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Abstract
Purpose of Review The most pertinent clinical question in post-coronary computed tomography angiography (CCTA) patients is
the assessment of the physiological significance of an anatomically identified stenosis. The clinical application of radionuclide
MPI using single-photon emission computed tomography (SPECT) versus positron emission tomography (PET) in the evalua-
tion and management of patients with an inconclusive CCTA is reviewed using a case-based approach.
Recent Findings Recent evidence suggests that CCTA is the most sensitive non-invasive test to exclude angiographic CAD and
may be an effective first-line test especially among symptomatic low-intermediate risk patients. However, in the presence of
angiographic atherosclerosis, its specificity and positive predictive value for identifying flow-limiting stenosis are modest.
Summary Radionuclide myocardial perfusion imaging offers accurate quantitative assessment of myocardial ischemia, which
helps with risk stratification and patient management especially the potential need for revascularization. Routine accurate
quantifications of myocardial blood flow and flow reserve are major advantages of PET MPI, which are especially useful when
used in patients at intermediate-high clinical risk.
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Abbreviations
MPI Myocardial perfusion imaging
CAD Coronary artery disease
SPECT Single-photon emission computed tomography
PET Positron emission tomography

CCTA Coronary computed tomography angiography
MBF Myocardial blood flow
MFR Myocardial flow reserve
HTN Hypertension
HLD Hyperlipidemia
DM Diabetes mellitus
ER Emergency department
ECG Electrocardiogram
hs-TnT High-sensitivity troponin T
LCx Left circumflex
LAD Left anterior descending
RI Ramus intermedius
METs Metabolic equivalents
APMHR Age-predicted maximal heart rate
BP Blood pressure
ICA Invasive coronary angiogram
LV Left ventricular
RV Right ventricular
CMD Coronary microvascular dysfunction
CTO Chronic total occlusion
PCI Percutaneous coronary intervention
RCA Right coronary artery
CABG Coronary artery bypass grafting

This article is part of the Topical Collection on Nuclear Cardiology

* Marcelo F. Di Carli
mdicarli@bwh.harvard.edu

Vasvi Singh
vsingh7@bwh.harvard.edu

Current Cardiology Reports (2020) 22: 43
https://doi.org/10.1007/s11886-020-01287-0

1 Cardiovascular Imaging Program, Departments of Radiology and
Medicine, Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA, USA

2 Division of Nuclear Medicine and Molecular Imaging, Department
of Radiology, Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA, USA

3 Division of Cardiovascular Medicine, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, USA

4 Brigham and Women’s Hospital, 75 Francis St, ASB-L1 037C,
Boston, MA 02115, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11886-020-01287-0&domain=pdf
mailto:mdicarli@bwh.harvard.edu


CKD Chronic kidney disease
LM Left main
LIMA Left internal mammary artery
SVG Saphenous venous graft
RPDA Right posterior descending artery
RPLV Right posterolateral vessel
Afib Atrial fibrillation
ETT Exercise treadmill test
CV Cardioversion
PHTN Pulmonary hypertension
FFR Fractional flow reserve

Introduction

radiotracer to identify a transient regional perfusion deficit in
a myocardial region subtended by a coronary artery with a
flow-limiting stenosis. Consequently, diagnostic sensitivity
of radionuclide MPI depends largely on the relationship be-
tween coronary blood flow and radiotracer uptake.
Radiotracers with a more linear relationship between coronary
blood flow and myocardial retention are typically associated
with a higher sensitivity for detecting flow-limiting stenosis.
PET myocardial perfusion tracers have a more favorable
(more linear) relationship between coronary blood flow and
myocardial retention than those for SPECT imaging [2•],
thereby increasing sensitivity and decreasing false-negative
scans.

Routine Attenuation Correction Routine-measured (depth in-
dependent) attenuation correction with PET decreases false
positives and, thus, increases specificity. Attenuation correc-
tion is also available for SPECT, but only used in the minority
of clinical scans.

Quantitative MBF Myocardial blood flow (in mL/min/g of
myocardium) and myocardial flow reserve (MFR) are mea-
sured routinely by post-processing of myocardial perfusion
PET images [3]. These measurements integrate the fluid-
dynamic effects of focal epicardial coronary stenosis and dif-
fuse atherosclerosis, as well as microvascular dysfunction on
myocardial perfusion, thereby providing a sensitive measure
of myocardial ischemia [4]. As discussed below, these mea-
surements of MFR have important diagnostic [5–9] and prog-
nostic [10–16] implications in the evaluation andmanagement
[14, 17] of the patients with known or suspected CAD.

Combination with Exercise This is a routine for SPECT imag-
ing. The ultrashort physical half-live of PET radiotracers
makes a combination with exercise much more challenging.
As discussed below, this is important in some clinical scenar-
ios and may determine the choice of imaging technique.

Table 1 Important differences between SPECT and PET myocardial
perfusion imaging

SPECT PET

Accuracy of perfusion tracers + +++

Routine AC + +++

Quantitative MBF + +++

Combination with exercise +++ +

Exam length 1–3 h 25–90 min

Availability +++ +

Cost ++ +++

Radiation dosimetry 3–11 mSv 1.5–4 mSv

AC, attenuation correction; MBF, myocardial blood flow
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Over the last 10 years, CCTA has emerged as a powerful test
for diagnosis of coronary artery disease (CAD) and recent
evidence suggests that it may be an effective first-line test
especially among symptomatic low-intermediate risk patients
[1]. Current evidence suggests that CCTA is the most sensi-
tive non-invasive test to exclude angiographic CAD.
However, in the presence of angiographic atherosclerosis, its
specificity and positive predictive value for identifying flow-
limiting stenosis are modest [1]. Consequently, assessing the
physiological significance of angiographically identified ste-
noses is an important clinical question after CCTA.

Radionuclide myocardial perfusion imaging (MPI) has
consistently remained one of the most widely used modalities
for the diagnosis of hemodynamically significant CAD. The
strengths of radionuclide MPI include its wide availability,
accurate and reproducible quantification of myocardial ische-
mia, and robust risk stratification. The emergence of positron
emission tomography now offers the unique ability to quantify
regional and global myocardial blood flow (MBF, in mL/min/
g of myocardial tissue) and calculate myocardial flow reserve
(ratio of stress MBF over that at rest). As discussed below,
recent evidence suggests that quantitative PET is a powerful
tool for diagnosing flow-limiting CAD, evaluate prognosis
and guide selection of patients for revascularization.

In this review, we will use a case-based approach to discuss
common clinical scenarios for the use of radionuclide MPI.
The presentation will include a discussion of the relative
merits of SPECT and PET MPI in each clinical scenario.

Technical Considerations and Clinical
Significance of Radionuclide MPI

Table 1 summarizes important technical differences between
SPECT and PET myocardial perfusion imaging.

Accuracy of Perfusion Tracers The basic principle of radionu-
clide MPI for detecting CAD is based on the ability of a



Exam Length Given the ultrashort half-live of PET radio-
tracers, imaging protocols are typically shorter than those for
SPECT imaging.

Availability and Cost The production of currently FDA-
approved PET radiotracers requires an on-site generator
(82Rubidium) or a medical cyclotron (13N-ammonia), thereby
increasing the cost for availability of PET imaging compared
with SPECT.

Radiation Dosimetry The use of ultrashort lived radiotracers
with PET MPI is associated with a more favorable radiation
dose to patients compared with SPECT MPI.

Patient-Centered Clinical Applications
of Radionuclide MPI After Coronary CTA

Evaluation of Patients with Intermediate Stenosis on
CCTA

Case Vignette # 1

The patient was a 57-year-old female with long-standing hy-
pertension, hyperlipidemia, type 2 diabetes mellitus, and cur-
rent smoker who presented with moderate intensity, intermit-
tent chest pain that started an hour prior to her arrival to the
emergency department. In the emergency department, she was
chest pain free. A rest ECG demonstrated normal sinus
rhythm with non-specific T wave changes. Serial high-
sensitivity troponin T (hs-TnT)was negative. She was referred
for a CCTA for evaluation of CAD.

The CCTA images (Fig. 1A) demonstrated a large amount
of noncalcified plaque in the mid left circumflex (LCx) artery
causing moderate stenosis (50–69%). In addition, there was a
moderate amount of predominantly noncalcified plaque in the
mid left anterior descending (LAD) artery causing mild steno-
sis (25–49%), and a small amount of predominantly calcified
plaque in the distal ramus intermedius artery causing minimal
stenosis (1–24%). In order to determine the hemodynamic
significance of the intermediate plaques, especially in the
mid LCx, an exercise MPI SPECT study was requested. The
patient exercised for 7 mins of a Bruce protocol (8.5metabolic
equivalents [METs]), reaching 90% of age-predicted maximal
heart rate (APMHR) with an appropriate blood pressure re-
sponse to exercise. The ECG response to exercise was nega-
tive for ischemia. Regional myocardial perfusion and global
systolic function were normal (Fig. 1B). The patient was
discharged home after counseling for lifestyle modifications
and continuation of statin therapy. Shortly thereafter, she had
an invasive coronary angiogram (ICA) for recurrent chest pain
that confirmed non-obstructive CAD (Fig. 1C).

Evaluation of Patients with Chest Pain and Extensive
Coronary Calcifications on Cardiac CT

Case Vignette # 2

The patient was a 63-year-old female with hypertension, type
2 diabetes mellitus, and dyslipidemia who presented with
atypical chest pain. A recent non-contrast cardiac CT scan
demonstrated a coronary artery calcium score of 750. She
was referred for a regadenosonMPI PET/CTstudy to evaluate
for CAD. The PETMPI images demonstrated normal regional
myocardial perfusion (Fig. 2 upper left) and global systolic
function. Extensive coronary artery calcifications were again
seen on her transmission CT images especially involving the
left main and left anterior descending coronary arteries (Fig. 2
upper right). The quantitative myocardial blood flow and flow
reserve values were normal (Fig. 2 lower left), indicating no
evidence of flow-limiting CAD or coronary microvascular
dysfunction (CMD) as a cause for her chest pain.
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This case illustrates the clinical challenges in choosing the
right test for intermediate-high risk patients presenting with
chest pain, especially in the setting of cardiometabolic disease.
Data from the COroNary CT Angiography Evaluation For
Clinical Outcomes: An InteRnational Multicenter Registry
(CONFIRM) [18] and the Screening For Asymptomatic
Obstructive Coronary Artery Disease Among High-Risk
Diabetic Patients Using CT Angiography, Following Core
64 (faCTor-64) [19] showed that approximately 70% of pa-
tients with diabetes demonstrate evidence of angiographic ath-
erosclerosis on CCTA. The demonstration of angiographical-
ly obstructive plaque by CCTA, as in case vignette 1, usually
triggers additional investigations to determine the physiologic
significance of those plaques. This patient had no clinical or
scintigraphic evidence of stress-induced ischemia at a high
cardiac workload. The referral to invasive coronary angiogra-
phy in the setting of recurrent chest pain confirmed the ab-
sence of angiographically obstructive CAD.

A recent meta-analysis of four randomized controlled trials
(RCT) comparing CCTA versus stress testing for triage of
acute chest pain in the emergency department showed that
the use of CCTA in this setting is associated with decreased
emergency department’s cost and length of stay but an in-
creased rate of ICA and subsequent revascularization [20].
In these four RCTs, there were no deaths and no difference
in the incidence of myocardial infarction, post-discharge ED
visits, or rehospitalizations between the CCTA and stress test-
ing strategies. All four studies reported decreased length of
stay with CCTA while three reported cost savings.
Compared with stress testing, CCTA was associated with a
36% and 81% relative increase in the likelihood of referral to
ICA and revascularization, respectively.



This case illustrates the incremental value of quantitative
PET myocardial perfusion imaging in the setting of extensive
evidence of coronary atherosclerosis by cardiac CT. Recent
meta-analyses [21, 22] and a prospective European multicen-
ter study (Evaluation of Integrated CAD Imaging in Ischemic
Heart Disease - EVINCI) [23] suggest that PET MPI is one of
the most accurate non-invasive techniques for detecting ob-
structive angiographic stenosis. Furthermore, a recent meta-
analysis using fractional flow reserve (FFR) rather than per-
cent angiographic stenosis as gold standard for flow-limiting
CAD demonstrated higher sensitivity, specificity, and

negative and positive predictive values for PET over SPECT
MPI [24].

As outlined above, a unique advantage of PETover SPECT
is that it allows routine quantification of myocardial blood flow
and flow reserve. These quantitative measures of myocardial
perfusion improve the sensitivity and negative predictive value
of PET for ruling out high-risk angiographic CAD [5–9]. In
fact, the results of the Prospective Comparison of Cardiac PET/
CT, SPECT/CT Perfusion Imaging and CT Coronary
Angiography With Invasive Coronary Angiography
(PACIFIC) study confirmed the superiority of quantitative

Fig. 1 Coronary computed
tomography angiography
(CCTA), SPECT myocardial
perfusion, and invasive coronary
angiographic images in a patient
with atypical chest pain. (A) The
CCTA shows a large amount of
noncalcified plaque in the mid
portion of the left circumflex
(LCx) artery causing moderate
stenosis (50–69%) (red circle).
(B) The stress and rest myocardial
perfusion images demonstrate
normal regional myocardial
perfusion. (C) The ICA images
demonstrate non-obstructive
CAD

43 Page 4 of 10 Curr Cardiol Rep (2020) 22: 43



PET MPI for detection of flow-limiting CAD [25], including
the combination of CCTAwith CTFFR [26•]. In symptomatic
patients without documentation of angiographic stenosis, quan-
titative myocardial blood flow and flow reserve provide incre-
mental information that helps exclude or establish the diagnosis
of CMD as the potential source of patients’ symptoms, which is
especially important in a high risk patient with cardiometabolic
disease like in case vignette #2 [27, 28]. The normal flow
reserve also helps place this patient with diabetes at low clinical
risk [12]. In summary, in patients at intermediate-high clinical
risk with extensive coronary calcifications, the availability of
quantitativeMBF information improves certainty regarding the
presence or absence of flow-limiting CAD and helps exclude
coronary microvascular dysfunction.

Evaluation of Patients with Known CAD and
Abnormal CCTA

Case Vignette # 3

The patient was a 78-year-old man with a history of ST seg-
ment elevation myocardial infarction/ventricular fibrillation
status post-percutaneous coronary intervention (PCI) with a
bare metal stent in 1996, who presented to the office with
recent onset dyspnea on exertion. A CCTA (Fig. 3) was nota-
ble for extensive calcified coronary plaque in all major epicar-
dial coronary arteries, a complete occlusion of the proximal
LAD stent (red circle), and severe luminal narrowing of the
right and left circumflex coronary arteries. He underwent a

main and LAD coronary arteries (red circle). Lower left panel:
Quantitative PET data demonstrating normal regional and global MBF
and flow reserve. Normal stress MBF > 1.8 mL/min/g, and normal flow
reserve > 2

Fig. 3 Coronary computed
tomography angiography
(CCTA) images in a symptomatic
patient with known CAD. The
CCTA images demonstrate
extensive calcified coronary
plaque, complete luminal
occlusion of the proximal LAD
stent, along with severe luminal
narrowing of the RCA and LCx.
The red circle shows complete
occlusion of the proximal LAD
stent
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Fig. 2 Myocardial perfusion PET and non-contrast CT images in a
patient with atypical angina. Upper left panel: Regadenoson stress and
rest myocardial perfusion PET images demonstrating normal regional
myocardial perfusion. Upper right panel: CT transmission images
demonstrating extensive and dense coronary artery calcium in the left



Fig. 4 Myocardial perfusion PET images in a patient with known CAD.
Upper left panel: Regadenoson stress and rest myocardial perfusion PET
images demonstrate transient ischemic dilatation and a large and severe
area of stress-induced ischemia throughout the anterior and anteroseptal
walls and the LVapex. Upper right panel: Polar maps demonstrate a large

reversible perfusion defect, indicating ischemia, throughout the LAD
territory. Lower left panel: Quantitative PET data demonstrating
severely reduced regional and global MBF and flow reserve. Normal
stress MBF > 1.8 mL/min/g, and normal flow reserve > 2

Fig. 5 Baseline, peak stress, and recovery 12-lead ECGs in a patient with atrial fibrillation undergoing exercise treadmill testing. The rest ECG is notable
for atrial fibrillation. At peak exercise, there is 1.5 horizontal ST segment depression in infero-lateral leads, which resolves 1 min into the recovery
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regadenoson MPI PET/CT study that demonstrated transient
ischemic dilatation during stress, extensive and severe stress-
induced ischemia throughout the anterior, anteroseptal, and
LV apex (Fig. 4 upper left), which on quantitative analysis
involved 46% of the LAD territory (Fig. 4 upper right). On
quantitative blood flow analysis, there was severe diffuse and
severe reduction in stress myocardial blood flow and flow
reserve in all major coronary artery territories, consistent with
multivessel myocardial ischemia (Fig. 4 lower left). Global
LV systolic function was normal. ICA demonstrated a total
occlusion of the LAD coronary artery and extensive non-
obstructive atherosclerosis of the right and left circumflex cor-
onary arteries. The patient was referred for intervention of the
chronic total occlusion of the LAD coronary artery.

This case illustrates the role of stress imaging in patients
with severe CAD. The PET scan identified extensive and se-
vere myocardial ischemia in the territory of the LAD chronic
total occlusion, which helped guide the decision to intervene
in this symptomatic patient [29]. In light of the ICA findings,
the severe diffuse reduction in stress myocardial blood flow
and flow reserve in the left circumflex and right coronary
territories is consistent with the presence of diffuse atheroscle-
rosis and coronary microvascular dysfunction. Indeed, diffuse
non-obstructive atherosclerosis in the epicardial coronary ar-
teries is commonly found in over two-thirds of symptomatic
patients with CMD [27, 30, 31, 32]. The presence of diffuse
atherosclerosis increases coronary artery resistance even in the
absence of focally obstructive stenosis [33] resulting in a base-

Fig. 6 Coronary computed tomography angiography (CCTA) and
SPECT myocardial perfusion images in a patient with equivocal stress
testing and atrial fibrillation. (A) The CCTA demonstrated an anomalous
course of a long left main artery arising from the right sinus of Valsalva
with a subpulmonic course. The yellow arrows are showing the course of

the right and left coronary arteries. There was no plaque or stenosis. (B)
The exercise-stress and rest SPECT myocardial perfusion images
demonstrate normal regional myocardial perfusion. Stress-U, stress
upright images; Stress-S, stress supine images
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to-apical longitudinal pressure gradient that affects myocardi-
al tissue perfusion [34] and contributes to myocardial ische-
mia and symptoms. This may help to explain the presence of
ischemic symptoms in patients without obstructive stenosis on
coronary angiography [35–39].

Evaluation of Patients with Anomalous Coronary
Arteries on CCTA

Case Vignette # 4

The patient was a 65-year-old female with a history of atrial
fibrillation first detected in May 2018, a history of hypothy-
roidism and gastroesophageal reflux disease. An exercise
treadmill test (ETT) at the time was equivocal due to ECG
changes at peak exercise that resolved 1 min into recovery
(Fig. 5). She exercised for 9 min of standard Bruce protocol
(10.1 METs), reaching 160 beats per minute (103% of age-
predicted maximal heart rate) with a blunted blood pressure
response. The test was terminated for dyspnea and
lightheadedness. She underwent successful cardioversion.
However, she had recurrent atrial fibrillation 6 months later,
prompting transesophageal echocardiogram-guided repeat
cardioversion that proved only transiently successful. She then
underwent gated cardiac CT for pulmonary vein mapping pri-
or to ablation of atrial fibrillation. Incidentally, the CCTA
(Fig. 6A) revealed an anomalous left coronary artery arising
from the right coronary sinus with a subpulmonic, not intra-
mural, course. There was no plaque or stenosis noted in the
coronary CTA. She underwent exercise SPECT myocardial
perfusion imaging, which showed normal myocardial perfu-
sion and systolic function (Fig. 6B).

This case illustrates the role of radionuclideMPI to exclude
objective evidence of ischemia in a patient with anomalous
left coronary artery arising from the right sinus of Valsalva.
Like in case vignette 4, most coronary anomalies are discov-
ered as incidental findings on coronary CTA [40, 41]. The left
coronary artery did not have any of the described malignant
characteristics including an intramural course or slit-like long
proximal narrowing [40, 41]. However, she did have an equiv-
ocal ETT study. Given the absence of angiographic high risk
features, the normal exercise SPECT myocardial perfusion
study was not unexpected. However, it was clinically
reassuring. In cases where stress imaging is performed, it is
important to use exercise (as opposed to pharmacologic) stress
testing in an attempt to uncover phasic stenosis of the inter-
arterial coronary segment [42].

Conclusions

It is likely that the expanded use of coronary CT angiography
as a first-line test for CAD, as advocated by the NICE

guidelines, will increase the need of stress imaging.
Radionuclide myocardial perfusion imaging offers accurate
quantitative assessment of myocardial ischemia, which helps
with risk stratification and patient management especially the
potential need for revascularization. SPECTand PET myocar-
dial perfusion imaging have strengths and weaknesses that
should be considered when selecting a test. Routine accurate
quantifications of myocardial blood flow and flow reserve are
major advantages of PET MPI, which are especially useful
when used in patients at intermediate-high clinical risk.
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