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Abstract

As the global burden of diabetes is rapidly increasing, the incidence of diabetic
foot ulcers is continuously increasing as the mean age of the world population
increases and the obesity epidemic advances. A significant percentage of diabetic
foot ulcers are caused by mixed micro and macro-vascular dysfunction leading to
impaired perfusion of foot tissue. Left untreated, chronic limb-threatening
ischemia has a poor prognosis and is correlated with limb loss and increased
mortality; prompt treatment is required. In this review, the diagnostic challenges
in diabetic foot disease are discussed and available data on minimally invasive
treatment options such as endovascular revascularization, stem cells, and gene
therapy are examined.

Key Words: Diabetic foot; Peripheral artery disease; Critical limb ischemia; Endovascular
revascularization techniques; Gene and stem cells delivery; Hyperbaric oxygen treatment

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Recognizing and promptly treating ischemia in patients with diabetic foot
ulcers is essential for wound healing and limb salvage. A plethora of novel minimally
invasive technologies and techniques are currently available, including dedicated
peripheral angioplasty balloon catheters, drug-eluting stents, drug-coated balloons,

2011 December 15,2021 | Volume12 | Issue12 |


https://www.f6publishing.com
https://dx.doi.org/10.4239/wjd.v12.i12.2011
http://orcid.org/0000-0003-1860-0568
http://orcid.org/0000-0003-1860-0568
http://orcid.org/0000-0003-2419-4658
http://orcid.org/0000-0003-2419-4658
http://orcid.org/0000-0001-6616-4014
http://orcid.org/0000-0001-6616-4014
http://orcid.org/0000-0002-3965-6838
http://orcid.org/0000-0002-3965-6838
http://orcid.org/0000-0002-3965-6838
http://orcid.org/0000-0002-7504-2016
http://orcid.org/0000-0002-7504-2016
http://orcid.org/0000-0002-7504-2016
mailto:stavspiliop@med.uoa.gr

Spiliopoulos S et al. Minimally invasive treatment of diabetic foot

selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution
NonCommercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build
upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See: htt
p:/ /creativecommons.org/ License
s/by-nc/4.0/

Received: February 22, 2021
Peer-review started: February 22,
2021

First decision: June 5, 2021
Revised: July 13, 2021

Accepted: October 31, 2021
Article in press: October 31, 2021
Published online: December 15,
2021

P-Reviewer: Primadhi RA, Zhang
LL

S-Editor: Wu YX]

L-Editor: Filipodia

P-Editor: Wu YX]

Jaishideng®

WJD | https://www.wjgnet.com

angiosome-guided angioplasty, pedal arch angioplasty, and percutaneous deep vein
arterialization, while research on gene and stem cell therapies is ongoing and initial
data are deemed positive. Large, multicenter randomized trials specifically focused on
optimizing endovascular treatment options for diabetic foot ulcers remain limited, and
more high-quality, long-term, data are expected.

Citation: Spiliopoulos S, Festas G, Paraskevopoulos I, Mariappan M, Brountzos E. Overcoming
ischemia in the diabetic foot: Minimally invasive treatment options. World J Diabetes 2021;
12(12): 2011-2026
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INTRODUCTION

The global burden of diabetes mellitus (DM) has rapidly increased over the past
decade, and many international scientific organizations now consider DM as the
upcoming public health emergency of the 21+ century, while health professionals and
patients are becoming gradually aware of the gravity of diabetes-related complications
[1]. Diabetes is the foremost cause of lower-limb loss worldwide. Every year, more
than one million patients with DM suffer a lower limb amputation, and nearly every
20 s, an amputation is performed due to diabetic complications. Diabetic foot (DF)
ulcers (DFU) are continuously becoming more frequent, and the incidence will further
increase as the mean age of the world population increases and the obesity epidemic
advances[1].

Moreover, diabetic patients are twice as likely to suffer from peripheral artery
disease (PAD) in comparison with the non-diabetic population[2]. It has been also
estimated that in middle and high-income countries, nearly half of patients with
diabetes and foot ulceration suffer from underlying PAD and present with mixed
neuroischemic type ulcers. On the contrary, neuropathic ulcers are less common and
usually more frequent in lower-income countries[3,4]. Interestingly, in subjects with
diabetes, PAD may remain undiagnosed before tissue loss, as patients may not
experience any preceding clinical symptoms of PAD such as claudication or rest pain
[5]. The pathophysiology of critical limb ischemia (CLI) involves chronic atheroma
development, epithelial injury, and thrombus formation. This entity results in both
lower limb micro and macro-vascular disease.

Established treatment options include open surgical and percutaneous endovascular
revascularization techniques, while the experience gained from coronary interventions
has also broadened peripheral endovascular capabilities with the use of drug-eluting
stents (DES) and drug-coated balloons (DCB)[6]. For very small vessel disease, novel
therapeutic options, at present under investigation, include gene and stem cell therapy
aimed at local, targeted drug delivery triggering angiogenesis and vasculogenesis.

The purpose of this review is to present currently available minimally invasive
interventions, for the management of ischemia in the diabetic foot.

DEFINITIONS AND PATHOPHYSIOLOGY

The first step in the treatment of DF-related ischemia is prompt differentiation
between purely neuropathic and neuroischemic DFU. DFU is defined as a complicated
pathology of infection, ulceration, or destruction of tissues of the foot linked to
neuropathy and/or peripheral artery disease in the lower extremity of a patient with a
history of DM[7]. The key components of diabetic foot pathophysiology are a triad:
Neuropathy, angiopathy, and structural and/or gait abnormalities. Peripheral
neuropathy is one of the major factors correlated to diabetic ulcerations. Due to the
loss of this nociceptive mechanism, patients are incapable of appreciating local foot
trauma. As a result, the foot is at high risk of trauma and ulceration, which could lead
to amputation[9].
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Types of ischemia in diabetic foot ulcers

Concomitant lower-limb arterial, atherosclerotic, steno-occlusive disease, PAD, is
common in individuals with long-standing diabetes. Many mechanisms contribute to
the development of PAD, particularly, endothelium dysfunction, arterial stiffness,
thrombotic abnormalities, low-grade inflammation, advanced glycation end-products,
and oxidative stress[10]. DFU are classified according to the underlying pathology in
namely three categories: Neuropathic, ischemic, and neuroischemic. The ischemic
component (PAD) is considered a form of macro-vascular complication and is
positively associated with age, smoking, and other forms of macro-vascular complic-
ations, including hypertension and myocardial infarction, which increase the risk of
cardiovascular death. On the other hand, peripheral neuropathy is a form of micro-
vascular complication of diabetes. A mixed micro- and macro-vascular dysfunction
results in neuroischemic disturbances where micro-vascular abnormalities impair
perfusion of DF[3].

Diagnosis

Physical examination of the foot is essential. Meticulous inspection is advised for the
identification of neuropathic changes such as dry skin, cracks, malformations, callus,
foot structure abnormalities, ulceration, and nail lesions. Major ischemia can be
suspected in the presence of hair loss on the foot’s dorsal aspect and should be
assessed by careful examination of peripheral pulses (common femoral, popliteal,
distal foot arteries). Sensory neuropathy can be tested using monofilaments,
biothesiometry or cotton wool, pinprick, and vibration sense for light touch[11]. A
portable pocket doppler device can confirm the presence of pulses and quantify the
arterial supply of the foot. The ankle-brachial index (ABI) should also be measured.
However, ABI is not a reliable test for subjects with diabetes as they may present
incompressible calf vessels due to significant Monckeberg medial calcific sclerosis, and
therefore false-negative results are very common. The American Diabetes Association
recommends that all people with diabetes and a foot wound should have pedal
perfusion assessed by ABI and either toe-brachial index (TBI) or transcutaneous
oxygen pressure (TcPO,)[12]. The 2019 Global vascular guidelines on the management
of chronic limb-threatening ischemia, endorsed by the Society for Vascular Surgery,
European Society for Vascular Surgery, and World Federation of Vascular Societies,
does not suggest computed tomography angiography for the detailed visualization of
infrapopliteal disease and recommends that patients with suspected chronic limb-
threatening ischemia who are suitable candidates for limb salvage should not be
denied revascularization without first undergoing complete diagnostic angiography
including the ankle and foot[13].

Neuroischemic wounds are more arduous to heal than nonischemic and are
correlated with higher rates of amputation and mortality. Thus, prompt revascular-
ization for the treatment of mixed-neuroischemic DFU is today considered a medical
emergency and should be performed using surgical and/or endovascular techniques,
following a multidisciplinary team, case-sensitive decision[13,14].

Classification of ischemia

The Fontaine and Rutherford-Becker classification systems have become obsolete for
everyday clinical practice, as a wide spectrum of underlying factors such as degree of
arterial disease, ulcer type, anatomical location and extent, presence, and severity of
infection have been highly correlated to limb salvage in patients suffering from DFU.
To address the need for a more accurate wound description, the Society for Vascular
Surgery Lower Extremity Guidelines Committee recommended in 2014 a new classi-
fication system, based on three major factors: Wound, ischemia, and foot infection
(WIfI). The WIfI classification system epitomizes a synthesis of many formerly
published classification schemes and merges systems focused only on DFU or pure

ischemia models. A brief description of the WIfI classification is presented in Table 1
[15].

MINIMALLY INVASIVE TREATMENT OPTIONS

Endovascular revascularization

Due to very limited level Ia evidence comparing open vs endovascular revascular-
ization, in subjects with DM the decision to proceed with open surgical bypass or
endovascular treatment is case-sensitive and should be discussed in the ambit of a
multi-disciplinary team meeting involving vascular surgeons, interventional
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Table 1 Wound Ischemia and foot Infection score

Score  Wound Ischemia (Toe pressure TcPO,) Foot infection

0 No ulcer and no gangrene 60 mmHg Uninfected

1 Small ulcer no gangrene 40-59 mmHg Mild (< 2 cm cellulitis)

2 Deep ulcer and gangrene limited to toes 30-39 mmHg Moderate (> 2 cm cellulitis/ purulence)
3 Extensive ulcer or extensive gangrene <30 mmHg Severe (systematic response/sepsis)

TcPO,: Transcutaneous oxygen pressure.

Jaishideng®

radiologists, and diabetologists. Factors influencing treatment choice include patient’s
age, comorbidities, surgical risk, location, extent of arterial disease, DFU character-
istics, the availability of healthy vein for distal bypass, and local expertise.
Endovascular treatment is often preferred over surgery (debridement, lower limb
amputation, skin drafting, incision-drainage, sequestrectomy) in the presence of severe
comorbidities and disease of the pedal outflow vessels. On the other hand,
endovascular treatment should be conducted in large-volume dedicated centers by
experienced hands[16].

In subjects with DM, atherosclerosis is more prevalent in the infrapopliteal arteries;
however, concomitant femoropopliteal arterial disease is also common, while iliac
artery disease, especially isolated, is less frequent, but not rare[17]. Therefore, multi-
level revascularization of various arterial segments, with variable lumen diameters
and different histology, is commonly required.

Significant advantages of minimal invasive treatment options over open surgical
repair include less hospital stay and decreased periprocedural morbidity and
mortality, especially in critically ill patients and those at high surgical risk. In the vast
majority of cases general anesthesia is not required, and revascularization can be
obtained using local anesthesia and mild conscious sedation. Moreover, endovascular
methods represent the only option in patients with significant pedal arch arterial
disease in which surgery is not an option for technical reasons[13,16,17].

Plain balloon angioplasty

Plain balloon angioplasty (POBA) remains the first-line endovascular treatment option
in long infrapopliteal lesions, typically noted in patients with DM, although studies
investigating POBA in exclusively diabetic populations are scarce. Starting from 2000,
several studies have documented a high immediate technical success rate ranging
between 80%-100% and a satisfactory (up to 80%) limb salvage rate at the 2-year
follow-up in mixed diabetic and non-diabetic populations. Since 2005, the BASIL
randomized trial remains the only randomized comparison of open surgical bypass vs
POBA. Of 452 patients (42% with DM) presenting to 27 United Kingdom hospitals, 228
were randomly assigned to a bypass surgery-first and 224 to a balloon angioplasty-
first revascularization treatment. Follow-up period was set for at least 3 years. Patients
with infrapopliteal disease (with or without femoropopliteal disease) demonstrated
similar amputation-free and overall survival, following vein bypass surgery or
endovascular treatment[18]. Notable to mention, Faglia et al[19] published a
population based cohort study with 292 diabetic patients with CLI according to the
TransAtlantic Inter-Society Consensus II recommendations. Researchers report that
angioplasty for diabetic patients with type D and/or long infrapopliteal lesions
without good run-off at the foot and/or high surgical risk achieved high revascular-
ization rates as well as less amputation rates[19].

In 2008, Romiti et al[20] published a meta-analysis of 30 studies (2557 patients, 2.653
limbs) to assess the mid-term outcomes of infrapopliteal POBA in patients with CLI
and compared results with a meta-analysis of popliteal-to-distal vein bypass.
Although both treatment modalities resulted in similar limb salvage rates, significantly
lower 1-year patency rates were noted for POBA (48.6% + 8.0% vs 72.3% * 2.7%). The
30-d mortality and complication rates were significantly higher for infrainguinal
bypass[20]. However, it should be noted that only two studies included in this meta-
analysis investigated only diabetic patients, while the conclusions may not be reliable
due to the methodological limitations of this review.

According to the existing literature data, the main disadvantage of POBA remains
the development of neointimal hyperplasia, resulting in short-term restenosis, low
patency rates, and clinical relapse, requiring more reintervention to sustain clinical
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outcomes. To overcome the limitation of restenosis following POBA, several new
technologies were investigated. In 2010, Cryoplasty was compared with POBA in a
single-center randomized trial that included 50 diabetic patients with femoropopliteal
disease. The Cryoplasty balloon catheter (Boston Scientific, Boston, MA, United States)
uses low-temperature angioplasty to induce smooth muscle cell apoptosis and reduce
neointimal hyperplasia. However, at the 3-year follow-up there were no significant
differences to patients’ survival and lower limb salvage, while lower primary patency
and more repeat procedures due to clinical relapse were observed in the Cryoplasty
subgroup[21].

The latest comparative studies also suggest that endovascular treatment
demonstrates a similar limb salvage rate to open bypass. Specifically, in 2016 Patel et al
[22] reported outcomes of a large retrospective, controlled study using propensity
score matching to compare POBA with distal bypass surgery for the treatment of CLI.
The study included 243 patients (with DM: 48.8% in the surgical group and 55.2% in
the endovascular group in the propensity score-matched groups), and similar limb
salvage rates were noted at 1-year follow-up (94.2% endovascular vs 90.4% surgery).
However, at 1-year, primary (54.4% vs 51.4%), assisted (77.5 vs 62.7%), and secondary
(84.4% vs 65.8%) patency rates were significantly better following open surgery. On the
other hand, overall complications and length of hospital stay were significantly lower
following endovascular treatment. Interestingly, according to binary logistic
regression analysis, DM was identified as a preoperative factor favoring bypass
surgery as the treatment choice[22].

Drug-eluting stents and drug-coated balloons

Following the establishment of the long-term efficacy of DES in the treatment of
coronary disease, the use of infrapopliteal DES has been investigated in retrospective
analysis providing optimistic initial results that were further validated by multicenter
randomized clinical trials (RCTs). Scheinert et al[23] published the “ACHILLES”
multicenter RCT (200 patients; 64% with DM), which was the first-ever designed to
investigate the efficacy and safety of a balloon-expandable, sirolimus-eluting stent
compared to POBA in patients with symptomatic infrapopliteal arterial disease up to
90 mm in length. At 1-year follow-up, lower angiographic restenosis rates (22.4% vs
41.9%, P = 0.019), as well as superior vessel patency (75.0% vs 57.1%, P = 0.025), were
noted in the sirolimus-eluting stent group, while similar death, repeat revascular-
ization, and index-limb amputation rates were reported[23]. Additionally, two
multicenter RCTs produced similar outcomes favoring DES over bare-metal stents in
short- to medium-length infrapopliteal lesions, and one multicenter RCT
demonstrated the long-term safety and efficacy of infrapopliteal paclitaxel-eluting
stents over POBA[24,25].

Long-term, 10-year clinical results of infrapopliteal DES in an exclusively diabetic
population are also available from a single-center retrospective study published in
2015. In total 214 patients (311 limbs, 562 arteries, 679 lesions) with DM and CLI were
treated. At the 1-, 5-, and 10-year follow-up, survival and amputation-free rates were
90.8%, 55.5%, and 36.2%, and 94.9%,90.4%, and 90.4%, respectively, while target limb
reintervention-free rates were 79.7%, 55.2%, and 49.7%, at 1, 5, and 10 years. Long-
standing diabetes, concomitant coronary artery disease, and dialysis were identified as
independent predictors of decreased survival[26]. However, limitations of
infrapopliteal DES use include the presence of a continuous mechanical stimulus of the
vessel wall eventually leading to restenosis, even in the long-term, the increased cost
for the treatment of long lesions where multiple stents are required, and stent fractures
occurring in specific various locations such as the distal below ankle arterial segments
and the pedal arch[27].

To overcome such issues, DCB have emerged as a promising technology developed
to overcome the limitations of standard balloon angioplasty and stenting. Specially
designed paclitaxel-coatings have been developed to deliver a single dose of the
cytotoxic agent paclitaxel to inhibit neointimal growth of vascular smooth muscle cells
and prevent restenosis. The majority of multicenter RCTs investigated patients with
femoropopliteal artery lesions suffering from intermittent claudication without tissue
loss have proven the superiority of paclitaxel-coated balloons (PCBs) in late lumen
loss, binary restenosis, and freedom from target lesion revascularization (TLR),
providing a sufficient level of evidence to support equivalent or favorable mid-to-
long-term outcomes for PCBs in comparison to POBA[28].

In a meta-analysis of randomized trials published in 2016 including 1609 patients
(1403 subjects with claudication and 206 with CLI), high-quality evidence
demonstrated a significant superiority of PCBs in reducing late lumen loss (LLL)
[mean difference -0.89 mm; 95% confidence interval (CI): -1.14 to -0.64], less binary
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restenosis (relative risk 0.47; 95%CI: 0.37 to 0.61), and re-interventions (relative risk
0.33; 95%CI: 0.22 to 0.49)[29].

In 2019, long-term 5-year outcomes from a multicenter RCT investigating a 3
pm/mm? PCB for femoropopliteal lesions demonstrated a sustained treatment effect
with less re-interventions due to clinical relapse compared to POBA (target lesion
revascularization 74.5% vs 65.3%, P = 0.02)[30]. However, in terms of clinical endpoints
more specific for DF disease and ischemia such as wound healing, time to wound
healing, and limb salvage, the superiority of PCBs over standard POBA has not been
proven, as data remain limited and contradictive, especially for patients suffering from
infrapopliteal disease.

More recently, data from three more RCTs investigating two different PCBs were
made available with contradictive outcomes. The ACOART-BTK single-center RCT
randomized 105 patients (nearly all diabetics) with CLI, and outcomes in the PCB
group were superior to those in the POBA group for LLL, restenosis, and re-
interventions at 6 mo follow-up. Most importantly, healing time, which is a highly
significant clinical endpoint for the diabetic population under investigation, was also
significantly improved in the PCB group (5.2 + 2.7 mo vs 7.7 + 3.9 mo, P = 0.005), while
complete wound healing rate at 1 year was nearly significant in the PCB group (89.4%
vs 74.5%, P = 0.05). Moreover, no major amputations were noted at the 1-year follow-
up in both groups[31].

Lately, Del Giudice et al[31] conducted a prospective single-center cohort study that
assessed the safety and efficacy of a new generation low-dose DCB with a reduced
crystalline structure to treat below the knee (BTK) lesions in patients with CLIL To be
more specific, immediate technical success was 97% (29/30), and primary safety
outcome parameter was 94% (28/30). Angiographic follow-up was available in 20
patients. Results demonstrated primary angiographic patency 57% (12/21 lesions) and
LLL 0.99 # 0.68 mm at 6 mo. Moreover, freedom from TLR was 89% at 12 mo, and the
rate of ulcer healing was 76% at 12 mo. Thus, ranger DCB balloons documented a
positive trend with good safety outcome parameters for the treatment of CLI patients

31]. On the other hand, data from the larger multicenter Lutonix BTK RCT that
randomized 442 patients (287 in group PCB and 155 group POBA) were not analogous,
as the PCB under investigation failed to demonstrate superiority compared to POBA
[32]. Similarly, outcomes of the multicenter, IN.PACT BTK randomized study to assess
safety and efficacy of IN.PACT 014 vs PTA (50 CLI patients; 74% diabetics) reported no
significant difference in LLL and re-intervention rate at 9-mo follow-up, although LLL
was numerically lower in the PCB group[33].

However, a wide range of variability in study design, eligibility criteria, and
outcome endpoints among RCTs was noted. Therefore, currently, there is no up-to-
date available high-quality evidence to support the superiority of PCBs over POBA in
reducing major amputations, and long-term randomized data are still in scarcity[34].

Moreover, significant safety issues have been raised following the publication of
two meta-analyses of RCT that have reported an increased risk of death following the
use of paclitaxel-eluting stents and PCBs in femoropopliteal lesions and decreased
amputation-free survival following PCB use in the infrapopliteal arteries[35].

Nevertheless, the subject remains controversial, as following these findings, several
large retrospective “real-life” studies have not confirmed these results. As available
RCTs are contradictive and safety issues have been raised, the use of PCBs in
infrapopliteal disease remains controversial, and further multicenter RCTs are
required to support their use and safety in every-day clinical practice.

Pedal arch angioplasty and the angiosome approach for wound healing

A significant subgroup of diabetic patients with advanced PAD, especially those with
concomitant end-stage renal disease, suffer from a diffuse steno-occlusive disease of
the infrapopliteal and distal plantar vessels[36]. The main technical advantages of
endovascular treatment over open bypass surgery include the possibility of revascu-
larizing more than one infrapopliteal artery and, most importantly, treating outflow
plantar artery disease reconstituting the pedal arch (arch-plasty), which is not
amenable to surgical reconstruction[37]. Following revascularization of blood flow to
the ischemic tissue, adequate blood reperfusion is established, relieving ischemic
symptoms and promoting wound healing[38]. A 2009 landmark study by Manzi et al
[39] compared infrapopliteal angioplasty with or without pedal arch angioplasty. This
study referred to the pedal-plantar loop technique. The authors retrospectively
analyzed outcomes following the recanalization of the pedal and plantar arteries and
their anatomical anastomosis in 135 patients, aimed at the restoration of a direct
arterial in-flow from both anterior and posterior tibial vessels (the pedal-plantar loop
technique; first reported by Fusaro et al[40], in 2007). The acute success of the
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technique was 85%, clinical improvement was maintained after a mean follow-up of 12
mo, while a significant improvement of TCpO, at 15 d was noted in the group with
successful plantar arteries revascularization[39].

In 2017, the first large-scale multicenter retrospective analysis was published. The
Retrospective Analysis for the Clinical Impact of Pedal Artery Revascularization
Versus Non-Revascularization Strategy for Patients With Critical Limb Ischemia
retrospective registry investigated a total of 257 CLI patients (with 187 or 72.8%
diabetic patients) separated into two groups based on additional pedal angioplasty (1
=140) or not (n = 117). Wound healing (57.5% vs 37.3%, P = 0.003) and time to wound
healing (211 d vs 365 d, P = 0.008) were notably better in the pedal angioplasty group
compared to the no-pedal angioplasty group[41].

In 2019, a meta-analysis of below-the-ankle angioplasty (BTA) (10 studies, with 478
patients and 524 legs) was published by Huizing et al[42]. Pooled 1-year limb salvage
and amputation-free survival rates were 92% and 78%, respectively, while no statist-
ically significant difference was detected in these clinical endpoints following
additional BTA angioplasty compared to standard infrapopliteal angioplasty only.
However, the wound healing rate was superior when additional BTA angioplasty was
performed, while for more severe pedal artery disease, wound healing results were
also superior after BTA angioplasty. Notably, complete wound healing and time-to-
wound healing are highly significant endpoints for the specific DFU population, as
these correlate with the quality of life, hospitalization time, frequency of hospital
visits, and, eventually, long-term limb salvage extending beyond 1 year, which is more
frequently reported[42].

Further developments on tissue reperfusion techniques were initially published in
2011 by Alexandrescu et al[43], who reported the first results of the angiosome-guided
infrapopliteal angioplasty. The fundamentals of angiosome theory are based on a
wound-adjusted revascularization strategy, aiming to enhance wound healing and
limb salvage. Despite the limitations of this initial study (a small number of
participants, short-term follow-up, limitations in angiography interpretation, selection
bias), additional pedal and plantar artery angioplasty of the branch directly supplying
blood to the wound seemed to result in excellent limb salvage rate. Thus, angiosome-
based revascularization improves wound perfusion and decreases time to wound
healing, but there is a lack of solid evidence regarding limb salvage improvement[43].

Only recently, Ma et al[44] reported outcomes of a prospective single-center
observational cohort study investigating the intraoperative quantification of
parenchymal blood volume (BV) in different foot regions assessed by C-arm computed
tomography before and after revascularization in 27 patients. Interestingly, direct
revascularization, according to the angiosome approach, resulted in a 197% BV
increase compared to a 39% increase following indirect revascularization (P = 0.028).
The authors concluded that direct revascularization of the ischemic area results in
superior tissue perfusion than indirect revascularization[44]. Despite the widespread
use of the plantar arch and angiosome-guided angioplasty, triggered by clinical
experience and available results (Figure 1), the current level of evidence regarding the
clinical superiority of these techniques remains low, and their effect on overall
amputation-free survival remains unclear[41]. Larger, carefully designed RCTs are
required to determine the optimal endovascular treatment algorithm in diabetic
patients with CLI.

Percutaneous deep venous arterialization

Percutaneous deep venous arterialization (pDVA) has been recently introduced as a
novel technique to overcome ischemia in “no option” patients who lack a viable target
vessel for either surgery or endovascular treatment. The technique is based on the
concept that arterialization of the venous system could be considered as an alternative
source of perfusion of the distal foot. In 2020, Schmidt et al[45] published the mid-term
results of the largest available series, revealing a promising potential for this complex
group of “no option patients”. Specifically, investigators reported outcomes of a
retrospective study of 32 consecutive patients (66% with type 2 DM) treated with
pDVA using the LimFlow device in four vascular centers in Alkmaar (Netherlands),
Leipzig (Germany), Paris (France), and Singapore (ALPS). The procedure aimed to
create a fistula between a tibial artery and a tibial vein and provide pressurized arterial
flow to the venous system of the foot. Considering the stage, extent, and prognosis of
CLI in this group of patients, pPDVA using the LimFlow device resulted in a high
technical success rate (96.9%), very satisfactory limb salvage (79.8%), and complete
wound healing (72.7%) at the 2-year follow-up. Therefore, according to currently
available initial data, pDVA could provide an option in selected “no-option” CLI
patients[45].
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Figure 1 Wound-directed revascularization. An 81-year-old female patient with long-standing type Il diabetes and non-healing wound following minor
amputation of the 3", 4", and 5" toe and respective metatarsals. A: Digital subtraction angiography (DSA) demonstrating patent anterior tibial and peroneal arteries,
occlusion of the posterior tibial artery from its origin (red line with arrowheads), and significant stenosis of the distal below the ankle posterior tibial artery (red arrow),
which supplies the area of the surgical wound. Note that wound healing was not satisfactory even though the anterior tibial artery was patent to the distal foot; B and
C: Retrograde revascularization of the posterior tibial artery via the peroneal artery and balloon angioplasty followed by (C) antegrade balloon angioplasty of the
below the ankle stenosis via the revascularized posterior tibial artery; D: Final DSA depicting excellent angiographic patency of the treated vessels; E: Complete
wound healing noted at 3 mo follow-up.

NON-REVASCULARIZATION OPTIONS

Gene therapy

Hepatocyte growth factor: Hepatocyte growth factor (HGF), also known as scatter
factor, is a paracrine cellular growth, motility, and morphogenic factor. It is a
mesenchyme-derived pleiotropic angiogenetic growth factor that targets and acts
primarily upon epithelial and endothelial cells and secondarily acts on hemopoietic
progenitor cells and T cells. Recently, a novel therapeutic strategy for ischemic
diseases using angiogenic growth factors to augment collateral artery development
has been proposed[46].

HGEF is implemented in the regulation of angiogenesis and has been shown to
induce the formation of collateral vessels in rabbits. The first attempt to examine the
pro-angiogenetic properties of HGF for limb ischemia in real-world patients was
conducted by Nakagami and his colleagues[47] in 2005. Investigators performed
intramuscular injection of naked plasmid DNA in the ischemic limbs of 6 patients,
which demonstrated great potential. Although the study was designed to demonstrate
the safety in a phase I/early phase Ila trial, these initial clinical outcomes using HGF
gene transfer regarding its effectiveness as the sole therapy for CLI are optimistic[47].

Following the same concept, Gu et al[48] conducted a phase I clinical trial to
evaluate the safety, tolerability, and preliminary efficacy of naked DNA therapy
expressing two isoforms of hepatocyte growth factor (pCK-HGF-X7) in CLI patients.
Improvement in wound healing was observed in 66.6% of patients with a baseline foot
ulcer. These results supported the design of phase II RCT with pCK-HGF-X7[48,49].

Shigematsu and his colleagues[50], conducted a multicenter, randomized, double-
blind, placebo-controlled trial in order to measure safety and efficacy of HFG plasmid
DNA in patients with CLI. Efficacy was evaluated after 12 wk. Researchers report that
overall improvement rate of the primary end point (improvement of rest pain or
reduction of ulcer size) was 70.4% (19/27) in HGF group and 30.8% (4/13) in placebo
group, showing a significant difference (P = 0.014). Furthermore HGF plasmid also
improved quality of life. Thus, intramuscular injection of naked hepatocyte growth
factor plasmid is safe and feasible for patients with CLI[50].

Two years later, the same group published a second multi-center study (the HGF-
0205 trial). Powell et al[51] tried to explore further the safety and efficacy of HGF using
a modified delivery technique. Patients classified as Rutherford-Becker categories 5
and 6 were enrolled. There was a significant improvement in the primary endpoint of
the TBI and the secondary endpoint of rest pain assessment at 6 mo. Nonetheless, no
significant difference was observed regarding wound healing and amputation rates.
Recently, in a randomized, double-blinded, placebo-controlled phase II study of HGF
published in 2019 by Yongquan et al[52], the NLO03 DNA plasmid (pCK-HGF-X7) was
investigated. This DNA plasmid encodes a genomic complementary DNA hybrid
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human HGF sequence designed to express simultaneously two wild-type isoforms of
HGF: HGF723and HGF728. According to the study design, 200 patients (Rutherford
scale 4-5) were randomly assigned: Placebo (1 = 50), low-dose (n = 50), middle-dose (1
= 50), or high-dose NL003 (n = 50). The drug was administered to the affected limb on
days 0, 14, and 28. No significant differences in the incidence of adverse events or
serious adverse effects were found among the groups. Even though there were no
statistically significant differences in TcPO,, ABI, or TBI values between the four
groups, this study reported the first effective evidence of significant improvement in
complete ulcer healing, complete pain relief without analgesics, and safety for NL003
in patients with Rutherford stage 4-5[52].

Vascular endothelial growth factor: Vascular endothelial growth factor (VEGF) is a
key factor in angiogenesis, stimulating the proliferation and migration of endothelial
cells, which leads to the formation of new vessels. Today, several members of the
VEGEF family have been identified[53]. The VEGF-A is the main VEGF investigated in
several clinical trials, as it has been recognized as a strong inducer of vascular
permeability, with high angiogenic efficacy.

Another landmark study, published in 2002 by Mékinen et al[54], first reported the
possibility of VEGF transfer using an adenoviral vector. The authors conducted a
phase II randomized, placebo-controlled, double-blind study evaluating local intra-
arterial catheter-mediated AdVEGF165 gene therapy after percutaneous transluminal
angioplasty. At 3 mo follow-up, DSA indicated increased vascularity in the VEGF-
treated groups. There was also a numerical improvement in the Rutherford class and
ABI values compared to the baseline, but this improvement was not significantly
different from that observed in the placebo arm[54].

In 2003, Shyu et al[54] investigated the safety and efficacy of intramuscular gene
therapy with vascular endothelial growth factor (VEGF 165) in patients with chronic
CLI. Magnetic resonance angiography revealed qualitative evidence of improved
distal flow in 19 limbs (79%). Ischemic ulcers healed or improved markedly in 12 limbs
(75%). Rest pain was relieved or improved markedly in 20 limbs (83%). Complications
were limited to transient leg edema in six limbs. As a result, this landmark study was
among the first to show safety, efficacy, and feasibility of intramuscular gene therapy
with VEGF (165) for patients with CLI[54].

In the Regional Angiogenesis with VEGF, also known as RAVE, trial published in
2003 by Rajagopalan et al[55], the intramuscular administration of VEGF was tested
using different dose regimes vs placebo. In total, 105 patients with unilateral exercise-
limiting intermittent claudication were enrolled to receive a low or high dose of
AdVEGF121 or placebo by 20 intramuscular injections in a single session. However,
patients receiving VEGF did not demonstrate significant improvement in the primary
endpoint of peak walking time nor the secondary endpoints of ABI and quality of life
measures compared to placebo. Furthermore, patients treated with VEGF developed
peripheral edema, which may indicate its potential bioactivity[55].

Hypoxia-inducible factor 1a: Hypoxia-inducible factor (HIF) 1a is a transcriptional
regulatory factor that orchestrates cellular responses to hypoxia. This agent has
demonstrated an ability to increase collateral blood vessels, capillary density, and
neovascularization in pre-clinical animal studies[56,57]. In a phase II prospective,
randomized, double-blind, placebo-controlled, parallel-group, multicenter study
conducted in 35 sites (27 in the United States, four in the United Kingdom, and four in
Germany), a total of 289 patients with claudication were randomized in a double-blind
manner to one of three doses of Ad2/HIF-1a/VP16 or placebo administered by 20
intramuscular injections to each leg. Unfortunately, HIF 1la failed to achieve
significantly superior outcomes compared to placebo in the primary endpoint of peak
walking time at 6 mo follow-up and in all secondary endpoints. Complementary
studies to evaluate the potential usefulness of HIF-1a in CLI treatment are needed[58].

Stromal derived factor-1: Stromal-derived factor-1 (SDF-1), also known as CXC motif
chemokine 12 (CXCL12), is a chemokine protein that in humans is encoded by the
CXCL12 gene on chromosome 10. SDF-1 has a pivotal role in the retention and homing
of hematopoietic stem/progenitor cells into the bone marrow microenvironment[59,
60]. Non-viral DNA plasmid encoding human stromal derived factor-1 (pSDF-1)
enhance neovascularization at the micro-vascular level. In 2014 a promising phase Ila
randomized double-blind placebo-controlled trial to Evaluate Plasmid Stromal Cell-
Derived Factor-1 for Treatment of Critical Limb Ischemia (The STOP-CLI trial) was
published that aimed to compare the effect of a biological agent vs placebo in the
progression of CLI. Forty-eight CLI (Rutherford 4 or 5) patients who were poor
candidates for surgical revascularization on stable medical therapy with ankle systolic
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pressure < 70 mmHg or toe systolic pressure < 50 mmHg were enrolled into four
cohorts (n = 12 each). The study aimed to evaluate the safety and tolerability of
escalating doses of 1 mg/mL pSDF-1 (4 mg, 8 mg, 8 mg, or 16 mg) delivered via direct
intramuscular injection (8 mg or 16 mg) to the ischemic limb. Interim results indicated
the safety of SDF-1 and suggested its use for improving the clinical status of poor
candidates for revascularization[61].

Recently, in 2019, Shishehbor et al[62] conducted a double-blind, placebo-controlled,
phase IIB trial. Investigators randomized 109 patients (86 with DM) with CLI
(Rutherford class V or VI) to 8 mg or 16 mg intramuscular injections of placebo vs a
non-viral gene therapy that stimulates endogenous regenerative repair mechanisms
known as JVS-100. Investigators set primary efficacy end point as a 3-mo wound
healing score estimated by an independent wound core laboratory. The primary safety
end point was major adverse limb events[62].

However, results from the three groups (placebo, 8 mg and 16 mg injections)
revealed only 26% of wounds completely healed at 3 mo. Surprisingly, no variations
among the three groups (26.5%, 26.5%, and 25%, respectively) were documented.
Correspondingly, researchers notice no significant changes to TBI after 3 mo. Notable
to mention that rates of major adverse limb events at 3 mo were 8.8%, 20%, and 8.3%,
respectively[62].

Thus, while being safe, JV5-100 missed to improve wound healing or hemodynamic
calibrations at 3 mo. A quarter, alone of CLI wounds was treated at 3 mo despite
successful revascularization. These results point out the necessity for further research
considering microcirculation augmentation therapies for PAD patients[62].

Basic fibroblast growth factor: Basic fibroblast growth factor (bFGF) (also known as
FGF-p or FGF-2) is a growth factor and signaling protein that triggers a harmonized
arteriogenic effect, activating several downstream signals such as VEGF and monocyte
chemoattractant protein-1[63,64]. Until today, the level of evidence remains low as
very few clinical trials have examined the role of bFGF in patients with PAD, while
some clinical trials were prematurely terminated[65].

In 2009, Hashimoto et al[66] investigated the safety of selective and sustained
delivery of bFGF using acidic gelatin hydrogel microspheres (AGHMs) for the
treatment PAD in a single-arm prospective observational study in 8 patients with
PAD. AGHM suspension containing 100 mg bFGF was infused into the artery of the
affected limb. Evaluation of safety and changes in clinical symptoms, resting ABI
measurement, and TcPO, as well as angiography was conducted at baseline and at
various time points. No serious adverse events were observed. All cases demonstrated
improvement of symptoms, although this was frequently temporary. The authors
concluded that selective sustained delivery of bFGF by AGHMs was safe and well-
tolerated in PADJ[66].

Following the same concept, Kumagai ef al[67] conducted an open-label, single-
dose, phase I-Ila study that included 10 CLI patients to investigate the safety and
efficacy of a sustained-release system of bFGF using biodegradable gelatin hydrogel. A
single dose of 200 pg of bFGF-incorporated gelatin hydrogel microspheres was
injected into the ischemic limb gastrocnemius. No serious procedure-related adverse
events were recorded, while TcO, was significantly improved at 6 mo follow-up.
Secondary endpoints (6 min walk, Rutherford class, rest pain, cyanotic scales) were
also significantly improved. The authors concluded that a sustained release of bFGF
from biodegradable gelatin hydrogel seems to induce angiogenesis and provide an
effective alternative treatment option for CLI patients. However, more appropriately
powered clinical investigations, especially in dose escalation, are needed[67].

Stem cells therapies

Over the last 2 decades, stem cell therapy (SCT) has emerged as a favorable alternative
to traditional surgical and/or endovascular revascularization to treat ischemia in the
DF. The primary benefit of SCT is to induce therapeutic neovascularization and
generate collateral vessel formation to increase blood flow in the ischemic limb and
soft tissue. Reported literature provides a solid rationale for ongoing in-depth studies
aimed at advancing current SCT that may change the way PAD/CLI patients are
treated.

The first landmark study was performed in 2002 by Tateishi-Yuyama et al[68]. The
researchers recruited a mixed population of bone-marrow-derived CD34* and CD34
cells for no-option CLI patients. They conducted a pilot study and a subsequent larger,
blinded RTC. Cells were only sorted and concentrated before limb implantation.
Investigators reported a marginal increase in ABI values in treated limbs compared
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with untreated limbs (approximately +0.1). Nonetheless, a noteworthy increase in
TcPO, was reported. Notably, MR-angiography demonstrated an increased number of
collateral vessels in the treatment group compared to the control group, and this was
also correlated with clinical improvement[68].

The abovementioned promising results were partly reproduced in 2005 by Huang et
al[69] This time, researchers focused completely on diabetic patients (both type 1 and
type 2 DM). Authors selected peripheral blood mononuclear cells (MNCs) after
mobilization via administration of granulocyte colony-stimulating factor. At the end of
the 3-mo follow-up, lower limb pain and ulcers were significantly improved in
patients included in the transplant group. Nevertheless, this was an open-label non-
randomized trial, without a predetermined sample size[69]. Moreover, in both trials,
mixed bone-marrow cell populations were used and whether mesenchymal stem cells
or mixed MNCs contributed to the reported clinical benefit is not clear.

In 2011, Lu ef al[70] conducted a single-center, three-arm, randomized, double-blind
study to assess the effectiveness of stem cells therapy in CLI and to evaluate further
the relative benefit of mixed bone marrow population and mesenchymal stem cells
(MSCs), by comparing a mixed population of bone-marrow-derived MNCs and sorted
bone-marrow MSCs with a placebo group of limbs, in which only normal saline was
injected. Clinical benefit was reported over the control group for both treatments, with
a more marked increase noted in limbs receiving MSCs. This benefit included a
notable 100% ulcer healing and no amputation in the treated limbs. This study
represents a milestone trial in cell therapy as it provided a high-level of evidence
regarding the safety and effectiveness of MSCs therapy over bone marrow MNCs in
increasing perfusion and promoting ulcer healing in diabetic patients with CLI[70].
Several other smaller studies have also confirmed these results[71-73].

The RESTORE-CLI, a multicenter, sponsor-initiated, double-blinded phase II RCT
published in 2012, investigated a cellular product named Ixymielocel-T, crafted from
each patient’s bone marrow stem cells. Ixymielocel-T was a mixed population of MSCs
and HSCs that underwent expansion by a proprietary procedure[74]. The study
randomized 77 patients (Ixmyelocel-T: 48 patients and placebo 24 patients). Safety was
demonstrated, and the efficacy endpoint of time to first occurrence of treatment failure
was significantly longer for patients treated with Ixmyelocel-T (P = 0.0032). Moreover,
a trend vs superior amputation-free survival was also noted in patients in the investig-
ational group; however, this result did not reach statistical significance[74].

Summarizing the above-mentioned results, stem cell based therapies have proven to
be safe and efficient to promote angiogenesis and blood flow in patients with CLI and
especially those with no other options. Although initial results seem positive,
variability between clinical trials is huge. As a result, there is an unresolved consensus
regarding crucial factors such as cell doses, cell types or sources, administration
routes, the parameters to define outcome efficacy, or the cohorts themselves. A lot of
work needs to be done in order to translate the clinical benefits of SCT to a widely
accepted model[75].

Hyperbaric oxygen therapy

Hyperbaric oxygen therapy (HBOT) for diabetic ulcers involves intermittent adminis-
tration of 100% oxygen, usually in daily sessions of 90 min each, at pressures of 1.5 to
3.0 atmospheres absolute (ATA) in an airtight cabin. By increasing the blood oxygen
content, HBOT creates a favorable gradient for the diffusion of oxygen into the tissues.
In hypoxic tissues, the enhanced oxygen supply has multiple effects that may benefit
wound healing. Additionally, by increasing the expression of VEGF and FGF, HBOT
may enhance angiogenesis and fibroblast proliferation. Moreover, the resulting
hyperoxia may cause vasoconstriction, thereby decreasing tissue edema. By reducing
the expression of pro-inflammatory cytokines, HBOT reduces inflammation while
simultaneously enhancing the bactericidal activity of leukocytes.

In 2014, Stoekenbroek et al[76] conducted a systematic review of RCTs to assess the
additional value of HBOT in promoting the healing of DFU and preventing
amputations. According to these results, some evidence of the effectiveness of HBOT
in improving the healing of diabetic leg ulcers in patients with concomitant ischemia
was reported.

Considering the low quality of current evidence, high costs of HBOT, and the
burdensome nature of a full HBOT regimen, there is insufficient evidence to support
the routine use of HBOT as an adjunct to standard wound care in diabetic patients
with foot ulcers and more data are awaited[76].
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Minimally invasive surgery

Minimally invasive preventive surgery at an early stage can be used to reduce focal
points of pressure (off-loading) and to correct deformities (hammer and mallet toe)
that may increase the risk for ulceration. Specifically, surgical off-loading is carried out
by minimal percutaneous surgery, with specific well-established interventions such as
distal metatarsal and phalanx osteotomies, tenotomies, and capsulotomies. The main
objective of minimally invasive corrective foot surgery is to restore a stable foot during
stance, which suggests that the head of the first and the fifth metatarsal as well as
calcaneus are on the same plane. In addition, the aim is to minimize trauma without
osteosynthesis, possibly decreasing the risk of infection and vascular and healing
complications in diabetic patients. As a result, a subsequent more extensive surgery
could be avoided. Similarly to endovascular techniques, minimally invasive surgery
for DFU requires specific equipment (blades, high-speed burrs, high power machines)

with fluoroscopy control and a far-reaching learning curve for devoted surgeons[77,
78].

CONCLUSION

DF is a challenging pathology with a broad spectrum of pathophysiological
mechanisms and clinical manifestations. Prompt diagnosis of ischemia is crucial for
timely treatment and rapid wound healing and should include detailed arterial
assessment. Treatment of ischemia should be considered a medical emergency and
decided in multidisciplinary team meetings. Open surgical, minimally invasive, or
combined endovascular/surgical revascularization procedures should be readily
available, and the choice of the optimal revascularization plan should be individu-
alized. Both minimally invasive and surgical revascularization options have been
reported to achieve satisfactory mid-to-long-term limb-salvage rates. Recently, highly
specialized, large-volume vascular centers have endorsed the “endovascular-first”
approach, which achieves similar limb salvage rates with open bypass, without
precluding future surgical treatment options.

Various endovascular devices, mainly DES and DCB, have been used to reduce
restenosis after endovascular treatment and minimize the need for reinterventions due
to clinical relapse, while new revascularization techniques such as angiosome-guided
angioplasty, pedal arch angioplasty, and pDVA have been endorsed by endovascular
experts in everyday clinical practice in an attempt to optimize wound healing, time to
wound healing, and limb salvage.

Multicenter randomized trials specifically focused on optimizing endovascular
treatment options for DFU remain limited, and more high-quality data are expected.
Gene and stem cell therapies have also been investigated mainly in “no option” CLI
patients, not amenable to revascularization, and while initial data have been deemed
positive, more evidence is required to justify their use. The authors speculate that soon
these therapies combined with continuously improving endovascular revascular-
ization techniques will optimize outcomes of DFU treatment.
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