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Abstract

Myocardial perfusion single photon emission computed tomography (SPECT) is widely used in assessing coronary artery disease (CAD)
owing to its proven efficacy in extensive clinical experience. Like other functional tests, myocardial SPECT is recommended for the
diagnosis of obstructive CAD, risk stratification assessment, and treatment decision making. Besides quantifying left ventricular volume,
global and regional function by electrocardiography (ECG)-gated acquisition, myocardial SPECT can identify myocardial ischemia,
scars, stunning, and viable hibernating myocardium. It provides comprehensive functional data across the spectrum of CAD and a cost-
effective strategy in patients with intermediate pre-test probability of CAD or with a history of ischemic cardiomyopathy. With ongoing
advances in cardiovascular prevention and risk factor management many patients referred for testing now have a low-to-intermediate
probability of CAD. Besides, CAD has become a chronic condition resulting from novel therapeutic strategies. Against this background,
approaches combining anatomical and functional tests in sequence or simultaneously include coronary artery calcium score integrated
with perfusion imaging or fusion SPECT/coronary computed tomography angiography (CCTA). In this review we summarize current
indications for myocardial perfusion SPECT and integration of SPECTwith other imaging techniques to improve diagnostic performance,
patient management, and outcome prediction in CAD.
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1. Introduction
Myocardial perfusion imaging (MPI) constitutes a

milestone in diagnosis and management of coronary artery
disease (CAD). By virtue of its ability to detect stress-
induced myocardial perfusion defects, single photon emis-
sion computed tomography (SPECT) is a primary tool for
diagnosis of obstructive CAD. It is also useful in risk strat-
ification of patients with suspected or known CAD [1–3].
Finally, functional SPECT data on total ischemic burden,
ischemia site, extension and severity can inform treatment
decisions [4].

The shared view of the “ischemic issue” was embod-
ied by the ischemic cascade [5] and the principle that greater
coronary stenoses trigger more severe ischemia. Perfu-
sion abnormalities were thought to occur soon in the is-
chemic cascade and derive from stenoses of borderline sig-
nificance, giving reason for the high sensitivity of SPECT
in detecting obstructive CAD. Furthermore, the degree and
the extent of ischemia was assumed to be directly related
to event risk. Later evidence showed, however, that, be-
cause of the effect of atherosclerotic plaque and coronary
microvasculature features on myocardial perfusion, inter-

action between atherosclerosis, stenosis, and ischemia is
not linear [6]. In addition, the prognostic implications of
anatomical and functional abnormalities vary widely. The
results from trials like FAME (Fractional Flow Reserve
versus Angiography for Multivessel Evaluation) [7], OR-
BITA (Objective Randomized Blinded Investigation with
Optimal Medical Therapy of Angioplasty in Stable Angina)
[8], and ISCHEMIA (International Study of Compara-
tive Health Effectiveness with Medical and Invasive Ap-
proaches) [9] have changed our perspective on myocar-
dial ischemia and its implications for prognosis and clinical
decision-making.

With the present review we summarize indications for
myocardial perfusion SPECT in patients with suspected or
known CAD and potential applications of MPI in multi-
modality imaging.

2. Pathophysiologic Basics and Rationale for
Myocardial Perfusion SPECT

Since cardiac metabolism is predominantly aerobic, it
depends on continuous extraction of oxygen from coronary
blood flow. Normal coronary flow to the left ventricle un-
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Table 1. Left ventricular myocardial states according to SPECT findings.
Myocardial state Description Perfusion SPECT Gated SPECT

Normal Normal myocardial perfusion and function Normal stress and rest per-
fusion

Normal function

Ischemia Reversible perfusion defect with or without myocar-
dial functional abnormalities due to transient reduc-
tion in coronary blood flow

Reduced stress and normal
rest perfusion

Normal or reduced during
stress

Stunned myocardium Myocardial dysfunction during stress which persists
at rest despite restored normal resting myocardial
blood flow; it can occur after stress-induced re-
versible ischemia or in myocardial infarction after
restoration of coronary flow in a previously occluded
vessel; myocardial function recovers after a variable
amount of time

Reduced stress and normal
rest perfusion

Reduced during and after
stress, improved at rest

Hibernating myocardium Dysfunctional but viable myocardiumwith mildly re-
duced resting myocardial blood flow resulting from
repetitive ischemia and leading to chronic myocardial
ischemia

Reduced stress and rest per-
fusion

Reduced function

Scar Severely dysfunctional and not viable myocardium
with severely reduced resting myocardial blood flow

Severely reduced stress and
rest perfusion

Reduced function

der basal conditions is 0.6–1 mL/min/g but it can increase
up to six fold during increased demand. Cardiac arterioles
and capillaries control blood flow according to metabolic
needs and are the main determinants of coronary flow re-
sistance. In detail, small coronary arteries (<500 µm) can
regulate myocardial perfusion and blood flow [10]. In this
scenario, coronary flow reserve refers to the ability to raise
flow rate from a basal level at rest to a maximal level dur-
ing exercise [11]. Atherosclerosis can reduce such reserve,
however. When a coronary artery is narrowed by more than
50%, blood flow cannot increase sufficiently during stress.
This produces a mismatch between blood supply and oxy-
gen demand, ensuing in myocardial ischemia [12]. Also,
when blood supply is reduced, myocardial contraction is re-
duced or stops, leading to a regional-wall-motion abnormal-
ity during ischemia. In this setting, when the area supplied
by the stenotic coronary artery is extensive, left ventricular
function may be impaired and ejection fraction reduced.

In the diagnosis of ischemia, there are two tech-
niques to detect stenosis of the epicardial coronary arter-
ies by increasing coronary flow: exercise or pharmaco-
logical stressors that increase oxygen consumption or flow
nonuniformity through vasodilatation [12]. The physiolog-
ical method to increase coronary flow is physical effort.
Pharmacological agents (mainly the vasodilators dipyri-
damole, adenosine, and regadenoson and the sympath-
omimetic dobutamine) can be used in patients unable to
adequately exercise. In this setting, MPI with SPECT are
applied to evaluate coronary blood flow in stress and rest
conditions by means of radioactive tracers ([201Tl]TlCl,
99mtechnetium [99mTc] labeled with sestamibi or tetro-
fosmin), which are extracted by the cardiomyocytes and
trapped in the mitochondria. While myocardial tracer up-

take is flow-dependent, the relation between coronary flow
and heart uptake is non-linear, especially at high flow rates
[13–15]. Myocardial retention of these radiopharmaceuti-
cals is relatively long, compatible with SPECT acquisition
time, whereas clearance from circulation is rapid. This dif-
ference allows the distribution of coronary blood flow to
the myocardium to be mapped. Two tracer injections to
assess stress and resting perfusion are generally given on
different days or the same day according to protocol (dual-
day or single-day protocol). If the stress test is performed
first and perfusion results normal, the rest examination can
be omitted (stress-only protocol) [16], whereas when flow
distribution into the myocardium is not uniform, the my-
ocardial area where the tracer retention is relatively lower
identifies the regionwith decreased perfusion, and a rest test
is indicated. A regional perfusion defect after stress but ab-
sent at rest identifies myocardial ischemia and suggests the
anatomical site of coronary stenosis and its extension and
severity [17]. A region with reduced perfusion after stress
and at rest is defined as a myocardial scar (Table 1).

Reduced blood flow to the myocardium during stress
and subsequent ischemia can impair left ventricular con-
tractility and regional or global function eventually. One of
the advantages of cardiac SPECT is its utility in functional
assessment via electrocardiography (ECG)-gated acquisi-
tion. Left ventricular ejection fraction, volume, mass, my-
ocardial systolic wall thickening, and contraction dyssyn-
chrony can be quantified [18,19], thus providing detailed
information beyond those characteristic of myocardial per-
fusion imaging. ECG-gated acquisition in the stress phase
of SPECT can detect myocardial stunning [6,20]. Dur-
ing ischemia, a regional perfusion deficit may be associ-
ated with impaired contractility in the same region. Af-
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Fig. 1. 99mTc-tetrofosmin cardiac SPECT with cadmium, zinc, tellurium (CZT) technology images of a 72-year-old woman with
multiple cardiovascular risk factors symptomatic for typical effort angina. Perfusion SPECT revealed a reversible defect in the
apex, septal, and anterior walls. Functional data showed an increase in left ventricular end-diastolic volume and end-systolic volume
after stress compared to rest (120 versus 114 mL and 80 versus 69 mL, respectively); global systolic function was reduced after stress
normal at rest (ejection fraction 40 versus 61%), compatible with myocardial stunning.

ter blood flow is restored, abnormal cardiac function can
persist for hours to days despite restoration of normal per-
fusion. Since SPECT acquisition occurs at least 15 min-
utes after radiopharmaceutical injection as per protocol,
evidence of stress-induced regional perfusion impairment
associated with a persistent mild alteration in motion or
thickening in the same region is suggestive of stunned my-
ocardium (Figs. 1,2). Evidence of stunning in >5% of the
total myocardium is a predictor of adverse events [21,22].

The assessment of MPI at rest is essential for evaluat-
ing cardiac viability and for differentiating impaired reten-
tion of perfusion tracers found in myocardial stunning from
decreased uptake due to decreased perfusion in hibernation
or scar [23,24]. In patients with known CAD and prior in-
farction, the SPECT protocol includes tracer injection after
nitrate infusion to improve detection of the viable hibernat-
ing myocardium [25]. The acute administration of nitrate
increases radiopharmaceutical uptake in dysfunctional ter-
ritories which show functional recovery after revasculariza-
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Fig. 2. Coronary angiography images of the case described in Fig. 1 showing diffuse CAD, with severe stenosis of the left main
artery. Left: right coronary artery; Right: left main, anterior descendent and circumflex arteries.

tion [26]. Furthermore, the combination of metabolic and
perfusion imaging via 18F-fluorodeoxyglucose (18F-FDG)
positron emission tomography/computed tomography can
further differentiate between stunned and hibernated my-
ocardium and scar.

3. Clinical Indications for Myocardial
Perfusion SPECT: Guideline-Directed
Testing

Coronary artery disease is the leading cause of death
worldwide and a major public health problem. The age-
adjusted prevalence of CAD is approximately 7% in males
and 4% in females [27]; the prevalence is 25% and 16%, re-
spectively, in adults aged 60 to 79 years and is even higher
in those 80 years or older [28]. Early detection of CAD is
a primary strategy to reduce the burden of cardiovascular
disease and mortality. As a perfusion imaging technique,
myocardial SPECT provides a non-invasive tool for diag-
nosing obstructive CAD in symptomatic or asymptomatic
patients at intermediate or high cardiovascular risk. Clini-
cal referral for SPECT has increased in Western countries
[29] and myocardial SPECT is contemplated by guidelines
for the management of patients with known or suspected
CAD, including risk stratification, treatment decision mak-
ing, and prognosis.

There is international consensus on performing my-
ocardial SPECT in at least four clinical scenarios: suspected
or known stable CAD, suspected acute coronary syndrome,
before non-cardiac surgery, and heart failure.

3.1 Stable Coronary Artery Disease
American and European guidelines recommend the

use of myocardial perfusion SPECT as a diagnostic tool in
chronic chest pain and suspected or known CAD [30,31].

Besides its use in diagnosis, SPECT provides prognostic
information and can guide patient management.

3.1.1 Suspected CAD

In patients with suspected CAD, non-invasive imag-
ing modalities are the preferred method for diagnosing
CAD [30], except in those with a high pretest probability
in which coronary angiography is indicated instead (Class
of Recommendation [COR] I, Level of Evidence [LOE]
B [30], COR IIa, LOE C [32]) [31]. The application of
myocardial SPECT or stress echocardiography is recom-
mended in symptomatic patients with intermediate pre-test
probability (PTP) of disease (arbitrarily defined between
15% and 85% estimated according to age, sex, and nature
of symptoms [33]), especially in patients unable to exercise
andwith abnormalities at resting electrocardiography (COR
I, LOE B). In patients with an intermediate PTP and an in-
terpretable ECG and can adequately exercise (5 metabolic
equivalents (METs) or more), exercise ECGmay be consid-
ered an alternative according to the 2021 American guide-
lines (COR IIa, LOE B) [31]. However, the diagnostic util-
ity of exercise ECG is lower than that of imaging testing.
Most recent European guidelines [30] suggest that exercise
electrocardiography be performed as a diagnostic tool only
when other imaging modalities are unavailable (COR IIb,
LOE B).

Non-invasive functional imaging to detect ischemia
and anatomical imaging by coronary CT angiogra-
phy (CCTA) are recommended in symptomatic patients.
SPECT, because of its high rule-in power, is the preferred
technique in patients at intermediate-high risk. SPECT has
a diagnostic sensitivity of 82–88% for exercise and 88–91%
for pharmacological stress testing and a specificity of 70–
88% and 75–90%, respectively [5,34]. Initial evaluation by
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stressMPI resulted in less downstream non-invasive and in-
vasive testing in decision-making processes. In one study
cohort [35], initial SPECT findings were abnormal in 29%
of patients compared to 56% in those undergoing CCTA,
and a high proportion of patients underwent a functional test
following positive CCTA. Symptomatic patients with sus-
pected CAD but normal SPECT findings have a favorable
prognosis (0.6% event rate according to pooled analyses),
similar to the general population risk [36]. Differently, ab-
normal findings may be suggestive of an increased event
risk, in which the event rate is related to patient risk profile,
left ventricular function, and ischemic burden [37].

Non-invasive tests may also be considered in patients
with a PTP between 5% and 15%, especially when the
clinical likelihood is greater due to risk modifiers such as
cardiovascular risk factors, electrocardiographic abnormal-
ities, left ventricular dysfunction, and coronary calcifica-
tions on CT findings [38–41]. Data from the PROMISE
trial showed a prevalence of CAD in 7% of patients with
lowCAD probability (<10%) based on a clinical model (in-
cluding age, sex, symptoms, diabetes, hypertension, hyper-
lipidemia, smoking), whereas the prevalence was 2% in pa-
tients judged as having a low probability when the coronary
artery calcium (CAC) score was included in the evaluation
[42,43]. These extended prediction models plus clinical
and anatomical factors help clinicians to manage this low
PTP population [31], identify patients with minimal-risk in
which testing can be deferred [44], and order non-invasive
diagnostic testing in patients with multiple risk features.

3.1.2 Patients with Known CAD

In patients with known CAD, the utility of myocardial
SPECT relies on its ability to define the site and severity of
ischemia. In this population, guidelines-directed medical
therapy is key to slowing disease progression, improving
symptoms, and preventing acute atherothrombotic events,
as well as relief from angina and prognosis improvement.
In patients with stable chest pain, guidelines currently rec-
ommend an ischemia-based strategy to guide revascular-
ization, with the use of stress imaging to estimate disease
severity and identify target lesion(s), especially in moderate
coronary stenoses at angiography and in lesions of uncertain
functional significance. Applied in stress testing, myocar-
dial SPECT can help identify the site and the extent of in-
ducible perfusion defects, and the anatomical distribution of
a hemodynamically significant coronary stenosis (Fig. 3).

Revascularization is indicated when large areas of is-
chemia are detected (>10% of the myocardium) (COR I,
LOE B) [30]. Observational data of 43,443 patients un-
dergoing perfusion SPECT demonstrated a survival advan-
tage with early revascularization when the left ventricu-
lar ejection fraction (LVEF) was normal (≥45%) and se-
vere inducible ischemia was detected (≥15% total my-
ocardium), but also, to a less extent, when the LVEF was
low (<45%) and inducible ischemia was moderate or se-

Fig. 3. 99mTc-tetrofosmin cardiac single photon emission
computed tomography (SPECT) images in a 74-year-old
woman with arterial hypertension, diabetes mellitus, and a
history of obstructive CAD without myocardial infarction
treated with triple coronary artery bypass surgery five years
earlier. Perfusion imaging was ordered to assess ischemia due
to persistent atypical angina after medical therapy optimization.
SPECT revealed a large reversible defect in the anterior and the
lateral walls showing severe myocardial ischemia. Subsequent
angiography revealed complete occlusion of the left main artery,
occlusion of the saphenous vein graft anastomosed to the diagonal
branch of the left anterior descendent coronary artery, and patency
of the other two bypass grafts. Medical therapy was optimized.
Left side top row: stress-rest short axis; stress-rest horizontal long
axis; stress-rest vertical long axis; right side: polar map of stress
(upper image) and rest perfusion (lower image).

vere (>10% total myocardial ischemia). In contrast, an in-
creased mortality risk with revascularization was demon-
strated in the absence of ischemia [1], further confirming
previous published studies [45–47]. In addition to ischemia
severity, the detection of high-risk imaging features like
transient ischemic ventricular dilation is of prognostic rel-
evance. The REFINE SPECT registry (involving 16,578
patients) reported that the outcome of those presenting with
mild ischemia and transient ischemic dilation or post-stress
wall motion abnormalities was similar to those with mod-
erate ischemia [3]. Furthermore, data from the recently
published Analysis of Myocardial Ischemia by Cadmium–
zinc–telluride: accuracy and Outcome (AMICO) registry
demonstrated the prognostic advantage afforded by cad-
mium zinc telluride (CZT)-SPECT after adjustment for
multiple variables like left ventricular volume and ejection
fraction, coronary anatomical features, biohumoral param-
eters, treatment strategy and medical therapy. Of note, pa-
tients with higher Summed Stress Score (SSS >8) had a
worst outcome, especially those medically treated [48].
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3.1.3 Previous Myocardial Infarction
Perfusion imaging identifies not only ischemia as re-

versible perfusion defects but also myocardial scars as fixed
perfusion defects. In a study involving 3216 patients with
prior myocardial infarction undergoing SPECT, 70% pre-
sented scars which were judged clinically significant in
25% of cases (>5% of myocardium with scar) [49]. My-
ocardial SPECT was performed in 13,555 patients with and
without a history of CAD. Surprisingly, a survival benefit
over medical therapy was observed with revascularization
in patients with severe ischemia but without a history of
CAD and with prior revascularization but not in patients
with prior infarction. When patients with more extensive
scar (>10% of myocardium) were excluded, increasing is-
chemia was associated with a survival benefit irrespective
of a history of prior myocardial infarction. The findings
highlighted the lesser role of ischemia compared to exten-
sive scar and the potential harm associated with an invasive
approach if no ischemia is present.

3.1.4 MPI after Revascularization
Functional testing after coronary revascularization is

routinely performed in clinical practice. According to ob-
servational data, 1 out of 2 to 3 patients undergoes a stress
test within two years after percutaneous revascularization
[50–52]. In a study involving 1848 patients undergoing
revascularization mainly for acute coronary syndromes, 1
out of 8 underwent an imaging stress test even if asymp-
tomatic. This approach led to repetition of revasculariza-
tion in only<1% of patients, questioning the value of stress
imaging in this setting [53]. Current data that any form of
routine stress testing may improve outcome in stable CAD
are limited. The European guidelines [54] give a weak rec-
ommendation for surveillance stress test at 1 year after per-
cutaneous coronary intervention (PCI) (COR IIb, LOE C),
whereas the American guidelines [55] offer no recommen-
dations. Recently published data of the POST-PCI trial re-
frain from prescribing surveillance stress testing [56]. A
study involving 1706 patients undergoing PCI considered
at high-risk based on anatomical or clinical features were
randomized to undergo stress testing at one year post inter-
vention or to standard care. At two-year follow-up there
was no difference in outcome between the two strategies
[55]. Invasive diagnostic angiography and revasculariza-
tion were more frequent in the group randomized to the
stress test approach; however, findings showed no reduc-
tion in the primary outcome in comparison to the group that
received guideline-directed medical therapy. Another study
evaluated a routine stress test strategy after coronary artery
bypass surgery [57] and found that ischemia was associated
with worse outcome and that repeated revascularization did
not modify event risk.

The risk for major adverse cardiac events (MACE)
on follow-up was reported to be proportional to the mag-
nitude of residual ischemia and that a 5% reduction in is-

chemia had a significant prognostic benefit [45]. The ob-
servational BASKET LATE IMAGING study [58] reported
that abnormal SPECT findings 5 years after revasculariza-
tion were frequent regardless of symptoms and predictive
of adverse events. While re-evaluation of risk may be use-
ful to guide intensification of medical therapy in selected
high-risk patients, perfusion imaging is rarely appropriate
unless symptoms or a change in clinical status occurs, es-
pecially if it is performed less than 2 years after PCI or
less than 5 years after coronary artery bypass graft (CABG)
surgery. Patients in which myocardial SPECT is strongly
recommended have previous obstructive CAD (myocardial
infarction or coronary revascularization, COR I, LOE B)
or known non-obstructive CAD (COR IIa, LOE C) but
only when stable chest pain persists despite optimal medical
therapy [31,54]. Guidelines recognize the role of perfusion
imaging for risk assessment after percutaneous or surgical
revascularization in patients with incomplete revasculariza-
tion, left main artery or proximal left anterior descending
disease, diabetes or other high-risk factors [59,60]. In pa-
tients with limiting angina and insufficient response to op-
timized medical therapy or significant anatomical or func-
tional CAD (>10% ischemic myocardium) revasculariza-
tion is recommended (COR I, LOE A/B) [54].

3.2 Suspected Acute Coronary Syndrome (ACS)

Perfusion imaging has demonstrated its utility in the
emergency department for triage decision making. Early
resting SPECT has become common practice in the United
States [61]. In the early assessment of acute chest pain, rest-
ing SPECT can be appropriately performed in patients with
ongoing symptoms or symptom resolution within 3 hours
after evaluation and in the absence of other findings sug-
gestive of ACS like ECG abnormalities or elevated first tro-
ponin levels [62]. In this setting, normal resting perfusion
SPECT showed a high negative predictive value for acute
infarction and short-term cardiac events, so that these pa-
tients can be safety discharged [63]. Acute resting SPECT
proved a cost-effective approach [64,65]. If symptoms have
resolved hours before evaluation in the emergency depart-
ment (3 hours or more in clinical trials), rest SPECT may
be performed but the test could result insensitive to per-
fusion defects. When ACS is still suspected after serial
ECG and troponin result negative or borderline for ACS,
and the patient does not qualify for ‘rule-out’ or ‘rule-in’,
non-invasive imaging using stress testing targeting myocar-
dial ischemia or CCTA is recommended before deciding on
an invasive approach (COR I, LOE B) [66,67]. In such
cases, stress-rest SPECT or a stress-only protocol is consid-
ered appropriate and safe to rule-out ACS [18,25,62]. In pa-
tients with known CAD and new-onset or worsening symp-
toms, stress testing is indicated (COR IIa, LOE B) since
rest SPECT cannot distinguish between chronic and acute
ischemia. Direct invasive coronary angiography (ICA) is
recommended only when there is previously documented
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significant left main or proximal left anterior descending
or multivessel CAD or in patients with previous coronary
revascularization (COR I, LOE A).

3.3 Before Noncardiac Surgery

The role of stress testing in preoperative risk assess-
ment of patients before noncardiac surgery has been exten-
sively demonstrated [68–70]. Moderate to severe myocar-
dial ischemia is a sensitive marker of increased risk of peri-
operative MACE. Normal SPECT findings portend a high
negative predictive value for perioperative cardiac events,
while detection of scars has a low positive predictive value.
Due to the underlying CAD, however, long-term prognosis
is worse in these patients (Fig. 4).

Fig. 4. A 69-year-old asymptomatic man with multiple car-
diovascular risk factors underwent 99mTc-tetrofosmin car-
diac single photon emission computed tomography (SPECT)
screening for myocardial ischemia before kidney transplanta-
tion. SPECT revealed a partially reversible inferior defect. Sub-
sequent invasive coronary angiography revealed severe stenosis
of the posterior descending artery, which was treated with angio-
plasty. Left side top row: stress-rest short axis; stress-rest hor-
izontal long axis; stress-rest vertical long axis; right side: polar
map of stress (upper image) and rest perfusion (lower image).

In a meta-analysis of ten studies with pharmacologi-
cal stress SPECT, the 30-day MACE rates were 1% in pa-
tients with normal test results, 7% and 9% in those with
fixed and reversible perfusion defects, respectively, with a
higher event rate in those with at least two reversible defects
[71].

According to American guidelines, recommendations
for stress imaging are limited to patients with elevated sur-
gical risk, performing exercise stress imaging in patients
with excellent (>10 METs) (COR IIa, LOE B) or moder-
ate to good (METs 4-10) (COR IIb, LOE B) functional ca-

pacity, pharmacological stress imaging in those with poor
functional capacity (<4 METs) when test results are used
to change management (COR IIa, LOE B) [72]. In this set-
ting, the European guidelines include the role of clinical
risk factors [73]. Stress imaging is recommended before
high-risk surgery in patients with one or more clinical risk
factors or a high likelihood of CAD (PTP >15% or two or
more cardiovascular risk factors, resting ECG changes or
left ventricular dysfunction suggestive of CAD) and poor
functional capacity (COR I, LOE B). Stress imaging should
also be considered in patients with poor functional capacity
and previous coronary revascularization (COR IIa, LOE C)
[74].

3.4 Heart Failure

CAD is a major contributor to heart failure world-
wide [75]. Tests detecting CAD help clinicians under-
stand the etiology of heart failure and guide patient manage-
ment in relation to symptoms and prognosis improvement
(COR IIa, LOE B) [76]. New or worsening symptoms of
heart failure may be associated with myocardial ischemia
(Fig. 5). Severely dysfunctional but viable myocardium
(hibernating myocardium) is associated with poor outcome,
but appropriate revascularization may ameliorate the prog-
nosis [77–79]. The recently published results of the Surgi-
cal Treatment for Ischemic Heart Failure Extension Study
(STICHES) showed that patients with ischemic heart dis-
ease who underwent CABG surgery had a better progno-
sis than those who received medical therapy alone at 10-
year follow-up [80]. Stress imaging (SPECT or positron-
emission-tomography [PET], stress echocardiography, car-
diac magnetic resonance) may be considered in patients
with CAD who are eligible for coronary revascularization
in which the aim should be the detection of myocardial is-
chemia and viability (COR IIb, LOE B) [76,81]. Debate
continues to surround the management of ischemic left ven-
tricular dysfunction because ischemia, hibernation, viabil-
ity, scar, and remodeling are variably involved, and it is
unclear how to identify the patients who may gain benefit
from revascularization in terms of prognosis.

In clinical practice, the evidence for myocardial vi-
ability is necessary, given that superior survival rates af-
forded by revascularization strategy over medical therapy
have been reported only in patients with hibernating my-
ocardium [77,82,83]. In the STICH trial, however, the de-
gree of left ventricular systolic dysfunction and remodel-
ing and the number of stenotic coronary arteries appeared
to be stronger determinants of the benefit of revasculariza-
tion than myocardial viability [84]. In the prespecified vi-
ability sub-study of the STICH trial, myocardial viability
was associated with a modest improvement in left ventric-
ular systolic function, irrespective of treatment, albeit not
associated with a long-term benefit over surgical revascu-
larization at 10-year follow-up [85]. In the PPAR-2 trial, as-
sessment of ischemia was associated with incremental ben-
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Fig. 5. 99mTc-tetrofosmin cardiac single photon emission
computed tomography (SPECT) images in a 67-year-old man
with dyspnea on exertion and new-onset left ventricular dys-
function with inferior wall akinesia at resting echocardiogra-
phy. SPECT revealed on the inferior wall a scar due to a previous
silent myocardial infarction. Left side top row: stress-rest short
axis; stress-rest horizontal long axis; stress-rest vertical long axis;
right side: polar map of stress (upper image) and rest perfusion
(lower image).

efit over viability, especially in patients with mild to mod-
erate CAD [86]. The stress-rest SPECT study mentioned
above revealed that the extent of ischemic myocardium
(>10% inducible ischemia) identified patients who might
benefit from revascularization but only when there was no
extensive scar (<10% of total myocardium) [49]. A subse-
quent PET study addressed the entire issue and examined
the ability of measures of inducible ischemia and hiberna-
tion in identifying optimal therapeutic strategies in patients
with ischemic left ventricular dysfunction [79]. An associ-
ation was found between the extent and severity of hiber-
nating myocardium, treatment strategy, and survival, and
that prognosis improves with early revascularization with
at least 10% myocardium hibernating and the survival rate
improves proportionally as the percent of hibernating my-
ocardium further increases.

4. SPECT versus PET Myocardial Perfusion
Imaging

In nuclear medicine, both SPECT and PET modalities
can be used to evaluatemyocardial perfusion for diagnosing
CAD.A higher pooledmean sensitivity for significant CAD
has been reported for PET in comparison to SPECT, but the
respective value of SPECT and PET in terms of specificity
is less defined. The EVINCI study showed higher sensitiv-
ity and specificity of PET compared to SPECT in the detec-
tion of coronary stenosis (81% versus 73% and 89% versus

67%, respectively) in patients with an intermediate likeli-
hood of CAD [87]. In the PACIFIC study, patients with
suspected CAD underwent CCTA, PET, and SPECT, fol-
lowed by ICA with fractional flow reserve (FFR) measure-
ments [88]. Surprisingly, SPECT resulted noninferior to
PET in specificity for significant CAD. On comparison of
the three modalities, CCTA showed the highest sensitivity
(90%), whereas SPECT and PET showed higher specificity
compared to CCTA (94% and 84% versus 60%, respec-
tively); PET showed the highest diagnostic accuracy over-
all (85%), whereas CCTA and SPECT showed similar accu-
racy (74% and 77%, respectively). In the PACIFIC 2 study,
patients with a history of myocardial infarction or percuta-
neous revascularization underwent SPECT, PET, and car-
diac magnetic resonance, followed by ICA with FFR. PET
had the highest sensitivity for hemodynamically significant
CAD, whereas specificity and diagnostic accuracy did not
differ between the three imaging modalities [89].

In addition to quantifying perfusion defects and ven-
tricular function, PET MPI is the gold standard for the
non-invasive evaluation of absolute myocardial blood flow
(MBF) and myocardial blood flow reserve (MFR) (Fig. 6).
MFR (the ratio between maximal hyperemic flow and rest-
ing myocardial flow) reflects the global hemodynamic ef-
fect of CAD, including coronary artery stenosis and mi-
crovascular dysfunction. PET-derived MFR estimation has
been strongly associated with prognosis and can help in
guiding treatment strategies in patients with CAD [90]. The
ability to assess MBF and MFR is a considerable advan-
tage of PET over SPECT. With the introduction of the new
cadmium, zinc, tellurium (CZT) technology to SPECT, dy-
namic acquisition can be performed to assess quantitative
flow indices (MBF andMFR) similar to dynamic PET study
[2]. Supporting evidence is growing [91], which will prob-
ably make MFR study with SPECT technology more avail-
able due to the widespread use and lower cost of SPECT
compared to PET. In this setting, assessment of absolute
MBF and MFR with SPECT is promising and may also
fill the gap for the proper diagnosis of multivessel disease,
which has been historically considered a main limitation
of SPECT [19,92]. More data are needed before the tech-
nique becomes routine use; nonetheless, the available data
are highly encouraging.

5. Multimodality Approach
Diagnosis of CAD relies on the detection of

atherosclerosis extension and severity and of myocar-
dial ischemia, the anatomical and functional substrates
of CAD, respectively. CT has become a primary tool
for CAD detection by coronary artery calcium (CAC)
quantification and direct coronary artery visualization and
stenosis quantification by CCTA, whereas SPECT can
quantify the hemodynamic consequences of anatomic CT
findings. Since the correlation between CAC, coronary
artery stenosis, and myocardial perfusion is not linear
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Fig. 6. Myocardial perfusion PET with 13N-ammonia of an 81-year-old male with exertional angina. Stress images (left side)
showed severe reduction in tracer uptake at inferior and antero-lateral ventricular segments and at the apex, and moderate reduction in
uptake at distal infero-septal and basal anterior segments. Rest images (left side) showed mild reduced tracer uptake at the basal and
middle antero-lateral segments. The measure of quantitative stress and rest myocardial blood flow (MBF) (right side) showed a mild
reduced resting MBF with decreased maximal hyperaemic MBF and myocardial flow reserve (MFR). The subsequent invasive coronary
angiography revealed severe stenoses of the right coronary artery and of the left circumflex coronary artery, and non-significative stenosis
of the left anterior descending coronary artery. Left side (from top to bottom): stress-rest short axis; horizontal long axis; vertical long
axis. Right side (from left to right): polar map of stress and rest quantitative perfusion and of myocardial flow reserve (MFR).

[93–95], these approaches are considered complementary
rather than mutually exclusive. SPECT combined with
CT has gained growing interest in the concept of hybrid
imaging.

CT is routinely performed in combination a perfu-
sion study to manage attenuation of SPECT photons in the
body and improve perfusion imaging quality. This proce-
dure is called CT-based attenuation correction and is rec-
ommended by European Association of Nuclear Medicine
(EANM) guidelines [16]. It provides a map of the atten-
uation coefficients based on the Hounsfield unit of a low
voltage CT scan. The additional patient effective dose is
very low, so these CT scans can be used to approximate the
extent of coronary calcification [96]. Alternatively, CT for
CAC scoring can be performed [97] and then used for at-
tenuation correction [16]. Furthermore, SPECT and CCTA
datasets can be fused to create a single fused hybrid image
that integrates anatomical and functional information.

5.1 SPECT and CAC Score

Although myocardial ischemia is a potent predictor of
cardiac events, most events occur in patients with a normal
functional test. Combining a patient’s CAC score with per-
fusion imaging findings increases risk stratification efficacy
in patients with and without myocardial ischemia [98,99]
(Fig. 7).

The CAC score is a low-radiation and low-cost non-
invasive estimate of coronary atherosclerotic plaque bur-
den, though it does not reflect obstructive CAD or ischemia.
A zero CAC score demonstrated very high sensitivity to rule
out obstructive CAD and to predict very low events rates

in asymptomatic and symptomatic patients with suspected
CAD [43,100–102]. Differently, a positive CAC score is
proportionally related to the frequency of obstructive CAD
and inducible ischemia, also when calcifications are not di-
rectly associated with the degree of luminal or functional
coronary artery stenosis. CAC score was found equal to
CCTA to predict MPI alterations [103]. A meta-analysis
[104] of studies involving asymptomatic and symptomatic
patients reported a prevalence of ischemia of 6.6% for
CAC-zero patients, 8.5% for CAC score 1 to 100, 10.5%
for CAC score 100 to 399, and 23.6% for CAC score≥400.
The association between CAC score range and frequency
of ischemia [4] suggests that stress tests can be performed
in patients with symptoms suggestive of CAD and a CAC
score >100 [105].

Given the strengths and the limitations of CAC eval-
uation and SPECT MPI (i.e., high sensitivity of CAC score
for detecting CAD and high specificity of functional tests
for obstructive CAD), a combined strategy dictates that a
zero CAC score may rule out patients, especially those with
low-intermediate PTP and atypical chest pain, whereasMPI
or other functional tests may identify patients with a posi-
tive CAC score at higher risk of events [43]. CT for CAC
scoring is now recommended in patients with stable symp-
toms categorized as low-risk (COR IIa, LOE B) [31].

In patients with suspected CAD, the complementary
use of CAC score and SPECT-MPI may: improve the as-
sessment of PTP of CAD in initial diagnostic work-up and
help in selecting patients for stress testing; improve car-
diac risk stratification, since risk increases in patients with
abnormal MPI findings who also have CAC abnormality
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Fig. 7. A 77-year-old asymptomatic man with multiple cardiovascular risk factors underwent CT with CAC scoring and sub-
sequent 99mTc-tetrofosmin cardiac SPECT. CT images (top) showed a very high CAC score (2129 HU) in the three main vessels,
whereas myocardial perfusion SPECT (bottom) showed a partially reversible defect in the basal and middle anterior segments and in
the basal and middle inferior segments. RCA, right coronary artery; LMCA, left main coronary artery. Myocardial perfusion SPECT
images: stress-rest short axis; stress-rest horizontal long axis; stress-rest vertical long axis.

[106,107] and in patients with normal SPECT findings and
a CAC score>400 [108]. When the two procedures are per-
formed contemporary, the diagnostic sensitivity of SPECT
may improve by identifying normal SPECT-MPI patients
with subclinical atherosclerosis and improve interpretation
of equivocal SPECT studies [13,109].

The CAC score is not a diagnostic tool for obstructive
CAD but rather a cardiovascular risk modifier. In diabetic
patients, MPI abnormalities are more strongly associated
with CAC score than with traditional risk factors [110]. For
example, symptomatic patients with non-calcified obstruc-
tive plaque may have a zero CAC score but spotty or mi-
crocalcifications associated with high-risk plaques. Several
studies reported that the relationship between CAC score
and the likelihood of CAD is influenced by the overall clin-
ical risk of the population, the patient’s clinical presentation

and PTP [111–116]. In patients at high risk for CAD, ab-
normal MPI findings were more frequent than in patients at
low or intermediate risk also in those with a low CAC score
[117,118].

Finally, cardiac event risk was significantly higher in
asymptomatic patients with normal SPECT-MPI when the
CAC score was elevated (>400) [98]. CAC score has been
proposed as a gatekeeper to identify asymptomatic sub-
jects at high risk in which further screening with functional
testing may be warranted [37] and indicated in those with
a CAC score >400 or between 100 and 400 in high-risk
asymptomatic patients [105]. Finally, CAC scoring has
proven a robust and specific method to measure subclini-
cal atherosclerosis and guide initiation or intensification of
treatment.
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Fig. 8. Coronary CT angiography and hybrid myocardial perfusion SPECT/coronary CT angiography imaging of the patient
described in Fig. 6. Upper images: CCTA showed non-calcific subcritical plaques in the right coronary artery (RCA; left side) and
left anterior descendent coronary artery (LAD) and a stenotic non-calcific plaque in the left circumflex artery (CX; right side). Lower
images: fusion of CCTA and SPECT datasets allows the integration of functional and anatomical data, clearly indicating the relationship
between the atherosclerotic plaques and ischemic areas.

5.2 Fusion-Hybrid SPECT/CT Imaging

The synergistic combination of myocardial perfusion
SPECT imaging with CCTA offers contrast-mediated visu-
alization of the coronary artery lumen and detects anatom-
ical abnormalities and their functional consequences in a
single setting (Fig. 8). CCTA has an excellent negative
predictive value (NPV) to exclude CAD, whereas less ro-
bust is the positive predictive value (PPV) for the identi-
fication of hemodynamically significant lesions [119,120],
since CCTA tends to overestimate stenosis severity due to
coronary calcification or artifacts. CCTA can also docu-
ment multivessel disease, which is viewed as a weak point
of SPECT imaging due to possible balanced ischemia.

Hybrid cardiac SPECT/CCTA provides superior diag-
nostic data compared to either stand-alone or side-by-side
interpretation of SPECT and CT data sets by virtue of the
spatial co-localization of amyocardial perfusion defect with
a subtending coronary artery. There is substantial inter-
individual variability in coronary artery anatomy and ac-
tual segmental assignment to coronary artery territories dif-

fers from that expected in more than half of patients [121].
This hybrid imaging creates a panoramic three-dimensional
view by integrating volume-rendered CT data with the per-
fusion information from SPECT to identify the culprit le-
sion with higher sensitivity and specificity and optimize the
final ruling of intermediate lesions and equivocal perfusion
defects [122]. Since a sizeable proportion of obstructive
stenosis doesn’t induce ischemia [122] and coronary steno-
sis of 50% to 70%may be associated with coronary flow re-
duction [123], the complementary information provided by
the two techniques can help to exclude patients with normal
coronary arteries, diagnose subclinical atherosclerosis, de-
fine the ischemic burden of specific coronary lesions, detect
multivessel disease, and identify the culprit lesion [124]. In
a population with a high pre-test likelihood of CAD, hybrid
imaging analysis improved the PPV to 96% (versus 85%
and 77% of SPECT and CCTA, respectively) and the NPV
to 95% (versus 89% and 96% of SPECT and CCTA, respec-
tively) versus a reference standard of fractional flow reserve
(FFR) measurement [125].
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Hybrid imaging techniques may be useful also in fol-
low up after CABG surgery, in which coronary physiology
is completely altered. When ischemia is present, identi-
fication of a single coronary artery or graft as the culprit
lesion poses a great challenge. A high prevalence of per-
fusion defects in territories supplied by patent grafts has
been reported [126]. Integrating anatomical and perfusion
data through hybrid imaging is a promising tool to visualize
post-operative anatomy, localize vessel stenosis and occlu-
sions, and gain additional insights into the mechanism of
ischemia [127]. Also, it has been suggested that comple-
mentary approaches may improve event prediction in pa-
tients after CABG surgery [128].

The disadvantages of additional radiation expo-
sure and cost and time investment related to fusion
SPECT/CCTA limit its routine application. Sequential use
of SPECT and CCTA in selected patients may be an attrac-
tive alternative [129–132]. The wider availability of image
fusion software may allow the use of CCTA from external
sources to create fusion images [133].

5.3 CT Evaluation of Myocardial Ischemia
CT myocardial perfusion (CTP) imaging has gained

interest as a diagnostic tool alternative to perfusion SPECT.
The CTP protocol includes rest and stress scanning phases,
as in other functional imaging techniques. CTP demon-
strated good diagnostic performance in detecting ischemia
defined by FFR [134] or invasive coronary angiography
[135], also in patients with previous percutaneous coronary
angioplasty or with severe coronary calcification [136].
The results so far are encouraging. If corroborated in stud-
ies with larger patient samples, CTP may compensate the
weaknesses of CCTA. CCTA and stress CTP may be in-
tegrated to assess both anatomical and functional features;
however, radiation exposure is very high and iodinated con-
trast agents are injected.

Another emerging CT-based technique for evaluating
ischemia is CT-derived FFR. A greater prognostic benefit
over angiography has been demonstrated when revascular-
ization is guided by invasively assessed FFR [137,138], so
that a non-invasive method to measure FFR seems attrac-
tive. Data extracted from resting CCTA can be used to cal-
culate CT-derived FFR and to directly determine the signif-
icance of a CCTA lesion. Since no additional radiation or
contrast agent dose is required, it’s becoming the gold stan-
dard for the identification of flow-limiting coronary artery
stenosis. The drawback is that CCTA image quality need
to be very high, limiting the diagnostic accuracy in severe
calcifications or previous percutaneous or surgical revascu-
larization [139]. Further evidence from randomized clini-
cal trials is needed before extensive use of CT-derived FFR
can be recommended for clinical practice. Finally, cost-
effectiveness analyses and the availability of this advanced
CT technology need to be taken into account.

6. Conclusions
SPECT-MPI has been a preferred method for evalu-

ating patients with known or suspected CAD. With recent
advances in the management of cardiovascular risk factors
and acute coronary syndromes, CAD has become a chronic
condition. Because many patients referred to SPECT have
a low PTP, the diagnostic accuracy of MPI for obstruc-
tive CAD tends to decline. A considerable proportion
of patients undergoing ICA after stress imaging has nor-
mal coronary arteries or non-obstructive coronary stenosis
[140], while most cardiac events occur in patients in which
inducible ischemia has not been detected. A guideline-
directed selection of patients to refer to SPECT-MPI is es-
sential to increase test diagnostic accuracy and the benefit
of testing.

It is currently assumed that the relationship be-
tween atherosclerosis, degree of coronary artery stenosis,
and ischemia is dynamic across levels of lesions sever-
ity and influenced by plaque stability and microvascular
and endothelial dysfunction. Consequently, alternative ap-
proaches that combine anatomical and functional studies
in sequence or during the same session have been devel-
oped, including CT for CAC scoring +/– SPECT MPI in
the initial evaluation of patients with low-to-intermediate
PTP of CAD, or fusion SPECT/CCTA imaging to define
the ischemic burden of coronary lesions, detect multives-
sel disease or follow-up patients after CABG surgery. The
synergistic performance of CAC or CCTA and SPECTMPI
has demonstrated excellent diagnostic accuracy and out-
come prediction of CAD. Finally, CZT technology applied
to SPECT allows assessment of quantitative flow indices
similar to those provided by PET studies, further support-
ing the value of SPECT MPI in the multimodality imaging
era.
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