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Abstract

Purpose of Review—Current non-invasive tests for evaluating patients with peripheral artery
disease (PAD) have significant limitations for early detection and management of patients with
PAD and are generally focused on the evaluation of large vessel disease. PAD often involves
disease of microcirculation and altered metabolism. Therefore, there is a critical need for reliable
quantitative non-invasive tools that can assess limb microvascular perfusion and function in the
setting of PAD.

Recent Findings—Recent developments in positron emission tomography (PET) imaging have
enabled the quantification of blood flow to the lower extremities, the assessment of the viability
of skeletal muscles, and the evaluation of vascular inflammation and microcalcification and
angiogenesis in the lower extremities. These unique capabilities differentiate PET imaging from
current routine screening and imaging methods.

Summary—The purpose of this review is to highlight the promising role of PET in the early
detection and management of PAD providing a summary of the current preclinical and clinical
research related to PET imaging in patients with PAD and related advancement of PET scanner
technology.
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Introduction

Peripheral arterial disease (PAD) involves atherosclerosis of non-coronary arteries and
affects approximately 8.5 million adults in the USA and > 230 million adults worldwide
[1-3]. There is tremendous variation in the presentation of PAD ranging from early-stage
disease with claudication (exertional calf pain) [4] to late-stage critical limb ischemia (CL1I)
as the most severe manifestation of lower extremity PAD, characterized by lower limb
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ischemic rest pain and/or the presence of necrotic tissue. Regardless of the symptomatic
expression, PAD is associated with a high risk for cardiovascular events, lower extremity
amputation, poor quality of life, death, and high treatment costs [5, 6].

Besides cardiovascular risk management, relief of ischemic pain, healing of wounds,
preservation of functional limbs, and improvement of quality of life are the primary
therapeutic goals for PAD. Ultimately, improving microvascular perfusion and non-
invasively quantifying those improvements within specific regions of the ischemic limb
are essential for achieving therapeutic goals. Indeed, the importance and need for standard
non-invasive tools that can assess limb microvascular perfusion in the setting of CLI were
recently highlighted by the American Heart Association (AHA) [7¢]. However, the majority
of clinically available non-invasive tools only allow for evaluation of the hemodynamic
and anatomical improvements associated with therapy, while the available tools that do
allow for evaluation of microvascular perfusion are restricted to superficial measurements
(e.g., transcutaneous oxygen pressure (TcP0,)) or a limited anatomical region of tissue
(e.g., toe pressure). Non-invasive assessment of lower extremity microvascular perfusion
is particularly important for patients with diabetes mellitus (DM), which exacerbates PAD
by promoting microvascular disease and ultimately contributes to increased mortality and
increased risk for lower extremity amputation [8-11]. A 2021 AHA scientific statement
states that PAD should be recognized as an increasing global burden that has been
systematically understudied and underappreciated [3].

Current non-invasive tests for lower extremity PAD have several limitations in diagnosing
and managing patients with PAD, particularly their ability for early detection and monitoring
the response for various treatment options. Ankle-brachial index has been historically used
for screening for PAD; however, it has a limited sensitivity and specificity for diagnosing the
disease and can be vulnerable to the skills of the person performing the test [12]. Duplex
Doppler can provide a reasonable picture of the blood flow across large vessels but does

not inform us about the microvasculature and tissue viability which is believed to be crucial
for clinical decision-making. Similarly, computed tomography (CT) angiography provides a
satisfactory view of the vessels and surrounding structures in the lower extremities; however,
it poses a risk of causing acute renal failure in vulnerable individuals due to the use of
contrast injection. This led to an increased interest in examining alternative diagnostic
methods.

Magnetic resonance imaging (MRI) can provide very detailed images of the lower extremity,
and several MRI tools have been developed and tested such as T2*(PIVOT) to quantify
microvascular perfusion [13], and blood oxygen level-dependent (BOLD) MRI has shown

a strong potential for evaluating muscle tissue oxygenation [14, 15]. Similarly, nuclear
molecular imaging can offer valuable insights into the metabolic and physiological processes
of the limbs that are affected by PAD including comprehensive assessment of blood

flow, angiogenesis, and tissue viability. Single-photon emission computed tomography
(SPECT) has been shown to be effective in assessing regional perfusion and can help guide
management in patients with critical limb ischemia [16, 17]. Positron emission tomography
(PET) has advantages over SPECT including higher sensitivity and better spatial resolution
providing higher sensitivity and accuracy in detecting abnormalities.
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In this review, we highlight on the potential role of PET in PAD by providing a
comprehensive assessment of both physiological indices like flow and metabolism as well as
molecular markers of inflammation, thrombosis, angiogenesis, autonomic function, fibrosis,
and microvascular calcifications. We provide an overview of the latest preclinical and
clinical investigations of PET imaging in this field along with the advancement of PET
imaging scanners and novel acquisition protocols.

Quantification of Blood Flow in Lower Extremities

The measurement of blood flow in the lower extremities is crucial in assessing the

health and viability of limbs. PET imaging can serve as a valuable non-invasive method

for quantifying blood flow in the lower extremities. 150-water PET imaging is a well-
established method for quantifying blood flow in the lower extremities, particularly in the
calf muscles (Fig. 1). The short half-life of 150-water enables accurate assessment of blood
flow during rest and exercise and has been shown to be useful in evaluating patients with
diabetes mellitus (DM) and PAD [18]. A decrease in muscle flow reserve estimated using
150-water PET imaging indicates poor perfusion and muscle viability, which are important
factors in managing PAD patients [19, 20]. However, the costs and limited availability of
150-water have led researchers to look for alternative radiotracers. Preclinical and clinical
studies have demonstrated that 13N-ammonia imaging can also effectively measure blood
flow in extremities [21, 22]. In a pilot porcine study [23], we recently demonstrated

that dynamic rubidium-82 (82Rb) PET imaging of the lower abdomen and extremities

can reliably assess flows in skeletal muscle following acute unilateral femoral artery
occlusion. The established 82Rb kinetic parameters (K1 and k2) could play an important
role in identifying skeletal muscle flow as well as viability [24]. Further investigation is
necessary to optimize data acquisition protocols and denoise dynamic 82Rb images of the
lower extremity. There are several challenges associated with 82Rb imaging of the lower
extremities including the short half-life (75 s) causing short imaging time and precluding
the ability to obtain exercise stress perfusion imaging and the relatively lower first-pass
extraction fraction resulting in a non-linear relationship between radiotracer uptake with
blood flow at higher flows associated with pharmacological stress or reactive hyperemia
[25]. The extraction of 82Rb in skeletal muscle may be even lower than what has been
observed for the heart. 18F-flurpiridaz may provide an alternative to the currently approved
PET radiotracers, although it still has not received FDA approval. 18F-flurpiridaz has a
longer half-life (109 min) and a higher first-pass extraction fraction which may allow for the
quantification of blood flow in the lower extremity and the assessment of exercise perfusion
[26].

PET imaging techniques for evaluating relative or absolute blood flow have great potential
for advancing our understanding of PAD and developing more efficient management
strategies. However, the application of PET imaging for the evaluation of absolute blood
flow faces many challenges including the derivation of an image-derived arterial input
function from a large enough vascular structure that is not complicated by partial volume
effects. This might be accomplished with newer whole-body PET scanners or the use of
shuttling of the scanner back and forth from the heart or abdomen to the lower extremities
for the derivation of a reliable arterial input function [23].
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Evaluation of Skeletal Muscle Metabolism

Under normal conditions, skeletal muscles rely on different metabolic pathways depending
on the physiological state. During fasting, muscles predominantly utilize fat oxidation

for energy production, whereas, during insulin-stimulated conditions, glucose oxidation is

favored. However, these patterns may be altered in individuals with insulin insensitivity or
PAD [27, 28].

18F_fluorodeoxyglucose (FDG) is a glucose analog radiotracer that cells take up and
metabolize similarly to glucose. This can provide insights into the muscles’ glucose uptake
and metabolism; this can be particularly helpful in detecting muscle insulin resistance.
Patients with obesity-associated insulin resistance may exhibit impaired glucose uptake in
major muscles, as measured by the FDG uptake, without significant changes in muscle
fiber type or blood flow [29]. Similarly, patients with PAD and claudication demonstrated
significantly lower calf muscle FDG uptake compared with the healthy subjects suggesting
a possible correlation between muscle insulin resistance and exercise limitation [30].
Furthermore, FDG can be used to characterize muscle activity and evaluate variations of
glucose metabolism within the exercising skeletal muscles [31, 32]. This glucose uptake
heterogeneity may reflect heterogeneity in muscle metabolic activity during exercise with
implications in patients with PAD [33].

Alternatively, 11C-acetate PET imaging can provide a comprehensive assessment of skeletal
muscle oxidative metabolism and can be useful in detecting the changes between active and
inactive muscles during rest and exercise as well as examining the impact of exercise on
muscle metabolic activity [34, 35]. 11C-acetate PET imaging has also been used to assess
muscle function recovery after intervention [36]. These unique PET imaging techniques can
be very valuable tools for assessing the metabolism and viability of skeletal muscles before
and after intervention in the setting of critical limb ischemia.

Assessment of Vascular Inflammation

Vascular inflammation plays a significant role in the progression of peripheral artery disease
(PAD) as it often precedes the formation of atherosclerosis. FDG PET imaging using

an appropriate metabolic preparation can detect early subclinical arterial inflammation

by measuring FDG uptake by inflammatory cells. This approach requires the assessment

of the target-to-background ratio (TBR), derived by comparing the standardized uptake
value (SUVmax) in arteries to the SUVmax in the blood pool [37, 38]. Early detection of
subclinical arterial inflammation can guide medical treatment, such as prescribing statins,
which have been associated with reduced inflammation in the femoral artery in people with
dyslipidemia [39]. Arterial inflammation, as measured by FDG PET imaging, is significantly
correlated with arterial stiffness which is independently associated with PAD [37]. FDG
PET imaging can also help differentiate between infection in a vascular graft and infection
in the surrounding soft tissue, which can aid in the management of such difficult clinical
presentations [40].
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While FDG is more readily available compared to other inflammatory markers, there are
several limitations associated with FDG PET imaging. FDG is not specific for inflammatory
cells and can also be taken up by other active metabolic cells, leading to false positives.
Moreover, the effects of blood glucose levels on FDG uptake can reduce the accuracy

of the imaging results. Alternative PET radiotracers have been developed for imaging
inflammation and can potentially be used to evaluate inflammation in peripheral artery
disease [41]. For example, gallium-68-pentixafor (68 Ga-pentixafor) targets C-X-C motif
chemokine receptor 4 (CXCR4), which is expressed on several pro-inflammatory immune
cells [42, 43]. [11C]-PK 11195 targets mitochondrial translocator protein (TSPO), which is
expressed in activated macrophages [44, 45]. Other potential inflammatory targets include
somatostatin receptors (SSTR) and fibroblast activation protein alpha (FAP). These PET
imaging probes can help assess both early and advanced stages of PAD in patients with
unexplained lower extremity symptoms despite normal routine screening or known abnormal
results. However, more research is needed regarding the application of PET inflammation
imaging in the setting of PAD.

Evaluation of Arterial Microcalcification

Prolonged inflammation can contribute to the development of arterial microcalcification and
thrombosis, signifying disease progression and the need for a more aggressive treatment
approach. A prospective study of 10 patients with early type 2 diabetes, but no history

of cardiovascular disease, found a strong correlation between the baseline mean TBR

FDG and the 5-year follow-up mean TBR 18F-sodium fluoride (:8F-NaF) suggesting that
systemic arterial inflammation plays a critical role in the development of systemic arterial
microcalcification, which in turn affects thrombosis risk [46].

In patients with type 2 diabetes and arterial disease, 18F-NaF uptake in femoral arteries

was linked to modifiable cardiovascular risk factors, such as cholesterol, triglycerides, and
HbAlIc levels [47]. Controlling these factors may reduce arterial calcification. A separate
study found that PAD patients with diabetes or CKD had more active microcalcification

in their lower extremity arteries than those without. Statin use was shown to decrease
microcalcification in the femoral-popliteal artery [48]. A recent cohort study of 50 patients
underwent imaging of the superficial femoral artery using FDG and 18F-NaF before and 6
weeks after angioplasty. The study found that patients with higher baseline levels of femoral
arterial inflammation and microcalcification were more likely to develop restenosis. Both
18F_FDG and 18F-NaF uptake were effective in predicting 1-year restenosis, suggesting their
potential use in identifying high-risk patients and improving the management of PAD and
CLI (Fig. 2) [49¢].

Evaluation of Arterial Thrombosis

Other PET tracers have also been investigated for their potential to visualize different
aspects of thrombosis including 58 Ga-DOTA-fibrin-binding-probe (68 Ga-FBP) which
specifically targets fibrin, a major component of thrombus formation [50, 51] and 18F-GP1
which binds with the GPIIb/I1la receptor found in activated platelets and involved in platelet
aggregation during thrombus formation [52]. The use of thrombus-targeted radiotracers
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can help identify patients with unstable plaques and elevated thrombotic risk, guiding
adjustments in their medical treatment approaches or early preventive intervention.

Assessment of Angiogenesis

Angiogenesis is a defensive mechanism in which new blood vessels are formed in response
to vascular injury and tissue hypoxia. Monitoring angiogenesis can be crucial in determining
the efficacy of proangiogenic therapies in diabetic and PAD patients. Various tracers have
been developed and have shown efficacy in monitoring angiogenesis in preclinical models
of hind limb ischemia. For instance, [18F]-RGD was used for the early detection of the
proangiogenic effects of simvastatin and metformin in a diabetic murine model of the
hindlimb [53]. Similarly, 54Cu-NOTA-TRC105 showed that tracer uptake in the ischemic
hindlimb was significantly higher in the treatment group than in the control group on

day 10, indicating increased CD105 expression and higher levels of angiogenesis upon
pravastatin treatment [54]. Several other $4Cu-labeled angiogenesis-targeted tracers have
been developed including one that is conjugated to RGD and target alpha(v)beta(3) integrin
which plays a role in cell adhesion and endothelial cell proliferation in the early stages of
angiogenesis (Fig. 3) [55-57]. Diabetic patients have impaired wound healing due to the
disturbed angiogenic balance [58]; therefore, these PET tracers that target angiogenesis can
help detect the degree of impairment and evaluate the response to various treatments.

Evaluation of Sympathetic Innervation

Although sympathetic innervation has been proven to be valuable in assessing various
cardiac diseases [59], sympathetic imaging may also have clinical use in evaluating lower
extremity innervation in patients with diabetic neuropathy and PAD. One study used
6-(18F)-fluorodopamine to demonstrate a regional reduction in sympathetic innervation in
the painful feet of patients with diabetic neuropathy in comparison to healthy individuals
[60]. Other tracers, including 11C-hydroxyephedrine (}1C-HED) and 8F-LMI11195, have the
potential to evaluate autonomic innervation dysregulation in patients with diabetes mellitus
and PAD and may provide new insight regarding the pathophysiology and progression of
the disease [61, 62]. While the non-invasive evaluation of sympathetic changes in the lower
extremities of patients with diabetes mellitus and PAD is currently limited, the approach has
significant clinical potential.

Advancements in PET Scanner Technology

PET scanner technology has advanced significantly in recent years, with new detector
technology, including digital photon counting, which allows improved sensitivity to detect
lower levels of radiotracers and time of flight facilitated by scanners with faster detection
time which improves image resolution [63]. The advent of total-body PET scanners can
be considered a major advancement and might play an important role in the application of
PET imaging for the evaluation of PAD given the large field of view required to image

the whole lower extremity along with the abdomen or heart to derive a simultaneous
image-derived arterial input function (Fig. 4) [64¢]. Furthermore, the integration of PET
with computed tomography (CT) and PET with magnetic resonance imaging (MRI) can
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provide valuable anatomical details that help in the assessment of PAD [65]. Current PET
image acquisitions of the lower extremities include two principal methods including using

a static large field-of-view (FOV) scanner versus dynamic shuttling of the scanner over the
body to derive whole-body dynamic PET images. The dynamic shuttling techniques consist
of acquiring multiple sequential images of smaller regions of interest that are then combined
to form a larger image; this provides improved image quality but is associated with longer
acquisition times and potential patient motion or discomfort [66]. The advancement in
image reconstruction and the application of artificial intelligence can reduce noise, speed up
reconstructions and further improve image quality and reduce imaging acquisition time.

Future Prospects of PET Imaging in Evaluation of PAD

Funding

While PET imaging in a patient with PAD offers major advances in the evaluation and
monitoring of this disease, PET imaging has a few limitations in comparison with other
imaging technologies when it comes to assessing PAD. These limitations include the high
costs, limited availability of suitable radiotracers, suboptimal spatial resolution compared to
CT or MRI, and availability of PET scanners. Despite these constraints, PET imaging can
serve as a valuable tool for understanding the unknown mechanism and pathophysiology
of PAD, including the physiological control or modulation of blood flow in the setting of
acute and/or chronic ischemia, the role of inflammation, and the autonomic dysfunction in
the progression of the disease, and identifying protective factors to maintain the viability of
the lower extremities. Thus, the routine application of physiological and molecular targeted
PET imaging could potentially help optimize the care and the management of patients with
PAD and facilitate precision and individualized patient care.
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Fig. 1.
Blood flow in a healthy participant. A At rest. B During pedal ergometry, increasing flow in

the anterior tibial and medial gastrocnemius muscles. A and B use logarithmic scaling for a
wide range of flow values. C Calf muscle blood flow comparison in five volunteers at rest

and during pedal ergometry: extensors vs. flexors, with a non-significant p-value at rest and
a p-value of 0.022 during ergometry (adapted from [18])
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Fig. 2.
A 18F-NaF PET/CT reveals significant uptake in the superficial femoral artery at the

adductor canal level (upper left, red arrow). Post-angioplasty imaging at 6 weeks shows
reduced signal (upper right, red arrow) in a patient without restenosis. B The FDG PET/CT
also displays notable uptake in the mid-thigh region of the superficial femoral artery (lower
left, blue arrow). Persistent signal is observed at 6 weeks post-angioplasty (lower right, blue
arrow) in a patient who developed restenosis (adapted from [49¢])
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transverse coronal sagittal

Fig. 3.

III?Jstrates a PET-CT imaging analysis. Specifically, it shows in vivo PET-CT images
of peripheral angiogenesis 1 week post right femoral artery surgical ligation, where

a significant uptake of the 64Cu-NOTA-PEG4-cRGD?2 radiotracer was observed in the
ischemic hindlimb after 1 h of intravascular injection (adapted from [57])
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Fig. 4.

Pr%sents selected frames from first human imaging studies with the EXPLORER total-
body pet scanner taken from the rotating maximum intensity projections with most frame
durations being 1 s, except for the two leftmost images, which have a 1-min frame duration.
The passage of the bolus from the heart to the lungs, back to the heart, and into the arterial
tree is clearly visible (adapted from [64¢])
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