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Abstract

There are >12 million patients with peripheral artery disease in the United States. The most severe form of
peripheral artery disease is critical limb ischemia (CLI). The diagnosis and management of CLI is often
challenging. Ethnic differences in comorbidities and presentation of CLI exist. Compared with white patients,
black and Hispanic patients have higher prevalence rates of diabetes mellitus and chronic renal disease and are
more likely to present with gangrene, whereas white patients are more likely to present with ulcers and rest pain.
A thorough evaluation of limb perfusion is important in the diagnosis of CLI because it can not only enable timely
diagnosis but also reduce unnecessary invasive procedures in patients with adequate blood flow or among those
with other causes for ulcers, including venous, neuropathic, or pressure changes. This scientific statement
discusses the current tests and technologies for noninvasive assessment of limb perfusion, including the ankle-
brachial index, toe-brachial index, and other perfusion technologies. In addition, limitations of the current
technologies along with opportunities for improvement, research, and reducing disparities in health care for
patients with CLI are discussed.

It is estimated that >12 million patients have peripheral artery disease (PAD) in the United States.' Patients with
PAD can progress to critical limb ischemia (CLI). Patients with CLI have higher mortality rates than patients with
symptomatic coronary artery disease.? In patients with coronary artery disease, there have been significant
improvements in reducing mortality rates; however, this has not been true of patients with PAD. Moreover, those
with both PAD and coronary artery disease have higher mortality rates than patients with coronary artery disease
alone.

Disparities in detection and treatment for patients with PAD still exist. There are ethnic differences in
comorbidities and presentation of CLL>** Compared with white patients, black and Hispanic patients have higher
prevalence rates of diabetes mellitus and chronic renal disease and are more likely to present with gangrene,
whereas white patients are more likely to present with ulcers and rest pain.

Accurate, prompt diagnosis of CLI can help facilitate treatment options for these patients. One challenge in
managing these patients is having technologies available that can detect perfusion abnormalities in the lower
extremities. The purpose of the present scientific statement is to discuss the current state of perfusion technology
and opportunities for future improvements.

Definition of CLI

The American Heart Association (AHA)/American College of Cardiology (ACC) guidelines for lower-extremity
PAD® define CLI as the presence of ischemic rest pain, nonhealing wound/ulcer, or gangrene for >2 weeks with
associated evidence of hypoperfusion as measured by ankle-brachial index (ABI), ankle pressure, toe-brachial
index (TBI), toe systolic pressure, transcutaneous oximetry (TcPo,), or skin perfusion pressure (SPP). Because
timely revascularization for CLI is a Class I indication in the AHA/ACC guidelines, accurate perfusion
assessment is critically important.® The goal of an ideal perfusion assessment test for CLI, unlike claudication, is
to identify whether adequate blood is supplying the extremity to prompt timely wound healing and reduce major
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and minor amputations.” Accurate noninvasive limb perfusion assessment will likely allow timely diagnosis but
also reduce unnecessary invasive procedures in patients with adequate blood flow or among those with venous,
neuropathic, or pressure ulcers.

The ABI

The ABI is calculated by dividing the higher of the posterior tibial and dorsalis pedis artery systolic blood
pressures in a given limb by the higher of the brachial artery systolic blood pressures obtained from either arm.
Values <0.90 are suggestive of PAD, whereas those >1.4 are considered to be due to noncompressible arteries and
therefore nondiagnostic. The higher of the dorsalis pedis or posterior tibial ABI is normally reported. However,
the 2011 AHA/ACC guidelines noted the use of the lower of the dorsalis pedis or posterior tibial ABI to assess
limb perfusion.®” The ABI should be measured with the patient lying flat. There are several other technical
considerations when measuring the ABI that need to be considered, including the cuff size, placement of the cuff,
use of the Doppler method for systolic blood pressure measurement in each arm and each leg, and others as
described elsewhere.® Typically, the patients will rest for 5 to 10 minutes before the ABI is performed. Despite the
diagnostic and prognostic utility afforded by the ABI and the ankle pressures from which it is derived, and in spite
of its favorable operating characteristics when used in patients with stable PAD," its utility may be limited in
patients with CLI. In particular, the ABI may be less useful in the setting of noncompressible vessels and below-
knee tibial disease.”™" Additionally, the ABI may correlate poorly with the Rutherford classification and
angiographic runoff and may not accurately predict wound healing.”"* Furthermore, the ABI provides summative
data at the level of the ankle, where more granular perfusion data (eg, by angiosome) may be needed to assess
disease severity and predict treatment response in CLI.

Data in Support of the ABI

Of the perfusion methods noted in the guidelines,® ABI is the most widely used method. Although ABI was first
described to diagnose PAD, it has not been shown to be an accurate predictor of wound healing or major adverse
limb events. Clearly, the ABI provides important prognostic information, including the risk of death, myocardial
infarction, and stroke, beyond the Framingham risk score or other traditional prognostic measures, and should be
performed in all patients suspected of having PAD.® However, in ~30% of patients with angiographically
documented CLI, the ABI is normal or noncompressible."'* Moreover, a recent large study from Michigan Blue
Cross Blue Shield revealed that =50% of patients with suspected CLI who underwent lower-extremity
angiography and revascularization never had a preprocedure ABI assessment.”> Recent data have shown that toe
pressure may be a better predictor of major adverse limb events and tibial disease in patients with CLI, especially
among those with isolated below-knee disease.'* However, to date, there is no solid evidence with core
laboratory—adjudicated wound healing data for ABI or TBI to assess the sensitivity and specificity of these tests as
perfusion tools to assess wound healing or limb salvage.

Other more advanced perfusion tools such as TcPo, and SPP have single-center data with limited sample size as
predictors of perfusion for wound healing.'*'® Furthermore, these techniques are not widely available and have
many limitations.

Pathophysiological Challenges of the ABI

There are a number of challenges in measuring limb perfusion in the setting of CLI. Many patients have diabetes
mellitus and chronic kidney disease, resulting in arterial calcinosis and noncompressible vessels. A recent analysis
showed that >70% of the tibial vessels that were considered to be noncompressible were actually occluded or
severely stenotic by angiography.”” The current noninvasive modalities for limb perfusion assessment measure
different aspects of perfusion, and each modality has unique limitations. For example, TcPo, measures oxygen
tension, but SPP measures the capillary opening pressure. On the other hand, ABI and TBI measure tibial or toe
pressure, respectively, but cannot quantify oxygenation. Thus, the current devices only address flow or pressure
and fail to provide an answer to the most important question: does the wound have enough perfusion to heal?
Unfortunately, perfusion can be affected by blood flow, edema, nutritional status, medications, inflammation,
infection, and other factors.
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Limitations of ABI and Ankle Systolic Pressure

Although most patients with PAD, including those with diabetes mellitus, have compressible tibial vessels, a
significant proportion of patients referred to noninvasive vascular laboratories for arterial evaluation do not. As a
result, an accurate ABI cannot be obtained. In a large series of consecutive outpatients (n=17 485) who underwent
noninvasive lower-extremity arterial testing at the Mayo Clinic over a decade, 2781 (16%) had noncompressible
vessels."® Interestingly, abnormal Doppler waveforms suggestive of occlusive PAD were found in 71% of those
with noncompressible vessels, and CLI was more prevalent in those with noncompressible vessels than among
those who had ABIs <0.90 (37% versus 18.5%, respectively). Noncompressible vessels were associated with a
lower likelihood of survival over a mean follow-up of 5.8 years compared with both those with normal and
abnormal ABIs. In a smaller cohort of patients with diabetes mellitus at a tertiary teaching hospital referred for
Doppler assessment of their lower extremities (n=403), noncompressible vessels were identified in 150 (37.2%).
Of these 150 patients, 84 (56%) had abnormal Doppler assessments suggestive of occlusive PAD." Over 6.4
years of follow-up, noncompressible vessels were associated with major adverse cardiovascular events among
those who also had abnormal Doppler findings. Finally, among 284 patients with CLI, the presence of
noncompressible vessels was associated with a greater likelihood of amputation (hazard ratio, 1.75 [95% CI,
1.12-2.78]) and major adverse cardiovascular events (hazard ratio, 2.04 [95% CI, 1.35-3.03]) over 3 years of
follow-up than in those with CLI and compressible vessels.? It is noteworthy that the ABI may be partially
compressible, with resultant values that underestimate the severity of disease; in a series of 5984 patients with
CLI who were undergoing revascularization in a large statewide registry, 21% had normal ABI and 53% had only
mildly reduced ABI."

Infrapopliteal PAD is present among a large proportion of patients presenting with CLL*' In a subgroup analysis
(n=237) from the IN.PACT DEEP Trial (Randomized Amphirion DEEP DEB vs Standard PTA for the Treatment
of Below the Knee Critical Limb Ischemia), only 6% of patients with CLI and isolated infrapopliteal artery
disease had an ABI <0.4 and only 16% had an abnormal ankle pressure according to commonly accepted societal
guideline thresholds.'* There was no apparent correlation between the ABI or ankle pressures. Furthermore, the
number of diseased below-knee vessels, the ABI, and ankle pressure were inversely associated with Rutherford
classiﬁlclation. In another study of patients with CLI, increasing ABI was paradoxically associated with abnormal
runoff.~

Ankle pressures are poorly correlated with toe pressure; in a study of 237 patients with CLI who met diagnostic
criteria for abnormal toe pressure, only 58% had abnormal ABIs.”* Although the change in ABI measured before
and after endovascular limb salvage procedures independently predicts the likelihood of wound healing, static
postprocedure ABI is not predictive.?> Perhaps because the ABI is a more summative measure of leg perfusion, it
is less useful than one specific to the revascularized target tibial artery. A number of studies support this concept
and have shown that direct angiosome-guided revascularization is associated with superior wound healing and
limb salvage rates compared with indirect revascularization. Furthermore, hemodynamic cutoffs for wound
healing and limb preservation vary from one patient to another because wound healing is a complex process that
is dependent on several factors, such as the presence of superimposed infection and wound size. The above
observations notwithstanding, the ABI and ankle pressures remain an important component of the WIfl
classification (wound, ischemia, and foot infection), which has been shown to predict wound healing in CLI and
with diabetic foot ulcers.**** Lastly, recent data indicate that using the lower of the systolic ankle pressures led to
better prediction of angiographically documented PAD; whether this approach would have a stronger predictive
value for CLI is unknown.*®

Limitations of TBI and Toe Pressure

Toe pressure and TBI are currently recommended tests of forefoot perfusion appropriate to diagnose and manage
CLL%*#2 Tog pressure assessment offers the primary advantage over ABI of improved accuracy in detecting
limb ischemia in the presence of heavily calcified and poorly compressible vessels, which are particularly
common among patients with diabetes mellitus and chronic kidney disease. === Nevertheless, important
limitations exist for toe perfusion assessment that require further consideration.
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Expert consensus statements consistently recommend the use of toe perfusion assessment to diagnose CLI,
although a universally accepted threshold for TBI or toe pressure to confirm the diagnosis does not exist. Most
guideline statements use separate toe pressure criteria for CLI, according to the presence or absence of tissue
loss =remshaas In the presence of a pedal ulcer, CLI is indicated by a toe pressure <50 mm Hg, whereas ischemic
foot pain is suggested by a toe pressure <30 mm Hg. Furthermore, a toe pressure >45 mm Hg has been correlated
with ulcer healing.*® Toe pressure offers stronger correlation with ulcer healing and major amputation than ankle
pressure or ABI, especially among patients with diabetes mellitus. An absolute increase in TBI >0.21 after
endovascular revascularization is similarly associated with wound healing and reduced major adverse limb
events.2 Overall, toe pressure assessment across studies demonstrates variable diagnostic accuracy and requires
additional study to confirm its utility in CLL*

Although toe perfusion assessment is quick and inexpensive, toe pressure and TBI are not consistently available
in many clinical settings, and current guidelines do not give preference for one test over the other. Toe pressure
testing requires careful technique and specialty cuffs fitted for the toes to provide reliable results.
Photoplethysmographic tracings can be added to the toe pressure to provide qualitative information of forefoot
perfusion. Toe plethysmography offers assessment of toe pulse-wave amplitude, which can supplement toe
pressure results by indicating the risk of amputation.* Patients with an overlying toe wound or those with prior
forefoot amputation may not be amenable to toe pressure assessment. In such circumstances, TcPo,, SPP, and
pulse-volume recordings are acceptable alternatives. Because toe pressure does not provide localization of arterial
disease, these tests of local perfusion might have an additional advantage in angiosome-based revascularization.*®

Perfusion Assessment: Unmet Needs

No single vascular test has been identified as the most important predictor of wound healing or major amputation
for the threatened limb. Furthermore, the management of PAD based on these results is inconsistent, largely
because of a lack of consensus-driven high-quality clinical data. Although expert consensus and guideline
statements that provide a framework for assessment of ischemia are a positive step forward,*** intraprocedural
perfusion guidance would also allow more efficient procedures, including revascularization of the angiosome-
related artery, pedal arch, and vessels, and multivessel intervention. At the present time, only angiographic end
points are available to subjectively evaluate the completeness and adequacy of perfusion intraprocedurally. There
are still unmet needs for adding sophistication to the use of noninvasive diagnostic vascular testing in the
management of the threatened limb.*® A key target area is the spatial and quantitative assessment of tissue
perfusion or oxygenation.

Perfusion Imaging in Clinical Practice: Unmet Needs

Oxygen delivery to the tissues of the lower limb is determined by many biological factors, including multiscale
blood flow distribution, oxygen-carrying capacity (ie, hemoglobin concentration), hemoglobin oxygen saturation,
and efficiency of hemoglobin-oxygen dissociation. There are potential roles in clinical care for direct assessment
of tissue oxygenation or the primary determinant of oxygen delivery, microvascular perfusion. Some of these
techniques have been introduced into clinical practice (Table 1), whereas others remain investigational (Table 2).
In addition, the discordance of tissue perfusion and tissue oxygenation could potentially be used to determine the
relative contribution of flow-dependent and flow-independent contributions to ischemic complications, which
could have an impact on treatment strategy.
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Table 1. Technologies Capable of Assessing Limb Tissue Oxygenation or Perfusion in Humans

Type of . Sensitivity, Specificity, R
Technology Measurement Indications % % Limitations Reference
. Calcified arteries, poor
Ankle—brachlal Surrogate Evaluate for 69-79* 83-99* predictor for wound 8,11
index PAD )
healing
Nonhealing Time, open wounds
TcPo, Surrogate wounds or 98t 44+ » OPen W ’ 1,37
amputation
gangrene
Reproducibility, pain,
Skin perfusion Surrogate Below-ankle 721 883 artifacts from motion, 16
pressure lesions bony prominences,
and veins
Monitor PAD
Phosphorescence Biomarker  Progression and NA NA leltqd efﬁpacy flata, 38,39
biosensors treatment relatively invasive
response
Nonhealing Limited tissue depth
Indocyanine green ~ Biomarker wounds or 858 100§ penetration, iodine or 40
gangrene sulfa allergy
NA indicates not available; PAD, peripheral arterial disease; and TcPo,, transcutaneous oximetry.
*Sensitivity and specificity for predicting PAD.
tSensitivity and specificity for predicting resolution of limb salvage problems.
1Sensitivity and specificity for wound healing.
§Sensitivity and specificity correlated to ankle-brachial index.
Table 2. Experimental Technologies for Lower-Extremity Perfusion Assessment
Research Applications Only Indications Limitations
. . . Evaluate microcirculation and angiosomal .
Indigo carmine angiography . Invasive
revascularization
CT perfusion Quantify perfusion, monitor treatment Cost, radiation, iodinated contrast
response use
MRI (gadolinium kinetics, Quantify perfusion, monitor treatment Cost, time, potential use of
BOLD, ASL) response gadolinium contrast

Operator dependent, limited data

Contrast-enhanced ultrasound Calf muscle perfusion assessment
below the ankle

Potential influence from respiratory
disease

ASL indicates arterial spin labeling; BOLD, blood oxygen level dependent; CT, computed tomography; and MRI,
magnetic resonance imaging.

Hyperspectral imaging Tissue oxygenation assessment

Methods such as TcPo, and the measurement of oxygenated versus deoxygenated hemoglobin with standard near-
infrared spectroscopy or hyperspectral imaging provide regional information on tissue oxygen content or
delivery.** In the clinical setting, they are able to quantify the net effect of disorders that involve any or all of
the physiological determinants of oxygen delivery. They are particularly helpful for evaluating combined effects
of PAD together with diabetic microvascular dysfunction, anemia, or abnormalities in hemoglobin oxygen-
carrying capacity or dissociation associated with sickle cell disease.****Z However, given the spectral dependence
of these light-based techniques, they are best suited to assessing dermal and immediate subdermal status, although
depths in excess of 10 to 15 mm are also possible with near-infrared spectroscopy, enabling measurement of
muscle oxygenation as well.** More data are needed to determine the sensitivity and specificity of near-infrared

spectroscopy measurements to predict wound healing.
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Measurement of tissue blood flow rather than oxygenation is also possible. Although these approaches do not
directly measure oxygen or nutrient delivery, they do provide vital information on the reduction of tissue
perfusion, which is the primary pathophysiological problem and treatment target in CLI. Direct assessment of skin
perfusion can be performed with fluorescent imaging of indocyanine green (ICG) and application of various
transit rate functions, as well as indirectly by postocclusive skin perfusion pressure.”>* Techniques have also
been developed that are able to quantify limb skeletal muscle perfusion with kinetic modeling of contrast-
enhanced magnetic resonance, contrast-enhanced ultrasound, or radionuclide imaging.*~* Perfusion imaging
techniques that are capable of assessing muscle blood flow both at rest and during exercise or other metabolic
stress (eg, postischemic hyperemia) could be particularly helpful in the evaluation of patients with intermittent
claudication.”®** However, there are limited data on these imaging techniques in CLI patients. Although one could
argue that blood flow measurements in the conduit artery could be used to assess the severity or impact of arterial
stenosis, regional perfusion imaging is of added value because it provides information on (1) the adequacy of
collateral blood flow, (2) the combined effects of arterial stenosis and microvascular dysfunction, and (3) the
ability to “redistribute” perfusion from one limb tissue to another according to flow requirements.

There are several clinical scenarios in which perfusion imaging can provide incremental information to
conventional evaluation methods. Skin perfusion and oxygen delivery is the primary determinant of whether
traumatic wounds or chronic ischemic ulcers will heal and whether tissue infection will resolve. Normal TcPo, is
>55 mm Hg. Although there is a continuous relationship between oxygen concentration and ulcer healing, a TcPo,
level <30 mm Hg has been identified as a threshold below which the chance of wound healing is considered
doubtful **** Ballard and colleagues®” demonstrated that 100% of patients who underwent bypass or angioplasty
and achieved a TcPo, of >30 mm Hg had complete wound healing. Furthermore, a postprocedure TcPo, of >30
mm Hg was 96% accurate in predicting wound healing or resolution of rest pain.*” Wound healing is also unlikely
when SPPs are <30 mm Hg, serving as a validation that adequate microvascular driving pressure is critical for
capillary perfusion where oxygen delivery occurs.”® A key issue is how this information can be integrated into
decision making to enhance clinical care, particularly in regard to revascularization strategy. Although still largely
untested, critical reductions in tissue perfusion or oxygenation could be used as a strategy for selecting low- to
medium-risk individuals for early revascularization based on futility of conservative management and to prevent
further tissue loss.

Need for Spatial Information

Assessment of regional perfusion or oxygenation is a critical component of treatment algorithms based on
angiosomal patterns of flow disturbance. Angiosomes are the anatomic territories that are supplied by major
arterial networks that were originally mapped by arterial dissection and postmortem dye injection.” Six separate
angiosomes have been defined for the ankle and foot. Although no randomized controlled trial has been
performed to compare angiosomal-directed revascularization to indirect single tibial vessel revascularization for
wound healing, limb salvage, or mortality, data from meta-analyses indicate direct revascularization should be
performed when feasible.=> Revascularization according to angiosomal need rather than the best target vessel
approach has been proposed as a more effective prioritization strategy for procedural planning.®® However,
angiosome-based assessment relies on the ability to measure anatomic perfusion patterns and possibly the impact
of collateralization between angiosomes.

The ability to quantify regional limb muscle perfusion can impact revascularization strategy. It may also address
the confounding problem that limb muscle perfusion during exercise can be influenced by microvascular
dysfunction, particularly in patients with diabetes mellitus.®** At the present time, it is unknown whether muscle
perfusion can be used to select patients with noncompressible vessels or intermediate ABIs who have a
particularly ominous prognosis and will benefit from early revascularization. In addition, angiosomal patterns
similar to that of the foot apply to muscle perfusion and could potentially be used to optimize percutaneous or
surgical revascularization based on regional flow abnormalities and likelihood for symptom resolution.

Evaluation of regional perfusion and oxygenation is of potential importance for evaluating disease severity and
planning revascularization strategy, as well as assessing the benefit of medical therapy or arterial
revascularization (Figures 1, 2, and 3). The ability to immediately assess therapeutic response could be
particularly useful for establishing the need for additional or alternative therapy in those patients at high risk for
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tissue loss, or to guide clinicians on the expected degree of clinical improvement. Implicit in this application is
that perfusion imaging or assessment of oxygenation will be an important asset in the development of new arterial
revascularization strategies (ie, new devices or selection of surgical versus endovascular approach) or new drug,
gene, or cell-based therapies that are designed to improve microvascular function.
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Figure 1. Examples of noninvasive techniques that have been used to assess the effect of revascularization
on microvascular perfusion or oxygen content.(A) Foot and ankle angiosomal distribution. Adapted from
Sumpio et al®® with permission from the Society for Vascular Surgery. Copyright © 2013, Society for Vascular
Surgery. (B) Noninvasive hyperspectral imaging of the plantar aspect of the foot illustrating progressive
improvement in oxyhemoglobin (red spectrum) in 2 separate angiosomes after lower extremity revascularization.
Reproduced from Sumpio® with permission. Copyright © 2018, BIBA Medical Ltd.

E3 ¥

E_,-*“f -
.";.. ']
- ,:" = .__I...
o _.-'; i SO, .-_.-"
4z TV 24
17 PDE10 medial 34
3 TepO2 1
2 PDE10 lateral 12
1 TepD2 0.4
24 PDE10 proximal 24

Figure 2. Noninvasive indocyanin green fluorescence imaging of the dorsal foot at rest (quantitative curves
at top) illustrating shorter time-to-peak and mean transit time after multilevel percutaneous
revascularization. The corresponding transcutaneous oximetry (TcPo,) measurements are shown below. PDE10
indicates fluorescence intensity measured 10 seconds after onset of fluorescence; and T1/2, time elapsed from
onset of fluorescence to half-maximum intensity. Adapted from Sumpio et al*® with permission from the Society
for Vascular Surgery. Copyright © 2013, Society for Vascular Surgery.

Page 7



https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R60
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R63
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R60

A Exercise - Baseline

Exercise - Post-revascularization

Baseline Post-revasc,
B i C
& Post-revasc - S
100 & Pre-op ,.,T-' : -
= B . -
= _.-" "_?1“_'_-0.“:'
£ &0 / o
- , o
E a0 / o
]
20 ..-" __'.-r"'
o P :
1] 2 4 B 8 10
Time (s}

Figure 3. Quantitative perfusion imaging before and after percutaneous revascularization. (A) Quantitative
contrast-enhanced ultrasound perfusion imaging from the calf during plantar-flexion exercise illustrating
background-subtracted images, and (B) corresponding time-intensity data, where improvement in muscle exercise
perfusion was achieved after percutaneous revascularization. (C) Pre- and post-revascularization angiograms are
also shown. Post-revasc indicates post-revascularization; Pre-op, preoperatively; and VIU, volumetric iodine
uptake. Courtesy of J.R. Lindner.

Laser Doppler and Speckle Imaging Devices

There are multiple laser applications for tissue perfusion assessment. This noninvasive technology exploits the
interaction between coherent light and flowing blood cells. When laser light contacts blood cells, it is reflected
and scattered. The reflected or scattered light is then measured by 1 of 2 methods, the difference of which defines
laser Doppler technologies and laser speckle imaging (LSI), respectively.

In laser Doppler flowmetry (LDF), light is delivered to tissue through an optical fiber. Most Doppler flow meters
use a 780-nm wavelength to allow for skin penetration independent of skin color and oxygen saturation.”* When
the light interacts with tissue, the backscattered portion is transmitted through a second optical fiber to a
photodetector for measurement. LDF provides real-time tissue perfusion sampling, which gives it utility during
revascularization procedures. This technology is limited by the relatively small area and shallow depth of
measurement.” Furthermore, the heterogeneity of skin perfusion decreases measurement reproducibility. Laser
Doppler imaging relies on the same physical principles as LDF, with the advantage of producing 2-dimensional
perfusion map images of the microvascular blood perfusion.** This allows for better appreciation of the
angiosome involved by disease.

Similar to laser Doppler technologies, LSI enables real-time perfusion assessment in the dermal tissues. When
coherent light is scattered, it produces a random interference pattern called a speckle. Temporal fluctuations in the
speckle pattern can be measured to determine blood flow, analogous to the intensity fluctuations that occur from
Doppler shifts.®*® This technology was originally used to measure blood flow in the retina and was subsequently
translated to cerebral and skin perfusion assessment.” Similar to LDF and laser Doppler imaging, LSI has high
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spatial resolution, which allows for measurements at the microvascular level. In contrast to LDF, LSI has the
benefit of not requiring direct contact with tissue to measure blood flow.®"%

LSI tends to be hindered by motion artifact, device size, and complicated data acquisition analysis. The FlowMet-
R (Laser Associated Sciences, Inc) is a novel device designed specifically for use in extremity perfusion
assessment. This technology has a small profile and comes in the form of a clip-on device similar to a pulse
oximeter. Speckle patterns from scattered 785-nm coherent light are sampled at a rate of 250 Hz, which allows for
real-time blood flow monitoring.”” By affixing the device to the patient’s extremity, motion artifact is decreased.

Although several investigations have shown laser technologies could be effective for limb perfusion assessment,
these studies are limited by small size and novelty. In current practice, laser devices have not supplanted the
widely used ABI, TBI, and TcPo; tests. In addition, there are currently no societal guidelines for their use in
patients with PAD. Although LDF, laser Doppler imaging, and LSI might be useful adjuncts to current diagnostic
modalities, larger prospective studies are required to demonstrate their utility as a primary tool for perfusion
evaluation.

Noninvasive Imaging

Imaging modalities such as computed tomography (CT) angiography, magnetic resonance imaging (MRI)
angiography, and duplex ultrasound can accurately measure blood flow in the lower extremities; however, these
are only surrogate markers for tissue perfusion. Perfusion CT and MRI, specifically arterial spin labeling (ASL)
and blood oxygen level-dependent (BOLD) imaging, can better quantify lower-extremity tissue perfusion,
although these techniques are not routinely performed for clinical evaluation of PAD.

Perfusion CT has been widely used in cerebral imaging to stratify patients who may benefit from thrombolytic
therapy, characterize tumors, and monitor cerebral perfusion after subarachnoid hemorrhage.” This imaging
technique may also be able to quantify perfusion in the lower extremity and monitor revascularization treatment
response. In a 2016 study by Hur et al,” perfusion CT was found to have a strong correlation with fluorescent
microsphere blood flow analysis in rabbit foot models. The color-coded perfusion maps also correlated well with
clinical and angiographic findings in patients with PAD who underwent revascularization.” Perfusion CT
examinations can be readily performed on modern CT scanners and can be acquired as an adjunct to CT
angiography. The drawback of this technique is that it exposes patients to additional radiation and requires
iodinated contrast, the latter of which is not always feasible in patients with chronic kidney disease or contrast
allergy.

ASL MRI has been used since the 1990s to measure cerebral blood flow.”2 In ASL, arterial blood water is
magnetically labeled just upstream from the region of interest by a 180° radiofrequency inversion pulse. This
pulse leads to inversion of the net magnetization of water. The inflowing inverted spins within blood water alter
total tissue magnetization, and consequently, the signal intensity is decreased. The image acquired with this
reduced signal is called the tagged image. Subsequently, an image is taken without blood water labeling, which is
referred to as the control image. By subtracting the tagged and controlled images from the static surrounding
tissue signal, information on tissue perfusion and transit time is gained.””* West et al”> demonstrated that ASL
was a reproducible noncontrast technique that could effectively quantify peak exercise blood flow in the calf
muscle in patients with claudication.

Similarly, BOLD imaging has been used for many years in functional MRI to quantify cerebral perfusion by
measuring regional differences in cerebral blood flow. This technique relies on the ability of MRI to delineate the
magnetic properties of oxygenated and deoxygenated hemoglobin. Deoxygenated hemoglobin is paramagnetic,
whereas oxygenated blood is diamagnetic. The difference in signal is measurable with heavily T2* weighted
sequences.”® A study by Bajwa and colleagues” assessed BOLD MRI as a tool for measuring calf muscle
perfusion in patients with CLI. They showed statistically significant interuser and interscan reproducibility.
Furthermore, there was significant correlation between the MRI measurements and tissue vascularity found in
muscle biopsy samples obtained in the region scanned.

Page 9


https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R67
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R68
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R69
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R70
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R71
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R71
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R72
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R73
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R74
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R75
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R76
https://www.ahajournals.org/doi/full/10.1161/CIR.0000000000000708#R77

Both ASL and BOLD imaging are performed without the use of gadolinium-based contrast agents. These
techniques can be added to other noncontrast MRI sequences, namely, 3-dimensional fast spin echo time-of-flight
angiography, to generate a complete evaluation of lower-extremity vascular anatomy and tissue perfusion. This is
an important consideration given that many patients with PAD have concomitant chronic kidney disease.™
Imaging with MRI also provides an alternative modality for patients who have iodinated contrast allergies.

Both ASL and BOLD imaging are dependent on adequate blood flow. Patients with PAD often have sluggish
arterial flow and relatively high concentrations of deoxyhemoglobin, which limits the amount of MRI signal that
can be measured.” MRI is also time intensive and costly and has limited application for real-time imaging during
revascularization intervention. Generally, BOLD imaging has a high signal-to-noise ratio and faster acquisition
time than ASL.”

ICG Fluorescence Angiography

Similar to LSL, ICG fluorescence angiography began as a technique for imaging retinal vessels before use in other
applications, including detection of arteriovenous malformation and anastomotic perfusion monitoring after
colorectal surgery.***! Fluorescent ICG dye is injected intravenously. The dye is then activated with near-infrared
laser light, producing fluorescence, which can be detected and measured. Limited studies have applied ICG
fluorescence angiography to patients with PAD. Zimmermann and colleagues® demonstrated ICG angiography
correlated with the degree of vascular collateralization in the lower extremities of patients with PAD. This
technique may also allow for real-time flow assessment in peripheral bypass surgery.® ICG fluorescence
angiography is limited by its ability to only assess superficial tissues within 3 mm of the skin surface.
Furthermore, alterations in muscle microvascular perfusion occur earlier than skin changes that tend to be
observed in advanced CLL* Hence, ICG fluorescence angiography may have limited efficacy in patients with
early PAD.

Indigo Carmine Angiography

Indigo carmine is an organic salt commonly used as a food-coloring agent. There are limited data on the use of
indigo carmine in patients with PAD; however, a prospective, multicenter study performed by Higashimori and
colleagues® demonstrated the utility of intra-arterially injected indigo carmine for limb perfusion assessment
immediately after revascularization. Their study included 53 patients with Rutherford categories 5 and 6 CLI.
After revascularization, indigo carmine angiography was performed by catheterization of the distal popliteal
artery and injection of the dye. The dye was able to demarcate the arterial perfusion distribution and stain the
wound if it was adequately perfused. As a result, the success of revascularization could be assessed, providing a
prognosis for potential wound healing.®*

Implantable Devices

The Lumee Oxygen Platform (Profusa, Inc) is a novel tissue-integrating micro-oxygen biosensor. These injectable
biosensors provide the advantage of measuring tissue oxygen concentration rather than vascular oxygenation
measured by noninvasive techniques such as pulse oximetry, near-infrared spectroscopy, or laser technologies.®
The device is a phosphorescence biosensor that is implanted within the tissue of interest. The biosensors are soft,
flexible, biocompatible hydrogels measuring 0.5 x 0.5 x 5.0 mm. The biosensors are injected into the
subcutaneous tissues using a 16- or 18-gauge needle. Once deployed, they remain in the body permanently. A
reader is then taped onto the skin above the implanted biosensor, and an LED (light-emitting diode) pulses light
into the skin above the sensor. Based on the degree of local tissue oxygenation, the biosensor will produce
measurable phosphorescence, which can be measured externally by a photodetector in the reader. The reader also
has a thermometer, which allows for continuous temperature correction. Tissue oxygen levels can be monitored in
continuous real-time.*®

The Lumee Oxygen Platform is currently an investigational device in the United States but has received the CE
mark in Europe.® Injectable biosensor technology has been shown to efficaciously measure reactive hyperoxia in
the hind limbs of rats subjected to a series of oxygenation challenges and may be more sensitive to fluctuations in
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relative tissue oxygenation than near-infrared spectroscopy.® This device has also been shown to safely and
effectively measure local tissue oxygen levels in the feet of 10 human subjects with CLI during surgical
intervention, as well as postoperatively for 28 days.®> Larger studies are still needed to validate this device and its
utility for perioperative limb perfusion assessment.

Evaluation of Therapies

Most devices that have obtained US Food and Drug Administration approval have undergone a 510K premarket
submission pathway. As a consequence, there are limited comparative data among devices.*® The premarket
approval pathway should in part depend on the mechanism of action of the device: blood flow mediated,
measuring tissue oxygen, perfusion, or molecular imaging. In certain circumstances, a comparative study would
be helpful to identify gaps where certain devices would be superior to others. In addition, understanding the
strengths and weaknesses of the devices in the different disease conditions would be helpful. For example, are
certain devices better in noncompressible vessels in patients with diabetes mellitus and dialysis? Are certain
devices better at identifying successful revascularization using the angiosome concept in patients with planned
surgery or wounds?

The hemodynamic cutoffs for various limb perfusion technologies can vary significantly from patient to patient
based on wound size, infection, wound location, edema, and nutritional factors. Combining hemodynamic data
with other important predictors of wound healing and limb salvage could provide better diagnostic and prognostic
predictors. The WIS classification has incorporated ABI and TBI with wound infection and size.”* When
combining hemodynamic information, the WIfI classification has been shown to help segregate patients who will
likely benefit from revascularization and predict wound healing in CLI and with diabetic foot ulcers.”

Impact of Perfusion Assessment on Public Health and Disparities

The AHA/ACC “Guideline on the Management of Patients With Lower Extremity Peripheral Artery Disease”
lists advancement in PAD diagnostics, including “tools for more reliable noninvasive perfusion assessment in
CLI,” as a critical evidence gap future direction for PAD-related research.® Such advancement in diagnostics
would result in a variety of opportunities in CLI: proper diagnosis, identification of differences related to sex and
ethnicity, reduction of major amputation, identification of procedural failures or incomplete revascularization, the
potential for telemedicine to reduce disparities in CLI, and potential cost savings in the care of patients with CLI.

Opportunities for Proper Diagnosis

The proper diagnosis of CLI is the first step in the prevention of major adverse cardiovascular outcomes,
including mortality, and the prevention of amputation. As discussed, no noninvasive hemodynamic measures of
PAD are 100% sensitive or specific for CLL¥ If the ABI is near-normal or normal (>0.90) in up to one-third of
patients with CLI, and prevalence of CLI in the United States is =1.3%, the diagnosis of CLI would be missed in
>1 million patients.—="" Thus, if perfusion assessment is able to provide improved sensitivity for CLI over
available hemodynamic measures (eg, ABI), a significant number of patients would be correctly diagnosed,
potentially leading to a cascade of proper medical care and revascularization to preserve limb and life. A recent
report by Ferraresi et al* divided the tibial arteries into a big-artery disease and the pedal artery into a small-
artery disease. They found in a retrospective analysis that small-artery disease had an independent and strong
association with CLI, diabetes mellitus, and dialysis.*

Opportunities to Identify Differences Related to Sex and Ethnicity

Early population-based estimates of PAD prevalence in women have been plagued by methodological difficulties,
including the use of intermittent claudication as the basis for disease categorization and failure to account for
mean height differences between men and women when determining normal ABI values.” The prevalence of
PAD increases with age for both men and women; however, when calculating the “burden” of disease by age and
sex from US census data, there are more women than men with PAD among US adults >40 years of age.”
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Contemporary reviews now estimate that the global prevalence of PAD is higher in women than in men,” and the
increase in mortality and disability associated with PAD worldwide has been greater among women than men.”

Despite the high prevalence of PAD in women, women are underrepresented in PAD clinical trials.”" This is
particularly troubling because women are more likely to be hospitalized emergently for PAD,** more likely to
present with CLL* and have higher mortality rates after lower-extremity revascularization or amputation.”*
Finally, there may be significant anatomic differences in the distribution of atherosclerotic lesions between men
and women with CLI. Women have increased risk for femoropopliteal lesions, multilevel disease, and occlusive
lesions compared with men.”® Taking these factors into account, the potential earlier diagnosis of CLI or the
increased sensitivity for CLI afforded by perfusion imaging could have significant potential influences on the

study of sex differences in CLI.

Ethnic differences in comorbidities and presentation of CLI exist.** Compared with white patients, black and
Hispanic patients have higher prevalence rates of diabetes mellitus and chronic renal disease and are more likely
to present with gangrene, whereas white patients are more likely to present with ulcers and rest pain.> Alarmingly,
black patients are 78% more likely to receive lower-extremity amputation for CLI than their white counterparts,
even after adjustment for comorbidities, socioeconomic status, and access to facilities with revascularization
capacity.” These findings have been replicated when adjusting for disease severity.”” Black patients also
experience the lowest rates of revascularization.”® Although implicit provider bias has been implicated as a
potential cause of these disparities,” the study of perfusion differences in the limbs of white and nonwhite
patients with CLI would provide further insight into potential differences in the anatomic distribution and severity
of presentation among races. Perfusion imaging would also serve as another unbiased covariate by which
amputation rates among black patients could be adjusted to understand the contributors to these apparent
disparities.

Opportunities to Identify Procedural Failures or Incomplete Revascularization

CLI represents the most severe clinical expression of diagnosed PAD.* Regardless of the type of procedure
performed or pharmacological therapies prescribed, assessing for and maintaining limb patency after an
intervention is an ongoing challenge. A review by Martini*® of 14 CLI studies revealed an overall 1-year limb
survival rate of 75.4%, including endovascular, surgical, and conservative therapies. lida et al'”' reported that
target-vessel revascularization was required in 48% of limbs with infrapopliteal angioplasty within 12 months of
the primary procedure. The 3-year primary patency rate after infrainguinal surgical revascularization when
polytetrafluoroethylene bypass grafting was used in patients lacking a saphenous vein was 39% in a study by

Brumberg et al.'®?

The AHA/ACC guideline on the management of patients with lower-extremity PAD specifies in algorithms the
use of noninvasive perfusion assessment techniques in the evaluation of symptomatic PAD.® Although these same
techniques are frequently used in follow-up postrevascularization visits, criteria for the type of assessment and
frequency are not specified. General recommendations for perfusion follow-up after lower-extremity
endovascular or open surgical intervention were recently published by the Society for Vascular Surgery.'® These
include the use of ABI with or without duplex ultrasound in the early postoperative period (surgical) or within 1
month (endovascular). After the initial postprocedure perfusion assessment, recommendations for ongoing ABIs
with or without duplex ultrasound were made based on the approach used.'® With the exception of prosthetic
infrainguinal bypass grafts, these recommendations are based on a low quality of evidence.

There were no randomized controlled trials and several small cohort studies supporting the use of noninvasive
perfusion techniques such as ABI, toe pressure, TBI, duplex ultrasound, SPP, and TcPo, in identification of CLI
postprocedure revascularization failure or impaired wound healing.****' An increase in ABI, toe pressure, TBI,
or TcPo, post procedure supported revascularization and wound healing.****' An SPP >30 mm Hg also

predicted wound healing."®

Concerns with these studies include small sample size, type of study (observational), and lack of standardized or
incomplete follow-up. When TcPo, is used to assess limb perfusion, multiple issues impact the accuracy of the
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measurement, including site selection, electrode equilibration, concomitant use of oxygen, and patient position.™®
Cold ischemic feet can impact SPP values. False ABI measurements can occur in diseases such as diabetes
mellitus. More than 1 perfusion assessment technique could be needed to determine the revascularized extremity
status. The literature on CLI clearly portrays the difficulties in sustaining limb patency and ultimately limb
salvage after revascularization. Randomized clinical trials studying the impact of these noninvasive perfusion
techniques in reducing procedural failure or incomplete revascularization are needed. These will assist in
providing stronger levels of evidence to support the recommendations for their use after revascularization.

Potential Cost Savings

Symptomatic patients with PAD have considerably higher inpatient admissions, provider visits, total costs, and
cardiovascular risk factors than non-PAD matched patients.'”” Patients with CLI, especially if tissue loss is
present, have an increased use of healthcare resources, including prolonged length of stay, frequent readmissions,
and complications.'® There are no studies that directly or indirectly include costs with the analysis of CLI
perfusion assessments. Incorporating noninvasive perfusion techniques as a component of ongoing CLI patient
examinations could potentially improve patient outcomes and reduce costs by proactively monitoring foot
macrocirculation and microcirculation on a regular basis.

Because many patients with CLI are elderly, the Centers for Medicare and Medicaid Services (CMS) is the
primary payer source for such testing. Current CMS-approved reimbursed perfusion assessments include volume
plethysmography, TcPo,, and ultrasound with or without provocative functional maneuvers such as reactive
hyperemia or postural tests.'” If ABI or toe pressure measurements are obtained without corresponding
waveforms, these are not reimbursed. Restrictions by CMS limit the frequency or indications for such testing.

However, with the increasing aging population and incidence of CLI, these restrictions may be modified.

Although technologies such as fluorescence angiography, 2-dimensional perfusion angiography, and tissue
oxygen saturation mapping are promising additions to the CLI noninvasive perfusion assessment options, there
are concerns over inconsistent or absent reimbursement. Currently, CMS does not reimburse the following
noninvasive PAD studies: thermography, mechanical oscillometry, inductance or capacitance plethysmography,
photoelectric plethysmography, differential plethysmography, and light reflective rheography.'® From a clinical
perspective, these new technologies allow for a more detailed assessment of the limb status and provide additional
data required for a more accurate determination of flow. However, their impact on cost savings cannot be
determined at this time until reimbursement issues are resolved.

Randomized controlled clinical trials are needed to determine and quantify the impact of noninvasive perfusion
techniques on CLI monitoring and costs. The current CLI cost studies target the revascularization therapy
differences or hospital data without specifically reporting data on the perfusion techniques used. Potential use of
these techniques early on in the course of the disease and at scheduled intervals during and after revascularization
could result in cost savings by preventing readmissions or by a well-timed adjustment of the treatment plan.

Conclusions

CLI is a complex disease process with great morbidity. This statement highlights the importance of incorporating
perfusion assessment into the care of CLI patients. Despite the high prevalence of CLI, strategies for perfusion
assessment remain limited. New technologies offer potential opportunities to improve the precision and quality of
CLI management. Furthermore, technology through telemedicine provides better access to care, which could help
to decrease the healthcare disparities among patients with PAD.
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