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Abstract

Recent novel approaches in myocardial perfusion single photon emission CT (SPECT) have been 

facilitated by new dedicated high-efficiency hardware with solid-state detectors and optimized 

collimators. New protocols include very low-dose (1 mSv) stress-only, two-position imaging to 

mitigate attenuation artifacts, and simultaneous dual-isotope imaging. Attenuation correction can 

be performed by specialized low-dose systems or by previously obtained CT coronary calcium 

scans. Hybrid protocols using CT angiography have been proposed. Image quality improvements 

have been demonstrated by novel reconstructions and motion correction. Fast SPECT acquisition 

facilitates dynamic flow and early function measurements. Image processing algorithms have 

become automated with virtually unsupervised extraction of quantitative imaging variables. This 

automation facilitates integration with clinical variables derived by machine learning to predict 

patient outcome or diagnosis. In this review, we describe new imaging protocols made possible by 

the new hardware developments. We also discuss several novel software approaches for the 

quantification and interpretation of myocardial perfusion SPECT scans.
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Introduction

This brief review covers the latest technological advances in myocardial perfusion imaging 

with single photon emission CT (SPECT), referred to hereafter as MPS. We focus on the 

new types of hardware recently introduced to clinical practice and describe various new 

imaging protocols made possible by these hardware developments. We also discuss several 

novel software approaches that have been recently proposed for the quantification and 

interpretation of nuclear cardiology SPECT scans.
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New SPECT Systems

Recently, several novel designs of the gantry coupled with new solid-state detectors, which 

allow increased photon sensitivity in the myocardial region, have been introduced. Novel 

collimator designs, such as multipinhole and locally focusing collimators configured 

specifically for cardiac imaging, allow the imaging time and radiation dose to be reduced. 

The physical space required is also reduced since the dedicated detectors and gantries are 

significantly smaller than conventional scanners. The new SPECT scanners demonstrate up 

to an eight-fold increase in photon sensitivity (due to the collimator and imaging geometry) 

and up to a two-fold increase in image resolution (due to the increased energy resolution of 

the new crystals).

Because of the new reconstruction techniques using resolution recovery principles, these 

systems can maintain or improve overall spatial resolution, even if the collimator sensitivity 

is significantly increased (which typically would reduce image resolution). Increased 

sensitivity allows much shorter acquisition times, or very low-dose imaging protocols. 

Shorter imaging times often lead to the additional benefit of reducing patient motion during 

scans and increasing patient comfort. The improved capabilities of these systems have 

resulted in the development of various novel imaging strategies, such as fast two-position 

imaging, flow measurements, early ejection fraction (EF) measurements, and simultaneous 

dual-isotope imaging as described in this review. More extensive reviews of the new 

hardware systems can be found elsewhere [1, 2].

Very Low-Dose Imaging Protocols

The list-mode capabilities of the latest SPECT equipment allow realistic simulation of low-

dose imaging. Since the list-mode file contains individual count events and timing, it is 

possible to select only a subset of events (either for a selected time portion of the scan or for 

the entire duration of the scan). Such an approach allows the creation of a perfect simulation 

of low-dose imaging (for any dose), without the need to repeat the scan. Various levels of 

injected activity have been simulated in 79 patients, who were imaged by a high-efficiency 

scanner for 14 min with 21.7 Å} 5.4 mCi of 99mTc injected at stress [3]. Even with 

simulated injected activity corresponding to an effective radiation dose of less than 1 mSv, 

there was no significant difference in the quantitative perfusion parameters (Figure 1). 

Similarly, functional measurements were not affected. Importantly, however, to preserve the 

reproducibility between high-count and low-count data, the quantification of the low-dose 

scans may require specially calibrated normal limits created with low-dose images because 

of higher variability of the data [4].

The actual comparison of very low-dose imaging with new high-efficiency scanners with 

standard dose imaging with a conventional scanner was also demonstrated recently in a 

clinical study by repeated rest scans. The image quality for very low-dose rest scans (with a 

mean effective dose of 1.15 mSv) was superior to that of conventional SPECT [5]. Recently, 

the same group demonstrated the results of very low-dose stress-only imaging in 69 patients 

with a high-efficiency scanner with an average effective radiation dose of 0.99 mSv [6].
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Attenuation Correction

The new-generation SPECT scanners are often available in a hybrid configuration with 

modern high-end 64-slice CT scanners. This setup allows photon attenuation correction and 

also hybrid imaging for either calcium scoring or coronary CT angiography. Nevertheless, 

from the clinical workflow standpoint, it may be preferable to operate SPECT and CT 

scanners separately, for both attenuation correction and coronary anatomic information. 

Software for interactive and automated alignment of CT scans with MPS scans has been 

developed [7].

The typical dose from one CT attenuation correction scan (stress or rest) is on the order of 

0.3–1.3 mSv [8], which adds substantially to the overall radiation dose, especially for very 

low dose MPS protocols. To reduce the radiation dose from attenuation correction scans, 

new designs have been developed for SPECT scanners. An integrated attenuation correction 

system with an effective dose of 5 μSv has been implemented, in which photons from an X-

ray source are detected by solid-state detectors with a fan beam collimator operating in high 

counting rate mode [9]. Another example of new attenuation correction technology is a flat 

panel X-ray detector system that provides low-dose (0.12 mSv) CT images that can be used 

for attenuation correction of SPECT images [10]. Although, not geared exclusively toward 

nuclear cardiology, this system can be used for low-dose attenuation correction in 

myocardial perfusion studies. The attenuation scan of the heart can be acquired in a single 

60-s rotation with the patient breathing normally. As a result, the attenuation data are 

averaged over multiple respiratory cycles to match the position of the heart during the 

SPECT acquisition. Such low-dose attenuation correction systems offer potential advantages 

(lower cost, fewer SPECT-to-CT registration problems) over full-fledged CT; however, they 

will not allow CT angiography or accurate calcium scoring.

Two-Position Imaging

New cameras are often not available in SPECT/ CT configurations, or such a setup can be 

prohibitively expensive, and therefore often do not offer attenuation correction. At the same 

time, very low-dose cardiac SPECT protocols are being introduced with reduced image 

counts, challenging the accuracy and the reproducibility of visual reading, especially in the 

presence of attenuation artifacts. To address this issue, new quantification schemes have 

been developed in which two sequential scans in two patient positions (supine/ upright or 

supine/prone – depending on the scanner) are performed, allowing differentiation of true 

perfusion defects from artifacts, for systems without attenuation correction hardware [11–

13]. These two-position protocols add only a few minutes to the time required for standard 

protocol with most of the new-generation MPS scanners.

Combined analysis of myocardial perfusion images obtained sequentially with the patient in 

upright and supine positions with the solid-state D-SPECT (Spectrum Dynamics) scanner 

was evaluated [11]. Quantification was performed jointly from co-registered images 

obtained in two positions, allowing reduction of false positives, as artifacts tend to shift 

when the patient position is changed (Figure 2). In comparison with invasive coronary 

angiography, the combined technique showed a higher area under the receiver operating 
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characteristic curve than the separate upright or supine analysis. Similar results with two-

position imaging applied in the obese population with the D-SPECT scanner were 

demonstrated [12]. Analogous findings were also demonstrated for the GE NM530c scanner 

when supine/prone images were used to mitigate attenuation artifacts [13]. Potentially, the 

two-position approach may also allow the detection of position-related truncation artifacts, 

which may occur with the limited field-of-view gantry of the new scanners [14].

Motion Correction

Although MPS protocols now use cardiac gating during acquisition for analysis of function, 

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

image frames from all cardiac gates, without consideration of cardiac motion. It has been 

suggested that analysis of only the end-diastolic images can improve the detection of 

coronary disease – particularly in smaller hearts [15]. However, use of end-diastolic images 

in isolation is not usually suitable for reliable computer quantification at standard or low 

dose, since they contain only significantly reduced counts. A novel cardiac “motion-frozen” 

display and quantification technique, using all gated frames and taking cardiac motion into 

account, has been developed to address this issue [16]. Motion freezing of MPS data is 

accomplished by detection and subsequent motion tracking of the left ventricular 

endocardial and epicardial borders, with an established left ventricular myocardial contour 

extraction algorithm. Subsequently, 3D nonlinear image warping is applied to all phases of 

the gated data, deforming each image phase to match the position of the end-diastolic phase. 

The warped images are summed, forming motion-frozen perfusion images. Motion-frozen 

perfusion quantification has been demonstrated to improve the diagnostic performance in 

obese patients [17].

Respiratory and patient motion can also have a degrading effect on SPECT images, and 

several recent studies proposed techniques for mitigating these effects. As image resolution 

increases with advances in image hardware and software reconstruction, heart motion 

becomes the dominant degrading factor in MPS. Respiratory motion correction can be 

applied to conventional dual-head systems by modeling of approximate motion [18]. The 

feasibility of respiratory motion detection and correction from list-mode data by registration 

of consecutive short-time image frames has been demonstrated for the new fast MPS 

systems [19, 20]. Similarly with use of registration of short-time 3D frames from the fast 

MPS data, patient motion can be corrected. This approach has been demonstrated to reduced 

false positive perfusion defects [21]. Dual respiratory/cardiac-gated MPS imaging has been 

demonstrated in phantoms, and in patients showing progressive improvement of the 

myocardium to blood pool contrast when respiratory and cardiac dual gating was applied 

[22]. Respiratory gating of fast MPS has been shown to affect functional cardiac parameters 

(wall motion and volumes) [23]. A dual motion-frozen approach for respiratory and cardiac 

motion correction for cardiac SPECT systems has also been demonstrated [24].

Recent Developments in Automation of Processing

When MPS images are read by clinicians, usually manual scoring of perfusion is performed, 

often with the aid of computer scoring. However, manual scoring of the stress and rest 
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perfusion scans in nuclear cardiology is associated with significant variability. Therefore, 

automated quantification of MPS images has been developed by several groups, and these 

methods are increasingly used in clinical practice [25–28]. The overall accuracy of these 

quantitative methods is similar to that of experienced clinicians for studies with or without 

attenuation correction as recently shown in a large study [29]. These quantification methods 

require accurate computer segmentation of the myocardium, which may be challenging 

because of potential perfusion defects, activity outside the myocardium, and image noise. 

Therefore, currently, supervision by an operator is still required to verify myocardial 

segmentation. Typically, this is performed by the imaging technologist, before the scan 

interpretation by the physician.

Several methods for improved automation of MPS scan quantification have been proposed 

recently. For example, a new method that checks automatically derived myocardial contours 

for potential segmentation failures has been shown to reduce further the level of human 

supervision required [30]. This algorithm derives quality control scores to define the 

probability of the segmentation failure. Two scores are derived: the “shape flag” to detect 

mask failure cases, and the “valve-plane flag” to detect mitral valve plane mispositioning. 

This approach has been compared with expert technologists, and was found to be virtually 

equivalent to expert readers in the identification of failures.

A related novel development is the so-called group or same patient processing method where 

multiple SPECT scans from the same patient are processed jointly to improve contour 

detection by avoiding interstudy inconsistencies. These new algorithms can lead to almost 

full automation of the image analysis steps, with a contour failure rate generally below 1% 

[31]. The repeatability of the quantitative parameters obtained by grouped analysis has been 

shown to be approximately half of that obtained by standard quantification [32]. Such 

methods combined with quality control flags for automatically derived left ventricular 

contours would allow readers to target manual adjustment only to those few remaining 

studies flagged by the algorithm for potential errors [30]. Further refinement of automated 

contours has been proposed, using machine learning methods for fully automated mitral 

valve placement on cardiac SPECT studies [33], since the precise position of the valve plane 

is important for accurate quantification of perfusion on the polar maps. In that study, 

automated positioning of the valve plane on MPS images obtained with the latest generation 

SPECT scanners had less variability than the variability in positioning between two 

experienced observers and resulted in similar anatomical position and equivalent diagnostic 

accuracy as verified by external CT angiography and invasive angiography data (Figure 3). 

These tools, with further refinement, will ultimately allow fully unsupervised automated 

perfusion scoring and quantification of myocardial function without compromising accuracy.

Quantification of Ischemic Change

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

in ischemic burden during longitudinal follow-up of the same patient. Image change analysis 

can provide a reliable objective measure of a patient’s response to therapy. While this can 

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

be under interpreted because of the subjective scoring of different readers. The most 

Slomka et al. Page 5

Cardiovasc Innov Appl. Author manuscript; available in PMC 2017 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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

quantitative parameter between repeated scans such as total perfusion deficit – and this has 

shown good reproducibility and repeatability [34, 35].

The 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 [36, 37]. This approach 

also has the advantage that it does not require normal limits.

Simultaneous Dual-Isotope Imaging

The superior energy resolution of the new solidstate cadmium zinc telluride (CZT) detectors 

can allow better separation of photons from different isotopes and improved cross-talk 

correction [38]. In addition, stationary detector system design eliminates the projection 

consistencies that would further confound the simultaneous dual-isotope imaging. The 

increased sensitivity of the new scanners is also a key factor in facilitating the imaging of 

multiple isotopes simultaneously. One possible clinical application is to simultaneously 

image 99mTc and 201Tl in a combined rest/stress protocol as originally proposed for 

standard cameras [39], but this has not been implemented clinically before because of 

technical difficulties.

A proof of concept of simultaneous dual-isotopeimaging with a multipinhole system was 

recently demonstrated [40]. Simultaneous dual-isotope imaging of 148 MBq of 201Tl 

(stress) and 222 MBq of 99mTc (rest) was performed immediately after completion of 

exercise by a three-detector 18-pinhole system during a single 20-min imaging session. The 

feasibility of simultaneous dual-isotope application was demonstrated with a CZT fast MPS 

system in 24 patients with simultaneous dual-isotope imaging [41]. Eighty megabecquerels 

(MBq) of 201Tl (rest) and 250 MBq of technetium (99mTc) sestamibi (stress) were injected 

during adenosine infusion. Images were acquired for a 15-min list-mode simultaneous dual-

radionuclide (rest/stress) gated acquisition with a spillover and scatter correction method, 

specifically designed for the solid-state camera. Diagnostic performance and image quality, 

comparable to those of conventional SPECT with a separate rest 201Tl acquisition with a 

CZT camera, have been demonstrated [38].

Other novel applications of simultaneous dual-isotope imaging with the new CZT cameras 

have been demonstrated. The feasibility of simultaneous imaging of inflammation with 111 

In-labeled white cells and myocardial perfusion with technetium (99mTc) sestamibi was 

demonstrated in the phantom and in 34 patients [42]. Simultaneous imaging of fatty 

metabolism with 123I-β-methyliodophenylpentadecanoic acid and perfusion with 

technetium (99mTc) sestamibi has been shown in 30 patients [43]. An 123I-metaio 

dobenzylguanidine/201Tl imaging protocol has been proposed for evaluation of trigger 

zones after revascularization [44].

Stress-Only Imaging

Current MPS protocols require a patient to spend 3–4 h in the laboratory for two separate 

SPECT scans and are associated with substantial radiation exposure [45]. Stress-only MPS 
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could limit radiation exposure (up to 60% [46]), increase patient throughput, and lower the 

cost by eliminating additional imaging time and radiopharmaceutical dose. The total 

protocol time, including the stress test, can be shortened to 30–45 min. Stress-only protocols 

with new fast MPS hardware can further reduce imaging time and radiation dose. The 

prognosis of a normal stress-only study has been confirmed in more than 8,000 patients, and 

appears to be no different from the prognosis of the standard rest/stress study [46]. In 

addition to the reduction of the patient radiation dose, the stress-only protocol also allows a 

significant reduction of the dose to the staff performing the scan [47].

Nevertheless, stress-only imaging is cumbersome to implement, as it requires physician 

review of images and clinical data (immediately after the stress scan) to determine whether 

the scan is normal before the rest scan is canceled. To be certain about the normal result in 

equivocal cases, the physician may need to consider images obtained in two different 

positions [48] or with attenuation correction [49, 50]. Thus the main barrier to the wide 

clinical acceptance of the stress-only protocols is the need for the physician to immediately 

and comprehensively review complex images and clinical data. Efforts have been undertaken 

to develop clinical scoring models to select patients for stress-only MPS scans [51]. It is 

likely that the automated image quantification will be of great importance in utilizing such 

models, as it would allow rapid selection of patients, for which the rest scan could be 

canceled.

Hybrid CT Angiography–SPECT

One novel SPECT development is the use of hybrid SPECT/CT technology available on the 

new scanners [52]. Recent advances in CT angiography allow routine dose reduction in the 

prospective mode to the sub-millisievert range [53]. These new developments allow 

combined CT and MPS with acceptable radiation burden. The feasibility of a stress-only 

MPS/CT angiography protocol has been demonstrated in 100 patients and a 1-day adenosine 

stress/rest protocol with low-dose CT attenuation correction combined with CT angiography 

obtained with a separate 64-slice CT scanner [54]. The total patient time scheduled of the 

hybrid CT angiography/stress-MPS examination protocol was 130 min, which is shorter than 

current 1-day stress/rest MPS protocols. The principal drawback of this approach is that 

clinicians usually do not know ahead of time which patients will require both coronary and 

MPS studies; therefore selective and sequential application of imaging modalities may prove 

to be the optimal approach. Novel techniques that use co-registered prior CT angiography 

data for the improved quantification of MPS data have been proposed [55] (Figure 4).

Similarly, the additive value of a calcium scan to an MPS scan has been demonstrated by 

several studies [56, 57]. The new SPECT/CT equipment allows acquisition of a CT calcium 

scan and the use of the calcium scan for attenuation correction as noted earlier. It has been 

demonstrated that attenuation correction can be performed with a stand-alone CT calcium 

scan (which is obtained with cardiac gating) [58], allowing additionally the incorporation of 

calcium scan results in the overall diagnosis. Even standard attenuation maps could be 

considered for calcium scoring and diagnostic integration with MPS [59]. It has also been 

reported that if standard attenuation maps are visually evaluated for the presence of calcium, 
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they can improve both the prognostic and the diagnostic accuracy of MPS [60, 61]. It has 

been suggested that calcium scanning should become a routine part of MPS [56].

Dynamic Flow with SPECT

Absolute myocardial blood flow (MBF) and myocardial flow reserve (MFR) are 

physiological variables related to heart disease. The variables have been shown to provide 

clinically useful information beyond that provided by MPS assessment of relative perfusion 

defects. Potentially, absolute measurements can identify multivessel coronary artery disease 

and predict the extent of disease more accurately than relative perfusion quantification or 

visual interpretation of MPS scans, which are the clinical standards today [62, 63]. MFR has 

also demonstrated value as a marker for adverse cardiac events, providing additional risk 

stratification beyond that provided by assessment of relative perfusion defects alone [64–67]. 

To date, these flow measurements have been obtained with PET, but with a new generation 

of SPECT equipment, several recent reports have demonstrate the potential of obtaining 

these measurements with SPECT.

Human dynamic SPECT flow studies have been demonstrated with a high-efficiency 

dedicated SPECT system, with factor analysis and a two-compartment model used for 

quantification [68]. The clinical feasibility of such an approach was demonstrated in 95 

patients. The data were reconstructed to 3-s frames, resulting in 60–70 frames for each stress 

and rest study. Images of the initial frames and the quantification obtained in such a study 

are shown in Figure 5. This study did not use attenuation correction. The authors 

demonstrated that MFR derived from such studies was higher in patients with normal scans 

(as established by standard relative quantification) and that lower MFR (both regional and 

global) was associated with stress perfusion defect on static imaging, age, and smoking. 

MFR also showed a stepwise reduction related to the severity of the obstructive disease in a 

subset of 20 patients, for whom invasive coronary angiography images were available.

Flow measurements for technetium (99mTc) sestamibi, technetium (99mTc) tetrofosmin, 

and 201Tl have been demonstrated with the latest-generation high-sensitivity SPECT 

equipment in a study in 19 pigs [70]. The SPECT images were acquired during the tracer 

injection in list mode and reconstructed as nine 10-s, six15-s, and four 2-min frames (total 

time 11 min). One-tissue compartmental modeling, similar to that used in 82Rb PET, and 

extraction correction based on the fit of the microsphere data, was utilized. Good 

correlations of MBF (r = 0.75–0.90) compared with invasive microsphere measurements for 

all tracers studied and somewhat worse correlations of MFR were shown. The authors also 

showed recently in subsequent animal studies that low-dose SPECT flow measurements are 

feasible with such a solid-state camera with doses as low as one-quarter of the standard dose 

for 99mTc and a half dose for 201Tl [71]. Recently, human validation studies have been 

performed comparing fast SPECT and PET flow directly. In a study of 28 consecutive 

patients undergoing fast MPS with attenuation correction and 13N-ammonia, K1 and MFR 

were computed for SPECT and PET but without use of any extraction fraction correction for 

technetium (99mTc) tetrofosmin [72]. The authors demonstrated technical feasibility but 

found that the hyperemic flow values (as expected), and consequently MFR, were lower than 
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the values obtained by PET. Nevertheless, they concluded that such flow measurements can 

still have potential diagnostic value.

SPECT flow measurements have also been demonstrated to be feasible with conventional 

SPECT equipment. Twenty-one patients with suspected and known disease and correlating 

invasive angiography findings were studied with a conventional dual-head SPECT/CT 

camera, using multiple backand- forth gantry rotations consisting of 10Å~10 s, 5Å~20 s, 

4Å~60 s, and 1Å~280 s for a duration of 12 min [73], and a standard rest/stress technetium 

(99mTc) sestamibi dosing regimen. The reconstruction was performed with attenuation and 

scatter correction and resolution recovery. Flow measurements were computed by standard 

one-compartment modeling using the extraction fraction/flow relationship established 

previously by Leppo and Meerdink [74] in animal models. The result was a significantly 

higher area under the operating curve with MFR and stress MBF than with the traditional 

visual interpretation of perfusion images for the detection of 50% or higher stenosis. The 

authors also demonstrated that quantitative flow results are potentially less accurate if these 

physical corrections are not performed. In another recent study from the same group, 28 

patients were studied with conventional SPECT/ CT, and the flow-dependent extraction 

fraction relationship was determined by the fitting of the SPECT quantification results to the 

13N-ammonia results [75]. With this approach, very good correlations were obtained for 

global and regional MBF and MFR by technetium (99mTc) sestamibi SPECT and 13N-

ammonia PET (R2=0.71–0.92). Technetium (99mTc) tetrofosmin SPECT MBF and MFR 

measurements have also been reported in 16 patients with use of standard slow rotation dual-

head camera equipment and a special 4D reconstruction approach, which allowed derivation 

of dynamic information from a limited projection dataset [76]. Direct comparison with 13N-

ammonia PET showed good MBF correlation but only moderate MFR correlation.

Although quantitative flow analysis with SPECT has been demonstrated as feasible in some 

recent studies, several obstacles still need to be overcome. The low count data remain a 

challenge for conventional MPS. Fast MPS may solve this problem, but it is not yet widely 

used. In particular, CT-based attenuation correction is not commonly available for SPECT 

systems and especially is not typically available for fast MPS systems. Further, extensive 

validation is needed, particularly by direct comparison with a gold standard, such as PET 

measurements with 13N-ammonia or 15O. The potential of stress-only peak flow MBF 

measurements with technetium (99mTc) sestamibi should be explored. Finally, clinical 

algorithms integrating relative perfusion findings with absolute flow quantification, as well 

as with other clinical and imaging data, should be firmly established to optimally guide 

patient treatment and demonstrate the added value of this new tool.

Early EF Imaging

Since the measurement of MBF and MFR by SPECT requires early acquisition immediately 

after the injection, and not 15–40 min after the injection (as usually performed in MPS), a 

possible additional measurement that could be made during such early images is 

measurement of EF reserve (an increase or drop in EF during stress). Fast MPS hardware 

can facilitate such protocols. High EF reserve was shown to have excellent negative 

predictive value in exclusion of severe coronary artery disease by dipyridamole stress 82Rb 
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PET [77]. Recently the feasibility of early EF measurements has been demonstrated in 50 

patients scanned with a dedicated solid-state SPECT scanner [78]. Significantly lower mean 

EF reserve was obtained in the fifth and the ninth minute after regadenoson bolus in patients 

with significant ischemia versus patients without significant ischemia. In the future, it may 

be feasible to obtain measurements of EF reserve and MFR from the same early rest/stress 

SPECT scans.

Machine Learning for Improved Diagnosis and Prognosis

Machine learning is a field of computer science that uses mathematical algorithms to 

identify patterns in data, building computational models, which allow data-driven 

predictions or decisions. MPS offers an interesting application for machine learning because 

it provides multiple imaging and clinical variables that could be combined to improve the 

diagnosis or the accuracy of the prognosis. For example, automatically derived functional 

cardiac parameters and perfusion parameters both carry some diagnostic information, and 

physicians try to combine this information in their minds when arriving at the final 

diagnosis. A recent study showed that the overall diagnostic accuracy of conventional 

cardiac SPECT could be improved by combining perfusion and functional parameters with a 

machine learning algorithm [79].

The final clinical diagnosis after MPS, however, usually includes more information than is 

available from the images. During MPS reporting, clinicians typically also consider 

information such as patient, age, history, and other clinical findings, which together form a 

pretest risk profile. Several recent SPECT studies demonstrated that it is feasible to combine 

such clinical information with quantitative image information and derive enhanced 

composite diagnostic or prognostic scores to predict disease or patient outcome.

In 1188 patients who underwent cardiac SPECT scans, an ensemble machine learning 

method (LogitBoost) was compared with standard quantitative perfusion assessment from 

images (total perfusion deficit) and visual scores by experienced physicians using clinical 

information. When clinical information was provided to the machine learning algorithm in 

addition to the imaging features, machine learning achieved a higher area under the receiver 

operating curve (0.94 Å) 0.01) than did total perfusion deficit (0.88 Å) 0.01) or two visual 

readers (0.89, 0.85) for the detection of disease (Figure 6) [80]. Machine learning 

application has also been shown for prediction of revascularization after SPECT. The 

prediction of revascularization by machine learning was compared with standalone measures 

of perfusion and visual analysis by two experienced readers using all imaging, quantitative, 

and clinical data. The area under the receiver operating curve for machine learning was 

similar to that for experienced readers and automated measure of perfusion [81].

Summary

Recent novel approaches in MPS have been facilitated by the availability of dedicated high-

efficiency hardware with solid-state detectors and optimized collimators. New protocols 

include very low-dose (1 mSv) stress-only imaging, two-position imaging to mitigate 

attenuation artifacts, and simultaneous dual-isotope imaging (leveraging increased energy 
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resolution). Attenuation correction can be performed by specialized very low-dose systems 

or even by previously obtained CT coronary calcium scans. Hybrid imaging protocols using 

CT angiography have been proposed. Fast SPECT acquisition also facilitates dynamic flow 

and early function measurements. New reconstruction techniques increase image resolution. 

Further image quality improvements have been demonstrated by novel methods for cardiac, 

respiratory, and patient motion corrections. Image processing algorithms have recently 

become much more automated, with virtually unsupervised extraction of quantitative 

variables from the images. This automation facilitates integration with clinical variables 

derived by machine learning to predict patient outcome or diagnosis.
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Figure 1. 
Simulation of low-dose imaging. Case example of abnormal perfusion images. Total 

perfusion deficit (TPD) values are shown for different counts. MPS, myocardial perfusion 

imaging with single photon emission CT. This research was originally published in JNM. 

Nakazato et al. Myocardial perfusion imaging with a solid-state camera: simulation of a very 

low dose imaging protocol. J Nucl Med. 2013;54(3):373–9. © by the Society of Nuclear 

Medicine and Molecular Imaging, Inc. [3]
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Figure 2. 
Two-position imaging in Fast Myocardial Perfusion Imaging with Single Photon Emission 

CT (MPS). An example of inferolateral wall supine and upright MPS artifact images from a 

49-y-old woman with typical chest pain and known hypertension, diabetes, 

hypercholesterolemia, and family history of premature CAD. The images are displayed in 3 

short-axis (SA) views and in vertical long-axis (VLA) and horizontal long-axis (HLA) 

views. Electrocardiogram response to exercise was nonischemic for ST-segment depression. 

Poststress supine and upright images show reduced uptake of radiotracer in the inferolateral 

wall (top and middle rows). Blackout maps (bottom row) give quantification results of 4% 

for U-TPD and 6% for S-TPD. When supine and upright images are combined, only a small 

defect is visualized on black-out map, with C-TPD of 1%. The subsequent coronary 

angiogram showed no significant stenosis. This research was originally published in JNM. 

Nakazato et al. Quantitative upright-supine high-speed SPECT myocardial perfusion 

imaging for detection of coronary artery disease: correlation with invasive coronary 

angiography. J Nucl Med. 2010;51(11):1724–31. © by the Society of Nuclear Medicine and 

Molecular Imaging, Inc. [11]
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Figure 3. 
Machine learning for automated valve plane position. (Left) Valve plane agreement (95% 

CI) between support vector machines (SVM) method and experts was lower than inter-

expert agreement (p<0.01). Experts = (Expert 1 + Expert 2)/2. Plane position by two experts 

and machine learning are shown on the right. This research was originally published in 

JNM. Betancur J, Rubeaux M, Fuchs T, et al. Automatic Valve Plane Localization in 

Myocardial Perfusion SPECT/CT by Machine Learning: Anatomical and Clinical 

Validation. J Nucl Med. 2016 (in press) © by the Society of Nuclear Medicine and 

Molecular Imaging, Inc. [33].
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Figure 4. 
Fusion of standalone CT angiography and MPS. Volume rendered 64-slice CTA fused with 

myocardial perfusion SPECT obtained on a different scanner at a different time. SPECT 

images show ischemia (3D blackout region on the left). Stress Total perfusion (TPD) was 

12% in the territory supplied by the diagonal branches of LAD (as anatomically determined 

by CTA).
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Figure 5. 
Dynamic quantitative analysis of abnormal study obtained on D-SPECT system showing 

segmental analysis of myocardial perfusion index with segmental values (top left), dynamic 

images, myocardial perfusion SPECT images (top left), input curves (bottom left), and 

output stress and rest curves (bottom right). (Data courtesy of Marcelo Di Carli, Brigham & 

Women’s Hospital) With kind permission of Springer: Current Cardiovascular Imaging 
Reports, New Imaging Protocols for New Single Photon Emission CT Technologies, Volume 

3, 2010, pp 162–170, Slomka et al. [81].
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Figure 6. 
Machine learning with SPECT and clinical variables. The ROC curves comparing the ML 

algorithm versus expert visual analysis for the detection of obstructive coronary artery 

disease. With kind permission of Springer: Journal of Nuclear Cardiology, Improved 

accuracy of myocardial perfusion SPECT for detection of coronary artery disease by 

machine learning in a large population, Volume 20, 2013, pp 553–562, Arsanjani et al. [75].
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