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ABSTRACT

Peripheral artery disease (PAD) is a highly prevalent disorder with a high risk of mortality and amputation despite the introduction of novel medical and procedural
treatments. Microvascular disease (MVD) is common among patients with PAD, and despite the established role as a predictor of amputations and mortality, MVD is
not routinely assessed as part of current standard practice. Recent pre-clinical and clinical perfusion and molecular imaging studies have confirmed the important role
of MVD in the pathogenesis and outcomes of PAD. The recent advancements in the imaging of the peripheral microcirculation could lead to a better understanding of
the pathophysiology of PAD, and result in improved risk stratification, and our evaluation of response to therapies. In this review, we will discuss the current
understanding of the anatomy and physiology of peripheral microcirculation, and the role of imaging for assessment of perfusion in PAD, and the latest advancements
in molecular imaging. By highlighting the latest advancements in multi-modality imaging of the peripheral microcirculation, we aim to underscore the most
promising imaging approaches and highlight potential research opportunities, with the goal of translating these approaches for improved and personalized man-

agement of PAD in the future.

1. Introduction

Peripheral artery disease (PAD) exerts a significant impact on patient
outcomes and burden to the entire healthcare system. PAD carries a
global prevalence of 5.6 %, affecting over 230 million patients and over
8.5 million patients in the United States alone [1,2]. The burden of the
disease is increasing and shifting to low-to-middle-income countries,
with a rise of 28.7 % in the prevalence of PAD in only 10 years [2-5]. On
an individual level, the impact of PAD is substantial, ranging from
asymptomatic to early-stage claudication (Rutherford 1-3), and ulti-
mately progressing to severe ischemia with rest pain and tissue loss
(Rutherford 4-6, termed Chronic Limb Threatening Ischemia). PAD
confers a higher risk of long-term cardiovascular mortality than those
with myocardial infarction [6]. In addition, PAD is associated with a
significant deterioration in functional status and increases the risk of
major amputation by 13.9-fold [7,8], with up to 1 in 3 patients with
critical limb-threatening ischemia (CLTI) ultimately undergoing ampu-
tation [9-11]. Beyond adverse cardiovascular outcomes, PAD is associ-
ated with an increased mental health burden and reduced quality of life

[10,12-15].

Numerous challenges persist in the management of patients with
PAD, and amputation and mortality rates remain high even with current
guideline-recommended interventions [16]. Amputations still occur
despite successful surgical or endovascular revascularization, even in
the absence of infection and patent bypass grafts [16-18]. Patients un-
dergoing a successful endovascular revascularization on adequate
guideline-directed medical therapy, still face frequent major amputa-
tions (13.2 % at 2 years) [19]. Moreover, amputation rates have risen
over the past decade, despite more than doubling the number of endo-
vascular revascularization procedures during the same period [8,20,21].

One of the possible explanations for poor outcomes in spite of
adequate revascularization is the presence of unaddressed microvas-
cular disease (MVD), which is an independent predictor of major
amputation independent of ankle-brachial index (ABI), diabetes, or PAD
disease status [16]. Moreover, MVD plays a synergistic and independent
role, rather than a simple additive effect, with a 3.7-fold increase in the
risk of major amputation when present, and up to 22.7-fold increase
with concomitant PAD (compared to 13.9-fold with isolated PAD) [16].
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Despite these poor outcomes, current treatments remain primarily
focused on the revascularization of the major arteries rather than
addressing co-existing abnormalities of the microcirculation [7]. ABI
does not assess the microcirculation, and ABIs do not correlate with the
degree of MVD [22,23]. In terms of imaging, duplex Doppler and
computed tomography (CT) angiography are frequently used to assess
PAD anatomy and severity, and while these approaches offer a reason-
able assessment of large vessel anatomy, they do not assess microcir-
culation under standard protocols [24,25].

Developing a deeper understanding of the role of microcirculation
using novel imaging modalities could lay the foundation for advancing
the evaluation and treatment of MVD. This review will focus on (1)
describing the fundamentals of microcirculation structure and function
under normal physiological conditions and in the setting of PAD, and (2)
outlining current imaging modalities for the assessment of microcircu-
lation in terms of perfusion and molecular imaging, and current gaps in
our knowledge (Fig. 1).

2. Microcirculation in skeletal muscle

Given the broad and diverse role of skeletal muscle, the microcir-
culation within the skeletal muscles is uniquely adaptive [26]. Micro-
circulation includes vessels with a diameter of <150-200 pm [27].
During strenuous exercise, muscle tissue metabolism increases 20-fold,
the intramuscular oxygen consumption and local blood flow 30-fold,
and the ATP turnover rate and tricarboxylic acid cycle flux up to a
100-fold [26,28-31]. Moreover, skeletal muscle is a key mediator of
central endocrinology hormones, and accounts for 80 % of post-prandial
glucose disposal [32-34].

In addition to the dynamic metabolic demands, there is substantial
heterogeneity within the muscle fibers. Muscles are composed mainly of
type I and type Il myofibers, with the composition varying depending on
the specific muscle and function [35]. Type I and type II myofibers have
varying metabolic energy demands and are affected differently by dis-
eases such as PAD and MVD [35-38]. Type I muscle fibers possess
microvessels that penetrate deeper into the sarcolemma and harbor
more perivascular mitochondria [39]. Conversely, type II muscle fibers
heavily rely on glycolysis, with smaller punctuate and short mitochon-
drial domains [36]. Denervation of type II fibers due to PAD, and then
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Fig. 1. Imaging Modalities and Targets Evaluated in Evaluating Microcircula-
tion and Microvascular Disease in Peripheral Artery Disease.
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reinnervation by a different low-motor neuron, converts the type II to a
type I myofiber leading to what is called “grouping” [35]. Grouped
myofibers have shown to be frequent in patients with PAD [35], likely
explaining the extreme variability seen in the type I muscle fiber
composition in this population (9-81 %) [40]. The different innervation
subsequently changes the metabolism and function of the myofiber. This
highlights the complexity of muscle metabolism and the closely inter-
twined connections between innervation, and circulatory and motor
systems.

Numerous physiological and anatomical abnormalities in the
microcirculation are commonly seen in PAD. In patients with CLTI,
microvessels have been observed to display wall thinning and impaired
vasomotor responses to acetylcholine, nitroprusside, adenosine, and
bradykinin [41-43]. Compromised dynamic vascular reactivity in PAD
patients is also supported by reduced plasma nitrite levels in responses
to exercise [44]. At the histologic level, thickening of the capillary
basement membrane and increased volume of the microvessels base-
ment membrane has been shown in PAD, with up to 50-fold higher than
healthy controls [45-47]. Capillary density in relationship to PAD has
been controversial, with some studies reporting reduced [48-50] and
some higher capillary densities [35,51,52]. A few studies have also
correlated a lower capillary density with the onset of claudication
symptoms and lower oxygen consumption at peak exercise [51-53],
while some studies revealed no association of a higher capillary density
with improved functional performance [35,40]. Thus, the impact of PAD
in the microcirculation anatomy is only beginning to be understood.

Evaluation of reactive hyperemia in response to transient ischemia is
one of the most common approaches for assessing the dynamic response
of the vasculature in PAD. Reactive hyperemia constitutes a funda-
mental vascular response that accelerates oxygen delivery to tissues
after ischemia, and impaired reactive hyperemia is a marker of elevated
cardiovascular risk [54-57]. This response depends on the production of
adenosine, endothelium-dependent, and non-endothelium-dependent
vasodilators [54]. Peak brachial artery hyperemic flow velocity after a
5-min cuff occlusion of the arm correlates inversely with traditional
cardiovascular disease risk factors and markers of inflammation [55,58].
In the context of PAD, reactive hyperemia is blunted due to several
mechanisms involving endothelial and nonendothelial-mediated factors
[58-60]. However, the exact mechanism leading to the abnormal
response of reactive hyperemia and MVD in PAD remains to be fully
explored.

3. Perfusion Imaging of the Microcirculation in PAD

Perfusion imaging can evaluate macrovascular and microvascular
flow depending on the imaging modality. However, because perfusion is
determined significantly by the microcirculation response, we will
include all perfusion studies regardless of whether they specify micro-
circulation imaging, as an assessment of perfusion could be an entry
point for understanding MVD (Table 1).

3.1. Ultrasound

Contrast-enhanced ultrasound (CEUS) was introduced in 2005 when
it was able to detect differences in time to peak intensity (duration of
maximum contrast perfusion) in control versus PAD patients at rest and
during exercise [61,62]. Meneses et al. had similar results when using
reactive hyperemia and submaximal leg exercise in healthy controls and
PAD patients [63]. The authors assessed whole leg and microvascular
blood flow during and following 5-min thigh-cuff occlusion, and
following a 5-min bout of intermittent isometric plantar-flexion exer-
cise. Whole leg blood flow was assessed as the change in limb volume
over the first cardiac cycle from the onset of the 3-s relaxation phase and
monitored using an electrocardiogram, heart rate, and beat-by-beat
finger blood pressure [64]. Patients with PAD had reduced whole-leg
blood flow and lower microvascular perfusion compared to controls
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Table 1
Imaging Modalities to Evaluate Perfusion in Microcirculation and Peripheral Artery Disease (PAD), the Main Considerations, and Representative Example in Each
Imaging Approach.
Advantages Disadvantages Employed in PAD and
Imaging Clinical or Preclinical Stage Examples
Modality
Ultrasound o Widely and easily available tool in almost all clinical settings. e Observer-dependent technique. Yes/Clinical 65, 66
e Variety of protocols available. e Lacks the level of anatomical detail
e Microbubbles greatly enhance the capabilities of conventional of other modalities.
ultrasound. e No whole-body imaging of the car-
diovascular structures.
MRI o Different sequences are available, some requiring contrast or not. e Less available than other Yes/Clinical 81, 84, 98
e Detailed assessment of soft-tissue structures and better assessment of techniques.
muscle structures. e Longer imaging times compared to
e BOLD, ASL, and IVIM sequences have been used to assess perfusion in other modalities.
PAD.
CT e Widely available e Has not been vastly employed for Yes/Clinical 107-109
e Whole body imaging and detailed assessment of the structures perfusion assessment in PAD.
e Early studies have shown strong correlation with post-revascularization
measurements in PAD and CLTL
e Dual Energy CT greatly enhances the capabilities for defining
atherosclerotic plaques.
SPECT e Combined SPECT/CT protocol evaluated in CLTI correlated with ABI e Less sensitive than PET for image Yes/Clinical 119, 120,
and was predictor of amputation outcomes at 3- and 12-month follow- acquisition. 129
up. e Occasional equivocal study results.
e Widely available nuclear imaging and less costly than PET imaging.
PET e Improved image quality offering higher diagnostic accuracy and o Not widely available Yes/Clinical 126, 127

interpretability.

Lower dosimetry than SPECT imaging

[*°0] water, [**N] ammonia, [®Rb] perfusion imaging has been
successfully used to quantify perfusion.

Higher costs

Abbreviations: PAD, Peripheral Artery Disease; MVD, Microvascular Disease; MRI, Magnetic Resonance Imaging; BOLD, Blood-oxygen-level-dependent Imaging; ASL,
Arterial Spin Labeling; IVIM, Intravoxel Incoherent Motion; CT, Computerized Tomography; CLTI, Chronic Limb-threatening Ischemia; SPECT, Single Photon Emission

Computed Tomography; PET, Positron Emission Tomography; CLTI, Chronic Limb-threatening Ischemia; ABI, Ankle-brachial Index.
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Fig. 2. Lipid-shelled Decafluorobutane Microbubbles for Contrast-Enhanced Ultrasound (CEUS) Is a Promising Area for Perfusion Assessment, Microvascular Disease
Evaluation, and Therapeutics. The Study by O'Neil et al. Evaluated the Use of Microbubbles for Cavitation And Improve Blood Flow in the Microcirculation. The
Authors Applied the Microbubbles In Mice to Enhance Perfusion Compared to the Contralateral Control Leg (Fig. A & B), Denoting an Increased In the Intensity
(Fig. A) and Photon Flux (Fig. B) When Evaluting Optical Imaging of Adenosine Triphosphate After the CEUS. This Method Was Also Employed in Humans, Denoting
an Increased Perfusion in the US Images (Fig. C) and Intensity (Fig. D), Given by an Increase in Flow Attributed to the Flux Rate and Microvascular Blood Volume
(Plateau Intensity) Comparing Before (Orange) and After US (Green). Figure adapted from O'Neil J Am Coll Cardiol Img. 2020 Mar, 13 (3) 641-651. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[63]. However, different results were observed during submaximal ex-
ercise, with no difference between the groups regarding arterial blood
flow, but higher microvascular flow in patients with PAD, confirming
the reduction was determined by the presence of MVD [63]. Another
study found similar results and confirmed restoration of the microcir-
culation changes after successful revascularization [65]. In addition, a
study by Mason et al. optimized a protocol for using CEUS in mice and
translated the protocol to healthy controls and patients with PAD, while
also exploring the potential role of microbubble cavitation in increasing
regional flow (Fig. 2) [66].

Another approach for the assessment of microcirculation is laser
Doppler imaging, which has been used to assess endothelial function in
PAD [67,68]. Muzaffer et al. used this method to evaluate vascular
reactivity in response to exposure to acetylcholine and sodium nitro-
prusside in patients with PAD due to atherosclerosis or Buerger's disease
[68]. Vasodilation responses were reduced in patients with PAD
following infusion of these mediators, and plasma nitric oxide was
consistently higher in PAD patients and correlated with microvascular
flow, blood glucose, and HbAlc in 114 patients. Similar methodologies
also explored the role of these vasodilators and found consistent results
using laser-Doppler fluxmetry [67].

3.2. Optical imaging

Near-infrared spectroscopy (NIRS) is a noninvasive method that in-
volves delivering light with a wavelength between 630 and 830 nm, and
using a diffusion-based model to calculate multiple metrics such as re-
covery time, deoxygenation, oxygen consumption and saturation, and
hemoglobin parameters [69-71]. Individual studies have validated the
use of NIRS to screen potential patients with PAD or for oxygen-guided
exercise regimens [70-72]. One of the most robust parameters of NIRS is
the oxyhemoglobin area under the curve, which has been recommended
as the measurement parameter for assessment and follow-up of PAD
[70]. However, extensive heterogeneity between studies and parameters
evaluated has limited the widespread adoption of the technology
[70,71,73]. Spatial frequency domain imaging and hyperspectral im-
aging have also been shown to detect microcirculation differences in
PAD and healthy controls in smaller studies [74-80].

3.3. Magnetic resonance imaging

Blood oxygen level-dependent (BOLD) MRI has been used to assess
tissue oxygenation in specific muscles with high reproducibility, espe-
cially the maximum hyperemic peak value and minimum ischemic value
[81-84]. Originally developed for neuroimaging studies, BOLD se-
quences rely on the magnetic susceptibility difference between para-
magnetic deoxyhemoglobin and diamagnetic oxyhemoglobin [85].
BOLD MRI has been used to assess blood flow and ischemia, as well as
for diagnosis and evaluation of PAD revascularization [82,85,86]. When
assessing reactive hyperemia in response to a 6 min cuff compression,
reduced peak hyperemic values (HPV) and delayed time to peak (TTP)
were seen in patients with symptomatic PAD and correlated with ABI
[86]. A trend to normalization of TTP and HPV has also been docu-
mented after successful revascularization procedures [87].

Arterial spin labeling (ASL), intravoxel incoherent motion (IVIM)
MRI imaging, and contrast-enhanced MRI modalities have also shown
promising results for evaluating MVD [88-91]. With ASL, a control scan
is obtained, and then tagged protons in arterial blood are given a mag-
netic tag, which results in different magnetic properties from the sur-
rounding tissue [91]. Continuous and pulsed ASL have demonstrated
reduced peak exercise calf perfusion in PAD [88-90]. On the other hand,
IVIM MRI is based on the analysis of the random movement of individual
molecules without the need for contrast, similar to diffusion-weighted
MRI [92,93]. A few studies have evaluated IVIM for the assessment of
the difference in the microcirculation and perfusion in controls with
PAD and CLTI, [94,95] observing improvement in the diffusion
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coefficient D after endovascular procedures. This is in part due to ex-
pected inflammation of the blood vessels and muscle tissues after suc-
cessful revascularization, which leads to increased diffusivity of water
molecules within muscles [95,96]. Recently, contrast-enhanced MRI
also showed promising results showing a significant correlation of pa-
rameters derived from computational modeling such as permeability of
the microvasculature, fraction of extracellular space, and microvascular
pressure, among others, with ABI, claudication onset time, and peak
walking time (Fig. 3) [97].

Suo et al. compared the ability to diagnose and assess the severity of
PAD using comprehensive MRI evaluation (BOLD, ASL and IVIM) in
young healthy controls, age-matched controls, and 14 patients with PAD
[98]. All parameters (ASL-derived blood flow values, BOLD-derived T2*
values, and IVIM-derived perfusion fraction (f) values) were correlated
with transcutaneous oxygen measurements [98]. BOLD imaging pa-
rameters provided more robust results and significant correlation with
established markers of PAD diagnosis and severity. Interestingly, none of
the measurements between the 3 imaging modalities correlated with
each other, which also relates to the different mechanisms to derive their
metrics: BOLD T2* values are strongly related to tissue oxygenation,
IVIM to the pseudo-diffusion of the capillary beds, and ASL to blood
delivery into tissues.

T1 mapping was recently introduced as a possible way for assessing
skeletal muscle scarring [99,100]. T1 mapping rely on the measurement
of the longitudinal or spin-lattice relaxation time, which by itself is
determined by how rapidly the protons re-equilibrate their spins after a
radiofrequency pulse [101]. Native T1 values are a composite of the
signal of myocytes and extracellular volume, and the values can be
increased in the setting of edema or fibrosis [101]. A few studies have
evaluated the role of T1 mapping in PAD, and demonstrated the po-
tential to evaluate the degree of interstitial muscle fibrosis in skeletal
muscle. A positive correlation of native T1 and T1 derived extracellular
volume was observed in comparison with functional parameters (6-min
walking and 3-min stepping test) in patients with PAD and diabetes
[99,100].

3.4. Computerized tomography (CT)

CT is widely used in the evaluation of multiple cardiovascular con-
ditions, although the focus has been mainly on the assessment of coro-
nary blood flow and coronary microcirculation, [102-106] with
relatively few studies using CT imaging to assess the peripheral micro-
circulation [107-109]. Our group applied CT angiography successfully
in the measurement of physiologic changes in epicardial vessel diameter
in response to dobutamine and adenosine vasoactive responses, and the
secondary flow-mediated response associated with microvascular
vasodilation [110]. The observed impairment in epicardial vessel dila-
tion associated with a doxorubicin-induced cardiotoxicity was indica-
tive of MVD [110]. Moreover, animal models have shown a good
correlation of CT-derived myocardial blood flow (MBF) with
microsphere-derived blood flow [102,103]. In human studies, quanti-
fication of myocardial perfusion/MBF using CT in comparison with
[32Rb] PET perfusion had a <20 % error range [106].

A developing approach that could be implemented to further
enhance the capabilities of CT for assessing perfusion and MVD is the use
of dual energy CT (DECT) [111-113], which applies two different x-ray
beam energies yielding images with greater soft tissue differentiation.
Although pioneering work has used DECT in PAD [111,112], more
studies are needed to further assess the capabilities of DECT in assessing
peripheral MVD.

3.5. Single-photon emission computerized tomography (SPECT) perfusion
SPECT is a promising modality for the assessment of perfusion in

PAD. Early SPECT studies using planar **™Tc-sestamibi indicated a
decrease in proximal and distal perfusion in asymptomatic PAD patients
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Fig. 3. Contrast-enhanced Magnetic Resonance Imaging (MRI) Has Also Been Used in Microvascular Disease in Peripheral Artery Disease (PAD). Gimnich et al.
Applied Contrast-enhanced MRI in 3 Different Types of Patients (Healthy Control, PAD Patient After a Completed 6-min Treadmill Protocol, and PAD Patients Who
Were Not Able To Complete The Treadmill Protocol) and Evaluated at 3 Different Time Points (Pre-contrast Arrival Time, Time at the Peak of the Anterior Tibial
Artery, and 180 Seconds After). The Images Were Analyzed Using Computational Microvascular Modeling of 5 Distinct Calf Muscle Compartments. The Model
Revealed Marked Differences Across the Microvascular Response in the Different Patients, Time Points, and Muscle Compartments. Figure from Gimnich et al. Journal

of the American Heart Association. 2023;12:e027649.

with early-stage atherosclerosis, demonstrating an impairment in both
rest and stress perfusion compared to control subjects [114,115]. Sub-
sequent research confirmed that 99mTc based radiotracers enable both
qualitative and quantitative assessment of lower extremity perfusion.
Estimates of perfusion, derived using SPECT imaging, showed signifi-
cant correlations with angiographic assessments and Doppler findings in
patients with PAD and demonstrated changes after revascularization
[116-118].

Preclinical studies have explored the utility of SPECT imaging in
evaluating MVD in PAD. A combined SPECT/CT protocol was applied to
healthy individuals and 42 patients with CLTI and demonstrated that
resting perfusion in patients with CLTI was notably lower than in con-
trols, and this difference displayed excellent agreement between serial
measurements and strong correlation with ABI [119]. However, in the
setting of patients with diabetes, SPECT/CT imaging was not correlated
with ABI, likely as a result of the inability of ABI measurements to assess
MVD. In a follow-up study, SPECT/CT imaging was related to amputa-
tion outcomes in patients with CLTI after endovascular revascularization
(Fig. 4) [120]. The patients with a greater improvement in microvas-
cular perfusion had an improved amputation-free survival rate at 3- and
12-month follow-up [120].

3.6. Positron Emission Tomography (PET)

Quantitative PET perfusion imaging has been shown to be highly
accurate in animal models and has been translated for clinical applica-
tion. Perfusion measurements using [150] water and [13N] ammonia to
assess impairment in calf muscle flow reserve among animals and PAD
patients exhibited a strong correlation with flow measurements ob-
tained through thermodilution, microsphere-derived values, and
Doppler flow probe assessments [121-123]. Penuelas et al. demon-
strated a strong correlation between PET-derived blood flow values and
those obtained through microsphere analysis in mice, along with a
relationship between PET-measured perfusion and histological in-
dicators of tissue fibrosis and necrosis [124]. Clinical studies have also
shown changes in perfusion in healthy individuals who underwent ex-
ercise training [125]. In addition, among patients with CLTI, a reduced
exercise-induced blood flow was noted with ['°O]PET imaging [126].
Perfusion imaging using [?Rb] PET demonstrates a strong correlation
with ['°0] PET-derived perfusion [127].

Each PET tracer has relative advantages and disadvantages and have
enabled assessment of perfusion in different settings. Tracers with short
half-lives (e.g., [*3N] ammonia, [*°0] water, [32Rb]) have allowed for
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Fig. 4. A Combined SPECT and CT Protocol Evaluated by Chout et al., Has Shown Promising Results as a Potential Modality to Assess Post-Revascularization
Outcomes in Patients with Critical Limb-threatening Ischemia (CLTI) and Diabetes. According to the Protocol, a Low-Perfusion Responder (Fig. A) Was Found to
Have Lower Amputation-Free Survival at 3 and 12 Months Compared to the High-Perfusion Responder (Fig. B) After Endovascular Revascularization. The Sensitivity
and Specificity of the Imaging Were Reported as 78.6 % and 81.8 %, Respectively. Figure From: Chou, T.H. et al. J Am Coll Cardiol Img. 2021;14(8):1614-24.

multiple measurements on the same patients within a single day. A [*®F]
labeled perfusion agent like ['8F] Flurpiridaz [128], which possesses a
longer half-life (~110 min) and high extraction rate, offers the potential
for evaluating relative perfusion reserve in the lower extremities during
exercise, and even the possibility of performing both cardiac and pe-
ripheral imaging following a single radiotracer injection, however at the
cost of higher radiation exposure. Our group has been exploring the use
of dynamic [3?Rb] PET for quantitative perfusion of the lower extrem-
ities in patients with PAD for evaluation of microvascular perfusion.
[129]

4. Molecular imaging in assessment of the microcirculation in
PAD

4.1. Angiogenesis

Angiogenesis represents the formation of new microvessels in
response to hypoxia and ischemia. A broad array of ultrasound, SPECT,
and PET modalities have been developed for imaging angiogenesis,
including targeting endothelial cell proteins, angiogenic factors, cell
mediators, and extracellular matrix proteins [130,131] (Table 2 and 3).

One of the most studied targets is the ayfs integrin. Contrast-
enhanced ultrasound (CEUS) with microbubbles directed towards the
ayfs integrin has been extensively studied. Leon-Poi et al. used these
microbubbles in a hindlimb ischemic rat model undergoing injections of
fibroblast growth factor-2 (FGF-2). Rats treated with the angiogenic
factor had a greater rate and extent of blood flow recovery, as well as
greater signal from integrin-targeted microbubbles [132]. Xie et al. also
successfully evaluated angiogenesis using CEUS targeted to the ayfs
integrin for assessing therapeutic mutations of hypoxia-inducible factor
la (HIF-1o) [133]. In addition to the CEUS imaging, Jo et al. recently
developed a novel contrast agent for MRI targeting the ayfs integrin,
which successfully tracked angiogenesis in a mouse model of hind-limb
ischemia [134].

Radiotracers have also been used to evaluate angiogenesis in PAD
models. Using the [**™Tc]NC100692 radiotracer targeting ayfs integrin,
Hua et al. demonstrated temporal changes of ischemia-induced angio-
genesis in a murine hindlimb model after acute femoral occlusion [135],

and subsequent studies introduced a semi-quantitative approach to
evaluate this methodology [136]. In PET, RGD-based radiotracers such
as ['®F]Galacto-RGD have demonstrated specific uptake in atheroscle-
rotic lesions of mouse aorta and yield significant potential to evaluate
angiogenesis and inflammation in atherosclerotic lesions [137,138].

Related biomarkers such as P-selectin and CX3CR-1 have also been
explored using CEUS. Ryu et al. documented improvement in the
recruitment of proangiogenic monocytes and enhanced chemotaxis in
mice with iliac artery ligation using multipotential adult progenitor cells
(MAPC) [139]. In this study, the expression of P-selectin and CX3CR-1
was assessed with CEUS and microbubbles targeting P-selectin and
CX3CR-1 [139].

Vascular endothelial growth factor (VEGF) and related proteins have
also been a common target in peripheral imaging. Using SPECT imaging
of [*°™Tc]DOTA-PEG-scVEGF that targets the VEGF receptor, Tekabe et al.
found a stronger signal for evaluating angiogenesis compared to another
[*°™Tc] radiotracer targeting the ayps integrin' in a mice model of limb
ischemia using femoral artery ligation [140]. Interestingly, immuno-
fluorescent analysis revealed the uptake of these radiotracers is non-
overlapping, and could potentially be used to assess different cell
types and processes [140]. PET imaging with [**Cu] labeled radiotracers
has also shown increased uptakes with angiogenesis-promoting treat-
ments in animal models [141,142]. Wilmann et al. demonstrated in a
mice hindlimb ischemia model an increased uptake of [64Cu]VEGF—121,
which also further increased after an exercise intervention [143].
Similar results were seen in a rabbit model using a [Hlln]labeled re-
combinant human VEGF-121 at 10 days post femoral ligation [131,144].
Consistent with murine models, Stacy et al. using a porcine animal
model of acute femoral artery occlusion and a combined CT and SPECT
imaging with a [2°'Tl] radiotracer, quantify sequential alterations in
lower extremity angiogenesis and segmental resting perfusion from
baseline to 4-week post occlusion [145].

The complementary role of the diverse imaging modalities was also
recently explored by Hedhli et al. using 4 imaging modalities: Power
Doppler, laser speckle contrast, photoacoustic imaging, and tandem
radio-labeled molecular probes [gngc]NC100692 that target angio-
genesis and another [*°™Tc]BRU-5921) that identifies hypoxia [146].
These authors documented the spectrum of landmarks in vascular
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Table 2

Imaging Modalities to Evaluate Molecular Imaging in Microcirculation and Pe-
ripheral Artery Disease (PAD), the Main Considerations, and Representative
Example in Each Imaging Approach.

Employed in PAD
and Clinical or
Preclinical Stage

Main Considerations and
Targets

Imaging
Modality

Examples

Angiogenesis The ayf3 integrin has been Yes/Clinical 132-134
frequently targeted with

Contrast-enhanced ultrasound

(CEUS), SPECT radiotracers,

and pilot studies with MRI

contrast agents. 139
P-selectin and CX3CR-1 have
also been studied with CEUS.
VEGF-related targets have also
been explored with SPECT and
PET, and seem to be non-
overlapping to oyps3 integrin
tracers.

Contrast-enhanced ultrasound
neutrophils, a5 integrins, and
VCAM-1.

SPECT imaging using labeled
compounds with
diphosphonate,
antigranulocyte antibodies,
and indium-111 labeled
leukocytes has been used.
PET imaging has also been
used to detect early subclinical
arterial inflammation and

140-142

Inflammation Yes/Preclinical 132,147

148-150

153, 160

microcalcification.

Not explored for MVD or PAD
or extensively studied in the
clinical setting.

Radiotracers are available
targeting fibrin and GplIb/IIla
receptor.

Not extensively explored for
MVD or PAD.

Radiotracers available
targeting norepinephrine
transporters.

Thrombosis No/Clinical 163-165

Autonomic No/Clinical 176-178

Innervation

Abbreviations: CEUS, Contrast-enhanced Ultrasound; SPECT, Single Photon
Emission Computed Tomography; VEGF, Vascular Endothelial Growth Factor;
PET, Positron Emission Tomography; MVD, Microvessel Disease; PAD, Periph-
eral Artery Disease.
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recovery: loss of perfusion and increased hypoxia resulting in nitric
oxide release, vascular recovery in subcutaneous tissue, and molecular
signatures of angiogenesis in the deep leg tissue [146].

4.2. Inflammation

CEUS imaging has also been used to assess inflammation using tar-
geted microbubbles. Behm et al. used microbubbles targeting neutro-
phils, a5 integrins, and VCAM-1 in a murine animal model of hind-limb
ischemia. CEUS imaging demonstrated early signal enhancement of the
3 targets when blood flow was low (<20 % control blood flow) at day 2
post occlusion. While neutrophil signals declined between day 2-4,
VCAM and monocyte microbubble signaling persisted until day 7 [147].
Similarly, SPECT imaging has been evaluated using [*°™Tc] labeled
compounds with diphosphonate, anti-granulocyte antibodies, and
indium-111 labeled leukocytes to assess inflammation [148-152]. Most
studies using SPECT to analyze MVD have combined CT protocols to
accurately localize targeted radiotracers.

['8F]Fluorodeoxyglucose (FDG) PET imaging has also been used to
detect early subclinical arterial inflammation by tracking FDG uptake in
inflammatory cells [153,154]. This approach relies on calculating
target-to-background ratio (TBR) or computing standardized uptake
values (SUVmax) in arteries relative to blood pool's SUVmax [25]. These
quantitative measurements have also been strongly correlated with
arterial stiffness [155]. Other radiotracers such as [68Ga]pentixafor and
[*'CIPK11195 targeting specific immune cells [156-159], and could
support studies investigating the role of inflammation in the pathogen-
esis of MVD in PAD. Using [18F]FDG and [18F] sodium fluoride, Reijrink
et al. demonstrated a significant correlation between arterial inflam-
mation and microcalcification in diabetic patients [160]. These two
radiotracers have also been successfully employed to trace micro-
calcifications and inflammation in PAD within the context of diabetes,
chronic kidney disease, and statin use, with a strong correlation with CT
calcified plaque scores and potential for predicting 1-year restenosis
after angioplasty (Fig. 5) [160,161]. The use of these radiotracers in the
setting of MVD could improve understanding of PAD pathogenesis
provide better risk stratification, and enable monitoring of revasculari-
zation procedures.

4.3. Thrombosis

As the peripheral microcirculation is highly vulnerable to be

Table 3
Most Promising SPECT and PET Radiotracers To Assess Microcirculation in Peripheral Artery Disease.

SPECT Tracers Clinical or Preclinical phase Evaluated in PAD or PAD Model References

Perfusion [gngc] sestamibi Clinical Yes [114]
[°°™Tc] tetrofosmin Clinical Yes [119,120,179]
201 Clinical Yes [145,115]

Angiogenesis [*°™Tc] NC100692 Preclinical Yes [135]
[*°™Tc] DOTA-PEG-scVEGF Preclinical Yes [140]
[*°™Tc] BRU-5921 Preclinical Yes [146]

PET Tracers

Perfusion [13N] ammonia Clinical Yes [122,123]
['50] water Clinical Yes [121-123,126]
[®?Rb] Clinical Yes [127,129]
['®F] Flurpiridaz Clinical No [128]

Angiogenesis ['®F] Galacto-RGD Clinical No [137,138]
[®*Cu] VEGF-121 Preclinical Yes [141-143]

Inflammation [*®F] Fluorodeoxyglucose (FDG) Clinical Yes [153,154]
[®5Ga] Pentixafor Clinical Yes [156]
[*'c] PK11195 Clinical Yes [1571

Thrombosis [*8GalFBP & ['''In]FBP15 Preclinical No [163,164]
['5F] GP1 Clinical No [165]
[®*Cu] FBPS Clinical No [166]

Autonomic Innervation 6-[®F] fluorodopamine Clinical No [173]
[*'C] HED Clinical No [175]
['8F] LMI1195 Clinical No [176-178]
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Fig. 5. Early Efforts Have Shown the Potential of PET Imaging to Predict Outcomes in Vascular Disease. Chowdhury et al. Evaluated Patients With Peripheral Artery
Disease (PAD) Before and 6 Weeks After Angioplasty. Patients with Signal Uptake (Blue Arrow) Denoted at Baseline in the Non-contrast CT (Fig. A), 18F-FDG PET
(Fig. B), and Fused 18F-NaF PET/CT (Fig. C), that Persisted 6 weeks after Angioplasty (Fig. D), Was Significantly Associated with Restenosis of the Vessel at 1-Year.
Figure adapted from Chowdury et al. J Am Coll Cardiol Img. 2020 Apr, 13 (4) 1008-1017. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

occluded or damaged by thrombosis [162], evaluating thrombosis could
serve as a potential measure of disease severity related to disruption of
the microcirculation. Multiple PET and SPECT radiotracers evaluating
thrombus formation have been identified. For example the [®8GalDOTA-
fibrin-binding-probe [®8Ga]FBP and [ulln]FBPIS, which specifically
targets fibrin [163], and [‘®FIGP1 [164] and [®*Cu]FBP8 [165,166],
which binds to the GPIIb/IIIa receptor involved in platelet aggregation
[167]. None of these tracers have been used to specifically assess
microcirculation in PAD, but the use of these targeted radiolabeled
probes hold significant potential for future preclinical and clinical
studies in PAD.

4.4. Autonomics

Sympathetic activity promotes vasoconstriction of the microcircu-
lation, with a wide variety of heterogeneous and regional effects given
by differential distribution of o; and oy receptors in arteriolar smooth
muscle, different sensitivity in proximal and distal muscle fibers, among
others [168-170]. However, local factors can enable the distal arterioles
to “escape” sympathetic effects [168]. [169] Recently, PET imaging of
autonomic innervation has emerged as a potential tool to improve risk
stratification associated with cardiovascular disease [171,172]. Because
of the high heterogeneity of skeletal muscle flow and sympathetic
innervation, targeted imaging of sympathetic activity could improve our
understanding of the role of autonomic innervation in flow regulation,
and serve as a possible predictor of outcomes. Tracers such as 6-[°F]
fluorodopamine [173,174], [HC]hydroxyephedrine [175], and [*8F]
LMI1195 [176-178] could be wuseful for evaluating autonomic

innervation and dysregulation in PAD and MVD [176-178]. Although
the short half-life of ['!CJHED and the requirement for an on-site
cyclotron present significant limitations for widespread clinical appli-
cation in PAD, the use of a longer half-life sympathetic targeted radio-
tracer like ['®F]LMI1195 could overcomes these limitations [176-178].
The role of sympathetic innervation in modulating microcirculatory
physiology and PAD pathogenesis remains to be fully explored.

5. Conclusion

Physiological and molecular imaging of the microcirculation holds
promise in the detection, classification, and management of PAD and for
enhancing our understanding of the pathophysiology of PAD. Current
imaging modalities offer a wide array of approaches to elucidate the role
of MVD in preclinical and clinical studies of PAD. Assessment of MVD
could yield the development of refined risk stratification models,
providing improved selection of those most likely to respond to revas-
cularization, and assessment of efficacy of interventions, and prediction
of amputation and mortality. The implementation of imaging modalities
to further expand our understanding of microcirculation in PAD will
significantly change the field in the upcoming decades and bring the
evaluation of MVD to the forefront of the assessment of PAD.
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