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Abstract

Invasive coronary angiography reveals non-obstructive coronary artery disease in approximately 60% of patients. Meanwhile, up to two-
thirds of these individuals have coronary microvascular dysfunction (CMD), which often explains their symptoms. CMD is a clinically
important condition that affects women with chronic coronary syndrome much more often than men. In these patients, impaired myocar-
dial flow reserve (MFR) is a reliable predictor of adverse clinical outcomes, even in the absence of visible perfusion defects. Positron
emission tomography (PET) enables quantification of myocardial blood flow (MBF) and MFR, both of which play critical roles in the
diagnosis of CMD, support accurate risk stratification, and may be useful for monitoring treatment response. Emerging radiotracers, such
as '8F-flurpiridaz, offer favorable pharmacokinetics and practical logistical benefits, thereby improving clinical access to PET imaging.
Parallel advances, including artificial intelligence-powered analytical tools and total-body PET, are expected to enhance reproducibility
and efficiency, further integrating myocardial flow assessment into routine clinical workflows. As technology and evidence continue to
evolve, PET-based MBF quantification is likely to become an essential tool in precision cardiovascular care, effectively closing the gap
between physiology and clinical decision-making. This narrative review aims to provide an overview of coronary microvascular patho-
physiology and the most up-to-date evidence regarding the use of PET-derived MBF quantification in the diagnosis and management of
patients with CMD.
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1. Introduction ischemia by impairing the normal increase in myocardial
blood flow (MBF) that occurs when transitioning from rest

to stress [13,14,15].

Epidemiologically, INOCA and CMD exhibit strik-
ing sex disparities, with women accounting for 60%-70%
of all INOCA cases and experiencing a 2—3-fold higher
prevalence of CMD compared to men, particularly after
menopause [3]. The burden of CMD extends far beyond
primary INOCA, as it impacts an estimated 50%—60% of
patients with type 2 diabetes, 40%—-50% of those with long-
standing hypertension, and up to 80% of patients with hy-
pertrophic cardiomyopathy [16,17]. Long-term prognostic
data indicate that patients with confirmed CMD have a 1.5—
2.5-fold increased risk of 5-year MACE incidence, includ-
ing myocardial infarction, heart failure-related hospitaliza-
tion, and cardiovascular death, with annual mortality rates
approaching 3% in high-risk subgroups [7].

Chest pain in patients without obstructive coronary
artery disease (CAD), particularly in women, has long been
recognized as a clinical challenge that continues to impose
substantial economic, social, and healthcare costs [1,2]. In
a large cohort study of symptomatic patients undergoing
invasive coronary angiography (CAG) for suspected ob-
structive CAD, over half of them were found to have no
obstructive CAD [3]. This patient population, defined as
having ischemia with no obstructive coronary artery disease
(INOCA) [4], experiences elevated morbidity and mortal-
ity, reduced quality of life [5], and a higher risk of major
adverse cardiovascular event (MACE) incidence [6,7,8,9].
INOCA patients present with heterogeneous clinical fea-
tures and multiple underlying causes. However, consistent
evidence from multiple studies has identified coronary mi-
crovascular dysfunction (CMD) as the functional cause of

angina in 50%-65% of these individuals [10,11,12]. At
the mechanistic level, several pathogenetic mechanisms
are thought to give rise to CMD, including impaired ar-
teriolar vasodilation, inflammation driven by cardiovascu-
lar risk factors, vascular smooth muscle hypersensitivity,
and thrombosis. These abnormalities collectively cause

While single-photon emission computed tomography
(SPECT) has long been the mainstay of myocardial perfu-
sion imaging (MPI), it only enables the evaluation of rel-
ative changes in regional myocardial perfusion, whereas
it is relatively inaccurate as a means of diagnosing global
MBF impairment, particularly in patients with multives-
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sel or microvascular disease [18,19]. Although the rela-
tively recent introduction of dedicated cardiac cameras fit-
ted with Cadmium-Zinc-Telluride (CZT) detectors has al-
lowed for the calculation of absolute MBF and myocardial
flow reserve (MFR) estimates using dynamic MPI [20,21],
in recent decades, positron emission tomography (PET) has
emerged as the gold-standard noninvasive method for si-
multaneously measuring absolute MBF (in mL/g/min) and
the corresponding MFR (defined as stress MBF divided by
rest MBF). PET also provides higher spatial resolution and
reliable attenuation correction [22]. Importantly, the clin-
ically meaningful prognostic value of MBF quantification
has been consistently confirmed across diverse patient pop-
ulations, both with and without obstructive CAD. This find-
ing has helped reduce unnecessary CAG procedures in clin-
ical surveillance protocols [23,24,25]. As PET technology
becomes increasingly more widely used for MPI and MBF
quantification, this has also significantly increased clinical
awareness of microvascular angina.

This narrative review aims to provide a comprehen-
sive overview of the technical aspects of PET-based MBF
quantification and the pathophysiology of CMD, while also
exploring the increasingly central role of PET imaging in
the diagnosis and risk stratification of patients with CMD.
We also highlight key knowledge gaps and outline future
research directions in this rapidly evolving field.

2. Clinical Expression and Classification of
Coronary Microvascular Dysfunction

Patients with CMD may experience typical exertional
angina (retrosternal oppressive chest pain), atypical symp-
toms, or angina equivalents such as dyspnea on exertion
or reduced exercise tolerance [26]. Microvascular angina
(MVA), a clinical manifestation of myocardial ischemia in
patients without flow-limiting CAD, often occurs during
exercise but can also persist or predominate in the post-
exercise recovery phase as the mismatch between myocar-
dial oxygen supply and demand continues [27]. MVA may
also present with atypical symptoms, such as prolonged ret-
rosternal discomfort at rest or stabbing chest pain of vari-
able duration. While both men and women experience sim-
ilar signs and symptoms of MVA, it is more common in
women, especially after menopause [28]. As nitrates pri-
marily dilate large coronary arteries but have a fairly min-
imal impact on small arterioles, less marked symptomatic
relief is generally achieved in patients with MVA as com-
pared to those with obstructive CAD. Notably, in patients
with myocardial bridging, nitrate therapy may paradoxi-
cally worsen systolic vessel compression and potentially in-
crease anginal symptoms.

In 2007, Camici and Crea [29] proposed a clini-
cal setting-based approach to CMD classification, defining
four major subtypes of this condition. Type I CMD oc-
curs in patients without obstructive CAD or myocardial dis-
ease, and is linked to conventional cardiovascular risk fac-

tors, including smoking, hypertension, diabetes, and dys-
lipidemia. Type 2 CMD is considered secondary to un-
derlying myocardial diseases, including hypertrophic car-
diomyopathy, dilated cardiomyopathy, aortic stenosis, and
infiltrative heart disease. Type 3 CMD occurs in patients
affected by obstructive CAD, including both those with
stable CAD and those impacted by acute coronary syn-
dromes. Notably, the ORBITA trial recently demonstrated
that approximately 50% of patients continue to experience
stable angina symptoms despite successful percutaneous
coronary intervention (PCI) of hemodynamically signifi-
cant epicardial lesions [30], and a substantial proportion of
these individuals have underlying microvascular dysfunc-
tion [31]. Type 4 CMD cases are instances of iatrogenic
CMD caused by distal embolization during coronary percu-
taneous revascularization procedures [29]. After successful
revascularization, this subtype of CMD may present with
delayed myocardial flow normalization that can persist for
several weeks, with this delay being an independent predic-
tor of MACE incidence [32]. Given that CMD can occur
across a spectrum of clinical settings, ranging from mini-
mal or absent atherosclerosis to both obstructive and non-
obstructive CAD, Taqueti and Di Carli [33] proposed a sim-
pler three-category classification framework acknowledg-
ing the overlapping clinical presentations and pathophysi-
ological mechanisms of CMD across these different con-
texts, while also emphasizing the important prognostic in-
teraction between CMD and CAD. The three categories
proposed under this system are as follows: (1) CMD with-
out CAD, (2) CMD with non-obstructive CAD, and (3)
CMD with obstructive CAD [33]. In addition to highlight-
ing the critical interaction between CMD severity and the
extent of CAD, this system underscores their combined im-
pact on MACE risk.

Uncertainties surrounding the definition of CMD
prompted the Coronary Vasomotion Disorders International
Study Group (COVADIS) to develop standardized diagnos-
tic criteria for these disorders [34]. Based on COVADIS
consensus recommendations compiled during their 2014
and 2015 summits, the diagnosis of CMD requires that in-
dividuals meet the following four criteria: (1) presence of
symptoms suggestive of myocardial ischemia; (2) absence
of obstructive CAD (<50% coronary diameter reduction
and/or fractional flow reserve [FFR] >0.80); (3) objective
evidence of myocardial ischemia; and (4) evidence of im-
paired coronary blood flow (CBF) reserve (Table 1). When
all four criteria are fulfilled, a diagnosis of “definite MVA”
is applied, whereas “suspected MVA” is diagnosed when
criteria (1) and (2) are met, together with either criterion
(3) or (4). Diagnostic testing that directly assesses coro-
nary microvascular function is thus a cornerstone of CMD
diagnosis, and detection of impaired hyperemic MBF or
MFR has become an integral component of MVA diagno-
sis in patients presenting with chest pain. However, it is
important to recognize the limitations of current classifi-
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Table 1. COVADIS clinical criteria for the diagnosis of MVA.

Symptoms suggestive of myocardial ischemia
Effort and/or rest angina

Angina equivalents (i.e., shortness of breath)

Absence of obstructive CAD (<50% coronary diameter reduction and/or fractional flow reserve [FFR] >0.80) by coronary

computed tomography angiography or invasive coronary angiography

Objective evidence of myocardial ischemia

Ischemic ECG changes during an episode of chest pain

Stress-induced chest pain and/or ischemic ECG changes with or without transient/reversible abnormal myocardial perfusion and/or

wall motion abnormality

Evidence of impaired coronary blood flow reserve

Impaired coronary flow reserve (cut-off values from <2.0 to <2.5, depending on methodology)

Coronary microvascular spasm, defined as reproduction of symptoms and ischemic ECG shifts, but no epicardial spasm during

acetylcholine testing

Abnormal coronary microvascular resistance indices (e.g., IMR >25)

Coronary slow-flow phenomenon, defined as TIMI frame count >25

Definitive MVA is only diagnosed if all 4 criteria are present. Suspected MVA is diagnosed if symptoms of ischemia with no obstructive

coronary artery disease are present (criteria 1 and 2), but only objective evidence of myocardial ischemia (criteria 3) or evidence of impaired

coronary blood flow reserve (criteria 4) alone. COVADIS, coronary vasomotion disorders international study group; CAD, coronary

artery disease; MVA, microvascular angina; ECG, electrocardiogram; IMR, index of microcirculatory resistance; TIMI, thrombolysis in

myocardial infarction.

cation systems. The Camici & Crea 4-type and Taqueti
& Di Carli 3-type classifications were developed primar-
ily based on clinical context and anatomical findings and
do not take the quantitative physiological data afforded by
PET into consideration, such that their utility for guiding
targeted therapy based on underlying pathophysiology re-
mains limited. Similarly, while the COVADIS criteria rep-
resent an important step toward standardization, they have
several limitations. Most notably, the fourth criterion (“ev-
idence of impaired coronary blood flow reserve’) does not
specify the approach used to measure flow reserve, nor does
it provide standardized cutoff values for different imaging
modalities. This has contributed to significant variability
in the approach to CMD diagnosis across studies, impeding
efforts to compare results and pool data for meta-analyses.
Additionally, the COVADIS criteria require objective evi-
dence of myocardial ischemia, which can be challenging to
obtain in patients with purely microvascular disease, given
that diffuse, balanced ischemia can be difficult to detect
using standard electrocardiographic and perfusion imaging
techniques.

The existing classification systems for CMD (Camici
& Crea 4-type and Taqueti & Di Carli 3-type) were devel-
oped based on clinical context and anatomical findings, but
do not incorporate the quantitative physiological data pro-
vided by PET. To address this gap, we propose establish-
ing an integrated framework that reconciles these systems
and links each CMD subtype to measurable PET signatures,
prognostic risk, and preferred therapeutic approaches (Ta-
ble 2). This framework addresses a critical limitation of
current classifications by providing clinicians with a direct
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link between pathophysiology, imaging findings, and treat-
ment decisions.

This classification system is particularly valuable
when differentiating between functional and structural
CMD, which are characterized by distinct underlying mech-
anisms and require different treatment approaches. For ex-
ample, patients with isolated functional CMD often have
elevated resting MBF due to increased sympathetic tone,
such that beta-blockers are the most appropriate first-line
therapy. In contrast, patients with structural CMD have im-
paired vasodilatory reserve due to vascular remodeling and
therefore attain greater benefit from therapies that improve
endothelial function and vascular structure.

3. Pathophysiology of Coronary
Microvascular Dysfunction

The coronary arteries are divided into two distinct
anatomical compartments: epicardial segments and the
coronary microcirculation (Fig. 1). The latter consists of
pre-arterioles, arterioles, and capillaries [35]. Pre-arterioles
range from 100 to 500 pm in diameter and primarily func-
tion to maintain perfusion pressure in downstream arteri-
oles through endothelium-dependent vasodilatory mecha-
nisms. An increase in pre-arteriolar CBF triggers vasodi-
lation, whereas reduced flow causes vasoconstriction. Ar-
terioles measure less than 100 pm in diameter and func-
tion by directly matching myocardial blood supply to my-
ocardial oxygen demand. The collective actions of pre-
arterioles and arterioles serve as the primary means of regu-
lating coronary vascular resistance, which maintains stable
CBF. They achieve this regulation by appropriately modu-
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Table 2. Integrated clinical-PET classification of CMD.

Integrated CMD Core clinical features PET quantitative signature Prognostic risk  Preferred first-line therapy
subtype
Isolated functional Younger patients, anxi- Normal minimal microvascular re- Low- Beta-blockers, ivabradine,
CMD (no CAD) ety, hypertension, tachy- sistance (MMR), elevated rest MBF intermediate metabolic modulators

cardia (>0.8 mL/g/min), MFR 1.8-2.5
Isolated  structural Older patients, long- Elevated MMR, normal rest MBF, High ACEI/ARBs, statins, SGLT2
CMD (no CAD) standing hypertension, stress MBF <1.8 mL/g/min, MFR inhibitors

diabetes, HFpEF <2.0
CMD with non- Atherosclerotic risk Mixed pattern: regional stress MBF Intermediate-  Intensive risk factor modifi-

obstructive CAD factors, mild epicardial

plaque
CMD with obstruc- Post-PCI persistent Reduced stress MBF in both stenotic
tive CAD angina, multivessel and non-stenotic territories

disease

ITatrogenic CMD Recent PCI, periprocedu-
ral myocardial injury

weeks

defects with global MFR reduction high

Transient global reduction in stress
MBF, gradual improvement over 4-6

cation + anti-anginal therapy
Very high Guideline-directed medical
therapy + targeted microvas-
cular interventions

Intermediate Antiplatelet therapy, statins,
short-term calcium channel

blockers

CAD, coronary artery disease; CMD, coronary microvascular dysfunction; PET, positron emission tomography; MFR, myocardial flow

reserve; MBF, myocardial blood flow; PCI, percutaneous coronary intervention; HFpEF, heart failure with preserved ejection fraction;

ACEI, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor blockers; SGLT, sodium-glucose linked transporter.

lating the tone of vascular smooth muscle cells (VSMCs) in
response to myocardial oxygen consumption. As the small-
est component of the coronary microvasculature, capillaries
measures ~10 pm in diameter and serve as the primary site
for gas and nutrient exchange. As a disease entity, CMD
encompasses all pathological processes affecting coronary
blood vessels with diameters less than 500 pm, including
vascular wall infiltration, extraluminal compression, sym-
pathetic nerve dysfunction, and abnormal vascular remod-
eling. Despite extensive research, the precise mechanisms
underlying these pathological changes remain incompletely
understood [36]. Importantly, these deleterious processes
are not mutually exclusive and often co-occur, resulting in
a broad spectrum of functional and structural vascular ab-
normalities.

Endothelial dysfunction is a defining feature of CMD,
marked by reduced nitric oxide (NO) bioavailability, in-
creased oxidative stress, and the activation of endothelin-1
signaling and other vasoconstrictive pathways. This func-
tional imbalance is widely regarded as the primary cause of
impaired endothelium-dependent vasodilation and exces-
sive vasoconstriction. Together, these abnormalities reduce
MFR and cause myocardial ischemia, even when epicardial
arteries appear normal on angiography [37].

Recent work has highlighted the heterogeneity that
defines CMD, which consists of two distinct endotypes:
structural CMD (primarily associated with abnormal hyper-
emic MBF) and functional CMD (primarily associated with
abnormal resting MBF). Both endotypes are characterized
by high rates of inducible ischemia and abnormal exercise
responses, but differ in their underlying pathobiological
mechanisms and can be clinically differentiated through the

measurement of minimal microvascular resistance. Struc-
tural CMD is defined by elevated minimal microvascular
resistance, which can result from microvascular structural
changes such as capillary rarefaction or the impairment of
endothelial NO synthase function. These processes, in turn,
result in normal resting CBF but an impaired ability to suffi-
ciently increase CBF in response to stress. In contrast, func-
tional CMD is associated with normal minimal microvas-
cular resistance, with affected patients exhibiting partially
vasodilated vessels at rest, such that they are unable to in-
crease their CBF further during stress [38]. Elevated rest-
ing CBF may arise due to increased myocardial oxygen de-
mand and/or metabolic abnormalities, including arterial hy-
pertension, tachycardia, metabolic syndrome, and obesity
[39]. It remains unclear whether this abnormal resting state
stems from a physiologically appropriate response to ele-
vated myocardial oxygen demand at rest or is attributable
to the abnormal autoregulation of neuronal NO synthase,
which is the enzyme responsible for controlling basal CBF.
From a therapeutic perspective, structural CMD may be
most responsive to interventions that reduce afterload and
improve vascular remodeling, whereas treatments for func-
tional CMD should focus on optimizing basal myocardial
metabolism. In clinical practice, PET-based MBF quantifi-
cation provides a noninvasive approach to distinguishing
between these two endotypes. Structural CMD is charac-
terized by a disproportionate reduction in stress MBF rela-
tive to rest MBF, resulting in a low MFR with normal rest-
ing flow. In contrast, functional CMD typically presents
with a normal or elevated resting MBF and a blunted stress
response, leading to a reduced MFR despite relatively pre-
served absolute stress MBF values.
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Fig. 1. Schematic overview of the coronary arterial system with associated functional and structural indices. Under physiological

conditions, arterioles and capillaries contain the largest fraction of IMBYV, while pre-arterioles and arterioles serve as the primary deter-

minants of coronary vascular resistance. Epicardial coronary arteries contribute negligibly to both total coronary resistance and IMBV.

FFR, fractional flow reserve; IMR, index of microcirculatory resistance; MFR, myocardial flow reserve; IMBYV, intramyocardial blood

volume.

While this structural/functional endotype classifica-
tion scheme provides valuable insight into the heterogene-
ity of CMD, it is important to acknowledge the limitations
of this approach. Prognostic data supporting this classifica-
tion strategy are primarily derived from the Inclusive Inva-
sive Physiological Assessment in Angina Syndromes (IL-
IAS) registry [38], which was a retrospective, multicenter
study with inherent selection bias. Definitely distinguish-
ing between these two endotypes also necessitates the mea-
surement of minimal microvascular resistance, which is not
standardized across centers, and different calculation meth-
ods can yield significantly different results. Furthermore,
while the ILIAS registry found that structural CMD was
associated with a higher risk of MACE compared to func-
tional CMD, this finding has not been independently vali-
dated in other large cohorts. Another important limitation is
that many patients appear to have mixed CMD phenotypes
with features of both structural and functional dysfunction,
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complicating classification efforts. Finally, inflammatory
and thrombotic mechanisms have been estimated to account
for <20% of the overall variability in microvascular func-
tion [40], underscoring significant gaps in our current un-
derstanding of CMD pathophysiology and suggesting that
other, as of yet unidentified, mechanisms play a major role
in the development of this condition.

Structural changes in the coronary microcirculation
include pathological alterations such as arteriolar wall
thickening, perivascular fibrosis, and microvascular rar-
efaction. These changes reduce the luminal cross-sectional
area of vessels and increase minimal vascular resistance.
These structural abnormalities are most commonly ob-
served in patients with systemic hypertension, diabetes mel-
litus, and heart failure with preserved ejection fraction (HF-
PEF), as the reduced vessel compliance and fibrosis evident
in these conditions impair vasodilatory reserve [41]. Physi-
cal narrowing of the intramyocardial arterioles can occur in
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response to extravascular compressive forces. Moreover,
the tight coupling of myocardial oxygen consumption and
CBF can be disrupted in response to impaired metabolic
signaling, potentially leading to CMD in the context of left
ventricular hypertrophy with elevated wall stress and inter-
stitial edema in acute ischemic syndromes [42].

Inflammatory and thrombotic mechanisms also
worsen microvascular dysfunction, much as observed in
obstructive CAD. However, these mechanisms account for
<20% of the variability in microvascular function, with
most cases remaining unexplained [40]. In patients with
acute coronary syndromes, distal microembolization and
leukocyte infiltration cause microvascular obstruction.
This increases infarct size and worsens clinical outcomes,
even with successful epicardial reperfusion [43]. The
inflammatory response also reduces NO bioavailability,
forming a key mechanistic link between atherosclerosis and
microvascular dysfunction. This leads to the impairment of
both endothelium-dependent and endothelium-independent
vasomotor function of the coronary microvasculature,
thereby increasing the risk of myocardial ischemia.

Finally, neurohormonal dysregulation is emerging as
an important modulator of microvascular tone. Sympa-
thetic and parasympathetic nerves regulate microvascular
tone by directly acting on VSMCs or by stimulating en-
dothelial NO release [44]. The exact physiological role
of vagal nerve control over CBF remains unclear. In ex-
perimental settings, intracoronary acetylcholine injection
causes dilation of resistance vessels and a 3- to 4-fold in-
crease in CBF, whereas this response is blunted or causes
epicardial or microvascular coronary spasm in patients with
coronary atherosclerosis [45]. Increased sympathetic activ-
ity, reduced parasympathetic input, and abnormal adrener-
gic receptor signaling can trigger dynamic microvascular
vasoconstriction, which worsens existing structural and en-
dothelial abnormalities [46,47].

4. PET Myocardial Blood Flow
Quantification

4.1 PET Radiotracers

PET-based MBF quantification relies on dynamic
imaging to track tracer kinetics from the arterial blood pool
into myocardial tissue. This technique provides MBF mea-
surements with a high degree of spatial and contrast res-
olution, lower radiation exposure, shorter scan times, and
higher diagnostic accuracy compared to SPECT [48,49].
CZT-SPECT MBF quantification remains challenging due
to nonlinear myocardial tracer uptake, although some at-
tempts at K; parameter estimation have been made [50].

Four commonly used PET tracers have been vali-
dated for MBF quantification: '*N-ammonia ('*N-NH3),
82Rubidium (¥’Rb), 1*O-water (!30-H,0), and the newly
approved '"®F-flurpiridaz (Table 3). The image quality and
kinetic model assumptions associated with each of these
tracers differ with tracer-specific half-life, extraction frac-

tion, and production logistics. '?O-H,O is unique among
these radiotracers in that it is inert and freely diffusible,
such that it exhibits a linear relationship with MBF and
near-complete myocardial extraction, establishing it as the
physiological gold standard for MBF measurement against
which all new radiotracers are validated. Despite these ad-
vantageous properties, its clinical use is largely restricted to
research settings as it necessitates access to an on-site cy-
clotron, has an extremely short half-life (2.04 minutes), and
exhibits high background blood pool activity. These factors
preclude the generation of high-quality relative perfusion
images [51]. While '*N-NHj3 offers a high extraction frac-
tion and excellent image quality, enabling comprehensive
ischemia assessment, the need for on-site cyclotron access
similarly limits its widespread clinical use. Notably, how-
ever, a compact *’N-NHj production system has recently
been developed and validated for clinical PET MPI in hu-
mans, offering a lower-cost alternative to conventional full-
sized on-site cyclotrons [52]. Unlike *O-H,0, which re-
mains metabolically inert and freely diffusible, '>N-NHj is
subject to metabolic trapping.

82Rb has an extremely short half-life of 76 seconds,
which allows for full rest-stress imaging and MBF quan-
tification in less than 30 minutes. Additionally, in high-
volume clinical centers, the 3?Sr-8?Rb generator can be used
efficiently, making ®’Rb a cost-effective choice for busy
practices. Although 3Rb is widely available through gen-
erator systems, its reduced extraction fraction at high flow
rates can lead to the underestimation of MBF if not prop-
erly corrected for [53]. Additionally, the spatial resolution
of 82Rb is slightly lower than that of '*’N-ammonia owing
to its longer positron emission range [54].

8F-flurpiridaz is a novel PET radiotracer specifically
designed to improve myocardial perfusion imaging [55].
8F-flurpiridaz PET provides multiple clinical advantages
compared with conventional SPECT imaging [56], includ-
ing higher spatial resolution, faster imaging times, and the
ability to accurately quantify MBF. These features allow
clinicians to achieve greater diagnostic precision, facilitat-
ing improved patient care. Studies have shown that '®F-
flurpiridaz PET affords greater sensitivity for the detec-
tion of coronary artery disease, especially in patient pop-
ulations that have historically been difficult to image, in-
cluding women, individuals with obesity, and those under-
going pharmacological stress testing. This improved sensi-
tivity is particularly valuable in complex clinical situations
such as CMD, where conventional imaging results are often
inconclusive [57]. Finally, '8F-flurpiridaz exhibits a high
first-pass extraction fraction of ~94% and a longer half-
life of 109.8 minutes, allowing for its integration into exer-
cise stress imaging protocols [58,59]. This longer half-life
also allows for the production of '®F-flurpiridaz at regional
cyclotron facilities followed by its distribution to remote
imaging centers.
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Table 3. Radiotracer characteristics, image acquisition for PET perfusion imaging, MBF quantification.

82Rubidium

I3N-ammonia

8F_flurpiridaz

150-water

Production

Half-life

Extraction fraction®, %
Radiation exposure, mSv
Positron range, mm

Scan duration, min
Dose-2D, mCi

Dose-3D, mCi

Interval between doses, min

Image resolution

Pharmacologic stress imag-
ing protocol

Exercise imaging protocol
Stress MBF cutoff for is-
chemia, mL/g/min

MFR cutoff for ischemia

Uptake mechanism

Advantages

Limitations

82Sr/82Rb generator
76's

~60-65

~0.7

8.6

6

40-60

15-20

10

Lowest (~4—5 mm)
Feasible

Not feasible
1.5-1.8

2.0

Potassium analog, active
transport via Na'/K*'-
ATPase

Not requiring a cyclotron
on site

Low radiation exposure

Significant roll-off at high
flows

Onsite cyclotron
9.96 min

2.53

10-20

15-25

10-15

30

Intermediate-high (~3—4
mm)

Feasible

Feasible but not practical
1.8

2.0
Passive  diffusion +
metabolic trapping by

glutamine synthetase
High myocardial extrac-
tion fraction

Better spatial resolution
than 82Rb
Well-established clinical

reference tracer

Requiring a cyclotron on

site

Low myocardial extraction Short half-life

fraction

Mild flow-dependent sa-

Long positron range limits turation at high MBF (>3

spatial resolution

mL/g/min)
Not compatible with ex-
ercise stress testing

Regional cyclotron
109.8 min

~94

~4.6

1.03

10-20

NA

5

NA

Highest (~2—3 mm)

Feasible

Feasible
1.8-2.0

2.0

Passive diffusion + mito-
chondrial metabolic trap-
ping

Flow-independent high

Onsite cyclotron
2.04 min
~100

~0.4

4.14

5

40

10

7
Intermediate  (~3.5-4.5
mm)

Feasible

Not feasible
2.3

2.5
Free diffusible tracer, no

metabolic retention

High myocardial extraction

extraction fraction (>90%) fraction

Long half-life
Short positron range for
superior image quality

Alterations in the meta-
bolic state of the myocar-
dium may affect its reten-
tion

Accurate measurement of
hyperemic MBF up to 5
mL/g/min

Short scan time and low
radiation dose

Limited application to
facilities with an

on-site cyclotron
Ultra-short half-life

Limited long-term clinical Poor spatial resolution

data

TExtraction fractions are listed for baseline MBF (=1 mL/g/min).

2D, 2-dimensional; 3D, 3-dimensional; MBF, myocardial blood flow; MFR, myocardial flow reserve; NA, not applicable; PET, positron

emission tomography.

To be broadly effective, the myocardial uptake of an
ideal quantitative MPI agent should be linearly proportional
to MBF across a wide range of flow rates. Both >O-H,0
and '"8F-flurpiridaz exhibit this favorable extraction profile.
In contrast, the extraction fraction of 82Rb, and to a lesser
degree 13N-NH;, decreases with increasing flow rates, al-
though both can still be used to accurately measure MBF
across a broad range of flow values by applying appropri-
ate extraction fraction corrections to account for this “roll-
off phenomenon” [60]. Additionally, an ideal tracer should
have high first-pass extraction and minimal recirculation.
For most clinically available radiotracers, two phenomena
are observed with increasing coronary flow: (1) competi-
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tive back-diffusion of tracer into the bloodstream after ini-
tial myocardial uptake, or (2) saturation of the tracer uptake
mechanism [61]. An ideal tracer should exhibit minimal
roll-off in the context of high stress-induced flow rates. It
should also be rapidly cleared from the blood pool and have
kinetics that are not influenced by metabolic changes or the
type of pharmacological stress agent used. Furthermore, an
ideal tracer should exhibit low extracardiac uptake, partic-
ularly in the liver and lungs, given their cardiac proximity.
Finally, an ideal perfusion agent should be safe without sig-
nificant side effects, chemically stable, and cost-effective to
manufacture.
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Table 4. Evidence-based radiotracer selection decision tree.

1. For centers without on-site cyclotron access

First-line: 82Rb for routine clinical cases, due to its low radiation exposure, short scan time, and generator-based availability

Preferred for obese patients or those requiring exercise stress: '8F-flurpiridaz, due to its high spatial resolution and long half-life

2. For centers with on-site cyclotron access

Clinical reference standard: '*N-NHj3, due to its high extraction fraction and well-established clinical validation

Research applications or cases requiring extreme accuracy: '*O-water, due to its linear relationship with MBF across all flow rates

3. Special patient populations

Patients with breast attenuation: '8F-flurpiridaz or >’N-NH3, due to their superior spatial resolution compared to $2Rb

Patients requiring serial monitoring: $2Rb, due to its lowest radiation exposure

Patients with suspected balanced ischemia: 'O-water or '3F-flurpiridaz, due to their minimal roll-off at high flow rates

MBEF, myocardial blood flow.

While previous reviews have compared the technical
characteristics of different PET radiotracers, they have not
provided context-specific guidance for selecting the opti-
mal tracer based on institutional resources and patient char-
acteristics. To address this gap, we propose a practical de-
cision tree for radiotracer selection (Table 4).

4.2 Flow Quantitation Methods

Prior to image acquisition, patients should rest quietly
on the scanner bed for several minutes to prevent artificially
elevated resting MBF. Baseline heart rate and blood pres-
sure should also be documented at this time. Three key
steps are critical to ensure accurate data capture, especially
for the arterial input function. First, the PET scanner should
be started in advance for system preparation before tracer
administration, and rest PET acquisition commences after
tracer injection. Second, data acquisition should be contin-
ued until reaching myocardial tracer equilibrium. Third, a
standardized time interval between pharmacologic stressor
administration and tracer injection should be maintained.
MBF quantification requires dynamic list-mode acquisition
to create time-activity curves (TACs) for both the blood
pool (arterial input function) and myocardium, followed by
kinetic modeling to calculate MBF (mL/g/min) and MFR.
Two primary approaches to modeling are used: compart-
mental modeling, which matches TACs to tracer-specific
kinetic parameters (e.g., K;, K»), and simplified retention
modeling, which relates late-phase myocardial uptake to
integrated blood-pool activity. Simplified retention mod-
els are based on the assumption that tracer washout and
metabolism are negligible during early imaging phases, ob-
viating the need to calculate K; and K;. This simplifica-
tion eliminates the complex curve-fitting process required
to calculate K in compartmental modeling, making this ap-
proach better suited to routine clinical use. PET-based cal-
culation of absolute MBF is achieved with the formula K,
= MBF x extraction fraction. However, varying degrees of
nonlinearity have been observed between K; and MBF at
high flow rates for different tracers [62]. Freely diffusible
tracers such as 1°0-H,O can be accurately modeled using a
single compartment model because they quickly reach equi-

librium between intra- and extravascular spaces, and their
washout constant (K;) directly reflects MBF (Fig. 2).

Several corrections are required during tracer kinetic
modeling using 1- to 3-compartment models and opera-
tional equations to generate absolute MBF values [63,64].
These include corrections for physical decay of positron-
emitting tracers, partial volume effects (which cause un-
derestimation of true myocardial tissue concentrations and
are typically adjusted for by assuming a uniform myocar-
dial wall thickness of 1 cm), and radioactivity spillover
between the left ventricular blood pool and myocardium.
This approach for quantifying MBF with multiple positron-
emitting flow tracers has been validated against gold-
standard microsphere measurements. Additionally, from
the final frame or static image of the PET scan (e.g., af-
ter 600 seconds), the relative distribution of myocardial ra-
diotracer uptake and perfusion can be evaluated visually or
semiquantitatively, other than when using '°0-H, 0, which
relies solely on quantitative blood flow measurements [63].
While visual or semi-quantitative analyses, such as summed
stress and rest scores [65], remain the standard of care,
they frequently fail to detect balanced or diffuse ischemia
[62]. Quantitative assessment, in contrast, allows for the
more comprehensive evaluation of myocardial perfusion.
The presence of stress-induced regional perfusion deficits
accompanied by concordant reductions in the context of
absolute hyperemic MBF and MFR values is thus typi-
cally indicative of hemodynamically significant obstruc-
tive CAD lesions. In contrast, homogeneous radiotracer
uptake following stress and preserved absolute hyperemic
MBF and MFR values effectively preclude the presence of
flow-limiting epicardial lesions and are associated with ex-
cellent clinical outcomes [66]. Normal stress-rest myocar-
dial perfusion images with homogenous radiotracer uptake
and normal wall motion, together with reduced hyperemic
MBF and/or MFR, are highly suggestive of CMD. A stan-
dardized workflow for dynamic PET MBF quantification is
presented in Fig. 3.

However, there are important limitations to current
quantification methods. While accurate, compartmen-
tal modeling is both computationally intensive and noise-
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Fig. 2. Schematic overview of the measurement of MBF using PET. The association between myocardial tracer uptake and MBF for
PET radiotracers demonstrates a roll-off phenomenon at high flow rates, as the uptake of some radiotracers becomes diffusion-limited

at higher flows. This contributes to reduced accuracy when quantifying hyperemic coronary flow and MFR. PET, positron emission

tomography; MBF, myocardial blood flow; LV, left ventricular.

Standardized Workflow for Dynamic PET Myocardial Blood Flow Quantification

Rest PET

Patient Preparation Acquisition

O Fasting (46 O Inject PET tracer
hours) O Start dynamic

O Discontinue list-mode
vasoactive - acquisition (®2Rb:

medications (24— ; 6 min; "*N-
48h prior) NH,/18F-
O Supine rest 10 flurpiridaz: 10-20
min min)
O Record baseline 0O ECG-gated
HR & BP recording

Quality Control: Check bolus quality, motion artifacts, and input function

Stress PET Quantitative Data
Acquisition Processing

O Infuse endothelium- O Reconstruction &
independent attenuation correction
vasodilator O Draw LV
Maintain injection to myocardium/blood
peak hyperemia i pool ROIs

Monitor HR, BP, and (auto/manual)
adverse events O Generate time-activity
Inject same tracer curves (TACs)

dose at peak O Calculate absolute
hyperemia MBF (mL/g/min)
Repeat dynamic O Compute MFR (stress
acquisition protocol MBF/rest MBF)

Fig. 3. Standardized workflow for dynamic PET-based absolute myocardial blood flow quantification in clinical practice and re-
search. PET, positron emission tomography; MBF, myocardial blood flow; HR, heart rate; BP, blood pressure; ECG, electrocardiogram;

ROI, region of interest; TAC, time-activity curve; MFR, myocardial flow reserve.

sensitive, whereas the assumption of negligible tracer
washout implicit in simplified retention models may not
be valid in the context of high flow rates or abnormal my-
ocardial metabolism [62]. Partial volume effect correction,
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which typically assumes a uniform 1 cm wall thickness,
is particularly problematic in patients with hypertrophy or
thinning. MBF measurements have also been reported to
vary significantly across software platforms, even when us-
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Stress

Fig. 4. Cardiac PET imaging and invasive coronary angiography in a 59-year-old woman with coronary microvascular dysfunc-
tion. (A) Hyperemic flow stimulation with regadenoson and rest '*N-ammonia PET images in corresponding short-axis (top), horizontal
long-axis (middle), and vertical long-axis (bottom) slices. (B) Quantification of myocardial blood flow. Regional MBF quantification
of hyperemic MBF and at rest with resulting MFR calculation using '*N-ammonia PET and tracer kinetic modeling. A global reduction
in hyperemic MBF was observed across all three coronary territories (all <1.85 mL/g/min). Hyperemic MBF was less impaired in the
LCx territory, such that MFR was considered borderline-normal (2.00). Preserved MFR was evident in the RCA territory (2.16) de-
spite a significant reduction in hyperemic MBF, with this finding being explained by the relatively lower resting MBF for this territory
(0.64 mL/g/min). (C) Invasive coronary angiography confirmed the absence of clinically significant coronary artery stenoses. MFR,
myocardial flow reserve; PET, positron emission tomography; MBF, myocardial blood flow; LAD, left anterior descending; LCx, left
circumflex; RCA, right coronary artery.
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ing identical raw data [67]. The accuracy of these meth-
ods is also critically dependent on high-quality arterial input
function generation, which is susceptible to bolus variabil-
ity, motion artifacts, and partial volume effects in the left
ventricular cavity.

When utilizing commercially available software pack-
ages, quantitative MBF assessment can be seamlessly
integrated into standard PET perfusion imaging proto-
cols without the need for any increases in scan time
or radiation exposure [67]. Stress MBF is best mea-
sured during near-maximal hyperemia using endothelial-
independent vasodilators (adenosine, dipyridamole, or re-
gadenoson), which are favored over sympathetic agonists
(dobutamine) or exercise stress testing as they produce a
more consistent and standardized hyperemic response [68].
Exercise myocardial perfusion PET is rarely used in clin-
ical practice, as the short half-lives of most currently ap-
proved radiotracers do not afford sufficient time between
tracer injection during peak treadmill exercise and patient
transfer/positioning for PET imaging. Supine bicycle exer-
cise performed directly in the PET scanner is possible, but
can give rise to substantial motion artifacts. When perform-
ing serial assessments, the use of the same stress agent al-
lows for the longitudinal comparison of MBF values. MBF
quantification can also be impacted by several technical fac-
tors, including ROI positioning and bolus quality, which
must be carefully evaluated for each individual study (Fig.
4).

5. PET-Based Diagnosis of Coronary
Microvascular Dysfunction

Current guidelines from the American College of Car-
diology (ACC) and American Heart Association (AHA)
[69] recommend the use of non-invasive approaches to
CMD assessment in lieu of invasive strategies. Accord-
ingly, only a few centers in the United States routinely
perform invasive evaluation of microvascular dysfunction,
with most CMD diagnoses relying on noninvasive testing
using PET MPI and MBF quantification.

Clinical criteria for the diagnosis of MVA were re-
cently published by COVADIS. These criteria have since
been integrated into clinical frameworks to streamline diag-
nosis, registry development, and standardized recruitment
for clinical trials [70]. Four core criteria were proposed,
with PET imaging being suitable for the noninvasive ful-
fillment of the fourth criterion (Table 1). A common diag-
nostic challenge for PET MPI studies arises when patients
exhibit normal perfusion imaging accompanied by global
reductions in both MFR and stress MBF. Three main factors
may account for this finding: (1) suboptimal response to
pharmacological stress, (2) severe diffuse epicardial CAD,
and (3) microvascular dysfunction [71]. Effectively differ-
entiating among these three potential causes necessitates the
careful interpretation of quantitative flow data in the context
of clinical and imaging findings. To address this common
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clinical challenge and provide actionable guidance for prac-
ticing clinicians, we have developed a structured interpre-
tation decision tree that outlines specific, evidence-based
criteria for distinguishing between these three entities (Ta-
ble 5). Although microvascular disease most often presents
in the form of diffusely reduced stress MBF and MFR, re-
gional stress MBF and MFR reductions accompanied by
perfusion defects can also occur. Microvascular disease
may also be the basis for a subset of false-positive results
on MPI or other forms of non-invasive ischemia testing.
Indeed, in a significant proportion of tests deemed false-
positive due to the absence of obstructive disease (e.g., FFR
>(.8), microvascular dysfunction can be confirmed inva-
sively using the index of microcirculatory resistance (IMR),
CFR, or the resistance reserve ratio (RRR) [31].

The presence of reduced hyperemic MBF and MFR is
nonspecific, as it can result from flow-limiting epicardial le-
sions, CMD, or both [72]. The appropriate clinical context
must thus be considered when interpreting the presence of
regional reductions in hyperemic MBF and/or MFR, taking
myocardial perfusion images, coronary anatomy data, and
individual cardiovascular risk profiles into account.

In addition to the structured decision tree outlined in
Table 5, several key technical and interpretive considera-
tions are essential to guide the accurate assessment of quan-
titative PET data. The first step in ensuring appropriate
quality control is the careful inspection of TACs gener-
ated during dynamic acquisition. A valid left ventricular
blood pool input function requires a sharp, well-defined
peak within 30—60 seconds of tracer injection followed by
rapid exponential decline, while a broad, delayed, or low-
amplitude peak is indicative of poor bolus quality that may
cause MBF to be significantly underestimated. Suboptimal
pharmacological stress remains the most common cause
of inaccurately detected reductions in myocardial flow re-
serve values, and while hemodynamic criteria provide use-
ful guidance, the splenic switch-off sign is now recognized
as a more objective imaging marker of adequate vasodilator
response. Specifically, the administration of regadenoson
or adenosine normally induces splenic vasoconstriction, re-
sulting in markedly reduced splenic radiotracer uptake on
stress images compared to rest, with the absence of this
finding being strongly suggestive of inadequate stress even
in patients with apparently normal hemodynamic changes.

Integrating functional PET data with coronary com-
puted tomography angiography (CCTA)-derived anatomi-
cal information can further improve diagnostic accuracy.
In patients with globally reduced flow reserve and nor-
mal perfusion images, extensive coronary calcification (cal-
cium score >400 Agatston units) or diffuse non-obstructive
plaque on CCTA is associated with a greater likelihood
of underlying epicardial disease, whereas normal coronary
anatomy on CCTA strongly supports a diagnosis of coro-
nary microvascular dysfunction. This combined approach
allows for the comprehensive evaluation of both anatomical

11


https://www.imrpress.com

4!

Ss3id NI

Table 5. Structured interpretation decision tree for global MFR/MBF reduction with normal perfusion images.

Step Clinical/Imaging criteria Diagnosis Recommended next steps

Step 1: Rule out e Heart rate increase <10 bpm from baseline Suboptimal * Repeat stress test with alternative agent (adenosine/dipyridamole)
clinically significant hy- < Systolic blood pressure decrease >10 mmHg during stress pharmacological < Ensure proper patient preparation before repeat testing

potension (e.g., SBP <90 -« Patient history of severe asthma/COPD stress

mmHg, symptomatic
drop >20 mmHg) as

abnormal markers

* Recent caffeine or theophylline ingestion (<12 hours)
* Incomplete regadenoson injection

 Absence of splenic switch-off sign on stress images

Step 2: Rule out severe
diffuse epicardial CAD

* High cardiovascular risk profile (diabetes, long-standing hypertension, smoking) Severe diffuse
« Coronary artery calcium score >400 Agatston units epicardial CAD
* CT angiography showing diffuse coronary calcification (=3 vessels)

* MFR <1.5 with global stress MBF <1.5 mL/g/min

 Mild, subtle regional perfusion heterogeneity

* Refer for invasive coronary angiography with FFR measurement

* Intensive guideline-directed medical therapy

Step 3: Diagnose CMD

* All criteria from Step 1 and Step 2 are negative CMD
* Typical or atypical angina symptoms

* Female sex (postmenopausal)

* MFR 1.5-2.5 with global stress MBF <1.8 mL/g/min

» Homogeneous perfusion without regional defects

« Initiate targeted anti-anginal therapy (beta-blockers, ACEI/ARBs)
* Intensive risk factor modification
* 6-month follow-up PET to assess treatment response

The <1.8 mL/g/min threshold is a general cutoff for initial CMD screening. For definitive diagnosis, tracer-specific stress MBF cutoffs presented in Table 3 should be applied. CAD, coronary
artery disease; CMD, coronary microvascular dysfunction; PET, positron emission tomography; MFR, myocardial flow reserve; MBF, myocardial blood flow; ACEI, angiotensin-converting enzyme

inhibitors; ARBs, angiotensin II receptor blockers; COPD, chronic obstructive pulmonary disease; FFR, fractional flow reserve.
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and functional coronary status, allowing for more informed
clinical decision-making.

Individuals at highest risk for developing CMD in-
clude women and those with conditions such as hyper-
tension, diabetes mellitus (DM), left ventricular hyper-
trophy, slow coronary flow on angiography, infiltrative
heart diseases, obesity, insulin resistance, and long COVID
[73,74,75,76]. Given the high and increasing prevalence of
hypertension, Xu et al. [77] showed that impaired MFR is
associated with cardiovascular risk factors, elevated cardiac
biomarkers, abnormal cardiac structure, and adverse clini-
cal events in patients with hypertension but no obstructive
CAD. Patel et al. [16] further reported that impaired MFR
is common and associated with a greater risk of mortality
among 2730 patients with DM who are free of known CAD
[16]. Studies have also reported an association between
poor glycemic control in type 2 DM and a higher preva-
lence of CMD characterized by reduced CFR, while IMR
and RRR levels do not differ significantly between groups
[78].

PET has also been extensively validated against other
invasive and noninvasive tests used to assess ischemic
burden in patients with CAD or non-ischemic cardiomy-
opathies [79,80,81]. In their study of 23 patients with
chronic CAD using '*N-NH; PET-MPI with quantitative
MBEF analysis and CAG with FFR measurement, Imami et
al. [82] found that hyperemic MBF in normal-perfusion
regions can accurately assess CMD severity. In a head-
to-head comparison with "O-H,O PET, Agostini et al.
[83] evaluated the feasibility of MBF and MFR mea-
surement using dynamic CZT-SPECT and determined that
CZT-SPECT overestimates MBF. MBF and MFR mea-
surements thus enable differentiation between microvascu-
lar and macrovascular disease, as confirmed by multiple
studies [84,85,86,87]. Additionally, patchy, heterogeneous
resting myocardial perfusion quantified using Markovian
homogeneity analysis allows for the prediction of mild
stress-induced perfusion abnormalities. These findings are
consistent with CMD, which may serve as an early marker
of preclinical CAD suitable for preventive interventions
[88].

In addition to obstructive CAD and microvascular
dysfunction, several other factors can influence hyper-
emic MBF and MFR values, including technical determi-
nants and patient-related variables. Technical determinants
such as PET scanner technology, radiotracer selection, and
choice of kinetic modeling approach can impact PET flow
quantification. Patient-related variables such as age, sex,
and hemodynamic status can similarly impact MBF. For ex-
ample, a gradual decline in hyperemic MBF and an increase
in resting MBF occur in older adults, leading to a nonpatho-
logical reduction in MFR [89]. Complex interactions be-
tween focal stenosis, diffuse epicardial coronary narrowing,
altered endothelial shear stress, and microvascular dysfunc-
tion often complicate definitive diagnosis and management
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in women relative to men when using standard noninvasive
or invasive anatomical and physiological tests. When in-
terpreted in light of clinical context, however, quantitative
MBF and MFR can generally distinguish between the com-
plex interacting pathophysiologies of microvascular, dif-
fuse epicardial, and focal stenotic CAD allowing clinicians
to guide aggressive risk factor modification and targeted in-
terventions for large regions of severe stress-induced hy-
poperfusion identified by quantitative PET [90].

Notably, reductions in MFR may stem from increased
resting MBF and/or decreased hyperemic MBF. For exam-
ple, elevated resting flow caused by hypertension or anxi-
ety can lead to reduced MFR, even in the absence of sig-
nificant CAD. Indeed, Shan et al. [91] recently identified
anxiety as a risk factor for CMD during mental stress in
patients following PCI. Furthermore, both the magnitude
and rate of MBF reduction were positively correlated with
anxiety severity in patients with INOCA [92]. Arterial hy-
pertension, increased myocardial contractility, tachycardia,
or elevated left ventricular wall stress all increase myocar-
dial oxygen demand and consequently resting MBF. Con-
versely, three main causes may contribute to reductions
in hyperemic MBF: flow-limiting downstream effects of
focal epicardial lesions, microvascular disease associated
with cardiovascular risk factors, and increased extravascu-
lar compressive forces caused by elevated left ventricular
pressure in patients with hypertension or congestive heart
failure. This complicates efforts to define a single optimal
threshold for diagnosing microvascular dysfunction across
all patient populations. Nonetheless, current guidelines
state that MFR values below 2.0-2.5 are indicative of mi-
crovascular dysfunction [70]. These thresholds, which are
widely used in clinical practice, were derived from healthy
control populations by calculating the mean MFR and sub-
tracting two standard deviations.

Despite their widespread use, the implementation of
rigid one-size-fits-all cutoffs is inherently limiting. MFR
reduction may reflect elevated resting MBF due to hyper-
tension, tachycardia, or anxiety rather than true microvas-
cular dysfunction [91,92]. Furthermore, physiological de-
clines in MBF and MFR are evident with age and differ
by sex, despite the absence of any routinely employed age-
or sex-specific thresholds [89]. Most validation studies
comparing PET to invasive IMR have been small, single-
center investigations [82,83]. While PET can reliably de-
tect global CMD, its ability to identify regional microvascu-
lar abnormalities remains less well established, underscor-
ing the need for caution when interpreting regional flow
reductions to avoid misclassification of diffuse epicardial
disease or suboptimal stress response as CMD [71].

More recently, a landmark prospective multicenter
study of 1001 patients with angina with non-obstructive
coronary arteries (ANOCA) across nine centers in Europe
and North America provided new insight into disease het-
erogeneity while additionally proposing a comprehensive
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pathophysiological classification scheme based on invasive
testing of coronary vasomotor function. In this study, the
authors used a standardized protocol combining adenosine
and intracoronary acetylcholine testing to measure CFR
and index of microvascular resistance (IMR), leading to
the identification of eight distinct endotypes of ANOCA.
Three of these endotypes were defined by abnormal adeno-
sine responses: high resting CBF, high microvascular re-
sistance, and compensated high resistance. The remain-
ing five endotypes were identified by abnormal acetyl-
choline responses: epicardial coronary spasm, microvascu-
lar spasm, endothelial dysfunction, ischemia without mea-
surable hemodynamic changes, and enhanced cardiac no-
ciception. Importantly, this protocol detected at least one
abnormality in 77% of patients, with 12% exhibiting mul-
tiple overlapping endotypes, underscoring the complex and
heterogeneous nature of ANOCA [93].

Prognostic Value of PET

PET-based MBF and MFR assessment provides im-
portant prognostic information in patients with CMD. Mul-
tivariate regression models have identified an independent
relationship between PET-derived MFR and cardiovascu-
lar events [85], outperforming body mass index (BMI) and
traditional risk factors, including left ventricular ejection
fraction and summed stress score, in risk discrimination.
In a large cohort of 4029 patients referred for rest/stress
PET myocardial perfusion imaging, MFR also predicted
cardiovascular mortality more effectively than did maxi-
mal MBF [94]. This association remained significant even
when adjusting for traditional cardiovascular risk factors,
left ventricular ejection fraction, myocardial scar and is-
chemia, rate-pressure product, radiotracer and stress agent
type, and post-scan revascularization.

Murthy et al. [95] showed that the addition of
MFR analysis to standard risk assessment led to the cor-
rect reclassification of 35% of patients with intermedi-
ate risk scores. A model integrating PET-derived MFR
along with biomarkers including high-density lipoprotein
(HDL), red blood cell distribution width (RDW), glycated
hemoglobin/hemoglobin Alc (HbAlc), and B-type natri-
uretic peptide (BNP) reportedly provides a robust means
of confirming CMD diagnosis [84]. In contrast, renin-
angiotensin-aldosterone system (RAAS) activity measured
based on plasma renin concentration and endothelin-1 lev-
els is not associated with CMD and should not be used for
diagnostic purposes [86]. Another PET-derived index, im-
paired modified coronary flow capacity (mCFC), is inde-
pendently associated with both cardiovascular death and
MACE in patients with suspected CAD and without ob-
structive disease (hazard ratio, 10.7; 95% confidence in-
terval, 1.0-106.0; p = 0.04 and HR, 9.5; 95% confidence
interval, 2.5-36.2; p < 0.001, respectively) [96]. Taqueti
et al. [97] also found that women with reduced MFR on
PET and no obstructive CAD exhibit a significantly ele-
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vated adjusted risk of cardiovascular events. This same re-
search group also determined that abnormal flow reserve in
patients without CAD is associated with diastolic dysfunc-
tion and incident heart failure [94].

Based on the evidence outlined above, recent Amer-
ican and European guidelines recommend PET MPI with
MBF quantification for patients with an intermediate to
high pretest likelihood of CAD [58,98]. This strategy is
conducive to the detection of microvascular CAD, which is
particularly important in symptomatic women and patients
with diabetes. PET/CT achieves 98% accuracy when dif-
ferentiating between CMD and epicardial stenoses, while
exposing patients to a radiation dose of under 10 mSv [99].
This limited radiation exposure makes it a safe option for
routine clinical use. These benefits are further enhanced by
technological advances such as new 3D PET scanners that
have further reduced radiation doses while maintaining high
quantitative accuracy [100].

The prognostic value of PET flow quantification has
also been confirmed in patients with conditions and risk
factors linked to a high prevalence of microvascular dis-
ease [39,101]. Cardiovascular risk factors and other yet
unidentified factors may initially cause endothelial injury
and functional impairment [102,103,104]. Over time, these
changes also impact the function of vascular smooth mus-
cle, leading to CMD, which in turn promotes structural
CAD onset. Herzog et al. [102], for instance, demon-
strated the incremental prognostic value of adding MFR to
stress '*N-ammonia PET perfusion imaging. In patients
with normal stress-rest PET perfusion images, an MFR
>2.0 conferred a 3-year event-free survival. Notably, even
in patients with stress-induced regional perfusion defects,
an MFR <2.0 provided incremental prognostic information
beyond that afforded by standard perfusion imaging when
predicting adverse cardiovascular events. Ziadi et al. [105]
also obtained similar findings through their larger study of
704 patients with and without obstructive CAD who un-
derwent 3?Rb-PET for myocardial perfusion and MBF as-
sessment. In patients with diabetes, coronary microvascu-
lar dysfunction is associated with an annual mortality rate
of 7.6%, which is significantly higher than of non-diabetic
patients with established CAD (1.3% per year) [106]. In
this population, MFR has been shown to improve risk strat-
ification beyond conventional clinical assessment, left ven-
tricular ejection fraction, and MPI-derived measures of is-
chemia and scar burden. Similarly, impaired flow reserve
is highly prevalent and associated with increased all-cause
mortality among patients with chronic kidney disease [107]
and those with dialysis-dependent end-stage renal disease
[108]. PET has also been used as a means of evaluating
CMD in valvular heart diseases, most notably aortic steno-
sis [109]. MFR and stress MBF are correlated with markers
of myocardial injury and wall stress, indicating that MFR
may offer utility as a sensitive early marker of myocar-
dial decompensation in these patients [110]. Finally, the
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incremental prognostic value of reduced MFR for cardiac
death has been demonstrated in several high-risk popula-
tions, including women [97], as well as patients with car-
diometabolic disease [111], hypertrophic obstructive car-
diomyopathy [17], cardiac allograft vasculopathy [112],
and ischemic or idiopathic cardiomyopathy [113]. Gia-
cobbe et al. [114] further extended these findings through
a systematic review in which they characterized the patho-
physiological and prognostic roles of CMD across the full
spectrum of non-ischemic cardiomyopathies, including di-
lated cardiomyopathy, Takotsubo syndrome, arrhythmo-
genic right ventricular cardiomyopathy, and infiltrative dis-
orders such as cardiac amyloidosis and Anderson-Fabry
disease. They determined that CMD often precedes overt
structural abnormalities in these conditions and that PET-
derived MBF quantification provides unique value for early
detection and risk stratification, particularly in cases of in-
filtrative cardiomyopathy in which microvascular dysfunc-
tion may be the earliest detectable sign of cardiac involve-
ment.

Overall, the available evidence demonstrates that
PET-derived impairments in hyperemic MBF and/or MFR
provide robust prognostic information across diverse pa-
tient populations. This emphasizes CMD as an integrated
index of the total vascular stress burden imposed by cardio-
vascular risk factors. Despite consistent prognostic asso-
ciations across studies, however, several limitations must
be acknowledged. Nearly all available evidence is obser-
vational, precluding causal inferences between impaired
MBF/MEFR and adverse outcomes. Significant heterogene-
ity exists in study design, patient populations, and MFR
cutoff values (ranging from 1.5 to 2.5), limiting meta-
analytic comparability. Most studies have not evaluated
the incremental prognostic value of MFR over contempo-
rary biomarkers such as high-sensitivity troponin or NT-
proBNP. Additionally, data on patient-centered outcomes
(symptoms, quality of life) remain limited, and while inter-
ventions can improve MBF/MFR, there is no definitive evi-
dence that these improvements translate to any correspond-
ing reduction in clinical events [115,116,117].

PET offers a unique opportunity to monitor CMD
responses to both behavioral interventions, such as ex-
ercise, diet, and weight loss, as well as medical thera-
pies aimed at restoring microvascular function, improv-
ing symptoms, and potentially enhancing clinical outcomes
[118]. A large body of evidence suggests that risk fac-
tor modification and medical therapy can improve or even
normalize hyperemic MBF and MFR in asymptomatic in-
dividuals [81]. Interventions with demonstrated efficacy
include statins, insulin-sensitizing thiazolidinediones, opti-
mized glycemic control in diabetes, angiotensin-converting
enzyme inhibitors, angiotensin II type 1 receptor blockers,
hormone replacement therapy in postmenopausal women,
regular exercise, and gastric bypass-induced weight loss.
However, definitive evidence for causal relationships be-
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tween these interventions, PET-measured improvements in
MBEF, and subsequent changes in symptoms or clinical out-
comes remains limited. For patients with microvascular
angina, the CorMicA trial demonstrated that invasive CMD
assessment-guided targeted medical therapy resulted in sig-
nificant improvements in angina relief and quality of life at
6 months, with no increase in adverse events [119].

The integration of cardiac PET into the diagnostic
pathway for selected patient populations thus enhances clin-
ical decision-making by providing detailed insights into
both epicardial and microvascular coronary function (Fig.
5). This is particularly crucial for those patients who remain
symptomatic despite the absence of any significant epicar-
dial coronary stenosis on conventional imaging as it allows
clinicians to implement personalized medical interventions
with greater odds of improving patient outcomes. Cardiac
PET is thus more than a tool for the diagnosis of ischemia,
serving as an important modality for assessing coronary mi-
crovascular health, making it highly valuable for the man-
agement of complex cardiac cases. Cardiac PET should be
considered when evaluating patients with stable chest pain,
multiple comorbidities, and no obstructive CAD to ensure
a comprehensive evaluation and guide effective manage-
ment strategies. This approach reflects current guidelines
and best practices, aiming to provide optimize care for pa-
tients whose cardiac symptoms may be related to microvas-
cular dysfunction with optimal care.

6. Future Directions

Given its distinct pathophysiology and prognostic pro-
file, CMD should be differentiated from other causes of
chest pain in patients without obstructive CAD, includ-
ing coronary vasospasm and non-cardiac etiologies. PET-
derived quantitative MBF and MFR have revolutionized
noninvasive cardiac imaging by providing detailed phys-
iological insights into microvascular disease that far ex-
ceed those obtained from relative perfusion imaging alone.
However, the prioritization of six key areas will be vital to
fully realize the clinical potential of this technology.

6.1 Standardize Acquisition Protocols and Reporting
Practices

A high degree of heterogeneity in research method-
ology and outcome measures is evident among the studies
included in this review. Modest variations in PET MBF val-
ues can arise depending on the radiotracer, scanner model,
stress agent, and analysis software used. In the absence
of standardized protocols, the comparability of multicen-
ter studies remains limited. The use of MFR can partially
mitigate the variations in absolute blood flow estimates aris-
ing from differences in imaging modality, stress agent, and
quantification method. However, residual differences per-
sist, influencing the relationship between MFR and clini-
cal endpoints, including mortality [120]. This variability
is a likely cause of inconsistencies in research outcomes
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across studies and contributes to the lack of any consen-
sus diagnostic definitions or cut-off values for CMD across
noninvasive imaging modalities. The American Society of
Nuclear Cardiology (ASNC) has launched multiple guide-
lines and educational initiatives with the goal of addressing
this issue. Standardizing acquisition and analytical method-
ologies and integrating MBF/MFR into routine clinical re-
ports will contribute to greater clinician confidence and
the more widespread adoption of quantitative flow assess-
ment in daily practice. There remains an urgent need for
large multicenter validation studies, and the standardiza-
tion of acquisition and analytical protocols is essential to
minimize heterogeneity and improve comparability among
approaches, given that current modalities are not yet inter-
changeable [48,62,121,122].

6.2 Generate Outcome-Driven Clinical Evidence

As emphasized throughout this review, the prognostic
value of PET-derived MFR is supported by evidence from
many observational studies. Randomized controlled trials
to determine whether flow-guided management strategies
improve clinical outcomes, thus represent a critical next
step for the field. These trials will help accelerate clinical
adoption and ultimately improve cardiovascular outcomes,
particularly in high-risk populations, including women, pa-
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tients with diabetes, and those with HFpEF. Recent stud-
ies have demonstrated that cardiomyocyte injury and my-
ocardial stiffness caused by CMD may contribute to the
pathophysiology of HFpEF [118]. A growing body of evi-
dence suggests that microvascular endothelial dysfunction,
reduced NO bioavailability, and enhanced cytokine signal-
ing may contribute to the increased microvascular inflam-
mation and myocardial fibrosis observed in HFpEF [123].
Clinically, reduced CFR is associated with both diastolic
dysfunction and a five-fold increased risk of HFpEF hospi-
talization. Clinical studies also show that HFpEF is more
prevalent in women than in men [124]. The association be-
tween CMD and HFpEF remains an important area for fu-
ture research, particularly with respect to the evaluation of
sex-based differences. To optimize preventative and ther-
apeutic strategies, a more comprehensive understanding of
CMD risk factors is required. While traditional comorbid
risk factors, including hypertension, hyperlipidemia, and
diabetes, are well established, the roles of autoimmune con-
ditions and adverse pregnancy outcomes are far less under-
stood. Furthermore, additional research is needed to eval-
uate novel risk markers such as high-sensitivity C-reactive
protein, lipoproteins, interleukins, and other inflammatory
mediators.
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6.3 Integrate Artificial Intelligence (Al) into PET MBF
Quantification

Al-based quantification tools are helping improve the
speed, reproducibility, and accessibility of flow imaging,
particularly through automated MBF and MFR calcula-
tion. Tasks that previously required manual expert inter-
vention, including myocardial segmentation, motion cor-
rection, time-activity curve extraction, and kinetic mod-
eling, can now be automated using Al-powered software
platforms. These systems have been shown to produce re-
producible results comparable to expert analysis while sig-
nificantly reducing processing time [125]. Convolutional
neural networks (CNNs) trained on large PET datasets en-
able fully automated quantitative analysis, which expands
access to flow imaging beyond specialized academic cen-
ters [126]. Al is also enabling novel diagnostic and predic-
tive applications. Machine learning (ML) models have been
shown to detect subtle perfusion abnormalities, identify
microvascular dysfunction, and even predict PET-derived
MEFR from standard 12-lead ECGs, offering a promising op-
portunity for risk stratification in resource-limited settings
where advanced imaging is unavailable. For instance, re-
cent ML models have been trained to predict PET-derived
MFR directly from routine 12-lead ECGs, demonstrating
robust prognostic performance for MACE [127]. Addition-
ally, Al-driven motion correction and reconstruction meth-
ods improve image quality, which is particularly valuable in
challenging cases such as arrhythmias or impaired breath-
holding capacity. These techniques have also been shown
to improve the diagnostic accuracy of tracers such as '*F-
flurpiridaz. Importantly, Al also has the potential to facil-
itate standardization across clinical centers. Historically,
variability in kinetic models and analysis software has lim-
ited reproducibility between centers. Al-based systems in-
corporating built-in quality control features and integrated
with structured reporting tools, electronic health records,
and multicenter registries can help standardize image inter-
pretation, accelerate research, and facilitate widespread im-
plementation of quantitative PET imaging in clinical care
[58,62]. Widespread adoption of Al-assisted workflows,
including automated preprocessing, arterial input function
(AIF) detection and modeling [128], MBF map generation
[129], and prognostication [130], is expected to further sim-
plify the analysis pipeline and reduce operator dependence.
These technologies must be validated through prospective
clinical trials and registry studies to confirm their clinical
utility and minimize practice variation.

6.4 Develop Effective Disease-Modifying Therapies

At present, there are no evidence-based disease-
modifying therapies for CMD. To address this gap in clin-
ical care, future studies are needed to examine the ef-
fects of therapies on symptoms, quality of life, and clin-
ical outcomes, with a focus on both established anti-
anginal agents used in microvascular angina and novel
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therapies targeting the specific pathophysiology of CMD.
No rigorous evaluation of common anti-anginal therapies,
such as beta-blockers, calcium channel blockers, nitrates,
and statins, has been conducted to date in patients with
CMD. Some research suggests that intensive treatment with
statins, angiotensin-converting enzyme inhibitors (ACEls),
or angiotensin II receptor blockers (ARBs) may be ben-
eficial. Notably, several studies have also demonstrated
improvements in PET-derived MBF following a range
of interventions, including the initiation of lipid-lowering
therapy [115], antihyperglycemic therapy in type 2 dia-
betes [116], antihypertensive treatment [117], and bariatric
surgery [131]. While most of these studies enrolled asymp-
tomatic subjects who did not have microvascular angina by
definition, their results nonetheless suggest that PET flow
quantification offers a means of monitoring therapeutic re-
sponse in microvascular disease. Given its noninvasive na-
ture and good reproducibility, PET-derived MFR represents
a promising tool for evaluating therapeutic efficacy in pa-
tients with CMD and enabling personalized precision care.
However, this MFR-guided management approach and the
therapies themselves remain to be investigated at length in
large-scale randomized clinical trials. Encouragingly, sev-
eral ongoing studies are currently investigating the preva-
lence, detection, and treatment of CMD.

6.5 Contextualize MBF Interpretation

MBF measurements are influenced by patient-specific
factors, including age, sex, blood pressure, anemia, and
metabolic risk factors. Rigid, one-size-fits-all cutoffs can
be misleading. By establishing large, population-stratified
reference databases, it will be possible to achieve personal-
ized, risk-adjusted interpretation conducive to greater diag-
nostic and prognostic precision.

6.6 Expand PET Access and Infrastructure

Despite its clinical value, there are notable practical
barriers to the widespread implementation of PET MBF
quantification, including relatively high cost, inconsistent
reimbursement policies, restricted radiotracer supply, and
limited availability outside academic tertiary centers. Lim-
ited radiotracer availability and the need for on-site genera-
tors or cyclotrons are the primary factors limiting its avail-
ability to academic tertiary settings. The development of
BF-flurpiridaz may help overcome many of these barriers,
as its 110-minute half-life is amenable to unit-dose distribu-
tion and incorporation into routine exercise stress protocols,
lowering barriers to broader PET adoption. Policy initia-
tives, provider education, and reimbursement support fo-
cused on disseminating best practices, demonstrating clini-
cal value, and supporting the establishment of new cardiac
PET services will help further expand access.
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7. Conclusion

CMD impacts an estimated two-thirds of patients with
nonobstructive CAD, resulting in recurrent angina symp-
toms that continue to impose a major healthcare burden.
Despite its relevance to patient care, this condition is fre-
quently underrecognized by clinicians. For affected in-
dividuals, PET-based MBF quantification has emerged as
a major advance in noninvasive cardiac imaging, offering
the potential to significantly improve clinical outcomes and
quality of life for this unique and often underserved popu-
lation. As the field progresses toward widespread clinical
adoption, there is a need to shift focus away from demon-
strations of feasibility in favor of prioritizing scalable, stan-
dardized, and outcome-driven clinical implementation. Al-
assisted analytical workflows will play an important role
in accelerating the broader clinical adoption of quantita-
tive MPI. Ultimately, integrating quantitative MBF assess-
ment into routine clinical care will enable the field to move
beyond anatomical evaluation to physiological assessment,
providing a robust diagnostic tool for evaluating microvas-
cular function and monitoring therapeutic response.
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