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Abstract

Purpose of Review Despite single-photon emission computerized tomography (SPECT) being the most used nuclear imag-
ing technique for diagnosis of coronary artery disease (CAD), many now consider positron emission tomography (PET) as
a superior modality. This review will focus on the advances of cardiac PET in recent years and its advantages compared to
SPECT in diagnosis and prognosis of CAD.

Recent Findings PET’s higher resolution and enhanced diagnostic accuracy, as well as lower radiation exposure, all help
explain the rationale for its wider spread and use. PET also allows for measurement of myocardial blood flow (MBF) and
myocardial flow reserve (MFR), which aids in several different clinical scenarios, such as diagnosing multivessel disease or
identifying non-responders. PET has also been shown to be useful in diagnosing CAD in various specific populations, such

as patients with prior COVID-19 infection, cardiac transplant, and other comorbidities.
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Introduction

Heart disease remains the number one cause of mortality in
the USA according to data from 2019, with ischemic heart
disease (IHD) accounting for more than 12% of all deaths
in the USA [1]. Incidence remains high with studies show-
ing that more than one-third of middle-aged adults in the
USA are expected to develop coronary artery disease (CAD)
throughout their lifetime [2]. With the availability of effec-
tive medical and interventional management approaches,
the choice of optimal imaging modality to diagnose CAD,
even before clinical manifestation, becomes a crucial step
in the care of patients. Up until now, single photon emis-
sion computed tomography (SPECT) myocardial perfusion
imaging (MPI) continues to be the most used nuclear imag-
ing modality for CAD assessment. However, use of positron
emission tomography (PET) has recently been increasing
due to its superior utility and accuracy. Similar to SPECT,
PET is a nuclear imaging technique that employs radionu-
clide tracers to produce images using an external detector
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system. It allows qualitative interpretation of MPI, as well
as quantitative measurements of myocardial blood flow, in
both absolute and relative terms. These features make it a
unique tool to assist in diagnosis and prognosis of patients
with suspected ischemic coronary disease. In fact, among
non-invasive cardiac imaging modalities, PET has seen
the largest increase in use among Medicare beneficiaries
with an increase of 146% between 2010 and 2019, while
SPECT has decreased by 36% in that same period [3, 4].
This review aims to explain the advantages that PET holds
over SPECT. It also presents evidence of PET superiority
in different groups of patients with suspected or confirmed
ischemic heart disease.

Advantages of Cardiac PET vs SPECT
High Resolution

In imaging, there are two types of resolutions, both consid-
ered equally important when assessing an imaging modal-
ity. Spatial resolution denotes the ability to differentiate
two adjacent objects as being distinct from one another. On
the other hand, temporal resolution refers to the time gap
between adjacent images, similar to the shutter speed on
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a camera [5]. PET provides a substantial advantage over
SPECT with regard to both these parameters. PET has a
spatial resolution of 2 to 3 mm as opposed to SPECT which
has a spatial resolution of 6 to 8 mm. This is in part due
improved image resolution and electronics in PET vs SPECT
machines. [6, 7] PET also has better temporal resolution
as it can register events faster than SPECT, and the gantry
in PET is stationary, compared to that in SPECT which is
rotational. Temporal resolution is also closely related to the
sensitivity of the imaging system, which confers PET an
advantage [8, 9].

Low Radiation Dose

One of the pitfalls of nuclear imaging is radiation exposure.
The as-low-as-reasonably-achievable principle has been
widely accepted as mainstay when it comes to procedures
requiring ionizing radiation. The radiotracers used in PET
(Rubidium-82 or *’N-Ammonia) have a photon energy of
511 keV versus those used in SPECT whose energy is 80 to
140 keV, which leads to lower requirements of radiotracer
injection in PET [6]. The PET radiotracers also have a
shorter half-life than those used in SPECT, which leads to a
shorter study time and less radiation exposure. A study by
Desiderio et al. in 2018 found that the average PET myocar-
dial perfusion imaging (MPI) radiation exposure was 3.7
(3.2-4.1) mSyv per study, as opposed to the average SPECT
MPI radiation exposure which was 12.8 (12.2-14.3) mSv
[8]. This is reduced even further as newer digital PET cam-
eras allow for usage of lower doses of radiotracers (rou-
tine Sub-milliSievert PET scans can be performed among
patients with BMI < 30 kg/m?) [9].

High Diagnostic Accuracy

Diagnostic yield is often summarized using accuracy, sen-
sitivity, and specificity, making them important parameters
when evaluating an imaging modality. Several studies have
assessed this by comparing PET and SPECT, specifically
in the setting of coronary artery disease. One such study of
224 patients who received either SPECT technetium-99 m
sestamibi or 112 PET rubidium-82 MPI electrocardiogra-
phy (ECG)-gated rest/pharmacologic stress found diagnos-
tic accuracy to be higher in PET for both stenosis severity
thresholds of 70% and 50% [10]. Multiple other studies
directly comparing the accuracy of PET vs SPECT in diag-
nosing coronary artery disease all favor the former [11, 12].
The PACIFIC I study that looked at patients with no known
CAD showed that PET exhibited the highest accuracy for
diagnosis of myocardial ischemia when compared to other
non-invasive modalities [13]. The PACIFIC II study on the
other hand looked at patients with known CAD and showed
that PET had better sensitivity for detection of ischemia [9].
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In addition, two systematic reviews and meta-analyses also
found PET MPI demonstrated higher sensitivity in detecting
coronary artery disease as compared to SPECT MPI [14].
Similar results were shown in studies targeting special popu-
lations, such as in a study by Vidula et al. that showed PET
to be more accurate than SPECT at detecting obstructive
CAD in patients with left bundle branch block (LBBB) or
ventricular-paced rhythm (VPR) [15].

Assessment of True Peak EF

One major advantage of PET over SPECT MPI is the abil-
ity to measure the ejection fraction during peak stress. This
is not possible in SPECT as the study is usually done 15
to 45 min after inducing cardiac stress [4]. Peak EF, there-
fore, allows derivation of left ventricular ejection fraction
(LVEEF) reserve, which is the difference between peak EF
and rest EF. Several studies have assessed the utility of
LVEEF reserve, most notable one by Dorbala et al. in 2009
[16]. In this study, 1432 consecutive patients undergoing
gated rest/vasodilator stress rubidium-82 PET were followed
up over time and assessed for outcomes, which included
cardiac events (CE) and all-cause mortality. Results showed
that patients with LVEF reserve < 0% had higher annualized
rates of both CE (2.1% vs 5.3%, p<0.001) and all-cause
death (4.3% vs 9.2%, p <0.001) as compared with patients
with LVEF reserve >0%. In addition, Cox analysis showed
that LVEF reserve can provide valuable independent and
incremental value to studies using RB-82 in predicting risk
of future cardiac events [16]. However, the only PET radi-
otracer for which data is available for regarding peak EF is
Rubidium-82.

Quantification of MBF

Perhaps the most significant aspect of PET is its ability to
quantify myocardial blood flow (MBF) in absolute units (ml/
min/g). Measurements are made at rest and peak stress, after
which calculation of the myocardial flow reserve (MFR) can
be made. MFR constitutes the ratio of MBF during maxi-
mal stress over rest and therefore represents the reserve of
coronary circulation [14]. These parameters allow us to
better categorize patients with CAD, such as in a study by
Ziadi et al., where MFR was shown to be an independent
predictor of triple coronary vessel disease in patients with
known CAD [17]. MBF and MFR also play an important
role in diagnosing microvascular disease in the absence of
obstructive coronary lesions. This was assessed in a study
by Geltman et al., in which patients with chest pain and
angiographically normal coronaries, as well as normal par-
ticipants, underwent PET perfusion studies. Results showed
that about 50% of patients in the chest pain group had perfu-
sion abnormalities on PET [18]. Finally, some studies show
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that MFR can play an important role in predicting outcomes
in patients with suspected or known CAD. One such study
involving 3534 patients with known or suspected CAD and
clinically indicated PET MPI showed that MFR <2 was
significantly associated with their primary outcome (which
was composite of all-cause death, myocardial infarction, and
percutaneous intervention or coronary artery bypass graft
that occurs > 90 days after PET imaging) [19, 20]. MFR can
even help in determining which patients will benefit from
therapy, as was showed in the large study by Patel et al.,
involving 12,594 patients undergoing 82-Rb rest/stress PET
MPIL. Results showed that patients with MFR < 1.8 exhibited
survival benefit with early revascularization, regardless of
level of ischemia or type of revascularization [21].

Clinical Scenarios
PET in Patients with Suboptimal SPECT

Despite the multiple advantages that PET holds over SPECT,
the latter remains the most used modality, partly due to the
abundance of machines available compared to its counter-
part. Therefore, it is necessary to consider the usefulness
of PET in patients who have already received SPECT. The
PACIFIC trial is the largest study to date in which the same
patients received CCTA, PET, and SPECT. Results showed
PET to have the highest diagnostic accuracy (85%; 95% ClI,
80-90%) in detecting hemodynamically significant stenosis in
at least one coronary artery [13]. A similar study was done on
a smaller group of patients (N=27) with suspected CAD that
first received SPECT followed by PET as a confirmatory test.
It found both image quality and interpretive confidence to be
higher with PET, as well as interpretive confidence and inter-
reader agreement [22]. Therefore, there appears to be value
in PET in patients with previous suboptimal or inconclusive
SPECT findings for ischemic disease in different patient popu-
lations, such as in morbidly obese patients [23, 24].

MBF Identifying Multivessel Disease

In addition to their role in diagnosing CAD, MBF and
MER can also help differentiate between high and low risk
patients. High-risk CAD includes 2 vessel disease includ-
ing proximal LAD, 3-vessel disease, or left main disease
(=50%) [25]. Identifying these patients by non-invasive test-
ing is crucial as it can help the clinician decide on the best
next step (pharmacological treatment vs invasive testing).
In a study by Naya et al., MFR was shown to possess a high
negative predictive value for ruling out high-risk CAD on
angiography. However, abnormal MFR values were not able
to distinguish between severe obstructive epicardial stenosis
and other types of coronary disease (diffuse, nonobstructive

epicardial, microvascular dysfunction) [26]. Other studies
also showed MFR to be an independent predictor of 3-ves-
sel disease in patients with known or suspected CAD [17].
Therefore, there is evidence for the use of MBF and MFR
to assist in stratifying CAD patients into high-risk and low-
risk groups.

MBF Identifying Balanced Ischemia

Although a normal perfusion study by PET usually signifies
absence of physiologically significant coronary artery nar-
rowing, it is important to remember that it is based on rela-
tive tracer uptake. Therefore, if there is reduction of blood
flow in all three territories, such as in left main or triple-
vessel disease, perfusion study can appear as falsely nega-
tive. This phenomenon is referred to as “balanced ischemia”
(Fig. 1) [27]. A study from the Netherlands that included
patients who had undergone cardiac SPECT between 2006
and 2010 found that 17% of patients had balanced ischemia
(normal MPI and significant CAD due to triple-vessel or left
main disease), demonstrating that its prevalence is signifi-
cant [28]. Since MBF is an absolute, rather than a relative,
measure, it can unmask ischemia in these patients. This is
demonstrated by a study from Finland, in which 286 symp-
tomatic patients with previous computed tomography angi-
ography (CTA) underwent 15-O water PET MPI. Among
those found to have a reduced absolute quantified MBF in all
three territories (triple-vessel or left main disease), 28% had
normal relative MPI values. These patients likely have bal-
anced ischemia and would have been missed if only assessed
by relative MPL.

MBF Identifying Non-responders

One of the most used vasodilators for MPI imaging is adeno-
sine, mostly due to its rapid onset of action, short half-life,
and good safety profile. Achieving maximal vasodilation is
crucial to obtain accurate MFR measurements, and there-
fore, failure to achieve it might lead to false-negative results
[20]. Although changes in vital signs (such as blood pressure
and heart rate) were once thought to be good predictors to
assess the effectiveness of vasodilator stress, studies have
shown that they fail to do so [29]. MBF can potentially play
a role in helping unmask coronary disease in these patients.
Flow is expected to increase after adenosine administra-
tion, and therefore, the absence of or smaller than expected
change in MBF, coupled with absence of change in vital
signs, might be an indicator of unresponsiveness. Another
indicator that has been used to assess response is splenic
switch-off (SSO) sign, which refers to a visible decrease
in splenic signal intensity during stress as compared to
rest. It is hypothesized that sympathetic vasoconstriction
occurs after vasodilator-induced hypotension, which leads
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Stress

Rest

Fig.1 A 53-year-old male with hypertension and dyslipidemia
presented with chest pain with exertion. PET relative perfusion
imaging showed no defect. a The ejection fraction was 45% at rest
and increased to 51% at stress. However, the total coronary artery
calcium scoring was 3558, with calcifications noted in the LAD,
LCx, and RCA. The global myocardial flow reserve was borderline
(2.1), primarily because of reduced stress flow (1.14 ml/g/min). b
Balanced ischemia was suspected, and the patient was referred

to reduced splenic blood flow [30]. Most studies have been
done using dipyridamole or adenosine, but new data sug-
gests that this may also be seen using regadenoson [31].

INOCA

Ischemic heart disease with no obstructed coronary arteries
(INOCA) has become a common and recognized disease.
These are a subset of patients who usually present with
signs and symptoms suggestive of ischemia, but upon coro-
nary angiography, are found to have no obstructive lesions
(>50%). Not only is INOCA prevalent, but it is also asso-
ciated with increase in cardiac outcomes, such as MI and
mortality [32]. Cardiac PET is considered one of the most
reliable non-invasive imaging modalities to help with diag-
nosis of INOCA, particularly due to its ability to measure
MBF and evaluate MFR [33].
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b  LVBlood Flow and Reserve

Coronary Territory Stress (ml/g/min) Rest (ml/g/min) Reserve
Left Anterior D di 1.18 0.49 243
Left Circumflex 1.19 0.64 1.87
Right Coronary 1.06 0.58 1.83
% of LV 1.14 0.54 2.1
LV Function Findings and Interpretation

Stress Rest
|Ejection Fraction 0.51 0.45

|ED Volume, EDV Index
IES Volume, ESV Index
Calcium Score

194ml, 75.9 ml/m2 187 ml, 73.2 mI/m2
96ml, 37.6 mi/m2 102 ml, 39.9 mi/m2

Volume atson Score
Left Main 0.0 mm3 0
Left Anterior D ding 1546.4 mm3 2005
Left Circumflex 395.2 mm3 493
Right Coronary 880.1 mm3 1060
Total 2821.7 mm3 3558

for Invasive angiography, which showed multivessel disease with
obstructive stenosis in the distal LM, proximal-to-mid LAD, prox-
imal-to-mid LCx, and mid-RCA (red arrows). The patient sub-
sequently underwent triple vessel CABG (LIMA to LAD, SVG to
PDA, and SVG to OM). ¢ On a recent follow-up visit 1.5 years from
CABG, the patient continued his guideline-directed therapy, experi-
enced no incident cardiovascular events, and reported no symptoms

Special Population
Post-COVID

Coronary microvascular dysfunction (CMD) refers to struc-
tural and functional abnormalities that occur in the coronary
microvasculature. Several mechanisms are thought to be
involved in the pathophysiology of CMD including inflam-
mation, coronary vasospasm, and impaired vasodilation [29].

SARS-COV-2 infection has been shown to potentially
lead to cardiovascular injury [34]. In fact, it has been
linked to coronary disease, arrhythmias, heart failure,
and hyper-coagulation [35-38]. Considering the high
prevalence of ischemic heart disease in the world, many
studies have focused on the cardiovascular involve-
ment of SARS-COV-2 infection. Most recently, one
study looked at 101 patients with clinically indicated
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cardiac PET scans who previously contracted COVID-
19 (matched to 292 controls with no COVID-19 infec-
tion). A higher proportion of cases had a MFR <2 (58%
vs 28%; p <0.001), which can indicate the presence of
coronary microvascular dysfunction likely related to
endothelial dysfunction [39]. Other studies performed
on smaller sample sizes have been published since then
and have shown similar results [40]. Therefore, it appears
COVID-19 can lead to exacerbation of previously exist-
ing or development of new coronary microvascular dis-
ease, and PET imaging may play an important role in
managing high-risk COVID-19 patients.

Heart Transplant

Cardiac allograft vasculopathy (CAV) remains one of the
major limiting factors in the long-term success of cardiac
transplantation [41]. Although invasive angiography with
intravascular ultrasound is currently considered the gold
standard for detecting CAYV, it is quite costly and possesses
an increased risk of complications. Angiography is also
considered suboptimal when detecting non-obstructive and
microvascular disease [42]. Therefore, cardiac PET has
been investigated as a potential non-invasive alternative
diagnostic modality. PET was shown to have significant
correlation with invasive coronary flow indices (r=0.28,
relative flow reserve versus fractional flow reserve) [43].
Studies assessing diagnostic accuracy have found that
PET derived MBF and MFR possess independent value in
diagnosing CAV and predicting clinical outcomes such as
adverse cardiovascular events or mortality in heart trans-
plant patients [44-47]. A recent study by Clerkin et al.
showed microvascular CAV (MFR <2.0 and no epicardial
CAV detected by PET or angiography) to be independently
associated with increased mortality or the need for re-
transplantation [48].

Diabetic Patients

Diabetes is a complex metabolic disorder associated with
an increased risk of cardiovascular disease, especially
coronary artery disease [49]. Therefore, early detec-
tion of CAD is crucial for patient outcomes. PET MPI
is currently considered as the optimal modality to diag-
nose patients with suspected CAD. However, evidence
suggests that diabetic patients are more likely to first
develop coronary microvascular dysfunction [50]. There-
fore, PET-derived MBF and MFR may help in identify-
ing such cases and further stratify them based on risk
of future adverse events. One large single-center study
with a total of 2783 consecutive patients assessed MFR
and clinical outcomes in diabetic patients vs controls.
Results showed that among patients with an impaired

MFR (defined as MFR below the median), those with
prior CAD had similar event rates to those without prior
CAD. Therefore, detecting an impaired MFR was more
predictive of adverse cardiovascular events than the
presence or absence of known CAD, primarily due to
the presence of microvascular dysfunction [51]. Simi-
larly, among patients with a preserved MFR, there was
no statistically significant difference in event rates
between diabetics and non-diabetics. Another study on
902 patients also found that MFR <2 was an independ-
ent predictor of cardiac events in diabetic patients [52].
However, contrary to the previous study, patients with
diabetes and preserved MFR had similar cardiac event
rates as those without diabetes and an impaired MFR.
Further studies are needed to assess whether targeting
early diabetic treatment that improves MFR would lead
to improved clinical outcomes.

Target Population

From a clinician’s point of view, it is essential to know
who are the patients that will benefit the most from a car-
diac PET. Dilsizian et al. shed some clarity on this in the
2016 PET guidelines in the Journal of Nuclear Cardiol-
ogy. PET utility is optimal for patients with no known
history of heart disease that are presenting with symptoms
suggestive of CAD. PET-MPI is also helpful in patients
with known CAD and for which we would like to have
a more thorough physiological assessment. Cardiac PET
is also a useful tool for evaluation of patients with sus-
pected multivessel disease or microvascular dysfunction
(abnormal SPECT with normal angiography). In addition,
cardiac PET plays an important role in diagnosing CAV
in cardiac transplant patients. However, there is a subset
of patients in which the use of MBF/MFR needs further
evaluation. These include patients post coronary artery
bypass graft (CABG), who might have a diffuse reduction
in MBF despite patent grafts. Similarly, in patients with
severe left ventricular dysfunction, severe advanced renal
disease, or large transmural infarcts, the added value of
MEFR is not clear [48].

Limitation of Cardiac PET

Despite all the advantages it possesses, cardiac PET is not
the most used imaging modality for assessing suspected
ischemic heart disease. One reason for that is due to the
limited number of available PET machines. In fact, there are
only about 300 centers that offer cardiac PET in the USA.
Another cause for limited PET use is its cost when compared
to its counterparts.
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Conclusion

Cardiac PET has become an invaluable tool in the diagnosis
and management of ischemic heart disease. The complimen-
tary information gained from relative myocardial perfusion
paired with quantification of atherosclerotic burden enables
accurate diagnosis at lower radiation dose as compared with
SPECT. Furthermore, a unique feature of PET is its ability to
quantify blood flow at the level of the coronary microvascu-
lature. This translates into an improved diagnostic and prog-
nostic accuracy in several unique clinical scenarios where
other imaging modalities would fall short.
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