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Abstract

Despite the known higher risk of cardiovascular disease in individuals with type 2 diabetes, the
pathophysiology and optimal management of diabetic foot ulcers (DFUS), a leading complication
associated with diabetes, is complex and continues to evolve. Complications of type 2 diabetes,
such as DFUs, are a major cause of morbidity and mortality and the leading cause of major

lower extremity amputation in the United States. There has recently been a strong focus on the
prevention and early treatment of DFUSs, leading to the development of multidisciplinary diabetic
wound and amputation prevention clinics across the country. Mounting evidence has shown

that, despite these efforts, amputations associated with DFUs continue to increase. Furthermore,
due to increasing patient complexity of management secondary to comorbid conditions, such

as cardiovascular disease, the management of peripheral artery disease associated with DFUs

has become increasingly difficult, and care delivery is often episodic and fragmented. Although
structured, process-specific approaches exist at individual institutions for the management of
DFUs in the cardiovascular patient population, there is insufficient awareness of these principles in
the general medicine communities. Furthermore, there is growing interest in better understanding
the mechanistic underpinnings of DFUSs to better define personalized medicine to improve
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outcomes. The goals of this scientific statement are to provide salient background information on
the complex pathogenesis and current management of DFUs in cardiovascular patients, to guide
therapeutic and preventive strategies and future research directions, and to inform public policy
makers on health disparities and other barriers to improving and advancing care in this expanding
patient population.

Keywords

AHA Scientific Statements; amputation, surgical; cardiovascular diseases; diabetes, type 2;
diabetic foot; health care disparities; health inequities; peripheral arterial disease

The number of cardiovascular patients with diabetes and associated diabetic foot disease has
dramatically increased during the past decade. Although both type 1 and type 2 diabetes

are strongly associated with cardiovascular disease, type 2 diabetes accounts for 95% of
patients with diabetes, and, as such, type 2 diabetes is commonly linked to a large proportion
of nonhealing diabetic foot ulcers (DFUs). The prevalence of people with diabetes-related
lower extremity complications was a staggering 131 million people, or 1.8% of the global
population.! This dramatic increase, combined with the inherent complexities related to

the management of this population, and other factors related to health care delivery and
social inequities, as well, all contribute to the unacceptably high amputation rates in the
United States. Moreover, because current treatments and algorithms of care are presently
suboptimal and not always followed, we will address research progress in this arena while
highlighting health disparities and translational work that may improve both access to care
and treatment options in these patients. Therefore, understanding the prevention and current
best management practices for this complex population is vital to reducing the public health
burden of this devastating disease. The focus of this scientific statement is to review the
latest evidence supporting the prevention and management of diabetic foot disease in the
cardiovascular population and advances made in the outcomes, disparities, and translational
research space that can improve outcomes for these patients in the near future.

EPIDEMIOLOGY AND STAGING

Epidemiology

Nonhealing wounds in patients with concomitant cardiovascular disease and diabetes
constitute a significant public health burden. DFUs constitute wounds below the malleoli
in patients with diabetes and are typically caused by a combination of factors, including
nerve damage, immune system dysfunction, and peripheral artery disease (PAD) and are
frequently associated with trauma to the foot. This is in accordance with the International
Working Group on the diabetic foot? where DFUs are defined as occurring in patients with
current or previously diagnosed diabetes, usually accompanied by neuropathy or PAD in
the lower extremity. The lifetime risk of developing a DFUZ in patients with diabetes is at
least 25% and may exceed 34%.3 Perhaps equally alarming, DFUs constitute one of the
most common factors contributing to hospital admission in patients with diabetes, placing
a direct burden on an already over-whelmed health care system.* Likewise, the direct costs
associated with treating DFUs exceed treatment costs for many common forms of cancer.®

Circulation. Author manuscript; available in PMC 2024 May 03.
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The personal cost for individuals with DFUs is also significant and can be greater than

a year’s worth of salary, depending on health system and severity of disease,® and may

also lead to job loss for individuals who cannot work while nonweight bearing. Over the
past decade, the epidemiology of lower extremity amputation has been relatively dynamic,
particularly in the United States compared with other areas of the world. Although some
studies suggest that the overall prevalence of lower extremity amputation appears to have
peaked from 2010 to 2015, trends over the past decade clearly suggest that there has been

a dramatic increase in amputations among people with diabetes.5.7 As mentioned, DFUs

are primary drivers of hospitalization in the ever-growing diabetes population; hence, these
studies suggest a disturbing trend that has the potential to overwhelm our health care system.

The natural history of DFUs is highly morbid, particularly in the cardiovascular population.
For example, the presence of a DFU in a patient with diabetes more than doubles expected
mortality compared with patients with diabetes without a DFU.”® More than half of DFUs,
unfortunately, will become infected,? and once infected, at least =20% will require some
form of amputation. In addition, mortality rate after diabetes-related amputation is worse
than amputations performed for other reasons, where the mortality rate in patients with
diabetes exceeds 70% at 5 years and increases to 74% at 2 years for those patients

with diabetes who are also on renal replacement therapy, a common comorbidity in the
cardiovascular/diabetic population.® This mortality rate exceeds all but the most aggressive
forms of cancer, yet the management and treatment algorithms for these patients remain less
well defined and often unclear to the primary physicians treating these patients on a regular
basis.

Although it is well established that 85% of diabetes-related amputations are preceded by

a DFU, with early, high-quality care, a higher percentage of DFUs can heal. The current
standard of care includes surgical debridement, pressure offloading, attention to infection,
assessment of circulation, and, when needed, revascularization; these interventions are the
mainstays of current treatment and will be discussed in detail later in this document.
However, the first step in ensuring high-quality care begins with appropriate taxonomy
and risk assessment of each patient presenting with a DFU. Several validated classification
systems exist to assess wounds, 10 ischemia,!! and foot infection, and these are reviewed

in Supplemental Table 1.12:13 Many of the previously used classification systems, however,
generally focused primarily on one wound or limb factor (eg, wound depth, severity of
ischemia, severity of infection) without allowing for description and interaction of the
presence or severity of additional contributing factors to exist simultaneously. To combat
this issue, the Society for Vascular Surgery Wound, Ischemia and Foot Infection (WIfI)
threatened limb classification system4 brought these critical elements together, has been
widely validated, and is summarized in Figure 1. The WIfl system is based on wound
severity, extent of infection, and perfusion status, and it provides a reliable model for
determining amputation risk while aiding in the clinical decision-making process.1® It is
important that WIfl mandates not only pulse palpation but also objective measurements

of foot perfusion (ankle brachial index and toe systolic pressure or transcutaneous oxygen
measurement [TcPO5]) to avoid failure to identify ischemia as a potentially correctable,
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contributory factor for nonhealing DFU. Although not specific to DFUs, the WIfl
classification is extremely useful in the risk assessment of patients with DFU because it
consists of ordinal severity grading of tissue loss, ischemia, and infection on a 4-point scale
and is dedicated to staging overall limb threat, analogous to the tumor, node, metastasis
(TNM) classification for cancers. The 64 total WIfl combinations have been grouped into
4 clinical stages that correlate with the expected risk of major amputation at 1 year. WIfl
staging allows the clinician to triage urgency, identify the current dominant condition or
conditions, and sequence treatment accordingly.18 For example, patients presenting with
WIfI clinical stage 4 limb severity are at extremely high risk of major limb amputation,
mandating an expedited treatment approach to preserve functional limb salvage. WIfl
staging also allows for the serial assessment of treatment response over time, an important
factor for patients with DFUs.11:17 For these reasons, the WIfl is the preferred classification
system for patients presenting with a DFU and should be used widely in the initial
assessment of any patient presenting with a DFU.

DISPARITIES IN DFUs

Health Disparities Associated With DFU Related Amputations

Disparities in amputation rates for patients with diabetes have been identified as an area of
national concern since 2003.18 Since that time, multiple studies have identified variation in
amputation risk on the basis of socioeconomic, racial, ethnic, and geographic (rural- and
urban-dwelling) status,19-25 and there has been an exponential growth in publications on the
subject. Although the risk for amputation is highest in communities with higher levels of
traditional risk factors, such as diabetes, cardiovascular disease, and tobacco use, it is also
disproportionately higher in disenfranchised populations affected by high economic hardship
and chronic external stressors.2%:26 Disparities in amputation rates, thus, serve as a marker
for structural inequities in health care access, quality of health care, and nonmedical factors,
such as food security, transportation, and housing stability (ie, the Social Determinants of
Health). In addition, diabetes-related amputation in some cases may be preventable with
access to higher quality medical, podiatric, and vascular care,2’-31 and as such, reducing
disparities in amputation rates has been adopted as a leading health indicator and national
objective for achieving equity in the treatment of diabetes across the country.32

Disparities Related to Ethnicity and Race

There is a significant body of literature describing racial and ethnic disparities in amputation
rates for both chronic limb-threatening ischemia (CLTI) and diabetes,19-30:33-44 and
although it is often argued that the increased risk of race and ethnicity cannot be separated
from confounders, such as socioeconomic status, numerous studies have identified that,
even after controlling for risk factors, such as socioeconomic status, comorbidities, and
advanced disease, Black and African American and Hispanic and Latino patients are more
likely to undergo major amputation for CLTI and diabetes than White pati ents.19:25.33.36,39-
41.44 Similar findings have been reported in Native American populations.#>46 It is

even more troubling that there is ample evidence to support that race and ethnicity is

also an independent predictor for primary amputation (ie, amputation without attempt at
revascularization),33:36.38,39.41,44.47.48 g gqesting that there are other factors at play that
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have yet to be identified or measured in a meaningful way. These factors may include
structural inequities#9>0 and implicit bias,>! among other factors.

Geographic Disparities

Rural-dwelling populations have been repeatedly identified as a major at-risk group for
health disparities, including DFU-associated amputation. Studies suggest that rural-dwelling
patients undergo amputation at rates 51.3% higher than non-rural-dwelling patients,52

and there are data to support that heavily rural-dwelling areas have higher amputation

rates compared with the rest of the country.23:24.53 One potential explanation for these
findings is that rural-dwelling patients tend to be medically underresourced and deal

with significant physical and cultural barriers to accessing quality care. In addition, rural-
dwelling populations tend to be older, more economically depressed, and have higher
levels of chronic disease, such as diabetes, and riskier health behaviors than their urban-
dwelling counterparts.® It is interesting to note, however, that even when controlling for
comorbidities and other risk factors, studies have demonstrated that geographic variation in
amputation risk continues to exist,23 further reinforcing the hypothesis that there are other
variables involved that remain unknown.

Intersectionality

Intersectionality is the theory that individuals’ multiple identities within social systems
compound and exacerbate experiences of ill health.555¢ The effect of intersectionality in
amplifying risk for amputation also finds support in the literature. Examples of the effect

of intersectionality in amputation disparities include findings that rural-dwelling patients
identifying as Black have a higher risk for primary amputation than their urban-dwelling
Black counterparts*8 and a higher risk of amputation for DFUs than would otherwise be
expected if the risk of amputation associated with rural-dwelling residence and Black and
African American race were simply additive.>’ There is also literature suggesting that Black
and African American women are at significantly higher risk for amputation than Black and
African American men.58 Intersectionality highlights the complexity of health disparities
and suggests that preventive strategies must engage at risk communities to better understand
and effectively address health disparities.

PATHOGENESIS OF DFUs IN CARDIOVASCULAR PATIENTS

The mechanisms underlying nonhealing wounds in patients with diabetes are multifactorial.
One general approach to organize thinking about nonhealing DFUs is to consider
mechanistic inputs common to atherosclerosis and vascular disease, both in general

and in patients with diabetes, and pathogenic drivers more specific to DFUs. Defining

the underlying factors responsible for nonhealing wounds in a person with diabetes is
particularly relevant on several fronts, because information that can help guide management,
whether decreasing initial wound occurrence and promoting wound healing while also
highlighting where mechanistic understanding is lacking, can help stimulate further
investigation and new therapeutic options (Figure 2).

Circulation. Author manuscript; available in PMC 2024 May 03.
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Cardiovascular Risk Factors Associated With Macrovascular and Microvascular Disease in
Patients With DFUs

DFUs are strongly influenced by vascular disease, which helps explain the overlap of this
common problem with factors that promote atherosclerosis, whether it be macrovascular

or microvascular. Macrovascular atherosclerotic occlusive disease can limit the available
perfusion to the distal extremities, whereas microvascular disease can also contribute to

the development of diabetic wounds. Although it is hard to separate the factors associated
with macro- or microvascular disease, hypercholesterolemia and hypertension are more
often associated with macrovascular disease development, where hyperglycemia is most
often associated with microvascular disease. Many cardiovascular risk factors, such as
tobacco use, are strongly associated with worsening of both macro- and microvascular
disease, and it is important to note that both processes contribute to nonhealing in DFUs.
The role of hypercholesterolemia in macrovascular atherosclerosis, and the benefits of low-
density lipoprotein cholesterol lowering in the reduction of atherosclerotic complications

in patients with diabetes, as well, is unequivocal; however, as is often the case in diabetic
wound healing, direct evidence specifically linking some well-established cardiovascular
risk factors, including hypercholesterolemia and hypertension, to diabetic wound healing
has not been demonstrated. Distinct from hypercholesterolemia, dyslipidemia in the form of
hypertriglyceridemia and low high-density lipoprotein levels may be especially relevant to
nonhealing wounds in DFUSs. Triglyceride handling, through metabolism of triglyceride-rich
lipoproteins, such as the interaction of very low-density lipoproteins with lipoprotein lipase,
occurs primarily in small arterioles, raising the potential for a more direct role in wound
healing. High-density lipoproteins may be especially involved in mitigating oxidative stress
and other aspects of redox balance and may also be relevant for small vessel disease and
wound healing in diabetes. The overlap between macrovascular and microvascular disease is
clearly extensive, but therapies targeting microvasculature disease are limited at present.

Another risk factor strongly associated with diabetic macrovascular and microvascular
disease, and wound healing, as well, is hyperglycemia. Although often linked, both diabetes
and hyperglycemia are considered independent major risk factors contributing to small
vessel disease by altering properties of skin and underlying tissue that predispose to

injury, while also limiting the capacity to heal. Diabetes and hyperglycemia can contribute
to secondary components that promote nonhealing wounds through their association

with factors like endothelial activation, dysregulated inflammation as involves endothelial
activation and increased inflammatory cell phenotypes, impaired vessel reactivity, increased
oxidative stress, and tissue hypoxia.

Although managing general risk factors that improve vascular disease in patients with
diabetes might also affect wound healing, a particularly intriguing issue is whether novel
glucose-lowering agents that have shown benefit in reducing cardiovascular events in
patients with diabetes, such as glucagon-like peptide 1 receptor agonists and sodium-
glucose cotransporter 2 inhibitors, might also affect wound healing, possibly independent
of improving distal extremity perfusion. The specific effects of these drugs are still

under investigation, and it should be noted that one of the sodium-glucose cotransporter
2 inhibitors, canagliflozin, was examined as part of the CANVAS trial (Canagliflozin

Circulation. Author manuscript; available in PMC 2024 May 03.
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Cardiovascular Assessment Study) and was found to be associated with an increased risk

of amputation. This initially resulted in a black box warning by the Food and Drug
Administration, which has since been removed; however, this drug should be used with
extreme caution, or perhaps not at all, in this patient population because the increased risk of
limb events likely persists.>®

Of note, the relationship between hyperglycemia and adverse cardiovascular events is

a continuous gradient, as increasingly explored in considering the cardiovascular risk
associated with prediabetes. In this regard, making a distinction between hyperglycemia
and diabetes may be relevant, as encountered in patients who may have significant
hyperglycemia even if the relatively arbitrary thresholds used to define diabetes have not
been crossed. The specific effects of these drugs on both macro- and microvascular disease,
and DFU healing, as well, requires further investigation.

Sensory Neuropathy Associated With DFUs

Autonomic and sensory neuropathy increases the risk for initial injury to distal extremities
due to a loss of pro-prioception. The initial injury in patients with diabetes may also involve
alterations in the skin itself that foster greater disruption in the integument, loss of its
protective nature, and other factors, as well. Although peripheral neuropathy is a major risk
factor for development of a DFU, this mechanism is well-discussed in other statements from
the American Diabetes Association and is beyond the scope of this document.

Cellular Dysfunction Associated With DFUs

Wound healing depends on a tightly regulated process that involves many different cells and
mediators ranging from platelets and coagulation factors to immune and structural cells.

In addition to factors associated with specific cell functions involved in wound contraction,
immune cell dysfunction, associated with diabetes, hinders resistance to infection, further
promoting chronic inflammation and polymicrobial infections. Multiple genomic studies
using DFU tissue and next-generation sequencing including single-cell RNA sequencing
recently underscored deregulated inflammatory response®® in both keratinocytes and
immune cells, suggesting that reactivation of acute wound response would be clinically
beneficial. Although many of the factors outlined in the preceding sections alter the existing
microvasculature, once injured, the response to this injury is also thought to involve
angiogenesis, which has been shown to be impaired in diabetic tissues. The cellular- and
tissue-specific factors associated with nonhealing DFUs are shown in Figure 3. Many of
these dysfunctional cells and processes are the subject of investigation in an effort to
improve cell function and ultimately improve DFU healing.

DIAGNOSTIC CONSIDERATIONS

Early identification and staging (as discussed earlier) of patients with a DFU for contributory
factors and amputation risk must be expeditious, especially in patients with diabetes, who
often cannot feel their wounds due to the loss of sensation and who also are especially prone
to infection due to the cellular dysfunction discussed in the previous section. To standardize
diagnosis and treatment, the Global Vascular Guidelines and others recommend prompt

Circulation. Author manuscript; available in PMC 2024 May 03.
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WiIfl-graded assessment (see Figure 1). To provide accurate staging beyond what can be
obtained from the physical examination, several diagnostic tests are needed.

Role of Imaging

Imaging is important to inform a timely diagnosis and ultimately informs management
related to infection and impaired perfusion. This is a particularly important component of
patients presenting to the emergency department with a DFU who are often experiencing
signs of systemic toxicity, which may or may not be related to the DFU.

Imaging to Evaluate Degree of Infection—PIlain radiographs are the first-line modality
for any patient with diabetes and a foot ulcer >2 weeks in duration or a patient with

diabetes suspected of having a non-superficial soft tissue infection per Infectious Diseases
of Society of America guidelines.61-%3 Plain radiography can also be used to evaluate

for articular deformities, including Charcot osteoarthropathy, which is common in patients
with diabetes.®4 Findings of gas are an indication for acute drainage and debridement

as discussed below. Although radiography is often used initially, an early diagnosis of
osteomyelitis may be difficult to make because the changes on radiographs are often subtle,
or absent, in the early stages of the disease process.5> Osteomyelitis is more often associated
with chronic DFUs, and the inability to clear this deep bone infection can complicate DFU
healing. If osteomyelitis is strongly suspected despite a negative or equivocal radiograph,

or if additional imaging is needed to evaluate the extent of osteomyelitis, an MRI is often
indicated. If the patient cannot undergo an MRI for various reasons, a triple-phase bone scan
in combination with a tagged white blood cell scan is an acceptable alternative to evaluate
for osteomyelitis.3:66 MRI is useful to identify soft tissue infection when there is concern
for soft tissue abscess,®2 and the addition of intravenous gadolinium with the MRI improves
the sensitivity for visualizing soft tissue abscess.5” Newer guidelines suggest a potential

role for single-photon emission computed tomography scan with a computed tomography
scan and positron emission tomography scan with a computed tomography scan, although
single-photon emission computed tomography is often included in bone and white blood cell
scans®168.69 and can be useful to delineate anatomy and pathological findings that are often
helpful with surgical planning.

Imaging to Evaluate Blood Flow and Revascularization Options—As discussed
above, patients with diabetes have a high likelihood of concomitant PAD. Thus, in any
cardiovascular patient with a DFU, assessment of peripheral perfusion is mandatory because
it guides further management strategies.’? In general, an ankle brachial index alone

does not provide reliable results in diabetic patients with noncompressible vessels due

to medial calcinosis, and thus a toe systolic pressure or TcPO, and toe brachial index

is needed to determine perfusion to the foot. It is notable that up to 10% of patients

with noncompressible ankle brachial indexes will also have noncompressible toe brachial
indices.”! After an initial perfusion defect is identified through the noninvasive testing,
additional imaging is needed to identify appropriate revascularization strategies, which is
a key part of management in these patients. Additional imaging is often dictated by the
surgical team and is beyond the scope of this document but can include, from least to most
invasive, duplex ultrasound, cardiac computed tomography angiography, and angiography.
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MANAGEMENT BASED ON WIFI CLASSIFICATION

Wound

Tissue Characteristics—When wound healing stalls, the wound is no longer acute and
enters a chronic state that does not proceed through the typical phases of healing due

to dysregulation of signaling networks that control timely cellular and tissue responses.

For instance, the epidermis is hyperproliferative, but not migratory, there is marked
decrease of angiogenesis, dysregulation of matrix deposition and its turnover, and a delayed
inflammatory immune cell response followed by a compensatory increase in inflammation.
All of these issues, compounded by the underlying presence of neuropathy, and likely
PAD, contribute to the nonhealing wound phenotype.’2 As a result of all these complex
deregulated processes, wounds persist in a chronic, yet ineffective, inflammatory state that
does not approach the quantity or quality of inflammatory response seen in acute wounds,
leading to a failure of progression through the usual stages to complete wound healing.”
This concept was confirmed by the recent spatial transcriptomics analyses of healing and
nonhealing DFUs that showed increasing inflammatory macrophage polarization in healing
DFUs and specific fibroblast phenotype enriched in healing DFUs,5? thus revealing cell
type—specific targets for potential therapeutic intervention. In addition, chronic wounds

are considered colonized by bacteria, due to the frequent presence of aggregates of
microorganisms and bacterial biofilms that further impede healing.”* At present, a major
therapeutic goal is to shift this chronic, nonhealing cellular phenotype into one that more
closely resembles that of a normal, acutely healing wound.

Debridement—One of the mainstays of standard care for DFU that allows the wound

to reset on the path of acute healing is debridement. Although often designated as wound
bed preparation, this term is something of a misconception because debridement must
extend to the wound edges to remove the hyperproliferative nonmigratory epidermal

edge to be successful. Studies have shown that cells grown from postdebridement tissue
biopsies show significant improvement in migratory capacity, reconstituting growth factor
receptors and signaling networks, resulting in a better response to growth factors.” As
mentioned previously, biofilms likely exist on most wounds. A biofilm is a thin layer of
microorganisms that adheres to a surface and often produces a slimy film of extracellular
matrix that can be composed of DNA, proteins, and polysaccharides. Sharp debridement
also temporarily removes biofilm and resultant bioburden. Although bacterial growth
resumes postdebridement, this procedure allows for a more diverse microbiome, which has
been associated with better healing outcomes.’#:76.77

Offloading—In addition to good-quality debridement, offloading normal (vertical) and
shear (horizontal) stress is essential in both reversing the pathogenic process of nonhealing
and in creating a protected environment to allow healing. A number of promising therapies
exist to offload and protect the healing wound.”® The tool with the most consistent data

is the total contact cast,’® applied with minimal padding and designed to spread out force
over a large unit area. Unfortunately, few (2%—-15%) specialty clinics use this tool as a
primary means of offloading.8% There are a number of removable cast walkers that also
reduce pressure as well as the total contact cast but do not result in better or even equivocal
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healing in randomized controlled trials. This is ostensibly because patients often remove
these devices and, due to underlying neuropathy, go on to experience repetitive trauma to the
area. In fact, data suggest that, unfortunately, these removable devices are worn for <30% of
total daily activity.8? Clinicians have taken these data and modified the removable devices to
make them irremovable, which has dramatically increased their efficacy.82 As our collective
population becomes increasingly neuroischemic (rather than classically neuropathic), many
centers use a hybrid of removable and irremovable strategies depending on the function,
work status, and activity of a patient. Newer therapies are now focusing on providing
real-time feedback to the patient and clinician to improve adherence to offloading.83 Several
types of offloading footwear are shown in Figure 4.

Dressings—Many foot ulcers in people with diabetes produce little exudative drainage,
particularly those with an underlying ischemic component. Thus, dressings used to treat
such wounds should prioritize moisture donation to the wound bed. Hydrogel dressings are
a good example of dressings that provide additional moisture to the wound environment
and are a good choice in this situation. Wounds with more drainage are best treated

with alginates or hydrofibers that have a larger capacity to remove moisture. Aiming to
use dressings that maximize the interval between dressing changes to permit irremovable
offloading is optimal. A list of currently used dressings and their respective characteristics
are displayed in Table 1.

Biologics—Advanced biologic therapies that are currently Food and Drug Administration—
approved for efficacy in DFUs include growth factor and living cell-based products.

These therapies may achieve tissue reprogramming and reactivation of an acute wound
phenotype.84 Many advanced biologic therapies fail to show efficacy due to multiple
reasons, including lack of adequate models for preclinical testing, lack of patients’ tissue
for analyses, and single acceptable primary outcomes, to name a few.”2 It is remarkable
that no small molecules have crossed the threshold of approval. Variability in efficacy of
the current biologics reflects lack of ability to phenotype wounds on a more granular level
that would allow for more precise targeting. For example, topical application of a growth
factor will be efficient only in a subset of patients whose wound cells appropriately express
the membranous receptor for that particular growth factor, further emphasizing the need for
personalized medicine in this space.

Prevention of Ulcers and Recurrence—Although there are insufficient data to guide
clinicians on primary prevention of DFUSs, data suggest that several interventions, including
podiatric care, self-assessment with thermometry, directed surgical intervention to reduce
deformity, and therapeutic footwear, may promote reduction in risk for recurrence for
patients in DFU remission.13:85-89 Self-examination is an important part of prevention of
DFUs and management of patients with DFUs. Patients with diabetes should be advised to
regularly check their feet for cuts, blisters, redness, swelling, and other signs of injury. They
should also be advised to check for numbness or a loss of feeling in their feet, because
neuropathy can make it difficult to sense a break in the skin. It is recommended that patients
with diabetes see a podiatrist to assist with pressure offloading as a preventive measure.
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Diabetes is associated with an increase in both the incidence and severity of PAD, as

well as differences in anatomic disease distribution compared with patients who have PAD
without diabetes.%91 Concomitant diabetes and PAD pose a grave threat to life and limb,
where patients with both disease processes have a risk of limb loss that is 4 times the
national average.92:93 Hence, evidence-based, effective revascularization represents a critical
component of limb salvage in patients with DFUs.

Revascularization in the diabetic patient with severe PAD (CLTI) presents specific, unique
clinical challenges. Restoration of in-line flow to the foot, in general, is considered

a requisite to resolve tissue loss. Patients with diabetes and CLTI frequently have

multilevel arterial occlusive disease with a high incidence of deep femoral artery,
infrapopliteal, and sometimes pedal disease. At present, there are multiple available
revascularization techniques; however, there is a paucity of high-quality data to guide
effective revascularization strategies. The BASIL trial (Bypass Versus Angioplasty in Severe
Ischaemia of the Leg) directly compared bypass with endovascular strategy in patients

with CLTI. These authors demonstrated no difference in amputation-free survival between
patients with CLTI who underwent bypass versus angioplasty.?* However, patients in the
BASIL trial randomly assigned to open surgery, who survived for >2 years, appeared to have
improved outcomes. Since the completion of this landmark study, endovascular techniques
have greatly expanded. The National Institutes of Health—sponsored BEST-CL trial (Best
Endovascular Versus Best Surgical Therapy for Patients With Critical Limb Ischemia) was
designed to address this question in a contemporary fashion.%® The primary outcomes of
BEST-CLI demonstrate that, among patients with CLTI who were deemed suitable for
either open bypass or endovascular intervention, and who had an adequate great saphenous
vein available for conduit, initial treatment with surgical bypass was associated with a
significantly reduced incidence of major limb amputation or major reinterventions, with no
difference in all-cause death. The BEST-CLI trial population (N=1830) included 72% with
diabetes and 80% with tissue loss, so its results are highly relevant.9¢ Further data from

this landmark trial, including quality of life, cost-effectiveness, and anatomic complexity of
disease, are highly awaited.

In everyday practice, revascularization decisions in diabetic patients with CLTI are heavily

influenced by the fragility of the patient, the concomitant degree of tissue loss and infection
(limb severity), and the anatomic complexity of disease encountered.! These decisions are
complex and often require shared decision-making between patient and physician. As noted
above, effective treatment for CLTI often requires dealing with multilevel occlusive disease.
The following subsections summarize treatment options based on anatomic level.

Many aortoiliac lesions are amendable to endovascular treatment. The primary endovascular
strategy remains balloon angioplasty and stent placement; balloon-expandable (bare metal
versus covered) stents are preferred for the common iliac artery, whereas self-expanding
stents are preferentially used for external iliac artery lesions. The results of endovascular
therapy are durable, with 5-year patency >80%.97 Open surgical reconstructions are
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typically reserved for failed endovascular interventions, small-caliber vessels, and long-
segment occlusive lesions, particularly when bilateral.%8

Common Femoral and Femoropopliteal

Tibiopedal

Common femoral endarterectomy with patch angioplasty remains the gold standard
approach for common femoral lesions. Endarterectomy couples low perioperative morbidity
with excellent long-term durability.%9100 Although there is growing enthusiasm in the
interventional realm for endovascular approaches to the common femoral artery, the reality
of jeopardizing blood flow to the profunda artery, which is often an important lifeline

for diabetic patients to maintain perfusion and avoid limb loss, and the potential need

for additional procedures in the future, as well, should be carefully considered before
proceeding with such interventions,101-103

Femoropopliteal lesions may be treated with either endovascular or open approaches.
Endovascular options include transluminal percutaneous angioplasty, anti-proliferative
therapies, such as drug-coated balloons and drug-eluting stents, debulking techniques

such as atherectomy, and novel treatments for calcium such as intravascular lithotripsy.
Endovascular therapies carry a low periprocedural morbidity and mortality; however,

the primary patency is variable owing to the diversity of techniques and spectrum of
anatomic lesions encountered, and the lack of longer term follow-up for many of the newer
techniques, as well.104-106 Factors such as longer lesion length, smaller vessel diameter,
extensive calcification, and runoff disease predict worse outcomes. Femoropopliteal bypass
remains an effective treatment option for patients with extensive disease. Results are heavily
dependent on the availability of suitable autologous conduit. Saphenous vein bypasses
result in a 5-year patency of 65% to 75%, whereas prosthetic bypass yields 30% to 60%
patency.107.108

Tibiopedal disease is particularly prevalent in patients with diabetes and especially those
with DFUs. The durability of tibial endovascular interventions remains a significant
challenge primarily because there is a scarcity of tools available to effectively treat long,
calcium-laden lesions in small-caliber arteries. The primary endovascular approach for tibial
disease is percutaneous angioplasty; the 1-year patency is between 40% and 60% but is
significantly lower for longer and more calcified lesions.109110 Similar to femoropopliteal
disease, femorotibial bypass remains a durable option for patients with suitable autologous
conduit and an adequate target vessel.111

The global epidemic of diabetes, especially with concomitant chronic renal disease, has
prompted growing interest in the reconstruction of pedal arteries. Surgical bypass to
below ankle arteries is a well-described and effective technique in appropriately selected
patients.112 Interventional techniques at this level have gained growing interest but their
effectiveness remains unclear. The Rendezvous registry demonstrated in 257 patients with
CLTI that pedal artery angioplasty improved wound-healing rates.113 However, this was

a retrospective study and there remains a paucity of robust, prospective data. Other new
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techniques of interest for challenging tibiopedal disease include intravascular lithotripsy and
deep venous arterialization, but their roles at present are not clear.114

The genesis and resolution of a DFU-related infection is primarily a clinical diagnosis.

The presence of bacteria in the wound does not by itself indicate active infection because
microorganisms colonize all wounds. Soft tissue erythema, wound size, depth, associated
drainage, and tissue and bone exposure should all be evaluated during the initial assessment.
These signs may not be as obvious in a patient with diabetes, and this is particularly true

in patients with neuropathy, who may not have the painful feedback that might prompt one
to seek prompt care. Thus, it can be difficult to diagnose DFU-associated infection solely
on the basis of a patient’s subjective history or symptoms. A thorough examination by an
experienced clinician is, therefore, important. Infection in patients presenting with DFU is
often missed or its severity underestimated. Mild (superficial and limited in size and depth),
moderate (deeper or more extensive), or severe infections (accompanied by systemic signs
or metabolic perturbations) should be classified according to evidence-based guidelines.
Patients with active acute infections require special attention and focused care. All patients
with DFU infections require basic blood testing that includes a complete blood count,
serum chemistries, and inflammatory markers (erythrocyte sedimentation rate and C-reactive
protein). The Systemic Inflammatory Response Score is used to determine the overall grade
of infection, with 1 point awarded for each of the following potential findings:

. Temperatures >38 °C or <36 °C
. Heart rate >90 beats per minute
. Respiratory rate >20 breaths per minute; or PaCO, >32 mm Hg

. White blood cell count >12 000, 4000 cells/L, or 10% immature (band) form

Patients with a Systemic Inflammatory Response Score of >2 require more immediate
resuscitation and the administration of intravenous antibiotics. For example, patients that
meet Systemic Inflammatory Response Score criteria with a WIfl Foot Infection grade 3
require more intensive medical and surgical intervention than those with lower infection
grades. It is also critical to treat any associated hyperglycemia and other electrolyte

or metabolic derangements that could accompany infection. Last, hyperglycemia of an
unexplained cause should be thoroughly investigated because it may portend underlying
infection. Blood and deep tissue cultures (obtained during debridement) can aid in the
selection of appropriate antibiotics. Although superficial swab cultures are frequently
obtained in these patients, they are not recommended because their utility is limited because
most wounds are contaminated by superficial skin flora, which does not always identify

the organism responsible for the infection. After deep tissue cultures are obtained, therapy
consisting of empiric antibiotics should be initiated. Once bacterial speciation and drug
sensitivities become available, the antibiotics should be narrowed down as much as possible.
Proper antibiotic selection is not only important for treating active infection, but it can also
slow the spread of antimicrobial resistance. Topical antimicrobials, although used frequently,
have not, to date, shown any benefit in reducing severity of infection. Infectious disease
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experts are often part of the multidisciplinary DFU management team at specialized centers
given the importance of infection treatment in these patients.

The Infectious Diseases Society of America and International Working Group on the
Diabetic Foot have published detailed recommendations on empiric treatment on the basis
of the severity of the infection and the suspected organism. Intravenous antibiotics are
usually reserved for infections severe enough to necessitate hospitalization, although some
specialized outpatient and infusion centers may provide such care. Undrained purulence and
nonviable tissue should be surgically debrided as soon as possible. In general, addressing
infection should take precedence over any attempts at revascularization. However, close
communication with vascular specialists as part of a multidisciplinary limb preservation
team is critical for avoiding any potential delays in care once source control of the infection
has been obtained.

Infection Involving Bone

If it is possible to probe the bone through the ulcer, the likelihood of bone infection
increases significantly. As discussed above, imaging involving plain radiographs, and MRI
and other modalities, as well, are often necessary to determine the degree of infection and
bone involvement. If osteomyelitis is present, bone debridement and prolonged intravenous
antibiotics will most likely be required to allow wound healing, even in patients that do not
require revascularization. A definitive diagnosis of osteomyelitis can be obtained with bone
biopsy and deep bone culture. For cases in which bone biopsy is not an option, deep wound
cultures may provide a reasonable alternative to diagnose infection and direct antibiotic
therapy.

Patients with DFU infection involving bone may ultimately require definitive surgical
treatment to eradicate the infection. In these cases, all devitalized tissue and bone should

be surgically removed. Soft tissue and partial bone excision may be sufficient in some cases,
but in many cases, particularly involving forefoot osteomyelitis, trans-metatarsal amputation
or pan-metatarsal head excision may be required. Furthermore, multiple debridements and
drainage procedures may be required to completely eradicate deep infection; in severe

limb- and life-threatening cases, foot functionality may be sacrificed to clear the infection
with the hope of eventually achieving wound closure and surgical reconstruction once the
infection is resolved. Recent evidence also suggests that suppressive antimicrobial therapy
may be clinically effective for some patients; however, this is presently under further
investigation.11°

A management algorithm in a patient presenting with a new DFU is detailed in Figure 5.

SPECIAL CONSIDERATIONS IN THE DIABETIC, CARDIOVASCULAR
POPULATION

Despite significant scientific and clinical advances, cardiovascular sequelae, such as
myocardial infarction, stroke, and major amputation, remain a recalcitrant problem for
patients with diabetes. Hence, there is a critical need to delineate the myriad of
cardiovascular phenotypes observed in diabetic patients and to develop novel strategies to
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risk-stratify this cohort. An emerging risk-stratification approach for cardiovascular patients
is to consider the presence of polyvascular disease. Although the specific patterns of

PAD that occur in patients with diabetes are discussed above, it is important to note that
polyvascular disease is the presence of atherosclerosis in =2 arterial beds, and it is associated
with increased risk for major adverse cardiovascular events (MACE).116 Diabetes and
polyvascular disease often coexist, and concurrence represents an additive and synergistic
cardiovascular risk.117

For example, the LEADER trial (Liraglutide Effect and Action in Diabetes: Evaluation of
Cardiovascular Results) randomly assigned 9320 patients with type 2 diabetes to liraglutide,
a glucagon-like peptide 1 analogue or placebo. A post hoc analysis of this trial demonstrated
that, at a median follow-up of 3.8 years, the rate of MACE was 22% in the polyvascular
cohort compared with 15% in the nonpolyvascular group (hazard ratio, 1.52 [95% ClI,
1.33-1.72]).118 In addition, the SAVOR-TIMI 53 trial (Sax-agliptin Assessment of Vascular
Outcomes Recorded in Patients With Diabetes Mellitus) demonstrated that an increase

in MACE rate was associated with an increase in arterial bed involvement: single bed
(7.5%), 2 bed (15.6%), and 3 bed (23.9%; £<0.0001).119 The current body of evidence
strongly suggests that the coexistence of diabetes and polyvascular disease represents a high-
risk cardiovascular population. No randomized trials have been conducted to specifically
address the management of this high-risk cohort. However, there is emerging evidence that
the intensification of lipid-lowering agents, antithrombotic and antiplatelet therapies, may
improve clinical outcomes in this vulnerable population, and these guidelines should direct
medical management in patients who have DFUs with cardiovascular disease. Important
details regarding the major recent trials that have examined medical therapy in the setting of
cardiovascular disease are shown in Table 2,120-127

Medical Management in Patients With DFUs With Cardiovascular Disease

Lipid-lowering therapies remain a cornerstone of cardiovascular care; hence, there is

great interest in exploring the benefits of intensive lipid-lowering therapies for high-risk
populations. In a post hoc analysis of IMPROVE-IT (Improved Reduction of Outcomes:
Vytorin Efficacy International Trial), a randomized, placebo-controlled study evaluating
the addition of ezetimibe to statin therapy in patients with a recent acute coronary
syndrome, the investigators demonstrated that patients with polyvascular disease and
diabetes had significantly higher cardiovascular events compared with either subgroup
alone. Furthermore, they show that intensive lipid-lowering therapies resulted in absolute
risk reduction of 9% over 7 years in patients with both type 2 diabetes and polyvascular
disease.128 Moreover, the development of PCSK9 (proprotein convertase subtilisin/kexin
type 9) inhibitors has further enhanced our ability to inhibit lipid-related cardiovascular
sequelae. In fact, PCKS9 inhibitors have demonstrated clinical efficacy in patients with
polyvascular disease, and their use has been incorporated into recent societal guidelines.129
In the FOURIER trial (Further Cardiovascular Outcomes Research With PCSK9 Inhibition
in Subjects With Elevated Risk), treatment of patients who have PAD with a PCSK9
inhibitor significantly reduced major amputation and acute limb ischemia events.130
Although not specific to patients with PAD with DFUs, these guidelines can be broadly
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interpreted to have benefit in this population given their beneficial effects in patients with
polyvascular disease.

Thrombin generation is a key event in the pathophysiology of ischemic events, such as
acute coronary syndrome, stroke, and CLTI. Historically, thrombin-inhibition therapies have
demonstrated limited clinical utility and unacceptable bleeding risk. The advent of factor
Xa inhibitors has reinvigorated interest in antithrombotic strategies for cardiovascular risk
reduction. The COMPASS trial (Rivaroxaban for the Prevention of Major Cardiovascular
Events in Coronary or Peripheral Artery Disease) evaluated the efficacy of (1) rivaroxaban
alone, (2) rivaroxaban in combination with aspirin, and (3) aspirin alone for secondary
cardiovascular prevention. The study randomly assigned >27 000 patients with stable
atherosclerotic vascular disease to the 3 regimens. At a mean follow-up of 23 months,

the authors demonstrated that low-dose rivaroxaban plus aspirin resulted in a 24% reduction
in MACE compared with aspirin alone. Diabetic patients represented 44% of the study
cohort in COMPASS and the reduction in MACE with rivaroxaban and aspirin was similar
between diabetic patients and nondiabetic patients.120 Furthermore, the VOYAGER PAD
study (Vascular Outcomes Study of ASA [Acetylsalicylic Acid] Along With Rivaroxaban
in Endovascular or Surgical Limb Revascularization for PAD), showed that a combination
of aspirin and rivaroxaban reduced both MACE and major adverse limb events in patients
with PAD undergoing endovascular or surgical revascularization.131 As the aforementioned
studies demonstrate, thrombin inhibition through factor Xa inhibitors is an effective tool to
mitigate ischemic events in cardiovascular patients. However, the benefit of antithrombotic
therapy for diabetic patients has yet to be evaluated in a prospective fashion. For future
secondary risk reduction trials, it will be imperative to intentionally include patients with
diabetes and polyvascular disease to accurately determine the clinical efficacy of these
therapies.

MULTIDISCIPLINARY MANAGEMENT

The presence of DFUs in cardiovascular patients represents a complex clinical dilemma.

It requires the comanagement of many interrelated clinical issues, including neuropathy,
bony abnormalities (such as Charcot foot) and infections, soft tissue, PAD, and tissue

loss. This is in addition to the complex medical management required in these patients to
decrease hyperglycemia and concomitant other cardiovascular diseases (ie, hypertension,
hyperlipidemia). No single health care professional or specialty possesses the requisite skill
set to manage all the facets of this complex clinical problem. Hence, multidisciplinary teams
are an essential part of providing high-quality care to this patient population. The tenets of
multidisciplinary management of these patients are detailed in Supplemental Table 2.132

Team-based approaches have been demonstrated to significantly improve DFU care and limb
salvage rates in a wide variety of clinical settings.133 Effective team management requires
(1) acquisition of the requisite health care professionals, (2) a well-defined team structure,
(3) adherence to evidence-based guidelines, (4) an infrastructure for robust data collection,
and (5) mechanisms for quality improvement on the basis of the review of clinical outcomes.
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A strong understanding of the natural history and potential complications of DFUs should
guide the formation of an effective team. In the recently published global vascular
guidelines, Conte et al3* outlines 9 essential skill areas required to create an effective
diabetic foot team. The 9 required skills areas include the following: (1) hemodynamic

and anatomic vascular assessment; (2) peripheral neuropathy workup; (3) obtaining site-
specific cultures; (4) WIfl staging; (5) incision, drainage, and debridement of wounds; (6)
delivery of culture-specific antibiotic therapy; (7) revascularization; (8) soft tissue and bony
reconstruction for foot deformities; and (9) postoperative surveillance to limit the risk of
recurrent ulceration.

Given the inherent diversity in the clinical skillset required for the formation of an effective
diabetic foot team, effective communication is paramount. In a systemic review focusing

on the composition and efficacy of multidisciplinary DFU care, Musuuza et al33 reported
that a defined team structure with a primary nuclear team and ancillary team of consultants
was a common element among successful larger teams. The nuclear-ancillary team paradigm
permits consistency and continuity among a small, dedicated core group while allowing
access to the entire complement of required knowledge and clinical expertise.

In addition to establishing a multidisciplinary team with the appropriate individuals

and infrastructure, adherence to established clinical guidelines and quality improvement
mechanisms are essential. Well-established clinical pathways and algorithms are required to
ensure that patients are receiving timely, comprehensive care. However, clinical guidelines
are not universally applicable in all clinical settings; they often need to be adapted to best
suit the strengths and weaknesses of individual institutions. Hence, it is critical to establish
a system for rigorous data collection along with the mechanisms to analyze the collated
clinical data and use the information to drive quality improvement.

CURRENT CLINICAL TRIALS FOR DFU IN CARDIOVASCULAR PATIENTS

Data from clinical trials and clinical practice suggest that somewhere between 25% and
50% of patients with DFUs heal between 12 and 20 weeks with high-quality standard care,
although patients with significant cardiovascular disease portend a poorer prognosis.13° The
DFUs of patients enrolled in trials were classically neuropathic or neuroischemic ulcers

on the plantar aspect of the feet, but more recently the trials have expanded their criteria

to include patients with diabetes with any leg or foot ulcer. Therefore, some patients
included in the trials may have venous insufficiency—related ulcers or postsurgical ulcers.
This heterogeneity might account for varied reported healing rates in many of the DFU
trials to date. Although it was previously thought that tight diabetes control can improve
DFU healing, only a few reports within a range of reasonable diabetes control (hemoglobin
ALC <10%) suggest that diabetes control actually affected DFU healing.13¢ Given these
issues, there is a significant need for clinical trials data to better understand and identify
evidence-based interventions to improve DFU outcomes and time to healing. According to a
recent review by the American Diabetes Association, although a multitude of products exist
to treat refractory ulcers, only 11 are supported by evidence from randomized control trials.
Furthermore, only 4 are Food and Drug Administration approved (Supplemental Table 3),137
including 1 drug and 3 cell and tissue-based products. As of April 2022, 30 interventional
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trials are listed in clinicaltrials.gov as actively enrolling in phase 1 to 3 trials. These include
products aimed at improving tissue repair, interventions aimed at treating infection, and
interventions aimed at improving blood supply. These low numbers of ongoing trials further
reinforce the need for more translational research on DFUs.

Most trials are currently designed to address 1 of 3 major areas of dysfunction: wound
cellular dysfunction, infection, or ischemia. Although several drugs, products, or other
interventions may work through multiple pathways, interventions whose major mechanism
of action is aimed at improving cellular dysfunction and tissue repair include novel cell-
and tissue-based products, electrical stimulation, products aimed at improving offloading
adherence, traditional and small molecules such as folic acid or those targeting p-adrenergic
receptors, among others. Drugs, products, and interventions aimed at addressing primarily
the ischemic component of nonhealing include nitric oxide, mesenchymal stem cells derived
from umbilical cord, adipose tissue, or other sources, gene therapy and growth factor
therapy, among others. Last, several interventions under investigation are aimed primarily
at treating or preventing infections. These include novel combinations of antibiotics,
bacteriophage therapy, and new debridement products.138139

FUTURE RESEARCH DIRECTIONS

The complexity of the wound repair process itself, particularly from molecular, cellular, and
physiological perspectives, coupled with the intricacy of diabetic, cardiovascular patients,
mandates a multidisciplinary approach both in the clinical setting, as well as in the research
realm. Although more sophisticated technologies, such as single-cell or spatial “omics” and
big data analytics of artificial intelligence are being used, there are major gaps in all research
areas that translate into the absence of effective treatments that are critically needed for this
increasing patient population. Current scientific opportunities in this space are listed in Table
3.

Basic and Translational Research

Current basic and translational research is focused on understanding the mechanisms and
regulation of various cells in the wound and systemic circulation that control the wound
repair process and those that contribute to impaired healing in DFUs.”2 Basic science and
translational research in wound repair use multiple animal models ranging from model
organisms to mammals. Many of the efforts in this area have focused on addressing impaired
angiogenesis and increased inflammation, namely through immune cell dysfunction, in
DFUs. For example, stem cells mobilize to wound tissue where they secrete chemokines
and growth factors that promote angiogenesis and matrix remodeling, a process that is
dysfunctional in DFUs.149 A recent randomized study found that mesenchymal stem cells
from bone marrow isolates improved both healing and blood flow in patients with DFUs
compared with mononuclear cells or control treatments.141.142 Although mesenchymal stem
cells are a promising therapy for DFUs and the subject of multiple current clinical trials,
they suffer from suboptimal retention in tissues, making their utility more limited. Likely
engineering therapies designed to deliver these cells and retain them in tissues will be
needed to increase their efficacy. Furthermore, epigenetic marks, such as microRNAs and
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histone methyltransferases, have shown promise in DFUs as biomarkers and therapeutics.
Despite some advances with epigenetic therapy, challenges remain, such as potential off-
target effects and a need for local cell-specific delivery mechanisms before development of a
clinically feasible therapy.143

Although this basic work greatly advances our understanding of the molecular and cellular
processes that guide wound healing, they often translate poorly to human disease.144

In contrast, there is often a scarcity of patient samples due to the need for immediate

and complex tissue processing, and the capacity to perform mechanistic studies in

human specimens is often limited.24° In addition, lack of adequate animal model(s) for
preclinical testing has, to date, resulted in limited therapeutic advances. On the other

hand, clinical research is facing multiple challenges as well. Limited by a single Food

and Drug Administration—acceptable primary outcome, complete closure, many promising
therapeutics never reach the patient bedside. Improving quality of life, reducing pain,
recurrence, or amputations, improving mobility, reduction of infection, although highly
significant and important from a clinical standpoint, are not acceptable outcomes when it
comes to efficacy approval for the purposes of a clinical trial.146 Furthermore, the challenges
of developing treatments for this multifactorial complex disease necessitate a combinatorial
or sequential treatment approach. However, costs of trials for multiple treatment arms

are often prohibitive. In addition, targeted therapies require stringent inclusion criteria

for clinical trials, which yields 2 major problems: slow recruitment and lack of real-

world evidence. Taken together, despite scientific discoveries and technologies that are
advancing knowledge, there is a major gap in implementing it into effective therapies.
Likewise, the diagnostic tools that can be clinically used to improve clinical care are also
lacking.147 Therefore, the research needs will continue to harness advanced technologies
focusing on translational aspects of discoveries and their applicable relevance to patients’
pathophysiology, development of improved models, and standardized preclinical testing
that can yield more effective therapies. In turn, this will also result in the development

of diagnostic tools and clinical biomarkers that will guide clinical practice to improve
clinical outcomes. Furthermore, a concerted effort from the wound-healing community
should continue to research and provide even more clinical evidence to support acceptance
of clinically justified primary outcomes beyond complete closure.

Population Outcomes and Health Disparities

A number of opportunities remain for further research into DFUs and, hence, amputation-
related disparities. This includes research with a deliberate focus on race and ethnicity
beyond the general “underrepresented racial and ethnic groups” and overly broad “Hispanic/
Latino” category, which currently comprises the majority of research on the subject. This
includes research in other racial and ethnic groups, such as Asian American (again, with

the hopes of shedding light on specific groups rather than “Asian individuals” as a whole),
sex-based disparities, rural-dwelling communities, and disparities faced by LGBTQAI+
communities. Current databases available for large population studies may not offer the
level of granularity that is required to truly understand these issues, and, as such, additional
data sources need to be built to accurately represent the diverse groups affected by these
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disparities. It is crucial to include representation from affected communities when building
these data sources to conduct rigorous and meaningful research on the subject.

In addition to including affected communities in building datasets, it is crucial that we
continue efforts to empower patients and stakeholders to have a seat at the table throughout
the research process, with a focus on patient-centered outcomes. Patient-centered outcomes
research is critical to ensure that research questions are meaningful, that evidence will

be translatable, and that results are disseminated directly to patients and stakeholders. By
including patients and stakeholders as active participants in the research process, patient-
centered outcomes research has the added benefit of educating patient populations on the
best approaches to treat their disease process and improves patient capacity to participate in
medical decision-making.

Another focus area for future amputation research is on the use of mixed-methods research
approaches to better understand this complicated issue. The over-whelming majority of
research on the topic of amputation disparities is quantitative in nature, and although

these studies have been useful in identifying the existence and magnitude of amputation
disparities, they have significant difficulty explaining why they happen. Qualitative methods
are ideal for answering the “why,” because they provide essential information about the
actual experiences of patients and health care professional dealing with amputation.148

An integrated mixed-methods approach, which combines both quantitative and qualitative
methods, allows for in-depth analysis of complicated problems and is well suited to the
complicated issue of amputation.

Last, community-engaged research strategies to address the issues of health disparities
related to amputation should be prioritized. As discussed earlier, amputation disparities are
complex and deeply rooted in social context. Community partners who can bring their own
perspectives and understandings of community life and health issues to a project are crucial
for planning and implementing evidenced-based amputation prevention interventions that
are feasible, acceptable, and sustainable.149:150
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TISSUE LOSS ISCHEMIA

Wound Toe pressure (TP)
Transcutaneous oximetry (TcPO,)
(values below are the same for TP and Tcgoz)

0. No ulcer & no gangrene
1. Small ulcer & no gangrene

2. Deep ulcer/gangrene limited

0.>60 mm Hyg
to toes
3. Extensive ulcer or extensive ; ?;(()}gg i :9
gangrene especially 3 <30 anmHgg

of the heel
INFECTION

Foot Infection

0. No symptoms/signs of infection

1. <2 em cellulitis and no deep tissue
(fascia, tendon, or bone) involvement

2. >2 cm cellulitis and deep tissue
involvement without SIRS *

3. SIRS

Figure 1.
WiFi staging criteria for DFUSs.

SIRS indicates Systemic Inflammatory Response Score.
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Mechanistic Inputs Into Nonhealing Wounds in Patients with Diabetes
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Factors with Direct Impact on Microvascular Disease and Wound Healing
-Diabetes

-Hyperglycemia (p

-Tobacco Abuse

local
.environment

Additional Mechanisms Implicated in Nonhealing Wounds in Diabetes |

Inflammation/Inflammatory Cell Dysfunction Vascular Cells

-Endothelial cells:

Dysfunctional nitric oxide release
Activated, proinflammatory state
Paracrine effects

Migration

Contribution to angiogenesis

\ VEGF

E @ -Neutrophils ~5
A e -Smooth Muscle cells:

Matrix production

-Macrophages:
Polarization - subtypes M1/M2
Remodeling enzyme release
Cytokine/Chemokine release

‘ ... -Lymphocytes, T cells: Th2,Th17

(%] Q 00 Q0 © -Cytokine/Chemokine release : Matrix enzymes/remodeling
0009 O (ILTa, IL1B, IL6, IL17, IL4, TNFa, IFNY) Migration
Cytokine release-TGFf3

Additional Factors
-Redox balance, oxidative stress
-Angiogenesis
-Tissue hypoxia
-Vessel reactivity
-Advanced glycation end products (AGEs)
-Coagulation system, including platelet function

-Adventitia/Structural cells:
_ Keratinocytes
d Flbroblast—scaffold

Extracellular
matrix

Figure 2.
Mechanisms for nonhealing wounds in diabetes.

HDL indicates high-density lipoprotein; IL, interleukin; INF-y, interferon -y; TGF,
transforming growth factor; Th2, T helper 2 cell; Th16, T helper 16 cell; TNFa., tumor
necrosis factor a; and VEGF, vascular endothelial growth factor.
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DIABETIC WOUND

1. Decreased cellular
cross-talk

2. Hyperproliferation

3. Absence of keratinocyte
migration

4. Impaired angiogenesis
s Im?aired immune
cell function

Epidermis

keratinocytes
: N basal cell layer
m o ll ' = basal lamina
‘! bacterial colonization °
Inflammatio

Dermis

Figure 3.
Cellular dysfunction in nonhealing diabetic wounds.
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Diabetic Insert - Functional with accommodative Diabetic Shoe - High top with toe rocker
total contact plastazote top cover

Posterior relief ankle foot orthosis Removable cast walker boot

Figure 4.
Representative images of diabetic footwear.
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[ Peripheral artery disease |

Yes

Assess for infection (consider imaging)

Ulcer

(no infection)

Ulcer with cellulitis
or soft tissue infection

Ulcer with underlying
osteomyelitis

| Neuroischemic ulcer

offloading.

care.
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wound care. Bone
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Orthopedic surgery or
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I

| Consider revascularization I

|
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| Peripheral artery disease I

Yes

Ischemic DFU

Critical limb ischemia or
known to be non/slow
healing

Consider differential
diagnosis.
Rheumatology or
dermatology involved
(eg, vasculitis,
malignancy)

1

Organize angioplasty or
surgical bypass to
facilitate healing or

tissue loss control.
[

Involve specialist
teams + Support as
Neuropathic DFU
until investigations
conclude

DFU management as in

Neuropathic DFU pathway

DFU management as in

Neuropathic DFU pathway

[

Appropriate footwear or orthotics.
Ensure CVD risk optimized.
Supportive medical care.

Watch for recurrence.

Follow up at DFC or community
foot health clinic with patient
education.

Appropriate footwear or orthotics.
Vascular surveillance.

Ensure CVD risk optimized.
Supportive medical care.

Watch for recurrence.

Follow up at DFC or community
foot health clinic with patient
education.

Figure 5.

Algorithm for evaluation of new DFUs.
CVD indicates cardiovascular disease; DFU, diabetic foot ulcer; and TCC, total contact cast.
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