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Chest pain, a common symptom in cardiovascular care, often leads to the investigation of obstructive coronary
artery disease (CAD). However, many patients experience chest pain without obstructive CAD, termed INOCA
(Ischemia with Non-Obstructive Coronary Arteries) or CMD (Coronary Microvascular Dysfunction). INOCA can
be attributed to endothelial dysfunction, vascular smooth muscle dysfunction, or both, affecting about 20-30 %

of patients with nonobstructive CAD. The diagnostic approach for INOCA includes both invasive and non-
invasive methods, with cardiac PET (Positron Emission Tomography) playing a significant role in risk stratifi-
cation and management. PET evaluates various parameters like myocardial blood flow under stress and rest,
myocardial flow reserve, and myocardial ischemia. Such comprehensive assessment is essential in accurately
diagnosing and managing INOCA, considering the complexity of this condition.

1. Introduction

Chest pain continues to be a common presenting symptom in car-
diovascular care. [1] While obstructive coronary artery disease (CAD) is
the primary cardiac concern, many patients continue to experience chest
pain despite no obstructive epicardial coronary disease. This condition
was initially labeled as “syndrome X" and most recently referred to as
Ischemia with Non-Obstructive Coronary Arteries (INOCA) or Coronary
Microvascular Dysfunction (CMD) [2]. INOCA can be due to endothelial
dysfunction, vascular smooth muscle dysfunction, or a combination of
both [3]. It is estimated that approximately 20 % to 30 % of patients
with nonobstructive CAD demonstrate ischemia (Figure). Increased
coronary vasoreactivity (vasospasm), typically occurring in approxi-
mately 20-25 % of cases, affects primarily the epicardial arteries and to
a lesser extent the microvasculature. [4] Intracoronary acetylcholine
provocation testing primarily assesses epicardial vasospasm but cannot
rule out coexisting microvascular spasm. However, there is new evi-
dence suggesting that the introduction of a second acetylcholine chal-
lenge following intracoronary nitroglycerin administration can diagnose
underlying microvascular spasm. [5,6] Mechanistically, there is an
overlap between increased microvascular coronary vasoreactivity and
decreased epicardial vascular smooth muscle relaxation, contributing to
the complexity of CMD [5] (Figs. 1 and 2).

Multiple invasive and non-invasive tools are available for the
assessment and workup of patients with suspected INOCA. Invasive
coronary reactivity testing assesses vasospasm, as well as both non-
endothelial-dependent, and endothelium-dependent microvascular
reactivity. [4] Apart from diagnosis, these parameters also have prog-
nostic implications. For instance, the Women's Ischemia Syndrome
Evaluation (WISE) study, sponsored by the National Institutes of Health-
NHLBI, discovered that impaired coronary flow reserve (defined as
<2.32) in women without obstructive CAD was associated with an
elevated risk of major CAD events during a 10-year follow-up period. [7]
Furthermore, among women without obstructive CAD, epicardial
vasoconstriction was significantly linked to a higher rate of hospitali-
zation for angina. [8]

Invasive coronary assessment carries with it inherent risks and there
is emerging evidence that non-invasive assessment is also useful. The
current ACC AHA guidelines notes that there is compelling prognostic
evidence supporting the valuable contribution of Positron Emission
Tomography Myocardial Blood Flow Reserve (PET MFR) techniques in
the assessment and management of INOCA. [9] Cardiac PET plays a
pivotal role in the non-invasive evaluation and management of patients
with INOCA. Despite experiencing symptoms indicative of ischemia,
conventional angiography reveals no apparent stenosis in the coronary
arteries, leaving healthcare professionals and patients uncertain of the
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diagnosis. In this context, positron emission tomography emerges as a
powerful tool, offering invaluable insights into myocardial blood flow
(MBF) and myocardial flow reserve (MFR), shedding light on both the
underlying pathophysiology, and potentially guiding crucial treatment
decisions.

In recent decades, there has been a notable surge in the utilization of
PET myocardial perfusion imaging (PET MPI). [1,10] When performing
PET MPI, various aspects can be evaluated, including relative perfusion,
absolute MBF under both stress and rest conditions, MFR, left ventric-
ular ejection fraction, transient ischemic dilatation, and the presence/
burden of coronary artery calcium. [11,12] This comprehensive
assessment is typically completed within a concise timeframe of
approximately 20 min. Each of these parameters offer valuable insights
that enhance the precision to evaluate and manage patients with sus-
pected INOCA. [13,14] It is also important to note that PET is associated
with very low radiation dose exposure (1-3 mSiv).

2. Radiotracers

In the USA, two primary radiotracers are used, 13 N-ammonia and
82Rubidium in PET MPIL. It is worth noting that 150-water, while vali-
dated against radioactive microspheres in animal models, remains un-
approved by the FDA for clinical use in the US, but is clinically used in
Europe for assessment of MBF. 150-water stands out due to its inert and
freely diffusible nature, resulting in a linear correlation with MBF and
near-perfect initial tissue extraction, establishing it as the gold standard
for MBF evaluation against which novel radiotracers are validated. [15]
Nevertheless, its practicality is limited due to dependence on an onsite
cyclotron, and a short half-life of 2.09 min. In contrast, 13 N-ammonia
and 82Rubidium exhibit non-linear MBF profiles with varying retention
fractions. While 13 N-ammonia offers excellent image quality and allows
for comprehensive ischemia evaluation, its reliance on cyclotron
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availability remains a barrier for widespread use. On the other hand,
82Rubidium, a generator-produced tracer, mirrors the diagnostic accu-
racy of 13 N-ammonia and allows for a short turnaround time between
rest and stress due to its ultra-short half-life of 76 s. However, it sacri-
fices some spatial resolution compared to ammonia due to its longer
positron range. [11,13]

Flurpiridaz is a new PET radiotracer which is currently being
reviewed by the FDA. It is specifically designed to enhance myocardial
perfusion imaging. Compared to traditional SPECT imaging, Flurpiridaz
PET offers several advantages. These include higher spatial resolution,
shorter imaging durations, and the ability to accurately quantify
myocardial blood flow, leading to potentially more accurate diagnoses
and better patient management. The Phase-III trial was a large-scale,
multicenter study conducted across the US, Canada, and Finland. It
involved 795 participants and aimed to compare the diagnostic efficacy
of Flurpiridaz PET with technetium-99 m-labeled SPECT imaging.
[16,17] Flurpiridaz PET demonstrated a higher sensitivity in detecting
coronary artery disease, particularly in demographics traditionally
considered challenging for cardiac imaging, such as women, patients
with obesity, and those undergoing pharmacological stress testing. The
trial also highlighted the superior image quality of Flurpiridaz PET,
which translated into greater diagnostic certainty. This aspect is
particularly crucial in complex clinical scenarios where traditional im-
aging modalities might yield inconclusive results, such as the case with
INOCA. [18,19] The introduction of Flurpiridaz PET into clinical prac-
tice could significantly enhance access to PET as the long half-life of
Flurpiridaz (109.8 min) allows for shipment and transportation to
various PET centers akin to technetium-99 m SPECT. [20]
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Fig. 1. 58-year-old female patient with obesity, hypercholesterolemia and hypertension presenting with chest pain. Nonspecific resting EKG changes. The patient
underwent PET myocardial perfusion imaging which was normal on the relative perfusion imaging (A). There was a 10 % drop in ejection fraction and severely
reduced myocardial blood flow reserve as well as hyperemic myocardial blood flow. Coronary CT angiography (B) and FFR CT (C) confirmed no evidence of
epicardial coronary artery disease. Patient was started on nitrates as well as high intensity statin with significant improvement in her symptoms.
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3. Different roles of PET in INOCA
3.1. Detection of myocardial ischemia

Since the hallmark of INOCA is the presence of ischemia, an accurate
diagnosis is essential as a first step. Cardiac PET can assess relative
myocardial perfusion and blood flow. Multiple studies have shown that
cardiac PET has the highest diagnostic accuracy in the assessment of
ischemia compared to other modalities. [11,21,22]. Overall, PET MPI
has an average 90 % sensitivity for detecting at least one coronary artery
with >50 % stenosis, with an average specificity of 89 %. This yields a
positive and negative predictive value of 94 % and 73 %, respectively,
with a diagnostic accuracy of 90 %. Importantly, the sensitivity of PET
MPI to diagnose obstructive CAD detection remains high in single versus
multi-vessel disease, in obese individuals, and in both men and women.
[23] It is worth noting, however, that most of the available accuracy
data pertains to older generation PET scanners equipped with radionu-
clide attenuation correction and using pharmacologic (vasodilator)
stress rather than exercise.

3.2. Measurement of myocardial blood flow reserve (MFR)

Cardiac PET can also measure MFR, which is an important parameter
in INOCA evaluation. Reduced MFR is often seen in INOCA patients,
indicating impaired microvascular function [24]. Depending on the
stress protocol used, MFR measurement can assess endothelial-
dependent and endothelial-independent function. Cardiac PET can
quantify MFR and help diagnose microvascular dysfunction. This is a
routine part of the cardiac PET perfusion test and does not require
additional radiation exposure. Individuals at the highest risk of experi-
encing coronary microvascular dysfunction include women and those
with conditions such as hypertension, diabetes, obesity and insulin
resistance [25] as well as patients with long COVID [26-28]. Studies
utilizing cardiac PET show that PET-derived MFR can aid in identifying
cases of microvascular angina by identifying low MFR. Demonstration of
normal or non-obstructive atherosclerosis with anatomic imaging is
often needed to confirm the diagnosis (Fig. 1).

It is also important to note that the hallmark of INOCA on cardiac
PET that the inability to vasodilate with reduced hyperemic myocardial
blood flow. These patients tend to have reduced stress MBF irrespective
of the resting blood flow.

American Heart Journal Plus: Cardiology Research and Practice 43 (2024) 100399
3.3. Differentiation from other causes

Cardiac PET can help differentiate INOCA from other cardiac or non-
cardiac conditions that may mimic anginal symptoms. It can provide
valuable information to rule out alternative causes of chest pain. With
the use of CT attenuation correction, cardiac PET allows for diagnosis of
important incidental findings in the lungs and mediastinum, such as
hiatal hernias or lung malignancies. [29]

3.4. When to refer patients for PET for INOCA assessment

The guidelines from the American College of Cardiology (ACC) and
the American Heart Association (AHA) (9) recommend considering PET
with myocardial blood flow assessment for patients with stable chest
pain who exhibit multiple cardiovascular risk factors such as diabetes,
hypertension, left ventricular hypertrophy, slow coronary flow on
angiography, or infiltrative heart diseases in whom INOCA is suspected.
Cardiac PET is especially useful for evaluating these patients after
obstructive epicardial coronary disease has been ruled out through
anatomical testing. (figure) The current guidelines suggest that non
invasive approach can be utilized in lie of invasive assessment of
microvascular dysfunction. Currently, in the United States, only few
centers perform routine invasive assessment of microvascular dysfunc-
tion and the assessment of INCOA and CMD is mostly based on non
invasive testing by PET myocardial perfusion imaging and blood flow
assessment. Non invasive imaging does not adequately assess angina due
to coronary spasm and most often this is diagnosed via a therapeutic trial
of calcium channel blockers or nitrates.

For patients who show no signs of ischemia and who have a normal
myocardial blood flow reserve as measured by PET, the risk of cardio-
vascular events is generally considered low. These findings suggest
absence of significant microvascular dysfunction. In addition, patients
with ischemia and low flow reserve meet the diagnostic criteria for CMD
and INOCA.

Conversely, patients who do not have ischemia but have reduced
myocardial blood flow reserve, there is a strong indication of coronary
microvascular dysfunction. This condition necessitates specific and
targeted treatment approach, often includes medical therapy tailored to
improve microvascular health and function. Managing CMD is critical as
it has been linked to an increased risk of major adverse cardiovascular
events and can significantly impair quality of life.

Incorporating cardiac PET into the diagnostic pathway for selected
patient populations enriches clinical decision-making by providing

Stable Chest Pain Patients

Normal or non obstructive
atherosclerosis on anatomical
studies

PET for Ischemia and
Blood Flow Reserve Assessment

Ischemia

Normal Perfusion

Flow Reserve>2 Flow Reserve>2

Normal Perfusion Ischemia

Flow Reserve<2 Flow Reserve<2

Normal | | INOCA |

| CMD | | INOCA +CMD

Fig. 2. Diagnositic Algorthim for INOCA using PET in patients with stable chest pain and no obstructive disease on anatomical studies. Abbreviations: PET: positron
emission tomography, INOCA: ischemia without obstructive coronary artery disease. CMD: coronary microvascular dysfunction.
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insights into coronary and microvascular circulation. This is particularly
crucial for patients who continue to experience symptoms despite hav-
ing no significant epicardial coronary stenosis on traditional imaging
modalities. It guides the implementation of personalized medical in-
terventions that are more likely to improve patient outcomes.

Thus, cardiac PET is not only a tool for diagnosing ischemia but also
an essential tool for assessing coronary microvascular health, making it
an invaluable asset in the management of complex cardiac cases. Cli-
nicians should consider cardiac PET for patients fitting the described
profiles (stable chest patients, multiple co morbidities and no obstruc-
tive CAD) to ensure a thorough evaluation and to guide subsequent
management strategies effectively. This approach aligns with current
guidelines and best practices, aiming to optimize care for patients with
potential microvascular involvement in their cardiac symptoms (Fig. 2).

3.5. Risk stratification of INOCA patients

Cardiac PET can help risk-stratify INOCA patients by identifying
those at higher risk for adverse cardiovascular events. Cardiac PET can
also guide treatment decisions and help optimize patient care.

While conventional PET MPI is a cornerstone in CAD management,
its potential extends beyond simply separating low- and high-risk pa-
tients. In INOCA, cardiac PET unveils areas of the heart with inadequate
blood flow despite patent epicardial vessels. MFR, with its remarkable
consistency across diverse analytical methods, makes it a reliable
prognostic tool. In addition to MFR, hyperemic MBF may be of clinical
value, but needs further testing, as its sensitivity to methodological
choices necessitates stricter standardization within tracers and systems.
This consistency is crucial in INOCA, where subtle variations in blood
flow can hold significant prognostic value [30].

Multiple studies have confirmed the prognostic value of PET MFR.
The results are consistent across radiotracer and different PET systems.
There is a clear association between impaired MFR (<2) and risk of
adverse cardiac events, independent of traditional risk factors and PET
perfusion parameters. [31] This underscores the incremental prognostic
value of PET MFR, especially in guiding management decisions in
INOCA patients. Furthermore, a recent meta-analysis focused on the role
of PET MPI (particularly MFR) and risk of adverse events. Examining
over 46,000 patients with known or suspected CAD, the study revealed a
strong association between impaired MFR (of which INOCA represents
an important subset) and an increased risk of future cardiovascular
events. [24] This finding provides robust evidence for the potential of
PET MPI to not only diagnose INOCA but also stratify risk and poten-
tially guide treatment decisions.

Navigating the INOCA treatment landscape requires a multifaceted
approach that recognizes the limitations of each measure, incorporates
standardized methodologies, and embraces cutting-edge technology like
digital PET. While MBF and MFR offer valuable insights, it is crucial to
consider them in conjunction with other clinical factors and imaging
findings.

3.6. Monitoring treatment response

INOCA management remains a clinical challenge. While traditional
therapies targeting large arteries have shown limited efficacy in
addressing INOCA, exciting new avenues are emerging, offering a
glimmer of hope for individuals affected by this condition. Traditionally,
treatment for INCOA is focused on managing major risk factors like
obesity, hypertension, high cholesterol, and diabetes. However, these
approaches often fall short in directly addressing microvascular abnor-
malities. Furthermore, medications like nitrates and beta-blockers,
while beneficial in some cases, can sometimes worsen MVD due to
their vasodilatory effects.

New novel therapeutics are currently being studied in clinical trials
and include Nitric oxide (NO) donors, mitochondrial targeting therapies,
anti-inflammatory agents, stem cell therapy and targeted gene therapy.
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Myocardial blood flow reserve (MFR) can indeed be targeted thera-
peutically in managing patients with INOCA. Studies are currently
exploring how coronary microvascular function can be influenced
before and after the initiation of newer therapies, such as advanced
lipid-lowering agents, and in patients undergoing weight reduction
surgeries. It is hypothesized that improving the risk factor profile could
enhance microvascular function. PET MFR is being used to assess the
effectiveness of these treatment strategies aimed at improving micro-
vascular function in INOCA patients. It allows for serial evaluations to
track changes in MFR and myocardial perfusion over time and correlate
that with symptom improvement. The outcomes of these studies are
expected to provide deeper insights into this crucial aspect of cardio-
vascular health.

These interventions primarily focus on addressing the underlying
endothelial dysfunction, a pivotal factor in the development of CMD.
This approach not only underscores the importance of precise and
individualized patient care but also highlights the potential of targeted
therapies to significantly impact clinical outcomes in patients with CMD.

Thus, targeting MFR involves using specific pharmacological thera-
pies that can modify endothelial health and function, thereby potentially
improving MFR and patient outcomes. This approach is in line with the
broader goals of precision medicine, aiming to tailor therapy based on
individual physiological characteristics and needs.

3.7. Words of caution

When assessing possible INOCA using cardiac PET, it is imperative to
adhere to well-established protocols to ensure accuracy and reproduc-
ibility of the results. Several key considerations should be meticulously
addressed to guarantee the quality of the assessment.

First, the proper timing of radiotracer injection is paramount. Precise
adherence to timing protocols ensures that the assessment captures the
desired physiological responses accurately. Any deviation from these
protocols may compromise the validity of the findings [32].

Furthermore, technical nuances must be considered, as they can lead
to abnormal measurements of MBF. For instance, the ingestion of
caffeine prior to the study can significantly affect MBF and should not be
misinterpreted as indicative of INOCA. It is essential to be aware of such
confounding factors to avoid misdiagnosis. Splenic switch-off has
emerged as a potential tool for confirming an adequate response to
vasodilator stress, further enhancing the reliability of the assessment.
[33]

Additionally, elevated resting blood flow, often associated with high
resting blood pressure, can obscure the detection of reduced flow
reserve. While this has prognostic significance, it can affect the diag-
nostic accuracy of PET myocardial blood flow. [32] Therefore, a
comprehensive evaluation, including both hyperemic flow and flow
reserve, is essential for precise INOCA assessment.

Finally, motion artifacts can also make blood flow measurements
inaccurate and appropriate motion correction is often needed to ensure
that the MFR measurement is accurate. [34,35]

However, it is also crucial to keep in mind that reduced MFR is not
exclusive to INOCA and can also occur in patients with diffuse
obstructive epicardial disease. [36] Consequently, ruling out obstructive
epicardial coronary artery disease is imperative before establishing a
definitive INOCA diagnosis. [14]

4. Conclusion

In summary, cardiac PET plays a significant role in risk stratification
and management of INOCA patients. PET evaluates various parameters
like myocardial blood flow under stress and rest, myocardial flow
reserve, and myocardial ischemia. Such comprehensive assessment is
essential in accurately diagnosing and managing INOCA, predicting
outcomes and following responses to therapy considering the
complexity of this condition. By shedding light on the underlying
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pathophysiology, stratifying risk, and potentially guiding treatment
decisions, PET MPI has the potential to significantly improve patient
outcomes and quality of life for this unique and often perplexing pop-
ulation. However, further research and ongoing dialogue are crucial to
optimize the role of PET imaging in INOCA management and ensure
accurate diagnosis, effective risk stratification, and ultimately,
improved clinical outcomes for these patients.
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