderate and poor quality scans). A backward elimination procedure was used including only predictors that showed a p<0.10 in univariable analysis. A p-value of <0.05 was considered statistically significant for the final model and when comparing diagnostic performance measures. All analyses were performed on a per patient level using IBM SPSS software package (IBM SPSS Statistics 20.0, Chigago, IL, USA) and MedCalc (MedCalc Software 11.6.0.0, Mariakerke, Belgium).
3 Results
3.1 Baseline Characteristics 
All patients completed CCTA scanning, while in two patients SPECT imaging failed due to technical issues and four patients did not complete the PET protocol due to claustrophobia and mechanical problems. Baseline characteristics are presented in table 1. Distribution of pre-test likelihood of CAD defined by the Diamond and Forrester criteria was as follows: low 17 (8%), intermediate 188 (90%) and high 3 (1%).9 Of the 624 available arteries, 7 were deemed a RV branch and 2 were considered an anatomical anomaly, and were therefore excluded. Five-hundred-fifty-four (90%) of the remaining coronaries were interrogated by FFR, 58 had a subtotal/total occlusion in which wire passage was not deemed possible and were considered significantly obstructed, lastly in 3 tortuous arteries FFR was not attempted all had stenosis of ≤30% and were deemed non-significantly diseased. In total, significant CAD was present in 99 (44%) patients and 160 (26%) vessels. Case examples of good, moderate, and poor quality scans and their influence on diagnostic performance are presented in figure 1. The diagnostic performance of CCTA, SPECT, and PET on a per vessel level stratified according to scan quality, and vascular territory is presented in a Data-in-Brief paper related to the present article (reference).
3.2 Coronary Computed Tomography Angiography
Of the CCTA scans performed, 137 (66%) were of good, 45 (22%) of moderate, and 26 (13%) of poor quality. Significant CAD was more prevalent among patients with a poor quality CCTA scan (65%) compared to those with a good quality scans (41%, p=0.021) and tended to be higher in comparison to patients with a moderate quality scan (42%, p=0.060). Diagnostic performance when specified according to scan quality is presented in figure 2, and table 2. Reduced image quality did not alter the sensitivity (p=0.162) nor NPV (p=0.136) of CCTA. In contrast, specificity of good quality CCTA scans was significantly higher compared to scans of moderate (p<0.001) and poor (p<0.001) quality. Diminished scan quality resulted in an increase of false-positive findings as indicated by a lower PPV of scans with a moderate image quality compared to scans of good quality (p=0.050), while the difference in terms of PPV between good and poor quality scans was not statistically different (p=0.720). Accuracy of good quality CCTA scans was found to be superior to moderate quality scans (p=0.009), but not to poor quality scans (p=0.129). A multivariable analysis revealed body mass index, a higher heart rate during CCTA acquisition, and total calcium score to be independent predictors of diminished CCTA quality (table 3).
3.3 Single-Photon Emission Computed Tomography
Of the SPECT scans performed, 108 (52%) were of good, 79 (38%) of moderate, and 19 (9%) of poor quality. The prevalence of significant CAD among patients with good (42%), moderate (47%), or poor quality (53%) scans did not differ (p=0.597). Figure 2, and table 2 present the diagnostic performance of SPECT stratified according to scan quality. Sensitivity (good vs. moderate p=0.001 vs. poor p=0.003) and NPV (good vs. poor p=0.010) of SPECT improved significantly with increasing image quality, whereas specificity (p=0.446) and PPV (p=0.852) were not found to differ among scan quality groups. As such, a significantly higher accuracy of scans with good image quality compared to moderate (p=0.010), and poor quality (p=0.038) was observed. Scan quality was negatively influenced by the independent predictors; motion, attenuation, and reconstruction artifacts, while patients characteristics did not affect scan quality (table 4).   
3.4 Positron Emission Tomography
The PET scans were indicated in terms of good, moderate, and poor scan quality in 175 (86%), 27 (13%), and 2 (1%) patients, respectively. The prevalence of significant CAD among patients with good (42%), moderate (56%), and poor quality (100%) scans did not differ (p=0.112). Figure 2, and table 2 show the diagnostic value of PET in relation to scan quality. Diagnostic performance of quantitative PET was, besides an observed trend towards an improved specificity of good quality scans compared to scans of moderate quality (p=0.095), not influenced by scan quality.  
3.5 Diagnostic Value of Good Quality Scans
The diagnostic performance of good quality CCTA, SPECT, and PET scans is presented in table 2, and figure 3. Positron emission tomography exhibited a higher sensitivity compared to SPECT (p=0.043), while sensitivity of CCTA did not differ from SPECT or PET. In comparison to CCTA, SPECT exhibited a significantly higher specificity (p=0.008). Moreover, a trend towards a higher PPV of SPECT in comparison with CCTA was appreciated (p=0.071). Negative predictive value of PET was superior to SPECT (p=0.024) and akin to CCTA (p=1.000). Good quality CCTA, SPECT, and PET scans possessed a high, and similar diagnostic accuracy (p=0.247). Figure 4 displays AUCs of good quality CCTA, SPECT, and PET scans. An analysis of 56 patients with solely good quality scans resulted in comparable AUCs (p=0.892). Furthermore, no differences in AUCs were observed in a comparative analysis of good quality CCTA, SPECT, and PET scans; CCTA: 0.890 (95% CI: 0.790-0.953) vs SPECT: 0.829 (95% CI: 0.719-0.910), p=0.368 (68 patients); CCTA: 0.849 (95% CI: 0.770-0.909) vs PET: 0.883 (95% CI: 0.809-0.936), p=0.487 (114 patients); PET 0.863 (95% CI: 0.773-0.927) vs SPECT 0.792 (95% CI: 0.692-0.872), p=0.106 (87 patients).
4. Discussion
This sub-study of the PACIFIC-trial sought to investigate the influence of scan quality on the diagnostic performance of CCTA, SPECT, and PET when referenced by FFR. Poor scan quality influenced sensitivity, NPV, and diagnostic accuracy of SPECT in a negative manner. With regard to CCTA, specificity significantly improved with better scan quality, without loss of its inherent strong suits for the exclusion of CAD. Furthermore, scan quality seemed not to affect the accuracy of quantitative [15O]H2O PET. When excluding moderate and poor quality CCTA, SPECT, and PET scans a high and comparable diagnostic performance for the detection of myocardial ischemia, using FFR as reference standard, was observed. Scans of good quality were most prevalent among PET (86%) followed by CCTA (66%), and lastly SPECT (52%).
Coronary CTA has proven to be an excellent modality for ruling out significant CAD, with inherent high sensitivity, and NPV, which is offset by a moderate specificity and PPV.1,10 The high NPV of CCTA was not influenced by scan quality, while false-positive findings were significantly reduced as image quality improved resulting in a respective specificity and PPV of 75% and 71% for good quality scans. In contrast, the PACIFIC-trial revealed CCTA to exhibit a specificity and PPV of 60% and 64%, respectively, which in light of the present study can be explained by the presence of CCTA scans of diminished scan quality within the PACIFIC patient population. A higher BMI, heart rate, and calcium score were all independently predictive of poorer image quality and hence the interpretability of CCTA. Indeed, Dewey et al. demonstrated the aforementioned factors to negatively influence scan quality (BMI and heart rate) and accuracy (calcium score) in patients undergoing 64-slice CCTA.11 The present study shows that scan quality can have a major impact on clinical-decision making, due to the higher number of false-positive findings among scans of lesser quality which may lead to injudicious use of downstream resources. Interestingly, new emerging techniques such as CCTA derived FFR (FFRct), and dual-energy CT seem promising in reducing the number of false-positive CCTA findings and hence save patients from unnecessary invasive procedures, with inherent albeit low complication rates.12 Indeed, the PLATFORM-trial demonstrated CCTA in conjunction with FFRct to reduce the number of unjust referrals for ICA and costs of care in a salutary fashion compared to standard care, while dual-energy CT exploiting monochromatic imaging has shown great promise in reducing blooming artifacts.13-15 
The PACIFIC-trial demonstrated SPECT to exhibit a remarkably low sensitivity (57%), in comparison to earlier studies, which has been attributed to the FFR reference standard utilized whilst the majority of previous studies were characterized by ICA as a reference standard which is potentially misleading since the anatomical severity of CAD does not necessarily commensurate with its functional significance.1,10,16,17 Sand et al. recently confirmed the low sensitivity of SPECT (41%) when an FFR reference standard is applied.18 The present results indicate that the earlier found low sensitivity is in apart attributable to factors diminishing image quality and thereby diagnostic accuracy. Sensitivity and NPV improved remarkably with a rise in SPECT scan quality, which was not accompanied by a loss of specificity or PPV. In comparison to the PACIFIC-trial, sensitivity of good quality SPECT scans rose to 76%, which is slightly higher than in previously published studies on the diagnostic value of SPECT when referenced by FFR.10,17 Perfusion defects on SPECT are visually graded according to the severity of the defect.19 Therefore, scan quality is of particular significance to accurately denote ischemia. An important element influencing SPECT image quality are artifacts caused by, for example, soft tissue attenuation.7 Attenuation correction of SPECT images, routinely applied in the PACIFIC trial, can be used to correct for these artifacts.20-22 However, these artifacts still have a profound effect on scan quality as can be seen in the present study. Genovesi et al. demonstrated that routine attenuation correction might come with a penalty to sensitivity in lean patients by masking, small areas, of ischemia.23 Nevertheless, the majority of studies to date reveal CT-based attenuation correction to significantly improve specificity and normalcy rate without compromising sensitivity.20 Therefore, the high specificity of SPECT in the present study (92%) and in the PACIFIC-trial (94%) is for a large part likely attributable to the routinely applied CT-attenuation correction.20 
In line with the PACIFIC-trial, PET scans of good quality exhibited high sensitivity (84%) and specificity (86%) resulting in a diagnostic accuracy of 85%.1 No difference in diagnostic performance measures was observed among the different PET scan quality groups. Quantitative [15O]H2O PET imaging is a robust technique less prone to attenuation artefacts in comparison with other MPI modalities due to favorable tracer kinetics, namely freely diffusible and metabolically inert. Hence in contrast to all other PET tracers, the wash-out instead of the uptake slope is used for the quantification of MBF, rendering [15O]H2O less prone to attenuation and partial volume artifacts. Indeed, a study by Lubberink et al. showed that MBF quantification with or without attenuation correction did not significantly alter MBF values.24 In the PACIFIC-trial grading was based on quantitative MBF values, such an approach has been supported by a study of Kajander et al. showing quantitative [15O]H2O PET assessment to be superior to visual grading in terms of diagnostic accuracy.25 In addition, a study by Fiechter et al. using quantitative ammonia PET showed myocardial flow reserve to provide incremental diagnostic value for unmasking clinically significant ischemia that would have remained unnoticed on relative tracer uptake images.26 Nonetheless, specificity of SPECT MPI was superior to quantitative PET in the PACIFIC-trial.1 This mismatch in the rate of false-positive findings between both imaging modalities does not necessarily reflect the failure of either technique, but likely indicates the ability of quantitative PET to detect microvascular disease, which may not cause localized reductions in myocardial perfusion but rather homogeneously reduced perfusion in the presence of diffuse CAD. However, when judged by FFR as the diagnostic standard for CAD, quantitative PET imaging comes at a cost of increased false-positive findings in comparison to SPECT. 
5. Limitations
The limitations of the PACIFIC trial have previously been described.1 The current study is a post-hoc analysis with inherent limitations, such as multiple testing with an increased chance of type-I errors. The Bonferroni correction for multiple testing was therefore applied in the comparison of the diagnostic value of good quality scans, however the results of the present paper should be interpreted considering the chance of type-I errors. Furthermore, good quality scans were unevenly distributed, the comparative results on the diagnostic performance are therefore not a direct comparison within the same patients. Additionally, scans were graded by experts in the field who did not have prior tuition on how to grade image quality. Therefore different approaches might have been applied to grade scan quality. Lastly, only two PET studies were graded as poor quality, the results reporting on the difference between poor and other scan quality scores should be interpreted with caution.  
6. Conclusion
The diagnostic value of CCTA, and SPECT is significantly hampered by scan quality, while the diagnostic performance PET seems not to be affected by scan quality. Exclusion of moderate, and poor quality scans resulted in a high and comparable diagnostic accuracy of CCTA, SPECT, and PET for the diagnosis of hemodynamically significant CAD.
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Legend to the figures 
Figure 1. Case examples of good, moderate, and poor quality scans. 
Panel A displays CCTA derived curved MPR images. An FFR of 0.70 confirmed the significance of the obstructive non-calcified plaque observed within the proximal LAD on the good quality image. The scan of moderate quality suffered from a high calcific burden (1353), leading to a false positive read of the proximal LAD (FFR=0.92). Furthermore, the distal LAD of the poor quality scan was deemed unevaluable due to blurring caused by a high BMI (30 kg/m2) and heart rate during acquisition (66 bpm) and subsequently a false positive read (FFR=0.87). Panel B presents uptake images of SPECT. No perfusion defect was noted on the good quality scan, which was confirmed by normal FFR values in all coronary arteries (FFR: RCA=0.94, LAD=0.83, Cx=0.85). Attenuation and motion artifacts affected the SPECT scans of moderate and poor quality and no ischemia was noted on either scan. However, FFR revealed the LAD of both patients to contain significant stenoses as reflected by an FFR of 0.77 and 0.73 for the moderate and poor quality SPECT image respectively. Panel C illustrates parametric PET perfusion images. A defect with an absolute MBF indicative of ischemia (2.00 ml/min/g) within the LAD territory was observed on the good quality scan, which was confirmed by an FFR of 0.18. The scan of moderate quality shows abnormal perfusion in the inferoseptal and lateral region with a diminished hyperaemic MBF of the RCA (1.70 ml/min/g) and Cx (1.40 ml/min/g) territory. Invasive assessment confirmed hemodynamically significant CAD in both vessels (FFR: RCA=0.66, Cx=0.55). Motion artifacts resulted in a poor quality PET scan, wherein perfusion defects of Cx and LAD territory were seen. Hyperemic MBF was significantly diminished in all coronary territories indicative of global ischemia (RCA=1.10 ml/min/g, LAD=1.80 ml/min/g, Cx=1.10 ml/min/gr). ICA in conjunction with FFR measurements revealed a total occlusion of the Cx, and non-functionally relevant CAD of the LAD (FFR=0.91) and RCA (FFR=0.87). 
Abbreviations: CCTA; coronary computed tomography angiography, MPR; multi planar reformation, FFR; fractional flow reserve, LAD; left anterior descending artery, BMI; body mass index, SPECT; single-photon emission computed tomography, RCA; right coronary artery, Cx; circumflex artery, PET; positron emission tomography, MBF; myocardial blood flow, ICA; invasive coronary angiography, SA; short-axis, VLA; vertical long axis, HLA; horizontal long axis.
Figure 2. Diagnostic performance of CCTA (A), SPECT (B) and PET (C) specified per scan quality score. 
Figure 2 displays the diagnostic performance presented as sensitivity, specificity, PPV, NPV, and diagnostic accuracy of CCTA (A), SPECT (B), and PET (C) specified for each scan quality score. Statistically significant differences between groups are indicated by corresponding p-value.  
Abbreviations: PPV, positive predictive value; NPV, negative predictive value, other abbreviations as in figure 1.  
Figure 3. Comparison of the diagnostic performance of good quality CCTA, SPECT, and PET scans.
Sensitivity, specificity, PPV, NPV, and diagnostic accuracy of good quality CCTA, SPECT, and PET scans are displayed in figure 3. Differences between modalities, if significant, are presented by matching p-value. 
Abbreviations: CAD; coronary artery disease, other abbreviations as in figure 1, and 2.  
Figure 4. Diagnostic performance good quality CCTA (A), SPECT (B), and PET (C) scans presented as ROCs with corresponding AUCs.
The ROCs with corresponding AUCs and 95% CIs are presented for good quality CCTA (n=137) (A), SPECT (n=108) (B), and PET (175) (C) scans. Panel D shows the comparison of ROCs of 56 patients with only good quality scans (p=0.892). 
Abbreviations: ROC; receiver operating curve, AUC; area under the curve, CI; confidence interval, other abbreviations as in figure 1, 2, and 3. 


Figure 1. 
[image: ]

Figure 2. 
[image: ]
Figure 3. 
[image: ]

Figure 4. 
[image: ]

Table 1. Baseline characteristics.
	Characteristics
	N (%) / mean ± SD (N=208)

	Age, years 
	58 ± 9

	Male gender
	132 (64)

	BMI, kg/m2
	27 ± 4

	Cardiovascular risk factors
	

	Diabetes mellitus type II
	33 (16)

	Hypertension
	96 (46)

	Hypercholesterolemia
	83 (40)

	Currently smoking
	40 (19)

	Smoking history
	99 (48)

	Family history of CAD
	107 (51)

	Reason for referral
	

	Typical angina
	71 (34)

	Atypical angina
	80 (39)

	Non-anginal chest pain
	57 (27)

	Medication
	

	Statins
	161 (77)

	Aspirin
	181 (87)

	Β-blockers
	134 (64)

	ACE inhibitor 
	40 (19)

	ARB
	37 (18)

	Calcium channel blockers
	61 (29)

	Long-acting nitrates
	21 (10)


Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin II receptor blocker; BMI, Body Mass Index; CAD, coronary artery disease, N; number.

Table 2. Diagnostic performance of CCTA, SPECT, and PET for diagnosing myocardial ischemia specified per scan quality score. 
	
	% (95% CI)

	Scan Quality
	Sensitivity
	Specificity
	PPV
	NPV
	Accuracy

	CCTA
	
	
	
	
	

	Good
	86 (74-94)
	75 (64-84)
	71 (62-78)
	88 (80-94)
	80 (72-86)

	Moderate
	100 (82-100)
	31 (14-52)
	51 (45-58)
	100 (N/A)
	60 (44-74)

	Poor
	94 (71-100)
	11 (0-48)
	67 (61-70)
	50 (7-93)
	65 (44-83)

	SPECT
	
	
	
	
	

	Good
	76 (60-87)
	92 (82-97)
	87 (74-94)
	84 (76-90)
	85 (77-91)

	Moderate
	41 (25-58)
	95 (84-99)
	88 (65-97)
	65 (58-71)
	70 (58-80)

	Poor
	30 (7-65)
	100 (66-100)
	100 (N/A)
	56 (46-66)
	63 (38-84)

	PET
	
	
	
	
	

	Good
	84 (73-91)
	86 (78-92)
	81 (73-88)
	88 (81-93)
	85 (79-90)

	Moderate
	100 (78-100)
	67 (35-90)
	79 (63-89)
	100 (N/A)
	85 (66-96)

	Poor
	100 (16-100)
	N/A
	100 (N/A)
	N/A
	100 (16-100)


Abbreviations: CCTA, coronary computed tomography angiography; SPECT, single photon emission tomography; PET, positron emission tomography; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; N/A, not applicable: estimate and/or CI could not be computed because of too few cases.  

Table 3. Uni- and multivariable logistic regression analysis of patient and CCTA characteristics for the prediction of diminished CCTA scan quality.
	
	CCTA quality, n (%)
	Univariable
	Multivariable

	Characteristics
	Good
	Diminished
	OR
	p-value
	OR
	p-value 

	Male gender
	82 (60)
	50 (70)
	1.597
	0.135
	-
	-

	Age, mean ± SD (years)
	58.2 ± 8.9
	58.0 ± 8.4
	0.997
	0.850
	-
	-

	BMI, mean ± SD (kg/m2)
	26.4 ± 3.4
	28.1 ± 4.1
	1.137
	0.002
	1.099
	0.030

	Risk factors
	
	
	
	
	
	

	Diabetes mellitus type II
	18 (13)
	15 (21)
	1.771
	0.138
	-
	-

	Hypertension
	54 (39)
	42 (59)
	2.226
	0.007
	-
	-

	Hypercholesterolemia
	50 (37)
	33 (47)
	1.511
	0.164
	-
	-

	Current smoker
	25 (18)
	15 (21)
	1.200
	0.618
	-
	-

	Smoking history
	67 (49)
	32 (45)
	0.857
	0.600
	-
	-

	Family history of CAD
	74 (54)
	33 (47)
	0.739
	0.303
	-
	-

	Number of CVR, median (IQR)
	2  (1-2)
	2 (1-3)
	1.159
	0.163
	-
	-

	CCTA 
	
	
	
	
	
	

	Heart rate (per minute)
	56.3 ± 7.2
	60.7 ± 7.7
	1.086
	<0.001
	1.090
	<0.001

	B-Blockers (24 hour)
	117 (85)
	61 (86)
	1.043
	0.920
	-
	-

	Extra B-blockers prior to scan 
	73 (53)
	36 (51)
	0.902
	0.724
	-
	-

	Nitrates prior to scan
	135 (99)
	68 (96)
	0.336
	0.238
	-
	-

	Prospective acquisition
	135 (99)
	66 (93)
	5.114
	0.055
	-
	-

	CA score, median (IQR)
	150 (6-150)
	290 (50-925)
	1.001
	0.009
	1.001
	0.017


Abbreviations: CCTA, coronary computed tomography angiography; OR, odds ratio; SD, standard deviation; BMI, body mass index; CAD, coronary artery disease; CVR, cardiovascular risk factors; IQR, interquartile range; CA score, calcium score.

Table 4. Uni- and multivariable logistic regression analysis of patient and SPECT characteristics for the prediction of diminished SPECT scan quality.
	
	SPECT quality, n (%)
	Univariable
	Multivariable

	Characteristics
	Good
	Diminished
	OR
	p-value
	OR
	p-value 

	Male gender
	63 (58)
	68 (69)
	1.619
	0.100
	-
	-

	Age (years), mean ± SD 
	59.2 ± 8.9
	57.0 ± 8.3
	0.970
	0.063
	-
	-

	BMI (kg/m2), mean ± SD 
	27.2 ± 3.7
	26.8 ± 3.7
	0.978
	0.548
	-
	-

	Risk factors
	
	
	
	
	
	

	Diabetes mellitus type II
	20 (19)
	13 (13)
	0.673
	0.307
	-
	-

	Hypertension
	50 (46)
	45 (46)
	0.985
	0.957
	-
	-

	Hypercholesterolemia
	43 (40)
	40 (41)
	1.043
	0.884
	-
	-

	Current smoker
	20 (19)
	20 (20)
	1.128
	0.732
	-
	-

	Smoking history
	49 (45)
	50 (51)
	1.254
	0.418
	-
	-

	Family history of CAD
	58 (54)
	47 (48)
	0.794
	0.410
	-
	-

	Number of CVR, median (IQR)
	2 (1-3)
	2 (1-3)
	0.982
	0.858
	-
	-

	SPECT 
	
	
	
	
	
	

	Motion artifacts
	11 (10)
	26 (27)
	3.275
	0.002
	4.616
	0.016

	Attenuation artifacts
	25 (23)
	85 (87)
	28.220
	<0.001
	48.561
	<0.001

	Reconstruction artifacts
	2 (2)
	26 (27)
	19.686
	<0.001
	55.629
	<0.001

	Low counts
	0 (0)
	2 (2)
	N/A
	N/A
	N/A
	N/A


Abbreviations: SPECT, single photon emission tomography; OR, odds ratio; SD, standard deviation; BMI, body mass index; CAD, coronary artery disease; CVR, cardiovascular risk factors; IQR, interquartile range.
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