
A review of motion-corrected quantification of relative myocardial
perfusion and myocardial blood flow are available in the supplement.

Fusion of Imaging Modalities: Hybrid SPECT/CT Analysis

The number of patients undergoing coronary computed tomog-
raphy angiography (CCTA) for known or suspected CAD is increas-
ing. The information obtained with CCTA can be combined with
SPECT or PET MPI to improve diagnostic accuracy. One such
technique extracts three-dimensional coronary vessels from CCTA
and fuses them with quantitative SPECTMPI results mapped on the
LV surface.7 The co-registered images were used to correct MPI
contours and adjust vascular regions with a 96% success rate,7 and
improved detection of significant CAD compared to standard image
interpretation.7 Yoneyama et al demonstrated similar improvements
in the diagnostic accuracy for right coronary artery defects using
hybrid images generated with a different software system.8

Relative quantification of SPECT MPI/CCTA fused imagery
has also been developed, as shown in Figure 2. Myocardium at risk
is assessed anatomically, by stenosis on CCTA, and physiologically,
by perfusion defect on MPI.9 Piccinelli et al demonstrated that
quantitation of common myocardium at risk, ie. myocardium in-
volved anatomically and physiologically, had higher diagnostic ac-
curacy for obstructive CAD compared to CCTA or MPI assessment
alone.9 CCTA can also be fused with dynamic PET perfusion im-

agery to quantify MBF and MFR using patient-specific vascular

distributions.10 Fused imaging data sets may be particularly useful

for patients with equivocal CCTA or MPI findings, since fusion

imaging leads to similar decisions regarding the need for revascu-

larization as invasive coronary angiography.11

ABSOLUTE MYOCARDIAL BLOOD FLOW

PET Blood Flow

PET is well-established for noninvasive assessment of abso-
lute MBF in humans. Improvements in PET scanner technology

and the availability of dedicated clinical software have enabled dynamic

PET and MBF assessment to transition from a research tool to broader
routine clinical use.12 The value of absolute MBF quantification is
its ability to recover the true underlying perfusion defect contrast
(e.g., see Figure 2 of Ref.12). The clinical importance of MBF
assessment derives from its capability to evaluate the entire coro-
nary system, integrating the effects of microvascular, diffuse, and
focal CAD.12,13 Regional MBF at rest and peak hyperemia are
used to calculate absolute myocardial flow reserve (MFR), as
the ratio of stress MBF divided by rest MBF. Similarly, relative
MFR (also known as RFR) is determined by the ratio of hyperemic
MBF within a specific perfusion defect divided by hyperemic MBF
in remote, normally perfused myocardium. Like invasive fractional
flow reserve, RFR is a regional measure associated with a particular
coronary distribution and takes on values between 0.0 to 1.0. How-
ever, RFR may show discordance with fractional flow reserve as

these measures are affected differently by diffuse atherosclerotic or

microvascular disease.12

Each of these PET-derived quantities (MBF, MFR, and RFR), as
well as relative perfusion, provide complementary information
about coronary physiology.12,13 Global MFR provides a measure
of diffuse coronary atherosclerosis and microvascular dysfunction,
and can supply noninvasive evidence to support the diagnosis of
microvascular angina.14 PET-derived flow parameters are best inter-
preted in combination.12,13 For example, tracer uptake provides the
relative severity and extent of perfusion defects, while joint inter-
pretation of stress MBF and MFR as ‘‘coronary flow capacity’’ in-
tegrates additional complementary information on the physiological

Figure 1. Patient example outlining the potential utility of change anal-

ysis. Stress and rest SPECT MPI images from a 49-year-old woman.

Quantitative analysis with total perfusion deficit (TPD), which relies on

comparison to a normal limit database, demonstrated minimal stress

defect (stress TPD 2%, rest TPD 0%). However, stress-rest change

analysis, using the patients rest imaging as the reference, demonstrated

10% left ventricular myocardial ischemia. The patient had 80% left an-

terior descending stenosis at invasive coronary angiography. This re-

search was originally published in JNM. Prasad et al ©SNMMI77.

Figure 2. Quantitative 3D SPECT/CTA Fusion. Coronary arteries

extracted from CT angiography are fused with the patient’s 3D quanti-

tative SPECT MPI to measure mass at risk and increase diagnostic

performance for detection of CAD. (A) Physiological myocardium at risk.

The 3D perfusion distribution is compared to normal database and ab-

normal regions are highlighted in black in both the anterior (A) and

posterior (C) views to identify the physiologic myocardium at risk. (B)

Anatomic myocardium at risk. The portion of the LAD vessel distal to the

anatomic lesion identified in the CTA is highlighted in green and the

myocardium at risk subtended by this portion of the vessel is shown

in purple. (D) Common mass at risk is measured as the region over-

lapping the anatomic and physiologic mass at risk.
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severity of flow limitation.13 According to current consensus
guidelines12:

• Preserved global hyperemic MBF (. 2 mL�min21�g21) and
global MFR (. 2) reliably exclude high-risk angiographic
CAD;

• Severely reduced global MFR (, 1.5) is associated with an
increased likelihood of multivessel obstructive disease and
should be considered a high-risk feature on PET MPI for
which angiographic evaluation may be necessary;

• Flow-limiting CAD should be considered in patients with
normal PET MPI and severely reduced regional hyperemic
MBF (, 1.5 mL�min21�g21) and/or MFR (, 1.5) in a single
vascular territory.

Figure 3A, B provide examples of PET MBF quantification.
Clinical dynamic PET presents several technical challenges that can

influence the precision and reliability of flow measurement. These
include the choice of flow tracer and infusion system, count rate
capability of the PET scanner, image reconstruction and post-filtering
techniques, correction for patient motion, appropriate temporal sampling
and tracer kinetic models.12,15 Several of these hurdles are being
addressed by ongoing developments. Automated correction of patient
motion during dynamic PET including the blood pool phase has been
recently introduced.16-19 Test-retest MBF repeatability of 82Rb PET,
which is the most commonly used flow tracer due to its convenient
generator production, was improved using a constant-activity rate infu-
sion protocol rather than the more common constant-flowrate protocol.20

The clinical accessibility of 13N-ammonia, an established FDA-
approved tracer with better flow characteristics, is increasing with
new on-demand dosing using a superconducting mini-cyclotron.21 The
investigational perfusion tracer 18F-flurpiridaz, currently in clin-
ical development, also has favorable properties for MBF mea-
surement.22 A recent substudy from the first phase 3 multicenter
trial of 18F-flurpiridaz confirmed these benefits and demonstrated
added diagnostic value of MBF and MFR against quantitative
coronary angiography.22 Significant progress has been made
in myocardial image generation for the freely diffusible tracer
15O-water, which has ideal flow characteristics, but its use cur-
rently remains limited to specialized research settings.23 Techni-
cal improvements in clinical dynamic PET implementation may even
facilitate simultaneous routine assessment of myocardial viability using
the same model of 82Rb kinetics that is used for MBF estimation.24

In tandem with these technical advances, increased standardiza-
tion of MBF methodology remains an important goal to help refine
abnormal flow thresholds and improve interpretive certainty.

SPECT Blood Flow

Absolute quantification of MBF and MFR by dynamic SPECT
with conventional Anger cameras has been explored since the
1990s. However, the recently introduced solid-state, cardiac-centered,
cadmium zinc telluride (CZT) SPECT cameras, with improved spatial,
temporal, and energy resolution, as well as improved detector sensitivity
and count rate performance,25 have motivated wider interest in the
development of clinical SPECT MBF estimation. The dynamic
imaging capabilities of such cameras enable quantification of ab-
soluteMBF using both compartmental modeling,26-28 and a simplified
retention model.29,30 Figure 3C provides an example of SPECT
MBF quantification.
The well-known limitations of common SPECT perfusion tracers

have led to an approach similar to that used for 82Rb PET, which
corrects the flow-dependent tracer extraction with an empirical

Figure 3. Examples of absolute myocardial blood flow quantification.

Dynamic images and MBF results for (A) 18F-flurpiridaz PET, (B) 82Rb

PET and (C) 99mTc-tetrofosmin SPECT rest-stress studies in three sep-

arate patients. The top rows show the summed images. The sampled

blood pool region is indicated with the green rectangle. The bottom left

rows show the time-activity curves derived from the blood pool region

(green) and the total LV myocardium (yellow). On the bottom right are

the polar maps of vascular and global MBF and MFR resulting from

kinetic modeling. In (A) and (B), vascular and global hyperemic MBF

(. 2 mL�min−1�g−1) and MFR (. 2) are within the normal range, whereas

reduced values of hyperemic MBF in the LCx (1.1 mL�min−1�g−1), MFR in

the LCx (1.6) and RCA (1.5), and global MFR (1.9) are observed in (C).
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normalized FDG-PET images has been widely utilized, there is some

evidence that various quantitative SUV-based metrics may be more

reliable, especially for serial FDG-PET to assess treatment response.46

An example of FDG-PET quantitation in a patient with suspected CS

is shown in Figure 5. In addition to quantitative FDG-PET, initial

investigations suggest that quantitation of perfusion images may be

useful. A recent study demonstrated that quantitative assessment of

perfusion had higher diagnostic accuracy for CS compared to visual

interpretation.48 Similarly, an ongoing randomized multicenter clinical

trial aims to determine the optimal treatment strategy for patients with

clinically active CS using semi-quantitative assessment of summed

rest scores of perfusion images as a measure of myocardial fibrosis.49

Retrospective studies have suggested that quantitative FDG-PET anal-

ysis may be useful for prognosis,50 and for serial PET to guide im-

munosuppression.51 More recently in a larger study, the incremental

prognostic value of quantitative measures of both perfusion-metabolism

mismatch and heterogeneity of FDG metabolism was demonstrated.52

Further multicenter studies are required to verify the clinical use-

fulness of these methods to provide prognostic information or guide
treatment decisions for patients with CS.
Cardiac amyloidosis (CA) is characterized by myocardial

extracellular deposition of misfolded proteins as amyloid, the most

common of which are immunoglobulin light chain-associated (AL)

and transthyretin (ATTR), with each having distinct prognosis and

treatment options.45 Reliable diagnosis of ATTR CA can be performed

with planar imaging of bone-avid tracers such
as 99mTc-pyrophosphate (99mTc-PYP), 99mTc-
3,3-diphosphono-1,2-propanedicarboxylic acid
(99mTc-DPD), and 99mTc-hydroxydiphospho-
nate (HDP) and either visual analysis or
heart-to-contralateral (H/CL) ratios.53 In
two recent multicenter trials, planar radio-
nuclide imaging demonstrated a sensitivity of
91%-99% and specificity of 86%-92% for
ATTR in patients with suspected CA,54,55

and H/CL $ 1.6 was predictive of all-cause
mortality.54 In addition, the regional distribu-
tion of 99mTc-PYP as quantified by SPECT
in patients with ATTR CA was shown to
be associated with increased risk of mortality.56

However, binding of bone-avid SPECT
tracers is not specific for CA and cannot
reliably detect AL CA. As such, there is
an increased interest in developing PET ra-
diotracers that may be more sensitive for
detection of CA, specific for differentiation
of AL from ATTR, and capable of quanti-
fying disease burden and treatment re-
sponse.57 Further investigation is required
to elucidate the clinical utility of these PET
radiotracers in CA diagnosis, prognosis and
therapy monitoring.

QUANTIFICATION OF ACTIVE

MICROCALCIFICATION

AND INFLAMMATION

Originally used for imaging bone ma-
lignancies, FDA-approved 18F-NaF tracer
is also taken up during the calcification
process during atherogenesis, providing in-
formation about formation and progres-

sion of atherosclerosis. Dweck et al et al demonstrated higher
18F-NaF activity in patients with coronary atherosclerosis,
which correlated with the coronary artery calcium score.58 Novel
techniques for the quantification of coronary 18F-NaF activity have
recently been developed. Coronary 18F-NaF PET quantification can
be applied to separately acquired PET and CCTA scans, facilitating
a role for 18F-NaF risk assessment for CCTA scans with equivocal
stenosis.59 The use of cardiac, respiratory, and patient motion cor-
rection is key to achieving good reproducibility and a high signal-
to-noise ratio.60,61 Quantification of whole-vessel coronary 18F-NaF
burden is possible, termed coronary microcalcification activity
(CMA), providing an overall measure of coronary atherosclerosis
analogous to the approach for CT coronary artery calcium scoring.
In a cohort of 293 patients, CMA demonstrated higher prognostic
accuracy compared to both CT coronary artery calcium score and
extent of CAD.62 An example of whole-vessel quantitation of 18F-NaF
activity in a patient with multi-vessel CAD is shown in Figure 6. Coronary
18F-NaF quantification will likely become an important test to improve risk
prediction and identification of high-risk plaques in patients with
established CAD.

ARTIFICIAL INTELLIGENCE IN NUCLEAR CARDIOLOGY

AI refers broadly to computer systems which are designed to
perform tasks which normally require human intelligence. While

Figure 4. Examples of phase analysis. (A) A patient with a narrow phase histogram (SD 5 7.5°)
corresponding to synchronous LV contraction. The open red arrow shows the darker color in the

phase polar map and histogram indicating the LV region with the earliest contraction, with the

brightest colors being the last regions to contract. The open green arrows show the path of onset

of contraction. (B) A patient with LBBB but no HF. The phase histogram is wider (SD5 16.8°) than
that of the normal patient. The earliest onset has migrated to the septum and the wave of

contraction travels from septum to lateral wall. This LBBB patient is not a candidate for CRT

as the LVEF . 35% and the phase SD , 43°. Panel C shows a patient with both LBBB and heart

failure (HF). Note the very wide phase histogram indicating a very dyssynchronous LV. This pa-

tient is a good candidate for CRT as the LVEF , 35% and the phase SD . 43°.
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there are many different AI techniques, most techniques can be
categorized as either ‘‘machine learning’’ (ML) based on feature
analysis or image-based deep-learning (DL) techniques.63 ML
algorithms build a mathematical model, using pre-defined fea-
tures but no other specific rules, to make predictions. DL algo-
rithms make predictions directly from imaging data, without
being programmed to detect specific features. For all AI ap-
proaches, it is critical to ensure a large, diverse data set are
used for training and that predictions are tested using data that
were not used in any way during model training.

AI Approaches to Myocardial Segmentation

DL has been applied to improve SPECT and PET MPI image
segmentation, which is the foundation of all myocardial perfusion
and function quantitation techniques. Conventional image pro-
cessing approaches exhibit high accuracy for image segmentation,
with only a small percentage of cases requiring manual correc-
tions. However, the mitral valve plane is frequently problematic.
Classical ML, with support vector machines, has been proposed to
improve valve plane placement allowing full automation.64 Very
recently, preliminary DL methods have also been proposed for the
segmentation of the left ventricle for SPECT MPI.65 It remains to
be seen if such approaches can outperform classical image pro-
cessing techniques currently used in available clinical tools. AI
could also be used to improve image quality in studies obtained
with lower radiation doses or with shorter acquisition times. Shiri
et al implemented a DL algorithms, using a convolutional neural
network, to improve image quality in SPECT MPI studies using
either half the acquisition time per projection or half the number
of projections.66 The predicted full-acquisition time images had
improved image quality and signal-to-noise ratio compared to
half-acquisition images.66

AI Approaches to Disease Prediction and Outcomes

AI-based techniques are well suited to objectively integrate the
large number of clinical variables from nuclear cardiology studies.
Arsanjani et al demonstrated improvement in diagnostic accu-
racy for obstructive CAD on angiography with a ML approach

compared to quantitative perfusion analysis (86% vs 81%; P ,
.01).67 DL-based techniques have also been applied to predict
obstructive CAD directly from polar maps. In a study including
1638 patients from 9 centers from a large solid-state SPECT MPI
registry,68 the DL approach outperformed quantitative analysis of
perfusion for identifying CAD on a regional and per patient ba-
sis.69 In a subsequent refinement incorporating imaging data from
upright and supine acquisitions in 1,160 patients, the DL model
demonstrated improved diagnostic accuracy for obstructive CAD
compared to combined quantitative analysis of images with accu-
racy similar to expert clinical reading.70 Spier et al developed a
separate DL-based algorithm, which achieved agreement of ;90%
with expert visual interpretation.71 These studies demonstrate the
potential for AI-based techniques to augment physician interpreta-
tion to improve diagnosis of obstructive CAD.
In addition to disease diagnosis, recent studies demonstrated

that AI-based techniques could improve prediction of cardiac
events. Betancur et al applied feature-based ML to determine the
benefit of combining clinical and imaging SPECT MPI features.72

ML with tenfold cross-validation had higher AUC for major ad-
verse cardiovascular event (MACE) compared to expert visual
interpretation, stress TPD, and ischemic TPD.72 Additionally, al-
most 20% of patients in the highest percentile (95th) of MACE
risk by the ML score had ‘‘normal’’ expert visual interpretation of
perfusion. Classical ML predicts revascularization after SPECT
MPI with similar accuracy to expert readers,73 and can outperform
quantitative analysis of perfusion for predicting revascularization
on a per-vessel and per patient basis.74

While the potential for improvement in disease diagnosis or risk
prediction with AI-based techniques is clear, methods to imple-
ment them into clinical practice still require delineation. One
potential implementation is generating automated structured

Figure 5. Example of quantitation of abnormal metabolic activity in a

patient with biopsy proven sarcoidosis. Background activity in the left

ventricular blood pool (LVBP) is quantified using a region of interest

(white). Abnormal myocardial activity (cardiometabolic activity), green re-

gion of interest, was quantified using a patient-specific threshold based

on background activity. LVBP, left ventricular blood pool; SUVmax, max-

imal standardized uptake value. Reprinted by permission from Springer

Nature: JNC, Miller et al, © 2020 ASNC48.

Figure 6. Example of 18F-sodium quantitation. Maximal target to back-

ground ratio (TBRmax) and coronary microcalcification activity (CMA)

are automatically quantified for each coronary distribution. CMA mea-

sures the total volume and intensity of abnormal activity. Summary mea-

sures of activity, such as CMA, could potentially be used for risk

stratification in a manner analogous to the use of coronary artery cal-

cium scores. Green volumes represent areas adjacent to the coronary

arteries, red-blue indicates 18F-sodium activity. Reprinted by permission

from Springer Nature: EJNMMI, Kwiecinski et al, © 2020 Springer78.

QUANTITATIVE NUCLEAR CARDIOLOGY PART 2 • Slomka et al. 173



reports. Garcia et al demonstrated that an AI algorithm could
generate an automated structured report with comparable di-
agnostic accuracy to expert interpretation.75 In 20,414 patients, Hu
et al demonstrated that an ML-based algorithm could be used to
identify patients for rest scan cancelation at low risk of MACE
from stress-only imaging.76 Automatic, AI-based rest scan cancel-
lation selected 60% of patients for rest cancellation with 1.4%
annual MACE risk compared to 2.1% annual risk based on visual
analysis.76 Lastly, methods for patient-speciÞc explainability of
risk predictions are critical for clinical implementation. For some
ML approaches, individual features contributing to the ML-derived
risk score for a given subject can be displayed (Figure 7).

CONCLUSIONS

Methods to improve disease diagnosis or risk prediction with
quantitative analysis of perfusion and dyssynchrony will continue
to be reÞned and should be considered for clinical implementa-
tion. This may be particularly important for diseases with a lower
prevalence such as cardiac sarcoidosis and cardiac amyloidosis.
PET MBF can be estimated reliably, used to identify signiÞcant
CAD, improves prognostication and is ready for routine clinical
implementation. In parallel to the evolution of established tech-
niques, novel techniques such as SPECT MBF and radiotracers
such as18F-NaF have emerged and show potential clinical utility.
AI-based techniques can potentially improve disease diagnosis
and risk prediction as a supplement to physician interpretation.
Methods to efÞciently integrate AI into clinical practice still re-
quire further validation and reÞnement. The Þeld of nuclear car-
diology will keep advancing and physicians should continually
assess how to integrate new techniques into clinical practice.
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