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Abstract

Quantitative analysis of SPECT and PET has become a major part of nuclear cardiology practice. 

Current software tools can automatically segment the left ventricle, quantify function, establish 

myocardial perfusion maps and estimate global and local measures of stress/rest perfusion – all 

with minimal user input. State-of-the-art automated techniques have been shown to offer high 

diagnostic accuracy for detecting coronary artery disease, as well as predict prognostic outcomes. 

This chapter briefly reviews these techniques, highlights several challenges and discusses the latest 

developments.
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INTRODUCTION

Radionuclide myocardial perfusion imaging (MPI) with SPECT or PET is the most widely 

used technique for detecting coronary artery disease (CAD) in clinical practice.1 Currently, 
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one of the main advantages of nuclear techniques over other modalities such as stress 

echocardiography or cardiac MRI, is the development of standardized methods for 

automated quantitation. Automated analysis of three-dimensional SPECT and PET images is 

now routine for both clinical and research purposes. Current software can automatically 

segment the left ventricle (LV), quantify left ventricular ejection fraction (LVEF), establish 

myocardial perfusion maps and estimate global and local measures of stress/rest perfusion – 

all with minimal user input. These methods have demonstrated better reproducibility, and at 

least similar diagnostic accuracy as qualitative visual analysis by expert readers.

Furthermore, automated quantitation continues to be an active field of research with several 

recent developments. For example, new software that checks automated LV contours for 

potential errors has been shown to further reduce the level of human supervision required.2 

Another promising development has been the use of machine learning to integrate a 

combination of automated imaging parameters with clinical data for greater diagnostic 

accuracy, and prediction of prognostic outcomes on a personalized basis.3,4 In this chapter, 

we briefly review the principles, strengths and limitations of current automated quantitation 

methods, and discuss some of these latest developments.

OVERVIEW OF QUANTITATIVE METHODS

Gated myocardial perfusion imaging (MPI) with SPECT or PET generates information on 

reversible perfusion defects, fixed perfusion defects, LV function, LV volumes, regional wall 

motion and thickening. Although visual interpretation for all these parameters is feasible, it 

is more time-consuming, less reproducible and ultimately more dependent on the observer’s 

expertise than utilizing automated methods. It has been demonstrated that computer-based 

quantitation provides an important means of improving consistency of interpretation.5 A 

number of validated software packages are available for automated quantification (QPS-

QGS, Emory Toolbox, 4D-MSPECT and Wackers-Liu CQ)6–9and are distributed by the 

main vendors of nuclear medicine imaging equipment. The basic principles are similar for 

each of these software packages: after segmentation of the LV, normalized relative 

radiotracer uptake in reconstructed slices is quantitatively compared against normal data 

files.

LV segmentation

The first step in quantification of perfusion and function is segmentation of the LV from 

both gated and static reconstructed data. Segmentation of the myocardium may sometimes 

be challenging due to possible large perfusion defects, extra-cardiac activity, and image 

noise. Typically, the most common sources of incorrect automated contours are gut activity 

and incorrect definition of the valve plane (Figure 1). Nonetheless, current software tools 

allow accurate automatic definition of LV contours in up to 90%.2 Incorrect segmentation in 

the minority of cases can result in spurious defects mimicking perfusion abnormalities, and 

therefore, some supervision by an experienced observer is still required during this step. 

However, this can be accomplished by an experienced technologist, prior to scan 

interpretation. Furthermore, recent software developments, which are discussed in this 
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review, can be used to check automated LV contours, allowing readers to target manual 

adjustment only to those studies flagged by the algorithm for potential errors.

LV Function

Using the endocardial surfaces from LV segmentation, a volume curve spanning the cardiac 

cycle can be generated. From the volume curve data, LV end-diastolic volume (EDV), LV 

end-systolic volume (ESV), LV ejection fraction (LVEF), cardiac output, myocardial mass 

and diastolic function parameters (peak and time to peak filling and ejection rates) can then 

be calculated. Several studies confirm strong agreement between gated MPI and reference 

standard measurements of quantitative LVEF and LV volumes.7,10–15 This relationship is 

relatively independent of the isotope, protocol, standard, and algorithm used. 

Reproducibility and repeatability for LVEF and LV volumes have also been shown to be 

high.16,17 With regards to cross-algorithm reproducibility, a number of studies confirm 

strong correlation between different approaches - but systematic differences in the 

measurements do exist, and therefore normal limits for the specific imaging approach are 

required.15,18–20 Prognostic thresholds for LVEF, EDV, and ESV have also been reported for 

quantitative software.21,22

Myocardial Perfusion

Polar maps—Evaluating myocardial perfusion involves the detection of significant 

differences between stress and rest images. For the visual observer, this is only a subjective 

analysis and can be particularly challenging if the differences are subtle or if there are 

differences in stress and rest alignment. By contrast, automated software offers several 

objective quantitative measures of myocardial perfusion. After LV segmentation, the 

standard processing sequence for automated analysis involves extraction of myocardial 

count densities to polar map coordinates (typically the maximal values for a given polar map 

pixel), and subsequent comparison of polar map samples to normal limits (Figure 2).5,11,23 

Site- or protocol-specific normal limits are derived from a small number of visually normal 

studies from low-likelihood patients (20 to 40 is usually sufficient) in the local 

population.23,24 For any given myocardial location, the image count can be used to grade the 

severity of hypoperfusion – based on the number of standard deviations (SD) below the 

lower limit of normal. Polar maps can then be plotted with severity mapped to a color scale, 

or as so-called “blackout maps” where all pixels below normal limits are blacked-out (Figure 

3). Another advantage of this quantitative approach is that the use of common polar map 

coordinates for all subjects allows objective inter-subject comparison of relative count 

intensities, as the image counts in each study are normalized to a common level.

Quantitative parameters of perfusion—Various quantitative parameters can be derived 

from myocardial perfusion scans, and reported at a regional (per vascular territory) or global 

(per ventricle) level. These parameters are most commonly obtained by comparison to 

normal-limits. For example, the extent of a perfusion defect can be expressed as the 

percentage of pixels in the polar map for which severity is greater than a predefined 

statistical threshold (e.g. 2–2.5SD below normal limits). This measure reflect the size of the 

perfusion defect and it has been validated against delayed enhancement MRI for infarct 

imaging.25
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Most commonly, a single parameter combining both pixel-based severity and extent is used 

to quantify the overall magnitude of hypoperfusion e.g. the total perfusion deficit (TPD) - as 

employed by Cedars-Sinai QPS module.23 The difference in TPD at stress and rest (i.e. 

ischemic TPD) can be used to quantify ischemia. A similar concept to TPD is used by other 

quantification packages.

In addition, segmental perfusion scores for the American Heart Association (AHA) 17-

segment model can be derived, based on the average defect severity in a given segment. 

Segments are assigned computed severity scores according to a 5-point scale: (0 = normal; 

1= mildly abnormal; 2 = moderately abnormal; 3 = severely abnormal; 4 = absent).26 

Segmental scores can be summed per region, or for the whole myocardium, and the summed 

stress score (SSS), the summed rest score (SRS), and the summed difference score (SDS) 

can be derived, analogous to the scheme employed in the visual scoring. Several validation 

studies for these techniques have been reported, with angiography as the gold 

standard.23,27–29

Standard tools with the above general functionality for both SPECT and PET (but with some 

differences in the computational analysis methods) are available in all the main software 

packages available commercially.

Myocardial Blood Flow

Positron emission tomography can additionally be used to quantify absolute myocardial 

blood flow (MBF) and myocardial perfusion reserve (MPR) - and it is currently the 

noninvasive reference standard for these measures. Such analysis has been shown to improve 

diagnostic accuracy compared with relative perfusion analysis;30,31 and recent studies have 

also demonstrated that an abnormal quantitative MPR is an independent predictor of an 

adverse prognosis.32,33 Furthermore, quantitative measures of MBF provide unique 

information about the coronary microcirculation that is not available from non-quantitative 

methods.34 MBF quantitation with PET is discussed in further detail in chapter 12.

Transient Ischemic Dilation

The transient ischemic dilation (TID) ratio is another quantitative measure which can be 

derived following automated LV segmentation.35 It is calculated as the ratio of ungated post-

stress LV cavity volume to that at rest. Abnormally high values of the TID ratio are 

associated with severe and extensive CAD.36 It is debated as to whether an increased TID 

ratio reflects true stress-induced stunning of the left ventricle, or extensive sub-endocardial 

ischemia – or indeed a combination. TID ratio can be effective in avoiding the problem of 

underestimating disease extent, which is inherent in the assessment of relative perfusion 

defects – particularly with subjective visual analysis. For example, in one study, the 

sensitivity for detecting severe disease improved significantly (from 64% to 71%; p<0.05) 

when TID was combined with TPD.37
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QUANTITATIVE ANALYSIS OF MPI IN PRACTICE

Diagnostic Accuracy

A recent study confirmed that diagnostic accuracy in terms of area under curve (AUC) for 

detecting CAD using the latest automated quantitative MPI methods, is at least similar or 

marginally superior to that achieved by expert visual readers.38 The latter was true for both 

attenuation-corrected (0.92 vs. 0.90, p<0.01) and non-attenuation corrected data (0.91 vs. 

0.87, p<0.01); and even when additional information such as patient age and symptom 

history (not used by the computer software) was revealed to the reader (Figure 4).

Prognostic Accuracy

Previously, a number of studies have demonstrated the prognostic value of standard visual 

scoring of MPI – but this has also been shown to be valid for automated quantitative 

parameters.39–41 Cox models based on automated stress TPD have been shown to have 

similar prognostic performance for predicting cardiac death, as those based on expert visual 

analysis incorporating clinical information (AUC: 0.72 vs. 0.71).42

Ischemic Change

A particularly useful application for quantitative analysis is the estimation of subtle changes 

in ischemic burden during longitudinal follow-up of the same patient. This can provide a 

reliable objective measure of a patient’s response to therapy. Whilst this can also be 

performed with visual assessment, small but clinically important improvements can be 

under-interpreted due to the subjective scoring of different readers. The most common 

approach using quantitative analysis is to report the difference in the overall quantitative 

parameter between repeat scans such as TPD – and this has shown good reproducibility and 

repeatability.43,44

Newer automated software can further refine longitudinal follow-up by analyzing serial 

stress/rest studies together in pairs - thereby eliminating errors associated with multiple 

comparisons to normal limits and variations in contour placements.45,46 This approach also 

has the advantage that it does not require normal limits.

COURAGE Trial—In the nuclear sub-study of the COURAGE trial, quantitative analysis 

of perfusion was compared before and after two different treatment strategies (percutaneous 

coronary intervention (PCI) + medical therapy vs. medical therapy alone).41 Greater 

reduction of ischemia (TPD: −2.7%) was shown in the group with PCI therapy than in the 

group with medical therapy alone (TPD: −0.5%; p < 0.0001). Such small group differences 

are harder to demonstrate with visual scoring due to greater inter and intra-observer 

variability.47,48 Consequently, clinical trials based on visual analysis may require 

considerably larger patient cohorts to show significant differences between study groups.

Reproducibility

An important strength of quantitative analysis is the inherent reproducibility of the 

measurements. Lower variability directly translates to improved detection of true differences 

in hypoperfusion. The reproducibility of quantitative perfusion analysis has been compared 

Motwani et al. Page 5

Cardiol Clin. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to visual analysis for a stress/and rest SPECT scan, repeated on the same day.43 Quantitative 

measures of stress, rest and ischemic (stress-rest) defects were significantly more 

reproducible than visual scores, with smaller repeatability coefficients (stress: 3.3% vs. 

4.8%; rest: 1.8% vs. 3.8%; ischemic: 3.2% vs. 4.3%; all p <0.002). Bland-Altman plots for 

repeated measures of visual stress and automated stress perfusion size are shown in Figure 5. 

These comparisons clearly demonstrate the advantages of the quantitative perfusion analysis 

over visual expert analysis.

Limitations of MPI quantification

Accuracy of quantitative perfusion analysis can be reduced by imaging artifacts, which can 

mimic true defects. Artifacts can be caused by patient motion, photon attenuation, 

misalignment of attenuation maps, or spillover of extra-cardiac activity. Expert visual 

readers can detect and ignore the majority of these artifacts; but as quantitative analysis is 

generally trained on visually normal, artifact-free data, it is more prone to false-positives. 

However, new developments such as automatic motion correction, and automatic recognition 

of misalignment based on myocardium-mediastinum mismatch show potential in 

overcoming this limitation.49,50 Attenuation correction can be performed to reduce the effect 

of photon attenuation correction; however most MPI SPECT (MPS) systems are not 

equipped with the attenuation correction hardware. Methods which involve 2-position 

imaging have been proposed for mitigation of attenuation correction artifacts if attenuation 

correction is not available.51 These methods are of particular use on newer dedicated cardiac 

SPECT scanners which often are not equipped with AC but can perform fast imaging, 

making 2-position imaging practical clinically.52,53 Novel fast-MPS protocols have been 

adopted with 2 sequential scans in 2 patient positions (supine/upright or supine/prone – 

depending on the scanner), allowing differentiation of true perfusion defects from artifacts, 

if AC is not available;53,54 however, they make visual reading more complex. The 2-position 

approach may also allow for detection of position-related artifacts, which may occur with 

limited field-of-view gantry of the new scanners.55

Another acknowledged limitation of the quantitative approach is the need for normal 

perfusion databases - specific to the scanner, tracer, acquisition algorithm and patient 

demographic - in order to establish valid normal limits for quantitative parameters. Such 

factors can all result in differing myocardial count distributions, resolution, photon 

attenuation, and scatter.

RECENT ADVANCES & FUTURE DIRECTIONS

Quality Control Flags - Towards Full Automation

The only element of human interaction required in quantitative MPI analysis is the potential 

adjustment of computer-generated contours during LV segmentation in a minority of cases. 

This manual interaction introduces user variability in an otherwise fully automated 

workflow. Therefore, in efforts to reduce the requirement for this step, a quality control (QC) 

algorithm for automatic identification of potentially incorrect contours has recently been 

developed.2 This automated contour check algorithm derives 2 parameters to categorize 

segmentation failure: the ‘shape flag’ to detect mask-failure cases, and the ‘valve-plane flag’ 
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to detect mitral valve plane over- or undershooting. This method has been shown to be very 

accurate for detecting both types of error (AUC: 1.00 and 0.96 respectively), compared to 

expert readers.2 A follow-up study employing this technique in 995 rest/stress 99mTc-

sestamibi MPI studies has shown it to be reliable in directing the attention of technologists 

to those contours that need manual correction – and in this way, with some refinement, we 

are one step closer to fully unsupervised automated perfusion scoring - without sacrificing 

accuracy.38 Furthermore, enhanced automation of quantitative analysis enabled by such 

algorithms may allow accelerated quality control for clinical trials on a large scale.

Motion-frozen quantification of perfusion

Cardiac motion can lead to blurring, and therefore, most MPI protocols now utilize cardiac 

gating during acquisition. It has been suggested that analysis of only the end-diastolic 

images, can improve the detection of CAD - particularly in smaller hearts.56 However, using 

end-diastolic images in isolation is not suitable for reliable computer quantification, since 

they only contain counts from a limited portion of the cardiac cycle. Therefore, 

quantification of perfusion has most commonly been performed on summed (added) image 

frames from all cardiac gates, without consideration for cardiac motion.

A novel “motion-frozen” display and quantification technique, utilizing all gated frames and 

taking cardiac motion into account, has therefore been developed to address this issue.57 

This technique eliminates image blurring due to cardiac motion, with noticeable 

improvement in image quality. “Motion-freezing” of perfusion data is accomplished by 

detection and subsequent motion tracking of the LV endo- and epicardial borders, with an 

established LV myocardial contour extraction algorithm such as QGS. Subsequently, 3D 

non-linear image warping is applied to all phases of the gated data, deforming each image 

phase to match the position of the end-diastolic phase (Figure 6). The warped images can be 

summed forming “motion-frozen” perfusion images. Such “motion-frozen” perfusion 

images have a visual appearance similar to the end-diastolic frames but are less noisy since 

they contain counts from all or most cardiac cycles.

Image quantification algorithms can use the motion information in polar map co-ordinates to 

derive cardiac motion-corrected polar maps. Therefore, “motion-frozen” quantification can 

be performed using polar maps that are created from individual polar map samples for each 

portion of the cardiac cycle, as defined by the gated 3D contours. Such “motion-frozen” 

perfusion quantification has been demonstrated to improve the diagnostic performance in 

obese patients and the improvement in image quality is likely to be most useful for resolving 

borderline findings in patients with high ejection fractions, in which cardiac-motion 

significantly reduces the image resolution.58 Furthermore, as image resolution increases, 

cardiac motion becomes the dominant degrading effect - therefore this novel technique may 

be of greater importance for PET or future high-resolution SPECT imaging.

Machine Learning

Machine learning is a form of artificial intelligence that has proven to be a highly effective 

for prediction and decision-making in a multitude of disciplines including internet search 

engines, natural language processing and finance trending. Increasingly it is finding 
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applications in medicine - particularly in genomics, but more recently in risk assessment for 

various disease processes.59–61 Fundamentally, it differs from traditional risk assessment 

methods by making no priori assumptions about causative factors, thus allowing for an 

unbiased exploration of all available data for patterns that predict a patient’s individual 

risk.61

Quantitative parameters from automated analysis of MPI provide a rich source of objective 

reproducible cardiac data that can be mined with machine learning algorithms for highly 

accurate diagnostics and prognostic risk assessment. Recent studies applying to machine 

learning to automated MPI analysis have confirmed this postulation. For example, Arsanjani 

et al. integrated various parameters from automated analysis (TPD, ischemic changes, and 

ejection fraction changes between stress and rest) with a support vector machines algorithm 

to generate a diagnostic score for significant CAD which was significantly superior to any 

single parameter in isolation.62 Moreover, further studies showed it is also possible to 

combine quantitative parameters with clinical parameters, akin to the integrative clinical 

scan analysis performed by physicians for both diagnostic and prognostic risk 

assessments.4,63 A LogitBoost ensemble machine learning method trained in a 10-fold 

cross-validation experiment was compared to TPD and visual scores in a large study 

(n=1181) with correlating invasive angiography. When clinical and imaging information was 

provided to LogitBoost, it achieved a significantly higher diagnostic accuracy for detection 

of significant CAD (87%) than one of the expert readers (82%) or TPD (83%; p<0.01); and 

a higher AUC (0.94±0.01) than TPD (0.88±0.01) or 2 visual readers (0.89, 0.85; p<0.001) 

(Figure 7).63 A similar method was to combine quantitative perfusion and function 

parameters with clinical parameters to predict early revascularization from MPI.4

These recent efforts utilizing machine learning methods dismiss the myth that the integrative 

characteristics of visual reading cannot be emulated with automated software.

CONCLUSION

Current tools for automated quantitative analysis are now readily available and in 

widespread use. These methods have been proven to be clinically robust with superior 

reproducibility and at least comparable diagnostic and prognostic performance compared to 

visual scoring – even by experts. Nonetheless, some challenges remain in the pursuit of a 

fully unsupervised quantitative approach. For example, LV segmentation still needs to be 

verified by a skilled operator; and multiple quantitative parameters may need to be 

reconciled by the thought processes of an expert reader for the final interpretation. However, 

recent developments in software and machine learning show that even these challenges can 

be overcome by the latest technology.
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KEY POINTS

1. One of the main advantages of nuclear techniques over other imaging modalities 

is the development of standardized methods for automated quantitation.

2. Current software can automatically segment the left ventricle quantify left 

ventricular ejection fraction, establish myocardial perfusion maps and estimate 

global and local measures of stress/rest perfusion – all with minimal user input.

3. Quantitative analysis of myocardial perfusion imaging has shown better 

reproducibility, and at least similar diagnostic accuracy as qualitative visual 

analysis by expert readers.

4. The accuracy of the quantitative perfusion analysis can be compromised by 

imaging artifacts, because they may mimic true abnormalities.

5. Recent advances such as automated contour checking and application of 

machine learning bring us closer to fully automated analysis with strong 

diagnostic and prognostic impact.
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Figure 1. LV segmentation errors
In each image, top images are in short-axis orientation (SAX), and bottom images are in 

horizontal- and vertical (long)-axis orientation (HLA, VLA). Yellow circles show initial 

masks, and LV contours are shown in white. Panel (A) shows an example of mask-failure 

due to extracardiac activity. Panel (B) shows an example of valve-plane overshooting.

Adapted from Xu Y, Kavanagh P, Fish M, et al. Automated Quality Control for 

Segmentation of Myocardial Perfusion SPECT. J Nucl Med 2009;50:1418–26; with 

permission.
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Figure 2. Polar map sampling of perfusion data
After LV segmentation, the standard processing sequence for automated analysis involves 

extraction of myocardial count densities to polar map coordinates.
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Figure 3. Blackout Maps
Blackout maps are derived by the quantitative software obtained by masking the polar maps 

pixels below normal limits. Corresponding short-axis stress (top right) and rest images 

(bottom right) are shown.
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Figure 4. Receiver operating characteristic curves - automated versus visual analysis
A recent study confirmed that diagnostic accuracy for detecting CAD (≥70% stenosis) on a 

per-patient basis using automated methods is at least similar or marginally superior to that 

achieved by two expert visual readers. Comparisons were made for both attenuation 

corrected (AC) and non-attenuation corrected (NC) data, and using variable amounts of 

imaging and clinical data available to the reader (V1–V4).

From Arsanjani R, Xu Y, Hayes SW, et al. Comparison of Fully Automated Computer 

Analysis and Visual Scoring for Detection of Coronary Artery Disease from Myocardial 

Perfusion SPECT in a Large Population. J Nucl Med 2013;54:221–28; with permission.
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Figure 5. Reproducibility - automated versus visual analysis
Bland-Altman plots for visual (left) and automatic (right) repeated measurements of 

myocardial perfusion at stress are shown. The plot for automated stress total perfusion defect 

(STPD) shows better reproducibility with narrower limits of agreement compared to the plot 

for visual summed stress score as % of total myocardium (SSS%).

From Xu Y, Hayes S, Ali I, et al. Automatic and visual reproducibility of perfusion and 

function measures for myocardial perfusion SPECT. J Nucl Cardiol 2010;17:1050–7; with 

permission.
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Figure 6. The principle of motion-frozen technique
Three-dimensional (3D) left ventricular (LV) contours are identified on images from 

different cardiac phases. End-systolic (ES – white) and end-diastolic (ED –red) frames are 

shown on the left. 3D phase to phase motion vectors are derived by sampling epi- and 

endocardial surfaces. 3D motion vectors are shown on the right, superimposed on epicardial 

surface of the LV ventricle. A non-linear image warping is than applied to warp all image 

phases to fit the ED phase.

Adapted from Slomka PJ, Nishina H, Berman DS, et al. “Motion-frozen” display and 

quantification of myocardial perfusion. J Nucl Med 2004;45:1128–34; with permission.
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Figure 7. Application of machine learning to automated quantitation
When clinical and imaging information was provided to the LogitBoost machine learning 

technique in a large study (n=1181), it achieved a significantly higher diagnostic accuracy 

for detection of significant CAD (87%) than one of the expert readers (82%) or TPD (83%; 

P< 0.01); and a higher AUC (0.94±0.01) than TPD (0.88±0.01) or 2 visual readers 

(0.89,0.85;P < 0.001).

From Arsanjani R, Xu Y, Dey D, et al. Improved accuracy of myocardial perfusion SPECT 

for detection of coronary artery disease by machine learning in a large population. J Nucl 

Cardiol 2013;20:553–62; with permission.
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