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Chapter 7
Advanced Wound Healing: 
Neuropathic Foot

Amber R. Morra, Michael I. Gazes, and Peter A. Blume

7.1  �Introduction

Approximately 415 million people worldwide have been diagnosed with diabetes. 
Twenty-five percent of people within this population will potentially develop dia-
betic foot ulcerations (DFUs). Diabetic neuropathy is the largest precursor to DFUs 
and increases risk of amputation fifteenfold; which results in approximately 70,000 
annual diabetic amputations in the USA [1]. To minimize the risks associated with 
diabetes and DFUs, multidisciplinary limb salvage teams are necessary to promptly 
assess and treat patients to improve overall outcomes. Advanced wound healing is 
a crucial component of the treatment modality. Numerous advanced wound healing 
therapies exist, ranging from complex biologic dressings, split thickness skin grafts 
and flaps, stem cells, laser treatments, hyperbaric oxygen therapies, and negative 
pressure wound therapies (NPWT) [2, 3].

Wound healing consists of three phases: acute inflammatory, proliferative, and 
maturation. The acute inflammatory phase includes vasoconstriction of arterioles 
and capillaries, platelet aggregation, and the inflammatory cell cascade. The pro-
liferative phase comprises fibroblastic activity, extracellular matrix reorganization, 
and angiogenesis [2–4]. Finally, the maturation phase involves the formation of scar 
tissue in addition to the synthesis and breakdown of collagen. Diabetic wound heal-
ing differs from traditional wound healing as DFUs often linger in the inflammatory 
phase. This delay, along with neuropathy, vasculopathy, infection, and hypergly-
cemic states seen in DFUs, leads to basement membrane thickening, endothelial 
proliferation, decreased vessel permeability, and altered cell migration [5]. This 
further leads to cellular senescence and induces protease enzymes, leading to an 
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imbalance of matrix metalloproteinases (MMPs) to tissue inhibitors of metallopro-
teinases (TIMPs) [6–10]. As a result of this process, DFUs can take significantly 
longer periods of time to heal and often require specialized treatment options.

7.2  �Collagen Modalities

One of the most popular and effective advanced treatment options for DFUs used 
today are collagen-based modalities. Collagen is the major protein in the extracellu-
lar matrix. Sustainable extracellular scaffolds are compromised in DFUs. Treatment 
with collagen based modalities provide a structural scaffold matrix to support extra-
cellular components, increases fibroblast proliferation, mediates cell migration and 
organization, and inhibits excessive MMPs [10–12].

Apligraf (Organogenesis), is one of the most popular collagen based products, 
that is indicated for “care for the treatment of full-thickness neuropathic DFUs of 
greater than 3 weeks’ duration, which have not adequately responded to conventional 
ulcer therapy and which extend through the dermis but without tendon, muscle, cap-
sule or bone exposure.” [13] The bioengineered living bilayer is derived from neo-
natal foreskin and placed in a type I bovine collagen matrix, composed of both an 
epidermal keratinocyte layer and a dermal fibroblast layer [3, 10]. The dermoinduc-
tive product functions by delivering the growth factors and matrix that are flawed 
in DFUs. Kirsner et al. evaluated Apligraf on 163 DFUs from 155 patients with an 
average wound area of 6.0 ± 5.5 cm2 and wound duration of 4.4 ± 2.6 months. The 
study reported 70% improvement in wound closure in 12 weeks and found DFUs 
treated with Apligraf increased the probability of healing by 97% in comparison to 
dehydrated amniotic membranes [14].

Another bioengineered dermoinductive product for DFUs is Dermagraft 
(Organogenesis), a cryopreserved human fibroblast-derived dermal substitute. The com-
bination of fibroblasts, extracellular collagen matrix and a bioabsorbable polyglactin 
mesh scaffold function to stimulate epithelialization. Dermagraft differs from Apligraf 
in that it is approved for full thickness DFUs present for over 6 weeks, which extend 
through the dermis but do not involve tendon, muscle, joint capsule or bone [10, 13, 15–
17]. Marston et al. examined Dermagraft versus conventional therapy (wet to dry dress-
ing) in 245 patients with chronic DFUs. They concluded that treatment with Dermagraft 
produced a significantly greater proportion (30%) of fully healed ulcers in comparison 
to the control group (18%). The Dermagraft group also had median percent wound clo-
sure of 91% by week 12 in comparison to 78% in the control group [18].

Integra Bilayer Wound Matrix (Integra LifeSciences) is a dermoconductive 
collagen-based modality for DFU. The epidermal layer is composed of a semi-
permeable thin silicone layer and the dermal layer is composed of cross-linked 
bovine type I collagen with glycosaminoglycan and shark chondroitin-6-sulfate. 
The composition of Integra is unique in that it allows the epidermal layer to 
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regulate moisture, while maintaining graft flexibility and resisting infection. The 
dermal layer thus functions to provide a scaffold for cellular invasion and growth 
[10, 17, 19, 20].

Omnigraft Dermal Regeneration Matrix (Integra LifeSciences), also known as 
Integra Dermal Regeneration Template, is FDA approved to treat “diabetic foot 
ulcers that exist for longer than 6 weeks and do not involve exposure of the joint 
capsule, tendon or bone, when used in conjunction with standard diabetic ulcer 
care” [21]. Driver et al. evaluated Integra Dermal Regeneration Template for DFUs 
with a two-phase study consisting of 307 patients with a minimum of one DFU. The 
first phase of the study was a 14-day period with patients receiving 0.9% sodium 
chloride gel with a secondary dressing and standard offloading. After the initial 
14 days, the patients with less than 30% re-epithelialization entered into the sec-
ond phase, which was randomized with a control group treated with 0.9% sodium 
chloride gel and a treatment group treated with Integra bilayer graft. The study con-
cluded that after the 16-week follow-up, patients who received the Integra graft had 
a significantly greater complete closure rate (51%) versus the control group (32%). 
The mean time to closure in the treatment group was 43 days versus 78 days for the 
control group and weekly wound reduction size was 7.2% for the treatment group 
versus 4.8% for the control group [22].

Graftjacket Regenerative Tissue Matrix (Wright Medical) is another dermocon-
ductive option composed of cadaveric collagen-based fenestrated allograft [3]. The 
acellular dermal scaffold is comprised of collagen, elastin, hyaluronan, fibronectin 
and blood vessel channels. Graftjacket Xpress (Wright Medical), functions similarly 
to Graftjacket Regenerative Tissue Matrix; however, it differs as it is an injectable 
soft tissue scaffold, suitable for use in wounds that have undermining, tunneling, or 
irregular shapes [10, 20, 23].

Protease inhibitor dressings are also useful advanced treatment options for 
DFUs. Promogran (Systagenix) is a hexagonal graft that is 55% collagen and 45% 
oxidized regenerated cellulose. The product binds and inactivates MMPs and elas-
tases within the wound bed in addition to helping release positive growth factors. 
Promogran Prisma (Systagenix) is a version of Promogran that reduces bacterial 
growth with the addition of 1% silver [10, 24, 25]. Lobmann et al. studied the effects 
of Promogran on 33 patients with DFUs. After an 8-day treatment period, three 
separate tissue biopsies were obtained to analyze protease levels. The study dem-
onstrated that Promogran treatment provided greater reduction in wound diameter 
in comparison to the control group (16%) and a significant decrease in the MMP-9/
TIMP-2 ratio, likely due to MMPs binding to collagen matrix [26].

In addition to collagen-based dressings, other products add alginate to 
increase wound healing potential by absorbing excessive wound moisture and 
exudates. Fibracol Plus (Systagenix) which is composed of 90% collagen and 
10% alginate functions as an autolytic debridement to achieve formation of 
granulation tissue [3, 10]. Donaghue et  al. performed a randomized control 
study comparing Fibracol to saline-moistened gauze in 75 patients with DFUs. 
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The study concluded that the mean percent reduction in wound area was 80.6% 
in the Fibracol cohort (48% with complete healing) and 61.1% (36% with com-
plete healing) in the control group [27].

Collagen dressings derived from human amniotic membrane are also effec-
tive ways to treat DFUs. PuraPly (Organogenesis) is a purified collagen matrix 
with a polyhexamethylene biguanide hydrochloride (PHMB) antimicrobial agent. 
PHMB is an added feature that provides broad antimicrobial coverage and reduc-
tion of bacterial loads within the wound with high tissue compatibility [28]. Pre-
clinical studies using Puraply on methicillin- resistant Staphyloccis aures (MRSA) 
inoculated wounds revealed a statistically significant reduction in MRSA levels, 
47%, at 72 h when compared to other current wound treatments utilizing silver 
technology [29].

Autogenous split thickness skin grafting for wound coverage has been an 
effective surgical option and treatment modality for decades. Theraskin (Soluble 
Systems) is an advanced wound care product that is similar to split thickness skin 
grafts (STSG) without the donor site risks. TheraSkin is a split-thickness human 
collagen allograft containing both epidermis and dermis, which is harvested within 
24  h post-mortem and cryopreserved to sustain living cellular components. The 
graft contains 12 growth factors, 16 key cytokines, and 14 types of collagen (pri-
marily I, III, IV). A study by DiDomenico et al. compared 12 wounds treated with 
TheraSkin to 17 wounds treated by Apligraf, resulting in a higher closure rate with 
the TheraSkin treatment group. The study also concluded that Theraskin had at 
least twice the amount of type I, III and IV collagen per unit area when compared to 
Apligraf and Dermagraft [30].

7.3  �Hyperbaric Oxygen Therapy

Grafting has proven effective in overall wound treatments. Nonetheless, other 
treatment styles exist for DFUs. Hyperbaric oxygen therapy (HBOT) is one such 
therapy utilized for decades and well documented for advanced treatment of 
DFUs. HBOT works by exposing the patient to 100% oxygen at two to three 
times the normal atmospheric pressure, which increases the saturation of oxy-
gen in the blood (up to 20 fold) to promote wound healing. More specifically, 
this process decreases hypoxia and edema to improve tissue perfusion, which 
promotes fibroblast and collagen proliferation and angiogenesis [31]. These fea-
tures allow HBOT to promote an “ideal” wound healing environment, even in 
the uncontrolled diabetic population. Current randomized double blind study 
by Löndahl et al. revealed 52% (25/48) of diabetics with chronic (>3 months) 
Wagner grade 2, 3 or 4 ulcers had complete healing at 1 year follow-up when 
treated with HBOT for 85 min 5 days a week for 8 weeks, when compared to 
29% healing in a placebo group [32].
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7.4  �Low Level Laser Therapy

Low level laser therapy (LLLT) as a therapeutic tool in the medical field has dem-
onstrated numerous benefits, including its treatment with DFUs. While the exact 
mechanism of how LLLT works is still under investigation, it is widely believed that 
it functions to stimulate cell activation and enhance wound healing by increasing 
the proliferation and synthesis of collagen via activation of fibroblasts and kera-
tinocyte motility [33, 34]. Although the power, duration, and frequency of treat-
ment depends on wound characteristics, most DFUs are treated with 2–10 J/cm2 at 
50–60 mW daily, for upwards of 20 weeks. A recent study by Kajagar et al. looked 
at the use of LLLT for DFU in 68 patients for 15 days at 60 mW, and concluded 
that the cohort of wounds treated with LLLT contracted significantly more than the 
wounds in the non-treatment group (40.24% versus 11.87%); concluding that LLLT 
may be an effective option or adjunct in the treatment of DFU [35].

7.5  �Ultrasonic Debridement

Advanced wound debridement techniques are another form of enhancing wound 
healing. Low frequency ultrasonic debridement instruments can be used in both 
the clinical and surgical setting. By precisely delivering sterile saline at frequencies 
between 20 and 40 kHz, these systems, such as MIST Ultrasound Healing Therapy 
(Alliqua BioMedical), Misonix, and Versajet (Smith & Nephew) all function to help 
remove necrosis, debris, biofilm, reduce MMPs, and increase angiogenesis while 
preserving healthy and vital structures [36–38]. More specifically, these devices 
do so using acoustic streaming, or mechanical force via saline, to revert chronic 
wounds into acute wounds via the theory of cavitation and dynamic reciprocity 
[39]. After the enhanced debridement modality is utilized, an advanced collagen 
based product, STSG, or biological dressing is often applied to the DFU to increase 
wound healing potential (Fig. 7.1).

7.6  �Electrical Stimulation

Another advanced wound healing treatment that accelerates wound healing is elec-
trical stimulation (ES). ES can be delivered to wounds in the form of direct current, 
alternating current, or pulsed current. ES emulates the natural electrical current that 
occurs when skin is naturally injured. This process promotes the proliferative stage 
of wound healing by decreasing the doubling time of fibroblast and endothelial 
cells, while increasing mitogen-activated protein kinase activation. Clinically, this 
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is beneficial as it increases the cascade of neutrophils and macrophages and stimu-
lates fibroblasts [40, 41]. ES has been shown to decrease bacterial load and increase 
transcutaneous oxygen levels. A randomized double-blinded placebo-controlled 
study by Peters in 2001 evaluated 40 patients with DFUs treated via ES. The study 
concluded that ES increased wound healing by 65% and wound area reduction by 
86% (as compared to a control group) when treated by ES for 8 h nightly at 50 V 
for 12 weeks [41].

7.7  �Negative Pressure Wound Therapy

Negative pressure wound therapy (NPWT) delivered by vacuum assisted closure 
(VAC) therapy is a unique treatment system that offers reliable results when used 
appropriately. The VAC device has been an effective tool in simplifying wound care 
and creating more manageable wounds. It utilizes a uniform subatmospheric pres-
sure on the wound bed to increase local blood perfusion, stimulate angiogenesis, 
and increase granulation tissue and cellular proliferation, while decreasing bacte-
rial levels [42–44]. This process then allows the wound to be closed primarily, skin 
grafted, or to be suitable for advanced biological dressings. The VAC system is 
beneficial in treating acute, chronic and complex wounds [25, 40]. A multicenter 
randomized controlled trial for comparison of NPWT utilizing VAC to advanced 
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Fig. 7.1  (a) Right foot wound post infection debridement, (b, c) initial ultrasonic debridement 
staged procedure, (d) application of collagen allograft skin substitute, (e) appearance of foot after 
allograft take, pre-ultrasonic debridement in staged procedure for STSG application, (f, g) ultra-
sonic debridement and wound appearance, (h) application of STSG, (i) wound closure
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moist wound therapy (AMWT) in the treatment of DFUs demonstrated a greater 
proportion of foot ulcers achieving complete ulcer closure with NPWT (73/169, 
43.2%) than AMWT (48/166, 28.9%) within the 112-day active treatment phase 
(p = 0.007). In assessing safety, no significant difference between the treatment and 
control groups was observed in relation to infection, cellulitis, and osteomyelitis 
within a 6-month period. NPWT appears to be as safe as, and more efficacious, 
than AMWT for the treatment of diabetic foot ulcers [44]. Another study analyzing 
VAC versus bolster dressing for securing skin grafts demonstrated that VAC group 
had improved wound healing, increased graft survival, required significantly fewer 
repeated splint thickness skin grafts (3% versus 9%), and decreased hospital stay 
(Fig. 7.2) [45].

a b c
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Fig. 7.2  Dorsal right foot wound treated with debridement, STSG application, and wound VAC 
therapy. (a) Dorsal right foot wound, (b) post debridement, (c) application of autologous STSG, 
(d) wound VAC application to site, (e) healing period, (f) completion of wound closure
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7.8  �Stem Cell Therapy

A newer treatment modality being utilized for the treatment of DFUs is stem cell 
therapy. Stem cells offer an alternative treatment aimed at increasing revascularization 
to reduce limb ischemia and promote wound healing. Generally, there are two types of 
stem cells: embryonic and adult. Embryonic stem cell have proliferative capacity and 
low differentiation maturity; while adult stem cells vary in the ability to differentiate 
based on tissue origin [46]. Current use of stem cells for DFUs include intramuscular 
and intraarterial injections, topical application, and grafts. While the use the stem cells 
is a fairly new concept, preliminary results appear promising [47]. Albehairy and col-
leagues demonstrated that patients with diabetes receiving autologous mesenchymal 
stem cell (MSC) injections around DFU borders had a significantly higher reduction 
in ulcer size at both 6 and 12 week follow-ups when compared to a control group. The 
results were 49.9% versus 7.67% at 6 weeks and 68.24% versus 5.27% at 12 weeks. 
The initial ulcer size for the MSC group in this study was larger than the ulcer size of 
the control group. This study shows that stem cells are a promising option for healing 
DFUs where standard treatments had limited effect [48].

7.9  �Conclusion

In situations with recalcitrant wounds, advanced wound healing options are available 
and have demonstrated effective results. The associated morbidity and mortality in 
patients with these wounds are staggering; however, with appropriate treatment, wound 
healing and limb salvage can potentially be achieved. In this population, various co-
morbities, especially in deformities, vascular status, and neuropathy cause increasingly 
difficult wounds, leading to the need for initiation of advanced wound healing treat-
ment plans. Without these treatment modalities, the risk of infection, complications, 
and potential loss of limb or life quickly escalates. Advanced wound healing options 
for DFUs are emerging and evolving regularly. However, while the array of advanced 
wound healing options for DFUs is plentiful, patient specific needs can always guide 
therapy. It is important to utilize evidence based medicine and effective treatment algo-
rithms for the most predictable results. While all advanced wound healing modali-
ties are unique and have individual guidelines, risks, and benefits, the underlying goal 
consistently remains to heal the wounds, prevent new ulcerations, reduce amputations, 
decrease mortality, and preserve both limb and quality of life.
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