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Preface

Much work has been done in an attempt to understand the mechanisms of disease 
in the eyes and feet of those who live with diabetes. On July 27, 1921, Banting and 
Best recovered insulin from a dog pancreas. Previously those diagnosed with type 1 
diabetes gradually withered away and died within a year. It was thought that finally 
a cure was found for what we now refer to as type 1 diabetes. Now we struggle with 
what was unforeseen at the time, the long-term effects of hyperglycemia in those 
who have either type 1 or type 2 diabetes. Diabetic retinopathy remains the leading 
cause of blindness in working age adults around the world. In addition, the foot 
issues and potential amputation of those who struggle with diabetes are well known 
and remain a struggle for both patients and providers.

This book covers a range of issues on both the eyes and feet of those with diabetes. 
The eye section of the book details the molecular and biological origins of diabetic 
eye disease as well as a chapter on vitrectomy for diabetic retinopathy. The section 
on the foot also outlines mechanisms of disease, evaluation methods of the diabetic 
foot, and its association with kidney and neurologic disease.

We are grateful to those contributors who have worked to make this book a reality. 
It has been an honor to present the work of such a distinguished group of scientists, 
clinicians, and surgeons. The staff at IntechOpen has also patiently contributed 
to actualizing this project. It is our hope that these efforts will enable a further 
 understanding of the mechanisms by which diabetes affects not only the eyes and 
feet, but how that relates to other parts of the body.

Jeff Grigsby
Vision Health Specialties,

Texas Tech University Health Science Center,
University of Houston, College of Optometry,

Texas, USA

Fethi Derbel
Clinique les Oliviers,

Tunisia
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Chapter 1

Advanced Glycation End Products: 
Formation, Role in Diabetic 
Complications, and Potential in 
Clinical Applications
Rujman Khan, Xin Yee Ooi, Matthew Parvus, Laura Valdez 
and Andrew Tsin

Abstract

Hyperglycemic conditions and disruptions to glucose-regulating pathways lead 
to increased formation of highly reactive aldehydes, methylglyoxal and glyoxal, 
which react with certain arginine and lysine residues in proteins to form advanced 
glycation end products (AGEs). These AGEs damage the integrity of the retinal vas-
culature predominantly through two mechanisms: non-receptor-mediated damage, 
which pertains to the interaction with extracellular matrix and its functional prop-
erties, and receptor-mediated damage through AGE interactions with their recep-
tors (RAGE) on pericytes and Muller cells. Damage occurring between AGE and 
RAGE potentially generates reactive oxygen species, inflammatory cytokines, and 
growth factors. Both mechanisms result in increased permeability of endothelial 
tight junctions, and this increased permeability can lead to leaking and eventually 
ischemia. Once this ischemia becomes significant, neovascularization can occur, 
the hallmark of proliferative diabetic retinopathy. Current pharmaceutical studies 
have shown the potential of AGE inhibitors, such as aminoguanidine, in decreasing 
AGE production, thus minimizing its effects in hyperglycemic conditions. Other 
pharmaceutical interventions, such as Tanshinone IIA, aim to protect cells from the 
impacts of AGEs. Future research will not only continue to understand the proper-
ties of AGEs and their effects on diabetes and diabetic complications like diabetic 
retinopathy but will also explore how they impact other diseases.

Keywords: advanced glycation end products, oxoaldehyde, RAGE, hyperglycemia, 
diabetic retinopathy, inflammation, cytokine, neovascularization

1. Introduction

Advanced glycation end products (AGEs) are formed through a non-enzymatic 
process in hyperglycemic conditions, and they impact the retinal vasculature 
negatively through the formation of reactive oxygen species, secretion of aberrant 
proteins or growth factors, alteration of the extracellular matrix, and secretion of 
inflammatory cytokines [1]. It is important to consider the difficulty of differen-
tiating the effects of hyperglycemia from those of AGEs, as AGE concentration is 
controlled by glucose levels. Because of this, occasionally high glucose levels are 
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measured interchangeably with high levels of AGEs. There are two primary mecha-
nisms by which AGEs damage the retinal vasculature which will be discussed in this 
chapter: interactions with RAGE (AGE receptors) and damage to the extracellular 
matrix [2]. While these two mechanisms work differently, both pathways result 
in thickening of the basement membrane which impairs signaling between cells 
of the microvasculature hindering their structure and increasing rigidity, which 
leads to the hemorrhagic signs seen in patients with diabetic retinopathy (DR) 
[3]. Endogenous anti-stressors are important for the management of high levels of 
AGEs through various mechanisms, but many times are not sufficient to control 
the progression of DR [2]. Thus, it is important to modify the production of AGEs 
through exogenous mechanisms, such as nutrition, reducing smoking, or treating 
the condition through medication [2].

2. AGE formation

Advanced glycation end products (AGEs) were first discovered in the early 1900s 
by the Maillard reaction process. Scientists discovered that when amino acids were 
heated in a mixture with reducing sugars, the reaction turned a yellowish brown color. 
Further studies indicated that reducing sugars, i.e., glucose, reacted non-enzymatically 
with the amino acid reagents to form Schiff bases, an early glycation product, and 
Amadori products, intermediate glycation products. AGE formation can utilize other 
reagents such as lipids, connective tissue extracellular matrix, and nucleic acids. 
The process of glycation is enhanced by diabetic complications and occurs in the 
earlier stages of the Maillard reaction; intracellular sugars, such as glycolytic pathway 
intermediate glucose-6-phosphate, are glycated at a faster rate than glucose. Amadori 
products are α-dicarbonyls (oxoaldehydes) such as 3-deoxyglucosone (3-DG) and 
methylglyoxal (MGO) which is formed by the non-oxidative rearrangement of 
Amadori adducts from fructose-3-phosphate in the polyol pathway. This pathway 
has also been studied as a precursor to hyperglycemia-induced damage in diabetes. 
Methylglyoxal and 3-deoxyglucosone are formed in the early stages of glycation 
processes: degradation of glucose, Schiff’s bases, and from Amadori products; these 
oxoaldehyde products can serve as a checkpoint in the AGE pathway since an accumu-
lation of these products is an implication of accelerated vascular damage [4, 5].

3. Mechanism of action

The main mechanisms of AGE that affect cells are the adducts on proteins 
(including N-carboxymethyllysine, pentosidine, or hydroimidazolone) that can 
interact via AGE ligand-gated receptors such as RAGE on endothelium that lead 
to secretion of cytokines TNF-α and VEGF; AGEs can stem from exogenous and 
endogenous adducts due to glucose metabolism. RAGE is the most widely studied 
AGE receptor found on endothelial cells in vasculature and on macrophages and 
microglia. AGE interacts with RAGE on macrophages, leading to intracellular 
generation of free radicals and oxidative stress, which are then phosphorylated 
by MAP kinase to activate NF-κB and increase expression of NF-κB controlled 
genes to cause vasoconstriction, enhanced adhesion molecule expression, and 
induce a procoagulant state. An overexpression of RAGE leads to oxidative 
stress and NF-κB activation. Current studies show that cross-linked AGEs with 
RAGE on proteins are closely linked with diabetic retinopathy progression. In 
the diabetic retina, AGE and adducts are found on vascular cells, neurons, glia, 
and in elevated levels in Muller macroglia—these specialized retinal cells show 
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increased dysfunction in hyperglycemic and hypoxic conditions that lead to 
more AGE formation. AGEs induce oxidative stress and consequent apoptosis of 
retinal pericytes; furthermore, AGEs induce the closure of intercellular junctions 
between endothelial cells [4–7].

3.1 AGE-RAGE interactions

Inflammation is an important component in the progression of diabetic reti-
nopathy (DR), and AGEs induce this process through interaction with receptors on 
the cell surface called RAGEs. These receptors are found on most cells, meaning that 
AGEs exert a wide effect on many different organs. In DR, results of AGE-RAGE 
interaction on inflammatory cells such as macrophages and lymphocytes, and on 
microvascular cells such as endothelial cells or pericytes are thought to produce 
a significant impact on the progression of DR [8]. Monocytes and lymphocytes 
secrete inflammatory cytokines through the induction of NF-κB [9], production of 
IL-1, IL-6, IL-8, MCP-1 and TNF-α, and upregulation of adhesion molecules such as 
VCAM and ICAM [9]. IL-8 and TNF-α levels are elevated in patients with nonpro-
liferative diabetic retinopathy (NPDR), signifying the increased inflammation in 
the early stages of DR. These cytokines are produced by activated neuronal cells and 
endothelial cells, and they exert their effect by causing early neuronal cell death in 
the retina [9]. Inflammation negatively impacts the retinal vasculature by altering 
the action of vascular cells which leads to the upregulation of various proteins that 
contribute to the thickening of the basement membrane. MIP-1, IL-3, and IL-1 are 
thought to play a role in angiogenesis [9, 10], which would facilitate the progression 
from NPDR to proliferative diabetic retinopathy (PDR). Communication between 
glial cells and neurons is imperative for maintenance of the vasculature, and it has 
been shown that inflammation can impede the crosstalk between these cells early 
in the disease process [9]. Thickening of the basement membrane is one of the 
leading mechanisms by which crosstalk amongst cells of the retinal vasculature are 
impeded. This crosstalk is essential for many processes such as providing energy to 
retinal vascular cells and maintaining homeostasis [9]. In endothelial cells, AGE-
RAGE interaction has been shown to increase proliferation via increased VEGF 
production induced through the MAPK pathway [10, 11]. This process contributes 
to angiogenesis and accelerates the progression of DR from NPDR to PDR. In peri-
cytes, an opposite effect has been observed, as increased AGE-RAGE interaction 
leads to apoptosis of these cells, which is one of the first steps in the pathogenesis of 
DR [11]. As pericyte dropout occurs, the vasculature becomes less regulated leading 
to hemorrhage and leaking.

3.2 Oxidative stress

Reactive oxygen species (ROS) accumulate in DR from the conversion of glucose 
to fructose through the NADPH pathway. This accumulation of ROS leads to 
increased production of AGEs, which then exert their effects through AGE-RAGE 
interactions or by crosslinking extracellular matrix proteins. One of the outcomes 
of AGE-RAGE interactions is production of ROS as well, leading to enhanced 
concentrations of ROS and further progression of the disease. Aldose reductase, 
which is upregulated to compensate for the high levels of glucose and is essential for 
the conversion of glucose to fructose, activates a serine/threonine-related protein 
kinase PKC-δ. Protein kinase PKC-δ is known to inhibit platelet derived growth 
factor survival activity, an essential pathway for pericyte proliferation and survival. 
Considering that pericyte loss is typically the initial step in the pathogenesis of DR, 
this explains the role of ROS in the early stages of DR [12].
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3.3 Impact on the extracellular matrix

The other predominant mechanism of damage from AGEs pertains to their 
effect on the extracellular matrix of the retinal basement membrane. Inflammation 
induced by AGEs that was discussed above has a significant impact on the basement 
membrane, specifically from the elevated levels of inflammatory cytokines IL-1β 
and TNF-α which induce the production of extracellular matrix proteins. As these 
excess proteins accumulate in the extracellular matrix, the basement membrane 
begins to thicken. When AGEs attach to collagen or elastin in the extracellular 
matrix, it causes the collagen to be less susceptible to hydrolytic breakdown and 
becomes less flexible. It has also been found that glycation increases the produc-
tion of collagen and other extracellular matrix proteins, along with the increase 
in production induced by inflammatory cytokines. This increased production and 
crosslinking of collagen along with the decreased elastin levels significantly increase 
the rigidity of the microvasculature through stiffening and thickening of the base-
ment membrane [2, 10, 13].

The accumulation and crosslinking of extracellular matrix proteins contributes 
to the thickening of the basement membrane, which hinders its integrity ultimately 
leading to the hemorrhagic pathologies that occur as a result of diabetic retinopathy. 
The initial damage caused by this thickening is decreased perfusion of the retinal 
capillaries, leading to occlusion or degeneration of these capillaries [14]. This is 
one of the characteristic steps in NPDR: ischemia caused by lack of oxygen perfu-
sion sets off the cascade of events that leads to neovascularization, the hallmark of 
PDR. When looking at the sequelae following the impact of AGEs on the basement 
membrane, it suggests that AGEs play a significant role in the progression and 
pathogenesis of diabetic retinopathy. A study showed rats with diabetes tested 
positive for AGEs (periodic acid/Schiff reagent positive material) at significantly 
higher levels than those under normal conditions [15]. Rats with diabetes also 
demonstrated a twofold increase in acellular retinal capillaries over the course of 26 
weeks compared to their wild type counterparts, and diabetic rats also experi enced 
significant capillary closure over the course of 75 weeks.

4. Dietary and exogenous sources

Processing of foods at high temperatures using the Maillard reaction to enhance 
flavoring and color subsequently leads to the formation of reactive aldehydes that leads 
to formation of advanced glycation end products, which are also formed naturally 
in body tissues. Studies depicted that canned meats, nuts, and grain-based products 
contained the highest levels of AGE, and coffee, butter, vegetables, and fruits as well as 
food prepared by steaming or boiling contained the lowest amounts of AGE [5, 16].

Research studies show that the average amount of AGE consumed on a daily 
basis by an individual range from 12,000 to 20,000 kilo-units (kU) of AGEs/day 
with diabetic subjects consuming a range of 4000–24,000 kU AGEs/day. Pyrraline 
is one of the most common AGE adducts and may be found in milk and bread crust, 
while pentosidine, another AGE adduct, is found in pretzel sticks and in its free 
form in coffee. Study of individual AGEs suggest that protein-bound pentosidine is 
not as readily absorbed as free pentosidine, therefore, increased levels free AGE in 
urine and plasma is correlated to AGE-rich dietary intake. Intake of elevated levels 
of sodium, carbohydrates, and vitamins were found to not be associated with DR 
risk or progression. Relationship between dietary AGE and promotion of AGE for-
mation in the body tissues will require new research since current research has only 
centered on skin autofluorescence before and after intake of AGE-rich foods [5, 16].
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The effects of dietary AGE were examined in several studies. AGE-poor diets 
depicted improved biomarkers for oxidative stress, endothelial, and inflammation 
in healthy subjects, and restricted AGE diets showed decreased levels of oxidative 
stress in diabetic patients as well as decreased insulin resistance and reduced levels 
of low-density-lipoprotein. Other studies have also found that dietary AGEs affect 
inflammatory markers including cytokine TNF-α, and AGE-poor diets have led 
to decreased risk for cardiovascular disease and endothelial dysfunction. Several 
studies have also examined the effects of dietary AGE on motor functions, finding 
that increases in oxidative stress and inflammation due to high levels of AGE lead to 
muscle stiffness and loss of elasticity [5, 16].

5. Physiological alterations due to hyperglycemic conditions

Hyperglycemic conditions initiate formation of AGE and promote biochemical 
abnormalities that involve formation of AGE. The three main AGE formation biochemi-
cal abnormalities include flux via hexosamine pathway, diacylglycerol-mediated activa-
tion of PKC-β with benfotiamine, and the stimulation of transketolase activity that 
induces excess triose phosphates to undergo the pentose phosphate pathway [17, 18].

The primary precursor of AGE is glucose, but other carbonyl precursors 
exists, though diminutively less reactive, including glyoxal, methylglyoxal, and 
3-deoxyglucosone that result from glycolysis. The levels of AGE in the body tissues 
increase significantly in complications of disease such as diabetic retinopathy, but 
it is the accumulation of AGE that results in accelerated complications of diseases. 
Body cells have innate detoxification systems that prevent accumulation of AGE 
precursors such as methylglyoxal, and detoxification properties of enzymes may 
be essential in further research about prevention of diabetic retinopathy complica-
tions. Deterioration of kidney function leads to accumulation of AGEs, thus leading 
to endothelial abnormality and vascular disease [4, 5, 17].

6. Treatments

No cure for diabetic retinopathy has been discovered yet, despite many efforts 
from various clinical trials. The standard pharmacological treatment currently for 
diabetic retinopathy is anti-VEGF injections, which aids in the stabilization and 
halts progression of the disease [19]. This approach has only been successful in 
treating about two-thirds of the population and the best second-line pharmacologi-
cal therapy has not been identified [19]. These factors have spurred the search for 
a better alternative, especially agents which combat the AGEs and their effects 
directly. There are different categories of treatments against AGEs, but the most 
widely studied treatments include those that specifically inhibit AGEs themselves as 
well as lifestyle changes to reduce the production of AGEs.

6.1 Direct AGE inhibitors

The first direct AGE inhibitor that garners the most promise is aminoguanidine, 
which inhibits AGE formation on both collagen and the basement membrane [15]. As 
discussed above in the section about AGE’s impact on the extracellular matrix, AGEs 
crosslink collagen and other proteins in the basement membrane and extracellular 
matrix which causes it to thicken, lose its integrity and ultimately become leaky. By 
inhibiting the formation of these crosslinked proteins, the basement membrane and 
extracellular matrix can preserve their integrity and the normal communication 
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between pericytes and endothelial cells can continue. A study demonstrated that rats 
treated with aminoguanidine showed significantly less AGE deposition in the base-
ment membrane/extracellular matrix and overall healthier capillaries [15]. Treatment 
with aminoguanidine also reduced endothelial cell proliferation in diabetic retina, 
which is another pathological change associated with diabetes. The downside is that 
this treatment was unable to completely resolve all of the pathological processes of 
diabetes, namely the occurrence of retinal microaneurysms. In untreated diabetic 
rats, 38% demonstrated microaneurysms while those treated with aminoguanidine 
reduced the incidence to 20% (0% in controls). This improvement is promising, but 
microaneurysms lead to vessel destruction, which advances the progression of NPDR 
to PDR, the more detrimental stage of DR. An alternative study demonstrated an even 
greater decrease in microaneurysms, but their sample size was small (a single retina) 
and it was conducted in dogs rather than rats [20].

Another direct AGE inhibitor is pyridoxamine. This compound has been found 
to decrease glycation of proteins in the extracellular matrix as well as decrease 
the formation and production of AGEs. A study measured the success of treating 
diabetic retinopathy with pyridoxamine by the quantity of acellular capillaries 
formed over a period of time [4]. Acellular capillaries are nonperfused capillaries 
which result from a variety of factors onset by diabetes such as pericyte dropout, 
extracellular matrix, and endothelial damage [21]. After 29 weeks, it was found that 
diabetic rats treated with pyridoxamine showed similar amounts of acellular capil-
laries to controls. It also demonstrated the impact of pyridoxamine on the produc-
tion of extracellular matrix proteins, which are upregulated in diabetic retinopathy. 
Pyridoxamine significantly reduced the production of extracellular matrix proteins 
like collagen type IV and laminin, close to the levels found in controls [4].

6.2 Other pharmaceutical interventions

Besides the usage of direct AGE inhibitors, other drugs options are being 
explored. One such drug is Tanshinone IIA (Tan IIA). Tan IIA is derived from the 
roots of Salvia miltiorrhiza, which is a plant that is used in traditional Chinese 
medicine. Studies indicate that Tan IIA impacts several of the negative effects that 
hyperglycemic conditions have on human retinal endothelial cells. Tan IIA has 
an inhibitory effect on proliferation, migration, and vascularization in human 
endothelial cells and has some correlation to VEGF expression [22]. In terms of 
AGEs, a recent study explored how Tan IIA protects retinal endothelial cells from 
the impacts of AGEs, specifically cell dysfunction resulting from the presence of 
MGO. The study showed that MGO impacted cell viability negatively in a dose-
dependent manner. Treatment of the cells with Tan IIA increased their viability 
in conditions where MGO was also present. MGO presence also resulted in mito-
chondrial fission in bovine retinal endothelial cells, and the presence of Tan IIA 
protected against this type of AGE-induced injury in the cells [23].

6.3 Lifestyle modification

Exogenous AGEs are AGEs that are consumed and produced through diet and 
lifestyle, and they differ from the endogenous AGEs that form in hyperglycemic 
conditions metabolically. Because of this, diet and lifestyle changes are argu-
ably the most important treatment in DR, as diet is a significant contributor to 
exogenous AGEs found in the form of foods high in protein and fat. Pertaining 
to lifestyle, smoking tobacco products is associated with higher levels of AGEs 
in serum which contributes to the progression and risk of DR [24]. Overall, a 
decreased calorie intake, a modified diet, and smoking cessation have been shown 
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to increase risk and overall disease progression of DR and should be an important 
treatment regimen, in addition to pharmacological treatments with AGE inhibi-
tors, in all patients with DR.

7. Conclusion

Advanced glycation end products (AGEs) are formed in increasing amounts due 
to hyperglycemic conditions implicated in diseases such as diabetic retinopathy. 
Endogenous AGEs are products from metabolic pathways that follow the Maillard 
reaction with the oxidation of oxoaldehydes. Exogenous AGEs may come from food 
sources processed at high temperatures, which increased the amount of reac-
tive aldehydes in the food. Several studies have indicated that inhibition of AGEs 
holds high potential in the treatment of diabetic retinopathy. Aminoguanidine, a 
nonspecific inhibitor of AGE, holds the most pharmaceutical promise according to 
several studies conducted, but other drugs such as Tanshinone IIA are also promis-
ing. However, alterations of lifestyles may also provide highly favorable results in 
decreasing the amount of AGE produced and consumed by the body.

Diabetes and the complication of diabetic retinopathy are gradually on the rise 
and are widespread. Another disease that is nearly as widespread and also equally 
relevant in scientific study is Alzheimer’s disease. Recent studies indicate that 
there may be a link between the two and the factors that are known to impact one 
of those diseases, such as AGEs, also have effects on the other [25]. Of organs that 
may exhibit diabetic complications, the eye and its associated connections are one 
that are closest physically to the brain, and one long-term study on retinal health 
and cognitive dysfunction showed that 40% of patients with DR showed reduced 
cognition [26]. Future studies in relation to AGEs will not only focus on the proper-
ties of AGEs and their impact on diabetes and its complications, but also how other 
illnesses are impacted by them as well.
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Chapter 2

Deficient Autophagy Contributes 
to the Development of Diabetic 
Retinopathy
Jacqueline M. Lopes de Faria and Marcella Neves Dátilo

Abstract

Autophagy is a self-degradation process essential to maintain intracellular 
homeostasis and cell survival, controlling elimination of pathogens, damage to 
organelles, and nutrient recycling to generate energy. Alterations in autophagic flux 
have been reported in the mechanisms of several diseases such as neurodegenerative 
diseases, cancer, diabetes mellitus, and its associated complications. Diabetic reti-
nopathy (DR) is a microvascular complication of diabetes, affecting nearly 30% of 
diabetic patients. Several pathways are triggered and repressed in the development 
of DR, and autophagy showed to be relevant in the pathogenesis of this devastating 
complication. In this chapter, autophagy’s involvement in the development and 
progression of DR will be discussed, mainly in retinal pigmented epithelial cells and 
retinal microvascular endothelial cells, as well as in Müller cells—the more promi-
nent retinal glial cell.

Keywords: retina, diabetic retinopathy, autophagy, ARPE-19, endothelial cell,  
Müller cell

1. Introduction

Autophagy (from Greek, meaning “self-eating”) refers to a highly conserved 
process in eukaryotic cells, which coordinates the degradation of intracellular com-
ponents and nutrient recycling. This process is essential for cellular homeostasis, 
survival, and differentiation. In basal conditions, the autophagic process happens 
in low levels to maintain cellular homeostasis. However, in such conditions as low 
levels of adenosine triphosphate (ATP) or depletion of essential amino acids and 
glucose, autophagic flux can increase to generate energy and raise basal levels. More 
recently, the understanding of this process has gained attention due to its pivotal 
role in cellular physiology and a variety of diseases from cancer, chronic degenera-
tive diseases, and immune diseases (Table 1).

Autophagy is a primary cell response to stress and can be induced by starvation, 
endoplasmic reticulum (ER) stress, hypoxia, cytotoxicity, and infection (Figure 1). 
Sensation, initiation, and regulation of the autophagy–lysosomal pathway is con-
trolled by the heterotrimeric serine/threonine kinase AMP (AMPK) and rapamycin 
complex 1 (mTORC1), either triggering or repressing autophagy and mitophagy. 
Unc-51-like kinase 1 (ULK1) is a primary initiating protein, as is mTORC1-
supressed transcription factor EB (TFEB), which coordinates the synthesis of 
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Figure 1. 
Several cellular sensors regulate autophagic flux to maintain homeostasis.

lysosomes and other essential proteins maintaining the autophagic flux [9–12]. 
In addition, sirtuin-1—a class III deacetylase dependent on nicotinamide adenine 
dinucleotide (NAD+)—becomes a positive autophagy regulator, since it may also be 
considered a cellular sensor [13].

This process is mainly regulated at a post-translational level, increasing mRNA 
expression of autophagy genes [14]. Under stress conditions, TFEB is translocated 
from cytosol to the nucleus, activating transcription of ATG genes and coordinating 
upregulation of the entire autophagy–lysosomal pathway [15].

Autophagy can be constitutive or inducible, rapidly adjusting to altera-
tions within the internal and external environment of the cells. Autophagy 
serves as a housekeeping system, demonstrated by animal models deficient in 

Table 1. 
In this table, some examples of genetic diseases associated with autophagic impairment [1–8].
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autophagy-related genes (ATG). For example, deletion of specific neurons of ATG7 
or 5 genes leads to postnatal neurodegeneration [16, 17].

Intrinsically, cellular sensors detect changes in levels of glucose, cytosolic Ca++, reac-
tive oxygen species (ROS), and metabolic intermediates. Therefore, a decrease in glucose 
availability or impairment of mitochondrial respiration-compromising ATP production 
leads to an increase in the AMP/ADP ratio, activating the AMPK α subunit [10].

An example of extrinsic sensing occurs via drug-targetable mechanisms at the 
plasma membrane level. Tyrosine kinase receptors converge on mTOR, AMPK, or 
Beclin-1-Vps complex by modulating autophagy following growth factors [18, 19]. 
Even G-protein-coupled receptors (GPCRs) control autophagy via intracellular 
pathways that similarly modulate AMPK and mTOR [20–22].

This discussion includes a short overview of the more common types of 
autophagy and will highlight the role of autophagy in retinal diseases, with special 
attention to diabetic retinopathy.

2. Types of autophagy

There are three forms of autophagy previously described in the literature: 
macroautophagy, chaperone-mediated autophagy, and microautophagy (Figure 2).

2.1 Macroautophagy

Usually known as autophagy, this intracellular pathway includes cytosolic 
components such as proteins, lipids, organelles, and parts of the nucleus [23, 24]. 
Autophagy was first described by Christian du Duve 50 years ago and has been 
highly preserved across the species. From beginning to end, the whole process is 
controlled by the ATG protein family, and more than 35 genes have been identified 
to orchestrate the process [25].

Autophagosome formation is the hallmark of this process. The well-coordinated 
process begins with an initiation phase, when ULK1 kinase forms a complex with 
ATG13, ATG10, and FIP200 (known as RB1CC1) at a specific cell site located in the 
perivacuolar region known as the phagophore assembly site (PAS). ULK1 kinase 
activity triggers the formation of the phosphoinositide 3-kinase (PI3K) complex, 
which favors the formation of phosphatidylinositol 3-phosphate, initiating the 
nucleation phase [26]. Ubiquitin-like conjugation systems are then activated, 
catalyzed by ATG7. ATG12 is conjugated to ATG5, then phosphatidylethanolamine 
to microtubule-associated protein 1A/1B-light chain 3 (LC3) through ATG7 kinase, 
forming an autophagosome bound to LC3 (also called LC3-II) [27, 28]. The late 
stage of autophagy is controlled by molecules that regulate maturation of the 
autophagosome, fusion with lysosomes, acidification of the inside compartment of 
the autophagosome components, and recycling of metabolites from the lysosomal 
compartment. This coordinated process—including a sequence of protein–protein 
and protein–lipid interaction—is a dynamic process, where the autophagosome for-
mation, fusion to the lysosome, and digestion of the inside components occur in less 
than 10 minutes. Therefore, any sort of autophagy dysfunction (such as blockage of 
lysosomal fusion or lysosomal function impairment) may lead to accumulation of 
harmful damaged organelles and protein aggregates inside the cell [29] (Figure 2).

2.2 Chaperone-mediated autophagy

In chaperone-mediated autophagy, there is no reorganization of the lysosomal 
membrane. This selective autophagy is only described in mammals [30], which 
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highly preserved across the species. From beginning to end, the whole process is 
controlled by the ATG protein family, and more than 35 genes have been identified 
to orchestrate the process [25].

Autophagosome formation is the hallmark of this process. The well-coordinated 
process begins with an initiation phase, when ULK1 kinase forms a complex with 
ATG13, ATG10, and FIP200 (known as RB1CC1) at a specific cell site located in the 
perivacuolar region known as the phagophore assembly site (PAS). ULK1 kinase 
activity triggers the formation of the phosphoinositide 3-kinase (PI3K) complex, 
which favors the formation of phosphatidylinositol 3-phosphate, initiating the 
nucleation phase [26]. Ubiquitin-like conjugation systems are then activated, 
catalyzed by ATG7. ATG12 is conjugated to ATG5, then phosphatidylethanolamine 
to microtubule-associated protein 1A/1B-light chain 3 (LC3) through ATG7 kinase, 
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compartment. This coordinated process—including a sequence of protein–protein 
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mation, fusion to the lysosome, and digestion of the inside components occur in less 
than 10 minutes. Therefore, any sort of autophagy dysfunction (such as blockage of 
lysosomal fusion or lysosomal function impairment) may lead to accumulation of 
harmful damaged organelles and protein aggregates inside the cell [29] (Figure 2).

2.2 Chaperone-mediated autophagy

In chaperone-mediated autophagy, there is no reorganization of the lysosomal 
membrane. This selective autophagy is only described in mammals [30], which 



The Eye and Foot in Diabetes

16

mediates delivery of specific proteins to the lysosome. The distinction occurs because 
the cytosolic proteins need to be degraded by the presence of a pentapeptide amino acid 
sequence, KFERQ. This sequence permits recognition of the target protein by a family 
of chaperones and co-chaperones: the heat shock cognate, 70-kDa (Hsc70)—the most 
abundant in the family. After recognition of the KFERQ sequence, Hsc70 presents the 
unfolded proteins to the lysosome, one by one, where they are recognized by the trans-
membrane domain of lysosome-associated membrane protein type 2A (LAMP2-A). 
After this, the multimerization of LAMP2-A occurs, allowing transportation of the 
substrate into the lysosome for degradation. At the end of this process, the LAMP2-A 
complex is disassembled, and the chaperone Hsp70 is released to start a new cycle [31].

2.3 Microautophagy

Microautophagy is not well described in mammalian cells. However, recent 
evidence has shown that there is recognition and internalization of small cytoplas-
matic components in late endosomes. This type of autophagy requires the chaper-
one Hsc70. However, the microautophagy process is independent of the unfolding 
of KFERQ and the multimerization of LAMP2-A [32, 33].

2.4 Role of autophagy in disease development

Since the primary function of autophagy is to eliminate harmful components 
from cells (aggregated proteins, damaged organelles, and pathogens), malfunction-
ing of this mechanism implicit in diseases—such as Huntington’s and Parkinson’s 
diseases [34, 35]—results in protein accumulation.

Figure 2. 
Types of autophagy. (1) Macroautophagy: initiation of autophagy through isolation membrane, extension 
of membrane, and closure forming the autophagosome. Finally, the autophagosome merges with lysosome. 
Lysosomal hydrolases digest the contents to recycling nutrients. (2) Chaperone-mediated autophagy: 
identification of KFERQ-motif by Hsc70. Transportation of damage protein to lysosome. Recognition and 
multimerization of LAMP-2. Damage proteins are translocated to inside of the lysosome to suffer the action of 
lysosomal hydrolases. (3) Microautophagy: recognition and internalization of cytoplasmatic component.
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In physiological conditions, autophagy is involved in cellular homeostasis, as 
demonstrated in heart diseases, as seen in heart failure and ischemia–reperfu-
sion injuries [36]. In the pancreas, autophagy is required to maintain function 
of β cells, revealing significance in the pathogenesis of diabetes. Alterations in 
autophagy have also been described in a more complex model in cancer research: 
it can suppress tumors but also helps the tumor adapt to metabolic stress in its late 
stages [37].

3. Diabetic retinopathy

Diabetes mellitus is a public health issue, estimated to affect about 500 million 
people by 2035 [38]. Nearly 30% of patients are likely to suffer from retinal micro-
vascular complications and 10% may experience visual threatening due to macular 
edema or proliferative diabetic retinopathy [39, 40].

Multiple mechanisms are triggered under hyperglycemic conditions (hexos-
amine and polyol pathways [41], synthesis de novo of diacylglycerol-PKC [42, 43], 
low grade oxidative stress [44–46], inflammation [47–51], and advanced glycation 
end products [52, 53]). Although vascular changes are presumed to be the hallmarks 
of DR, abnormalities in retinal function are detected in patients with diabetes who 
have good visual acuity [54–59].

The characteristics of retinal neurodegeneration are apoptosis of neuro cells and 
dysfunction of glial cells—mainly Müller cells [29, 50, 60]. In microvascular disease 
of diabetic retinopathy, both inner and outer blood retinal barrier break down [61].

3.1 Autophagy in diabetic retinopathy

Since their pioneering studies, Remé et al. —describing the presence of active 
autophagy in photoreceptors during hibernation with a decreased number of 
mitochondria and organelles compared to animals in non-hibernating conditions—
observed an increased number of autophagosomes [62]. These data show the pivotal 
role of autophagy in the retina, degrading cellular components (such as mitochon-
dria) during hibernation.

Implications of autophagy in retinal ganglion cells (RGCs) attracted interest as 
a potential tool for neuroprotection in glaucoma. The first evidence of the cyto-
protective role of autophagy in RGCs was shown by Rodríguez-Muela et al. using 
autophagy-deficient mice, which displayed increased axonal damage following 
optic nerve transection (ONT) models of optic neuropathy [63–65].

3.2  Autophagy in blood retinal barriers and implications on diabetic 
retinopathy

The main function of the blood-retina barrier (BRB) is maintenance of retinal 
homeostasis, regulating the transport of blood stream molecules to provide an 
appropriate supply for the neuroretina and to protect neural tissue against harmful 
agents present in the blood. The BRB is formed by two types of barriers: the inner 
blood-retina barrier (iBRB) and the outer blood-retina barrier (oBRB) [66].

Both outer and inner retinal barriers are affected by the toxic metabolic effects 
of hyperglycemia [67]. Alterations in the iBRB are more studied than the oBRB 
among the mechanisms of development and progression of DR [68–70]. The 
appropriated function of autophagy flux is important for maintenance of cellular 
viability and confers stress tolerance in retinal cells under adverse conditions such 
as DR [71].
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have good visual acuity [54–59].
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role of autophagy in the retina, degrading cellular components (such as mitochon-
dria) during hibernation.

Implications of autophagy in retinal ganglion cells (RGCs) attracted interest as 
a potential tool for neuroprotection in glaucoma. The first evidence of the cyto-
protective role of autophagy in RGCs was shown by Rodríguez-Muela et al. using 
autophagy-deficient mice, which displayed increased axonal damage following 
optic nerve transection (ONT) models of optic neuropathy [63–65].

3.2  Autophagy in blood retinal barriers and implications on diabetic 
retinopathy

The main function of the blood-retina barrier (BRB) is maintenance of retinal 
homeostasis, regulating the transport of blood stream molecules to provide an 
appropriate supply for the neuroretina and to protect neural tissue against harmful 
agents present in the blood. The BRB is formed by two types of barriers: the inner 
blood-retina barrier (iBRB) and the outer blood-retina barrier (oBRB) [66].

Both outer and inner retinal barriers are affected by the toxic metabolic effects 
of hyperglycemia [67]. Alterations in the iBRB are more studied than the oBRB 
among the mechanisms of development and progression of DR [68–70]. The 
appropriated function of autophagy flux is important for maintenance of cellular 
viability and confers stress tolerance in retinal cells under adverse conditions such 
as DR [71].
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Retinal endothelial cells of microcirculation of the retina form the iBRB. This 
barrier selectively allows passage of molecules from systemic circulation to retinal 
tissue. As a constituent of this barrier, there are tight junctions and adherens junc-
tions such as zonula occludens-1 (ZO-1), occludin, VE-cadherin, and N-cadherin 
[72]. Endothelial cells are warped by pericytes, which are highly specialized. 
Pericytes play an essential role in the structure and stability of the iBRB, coordinat-
ing angiogenesis and vascular remodeling [73, 74].

Few articles have highlighted the autophagic process in retinal endothelial cells 
under diabetic conditions [75, 76]. Exposure to high glucose leads to an increase in 
retinal endothelial cell apoptosis, and this mechanism is mediated by the enhance-
ment of ROS production. This phenomenon is correlated with a reduction in the 
AMPK pathway [76], which is well described as a direct activator of ULK-1 in the 
autophagy process [77]. Reestablishing the level of AMPK using specific activa-
tors—such as AICAR or antioxidant treatment—is effective in the protection of 
endothelial retinal cells from damage caused by diabetic conditions [75, 76]. A 
recent study from Niu et al. described the importance of the protective properties 
of metformin on retinal endothelial cells and human umbilical vascular endothelial 
cells (HUVECs) via autophagy in diabetic conditions. In this work, the authors 
showed that there was an increased LC3 puncta formation, which is an indicative of 
autophagy, in retinal vascular endothelium from db/db (diabetic) mice compared 
with control (non-diabetic) mice. This is indicative that metformin protects the 
retinal microvascular cells by diminishing LC3 formation. To further understand 
this mechanism, HUVECs were exposed to high levels of glucose and treated with 
metformin, resulting in a clear increase of LC3 formation. In HUVECs transfected 
with sh-PRKAA1/2 (AMP catalytic subunit), the protective effect of metformin was 
abrogated, indicating that metformin acts via AMPK activation [78] and improving 
autophagy in these cells.

The oBRB is a monolayer formed by retinal pigment epithelial cell layer that 
separates the neuro retina from choriocapillaris. Impairment of this barrier is 
implicated in diabetic retinopathy development [79–81]. The major functions of the 
oBRB are to provide glucose, fatty acids, and retinol to photoreceptors from chorio-
capillaris and reisomerise all-trans-retinal in 11-cis-retinal after photon absorption 
of the photoreceptor [66, 82, 83]. Therefore, any disturbance in this structure may 
have detrimental effects on the retina. A number of sight-threatening diseases 
display RPR dysfunction, such as age-related macular degeneration, proliferative 
vitreoretinopathy, and diabetic retinopathy [84].

It is well described in the literature that human retinal pigmented epithelial 
(RPE) immortalized cells (ARPE-19) exposed to high concentrations of glucose 
present molecular changes, including a decrease of proliferation, an increase in 
oxidative stress mediated by ROS production, and augmented lipid droplets and 
inflammation [85–88]. These alterations can activate or repress the autophagic flux 
in RPE cells. Studies have shown that, until 48 hours of exposure to high glucose 
levels, ARPE-19 cells present an increase in lipid droplets, which can contribute 
to ROS production [71, 85, 89]. This increase in ROS production can initiate 
autophagy, enhancing the numbers of autophagosomes, increasing conversion of 
LC3-I to LC3-II, and decreasing levels of p62/SQSTM1 as a defense mechanism 
against damage caused by high glucose. However, Chen et al. found that an increase 
in autophagic flux promoted by high glucose cannot be maintained long-term. After 
7 days in high glucose, ARPE-19 presented impairment in the degradation of p62/
SQSTM1 and an increase in apoptotic cells. These findings indicated that autophagy 
was the first defense against oxidative stress in high-glucose conditions. In the long-
term, this protective pathway became saturated and inefficient, thus contributing 
to RPE degeneration in DR [87].
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Zhang et al. have shown that high glucose concentrations can attenuate 
the PINK1 and parkin pathways involved in controlling cellular mitophagy. 
Downregulation of mitophagy can lead to an increase in cellular stress levels 
because the biogenesis of mitochondria becomes compromised [90].

The role of autophagy in retinal diabetic complications is not simply a matter of 
inhibiting its initiation or progression. Inhibition of autophagy in ARPE-19 during 
its initial phase with 3-methyladenine (3-MA) or during the fusion of autophago-
some and lysosome using bafilomycin aggravates oxidative stress and exacerbates 
secretion of the pro-inflammatory interleukin-1β promoted by high glucose [88]. 
The appropriated autophagic process is important as a mechanism of cell homeosta-
sis in diabetic conditions.

3.3  Autophagy in Müller glial cells and implications in diabetic retinopathy 
pathogenesis

Müller cells are the predominant glial cell in the retina. Its unique morphology 
allows the Müller cell to directly interact with neighboring neural and vascular 
cells, expanding through the entire retina from the inner limiting membrane to the 
photoreceptor layer. Müller cells are closely related with vitreous, blood vessels, and 
sub retinal space. Each Müller cell interacts with one cone and 10 rods [91]. This 
configuration of Müller cells inside the retina explains the diversity of its function, 
responsible for the metabolic, functional, and structural support of the retina [92].

There are several functions attributed to Müller cells, such as the release of 
trophic factors [93, 94], neurotransmitter recycling [95], and phagocytosis of exter-
nal photoreceptor segments [96, 97]. Müller cells, depending upon the stimulus 
(trauma, vascular, or metabolic), may react with phenotype changes called gliosis, 
which consist in adaptive morphological, biochemical, and physiological altera-
tions. Among the more interesting biochemical changes in Müller cells are increased 
vascular endothelial growth factor (VEGF) [98] and glial fibrillary acidic protein 
(GFAP) production, both with pro-angiogenic and pro-inflammatory effects. 
Massive VEGF release is present in the proliferative stages of DR and diabetic macu-
lar edema, representing a major therapeutic target for pharmacological treatment of 
these devastating complications.

There are few studies showing the effects of high glucose on autophagy in retinal 
Müller cells. Devi et al. described the implications of autophagy dysfunction in 
the mechanisms of DR [99]. In their study, Müller cells exposed to high glucose 
conditions for 5 days displayed an increase of autophagosome and mitophagosome 
in the cytosol, suggesting high glucose conditions activated the autophagy process. 
Despite activation of the protective process (autophagy), they observed an associa-
tion with an increased proapoptotic caspase-3, leading to programmed cell death. 
This scenario elucidates that diabetic conditions induce activation of autophagy 
followed by dysfunction, leading to cellular death.

In the previously published work addressing the mechanism by which Müller 
cells exposed to high glucose release high amounts of VEFG and trigger increased 
apoptosis, it was shown that the autophagic process was defective in Müller cells 
among diabetic conditions. In cells exposed to high glucose, autophagy  markers—
both early Beclin and late LC3-I and LC3-II—were increased, but p62/SQSTM1 
accumulated in the cytosol compartment of Müller cells, accompanied by an 
increased apoptotic rate. To further understand how p62/SQSTM1 could modulate 
the autophagy and apoptosis in Müller cells exposed to high glucose, p62/SQSTM1 
was suppressed. In this condition, there was less endoplasmic reticulum stress, 
lowering the interaction with caspase-8 and, by extension, less apoptosis. The pres-
ence of rapamycin, an mTOR blocker, triggered the formation of autophagosome 
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This scenario elucidates that diabetic conditions induce activation of autophagy 
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was suppressed. In this condition, there was less endoplasmic reticulum stress, 
lowering the interaction with caspase-8 and, by extension, less apoptosis. The pres-
ence of rapamycin, an mTOR blocker, triggered the formation of autophagosome 
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and ameliorated the degradation of p62/SQSTM1. Rapamycin showed to improve 
proteolytic activity of the lysosome, reducing the release of VEGF. Corresponding 
findings were also demonstrated in models using diabetic animals. In the retinas 
of diabetic rats, there was a significant increase in p62/SQSTM1 accumulation, 
particularly in cells located in the inner nuclear layer [29]. Lysosomal impairment 
and autophagic flux dysfunction are early indicators of the pathogenesis of DR.

4. Conclusion

Diabetic retinopathy is a neurodegenerative disease presenting vascular 
changes in its late stages. Multiple factors are associated with the development 
and progression of DR. Recently, better understanding at cellular and molecular 
levels of its process has been identified through the pathways and intracellular 
signaling involved in cells exposed to diabetic conditions. This has allowed identi-
fication of new therapeutic approaches. Recent concepts of this disease have been 
analyzed here, with special focus on the process of autophagy using experimental 
models in different retinal cells targeted by hyperglycemia in the developmental 
stages of the disease.
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Chapter 3

Diabetic Vitrectomy
Ogugua N. Okonkwo

Abstract

Diabetic retinopathy (DR) in its advanced stage is a leading cause of blindness 
and visual impairment. Despite efforts at early detection of DR, disease monitor-
ing, and medical therapy, significant proportions of people living with diabetes 
still progress to develop the advanced proliferative disease, which is characterized 
by neovascularization, actively proliferating fibrovascular membranes, and retinal 
traction. The surgical removal of this proliferating tissue and the treatment of the 
retinal ischemic drive can be very rewarding, providing significant stability of the 
retina and in several cases improved retinal anatomy and vision. Diabetic vitrec-
tomy comprises a broad range of surgical techniques and maneuvers, which offer 
the surgeon and patient opportunity to reverse deranged vitreoretinal anatomy and 
improve or stabilizes vision. Advances in vitreoretinal technology have contributed 
greatly to more recent improved outcomes; it is expected that future advances will 
offer even more benefit.

Keywords: diabetic retinopathy, vitreous hemorrhage, proliferative diabetic 
retinopathy, tractional retinal detachment, macular edema, vitrectomy

1. Introduction

Global estimates of diabetes have been on the rise [1]. Diabetic retinopathy 
(DR) is a leading cause of blindness among the working age group, with increasing 
numbers of persons being affected worldwide [2, 3]. It is a microvascular complica-
tion of diabetes which progresses to advanced disease in several cases. It is a global 
concern as indicated by a recent review published in Lancet [4]. The microvascular 
complications of diabetes result in macular leakage or exudation and vasoprolifera-
tive retinal disease, which are the hallmarks of advanced DR. Despite treatment of 
earlier stages of DR with medical therapy, which include intravitreal injection of 
anti-vascular endothelial growth factor (VEGF), intravitreal injection of steroids, 
and retinal laser photocoagulation, several eyes will progress to require surgical 
treatment [5–8].

Surgical treatment for the advanced complications of DR can range from more 
straightforward cases involving the removal of a non-clearing vitreous hemorrhage 
from an eye in which vitreous separation has already occurred, to more complicated 
surgical techniques such as in dealing with a combined tractional and rhegmatog-
enous retinal detachment (TRD/RRD) or tractional retinal detachment (TRD) 
involving the macula [9, 10]. The preoperative considerations, intraoperative 
techniques, and the postoperative outcome, including the complications of surgery, 
could vary considerably, depending on the risk factors and complexity of the 
vitreoretinal presentation associated with each case. Therefore surgical planning 
should be done on a case-by-case basis.
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from an eye in which vitreous separation has already occurred, to more complicated 
surgical techniques such as in dealing with a combined tractional and rhegmatog-
enous retinal detachment (TRD/RRD) or tractional retinal detachment (TRD) 
involving the macula [9, 10]. The preoperative considerations, intraoperative 
techniques, and the postoperative outcome, including the complications of surgery, 
could vary considerably, depending on the risk factors and complexity of the 
vitreoretinal presentation associated with each case. Therefore surgical planning 
should be done on a case-by-case basis.
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Furthermore, in recent times, there have been significant improvements in 
preoperative care and evaluation, and intraoperative surgical technique, including 
the administration of preoperative intravitreal pharmacotherapy, development 
of small-gauge transconjunctival instrumentation [11–13], and availability of 
multifunctional vitrectomy probes with high cut rates [14]. These advances have 
made surgical outcome more predictable and have resulted in an expansion of the 
indication for vitrectomy in the management of the tractional complications seen 
in DR. This review will focus on highlighting the indications, pathophysiology and 
principles of surgery, preoperative considerations, intraoperative surgical tech-
niques, and outcome of diabetic vitrectomy in contemporary times.

2. Indications for surgery

The indications for vitrectomy in advanced DR have increased over the years 
from the situation in the early years of diabetic vitrectomy, when surgery was used 
for removing non-clearing vitreous hemorrhage. The first vitrectomy performed by 
Machemer was for the removal of non-clearing vitreous hemorrhage in a patient liv-
ing with diabetes, and suffering from proliferative diabetic retinopathy (PDR) [15]. 
The Diabetic Retinopathy Vitrectomy Study (DRVS) was the first randomized, large 
series study evaluating the outcome of early versus deferral of vitrectomy in eyes 
with vitreous hemorrhage secondary to advanced DR [16]. It highlighted the benefit 
of early vitrectomy especially in type 1 diabetics with more severe disease. The DRVS 
also demonstrated that the benefit of surgery was maintained over a 4-year study 
period. Since then, the indications for diabetic vitrectomy (DV) are now known to 
include non-clearing vitreous hemorrhage, TRD, combined RRD/TRD, vitreomacu-
lar traction, traction-induced diabetic macular edema (DME), rubeosis iridis, and 
macular distortion (including dragging of the macula), to mention a few [17–21].

1. Vitreous hemorrhage (VH): vitrectomy for vitreous hemorrhage removal, in sev-
eral studies, remains the most common indication for diabetic vitrectomy [20, 22, 
23]. The scope of this will depend on the surgeon’s personal experience, state of 
the fellow eye, previous retinal laser, recurrence of VH, and systemic control of 
glycemic levels. Non-clearing vitreous hemorrhage cases with complete separa-
tion of the posterior hyaloid are rather uncommon and the vitreous can be easily 
removed with expectation of improved vision in a majority of eyes. Vitrectomy 
for a case in which prior retinal laser photocoagulation has been applied also 
tends to progress quite well as the prior laser would have reduced the activity of 
the retinopathy, treated the retinal ischemia, and slowed the momentum of the 
disease. Moreover, in eyes with prior preoperative retinal laser, the occurrence of 
iatrogenic breaks within the areas of retinal laser scars prevents progression to 
retinal detachment. VH can at times be associated with more severe proliferative 
retinal disease such as a macula involving TRD. In this case both VH and TRD 
are indications for surgery and eventual visual outcome will be affected by the 
occurrence of TRD. This situation can be identified using a preoperative B scan 
ultrasound, which will reveal the TRD.

2. Retinal traction involving the macula can be an important indication for vitrec-
tomy. This can occur as a result of an epiretinal membrane (ERM), TRD, TRD/
RRD and vitreomacular traction (VMT). Fibrovascular proliferation (FVP) in the 
sub-hyaloid space is responsible for the retinal traction, which could initially oc-
cur in an extra macular site, and then progress to involve the macular area. Also, 
TRD could develop primarily in the macula and have an early impact on vision. 
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Surgery is indicated when the traction occurs in the macula or if there is obvious 
progression of an extra macular TRD towards the macula. In some cases the reti-
nal traction is significant and creates a retinal tear. This adds a rhegmatogenous 
component to the already existing TRD. In combined TRD/RRD, progression to 
involve the macula could be rapid, and early surgery is advised.

In these situations of significant traction involving the macula or threaten-
ing the macula, surgery is indicated to relieve the traction and reattach the 
retina or to prevent progression of TRD to the macula. However, there are sev-
eral cases in which extra macular TRD remains stable after adequate panretinal 
laser photocoagulation (PRP) and good control of systemic parameters have 
been achieved. Such cases can be observed since there is no progression.

In one review comparing African-Americans with Caucasians requiring 
diabetic vitrectomy, patients of African-American descent were found to be 
more likely to have TRD/RRD than Caucasians, and it was concluded that 
African-Americans might have a greater risk of developing this advanced com-
plication [24]. In the light of this, African-Americans and others at increased 
risk could benefit from earlier vitrectomy, before the onset of vision damaging 
advanced tractional complications.

3. Persistent retinal neovascularization despite adequate laser PRP may result 
in recurrent VH and requires surgical removal of the vitreous scaffolding on 
which such neovascularization would progress. In such cases, adequate retinal 
laser fails to cause a complete regression of neovascularization. The vascular 
tuft invades the vitreous scaffold and forms neovascular pegs. This vitreous 
attachment to the neovascular peg has to be removed to prevent the recur-
rent VH, which recurs whenever there is significant vitreous traction on the 
neovascular tuft.

4. Severe FVP, especially if associated with significant traction involving or 
threatening the macula, or if obscuring the macula, may require surgical 
removal. In some instances, FVP occurs in the retina periphery and may 
be associated with proliferation extending from sclerotomy sites. This was 
more common in the era of large sclerotomies using the 20-gauge vitrectomy 
systems. Residual postoperative peripheral vitreous and significant untreated 
ischemia in the peripheral retina using either endoretinal laser photocoagula-
tion or cryotherapy predispose to the formation of this complication better 
known as anterior hyaloidal fibrovascular proliferation (AHFVP) [25]. This is 
a known complication of diabetic vitrectomy which has also been reported to 
occur after cataract surgery in poorly controlled diabetic patients [25, 26].

Other indications for diabetic vitrectomy include macular ectopia and rubeotic 
glaucoma.

3. Preoperative systemic considerations

Diabetes is a multisystem disease. The presence of DR suggests microvascular 
affectation, which may include an effect on the microvasculature in other organs, 
especially the kidney resulting in diabetic nephropathy. Advanced retinopathy 
requiring surgery has been found to be associated with reduced life expectancy 
[27]. Also patients with diabetic macular edema have been noted to have a higher 
incidence of cerebrovascular accidents and myocardial infarcts [28].
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Furthermore, in recent times, there have been significant improvements in 
preoperative care and evaluation, and intraoperative surgical technique, including 
the administration of preoperative intravitreal pharmacotherapy, development 
of small-gauge transconjunctival instrumentation [11–13], and availability of 
multifunctional vitrectomy probes with high cut rates [14]. These advances have 
made surgical outcome more predictable and have resulted in an expansion of the 
indication for vitrectomy in the management of the tractional complications seen 
in DR. This review will focus on highlighting the indications, pathophysiology and 
principles of surgery, preoperative considerations, intraoperative surgical tech-
niques, and outcome of diabetic vitrectomy in contemporary times.

2. Indications for surgery

The indications for vitrectomy in advanced DR have increased over the years 
from the situation in the early years of diabetic vitrectomy, when surgery was used 
for removing non-clearing vitreous hemorrhage. The first vitrectomy performed by 
Machemer was for the removal of non-clearing vitreous hemorrhage in a patient liv-
ing with diabetes, and suffering from proliferative diabetic retinopathy (PDR) [15]. 
The Diabetic Retinopathy Vitrectomy Study (DRVS) was the first randomized, large 
series study evaluating the outcome of early versus deferral of vitrectomy in eyes 
with vitreous hemorrhage secondary to advanced DR [16]. It highlighted the benefit 
of early vitrectomy especially in type 1 diabetics with more severe disease. The DRVS 
also demonstrated that the benefit of surgery was maintained over a 4-year study 
period. Since then, the indications for diabetic vitrectomy (DV) are now known to 
include non-clearing vitreous hemorrhage, TRD, combined RRD/TRD, vitreomacu-
lar traction, traction-induced diabetic macular edema (DME), rubeosis iridis, and 
macular distortion (including dragging of the macula), to mention a few [17–21].

1. Vitreous hemorrhage (VH): vitrectomy for vitreous hemorrhage removal, in sev-
eral studies, remains the most common indication for diabetic vitrectomy [20, 22, 
23]. The scope of this will depend on the surgeon’s personal experience, state of 
the fellow eye, previous retinal laser, recurrence of VH, and systemic control of 
glycemic levels. Non-clearing vitreous hemorrhage cases with complete separa-
tion of the posterior hyaloid are rather uncommon and the vitreous can be easily 
removed with expectation of improved vision in a majority of eyes. Vitrectomy 
for a case in which prior retinal laser photocoagulation has been applied also 
tends to progress quite well as the prior laser would have reduced the activity of 
the retinopathy, treated the retinal ischemia, and slowed the momentum of the 
disease. Moreover, in eyes with prior preoperative retinal laser, the occurrence of 
iatrogenic breaks within the areas of retinal laser scars prevents progression to 
retinal detachment. VH can at times be associated with more severe proliferative 
retinal disease such as a macula involving TRD. In this case both VH and TRD 
are indications for surgery and eventual visual outcome will be affected by the 
occurrence of TRD. This situation can be identified using a preoperative B scan 
ultrasound, which will reveal the TRD.

2. Retinal traction involving the macula can be an important indication for vitrec-
tomy. This can occur as a result of an epiretinal membrane (ERM), TRD, TRD/
RRD and vitreomacular traction (VMT). Fibrovascular proliferation (FVP) in the 
sub-hyaloid space is responsible for the retinal traction, which could initially oc-
cur in an extra macular site, and then progress to involve the macular area. Also, 
TRD could develop primarily in the macula and have an early impact on vision. 

31

Diabetic Vitrectomy
DOI: http://dx.doi.org/10.5772/intechopen.91360

Surgery is indicated when the traction occurs in the macula or if there is obvious 
progression of an extra macular TRD towards the macula. In some cases the reti-
nal traction is significant and creates a retinal tear. This adds a rhegmatogenous 
component to the already existing TRD. In combined TRD/RRD, progression to 
involve the macula could be rapid, and early surgery is advised.

In these situations of significant traction involving the macula or threaten-
ing the macula, surgery is indicated to relieve the traction and reattach the 
retina or to prevent progression of TRD to the macula. However, there are sev-
eral cases in which extra macular TRD remains stable after adequate panretinal 
laser photocoagulation (PRP) and good control of systemic parameters have 
been achieved. Such cases can be observed since there is no progression.

In one review comparing African-Americans with Caucasians requiring 
diabetic vitrectomy, patients of African-American descent were found to be 
more likely to have TRD/RRD than Caucasians, and it was concluded that 
African-Americans might have a greater risk of developing this advanced com-
plication [24]. In the light of this, African-Americans and others at increased 
risk could benefit from earlier vitrectomy, before the onset of vision damaging 
advanced tractional complications.

3. Persistent retinal neovascularization despite adequate laser PRP may result 
in recurrent VH and requires surgical removal of the vitreous scaffolding on 
which such neovascularization would progress. In such cases, adequate retinal 
laser fails to cause a complete regression of neovascularization. The vascular 
tuft invades the vitreous scaffold and forms neovascular pegs. This vitreous 
attachment to the neovascular peg has to be removed to prevent the recur-
rent VH, which recurs whenever there is significant vitreous traction on the 
neovascular tuft.

4. Severe FVP, especially if associated with significant traction involving or 
threatening the macula, or if obscuring the macula, may require surgical 
removal. In some instances, FVP occurs in the retina periphery and may 
be associated with proliferation extending from sclerotomy sites. This was 
more common in the era of large sclerotomies using the 20-gauge vitrectomy 
systems. Residual postoperative peripheral vitreous and significant untreated 
ischemia in the peripheral retina using either endoretinal laser photocoagula-
tion or cryotherapy predispose to the formation of this complication better 
known as anterior hyaloidal fibrovascular proliferation (AHFVP) [25]. This is 
a known complication of diabetic vitrectomy which has also been reported to 
occur after cataract surgery in poorly controlled diabetic patients [25, 26].

Other indications for diabetic vitrectomy include macular ectopia and rubeotic 
glaucoma.

3. Preoperative systemic considerations

Diabetes is a multisystem disease. The presence of DR suggests microvascular 
affectation, which may include an effect on the microvasculature in other organs, 
especially the kidney resulting in diabetic nephropathy. Advanced retinopathy 
requiring surgery has been found to be associated with reduced life expectancy 
[27]. Also patients with diabetic macular edema have been noted to have a higher 
incidence of cerebrovascular accidents and myocardial infarcts [28].
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As the patient for diabetic vitrectomy could be ill before or after the surgery, 
careful review by the internist and anesthesia team is required before the decision 
to proceed to surgery is taken. If the patient is on routine dialysis, heparin-free 
dialysis may be beneficial in reducing the incidence of intraoperative and postop-
erative hemorrhage. Preoperative administration of intravitreal VEGF injection has 
become popular in recent times and has been shown to decrease the rate of intraop-
erative and postoperative hemorrhage; it also improves intraoperative visibility and 
reduces surgery time.

Importantly, an internist clearance is required before preoperative adjunctive 
anti-VEGF is administered to avoid a situation in which following the administra-
tion of anti-VEGF, surgery is postponed due to the patient’s ill health. This may 
result in an overactivity of the anti-VEGF with severe contraction of the fibrous 
component of the fibrovascular membrane resulting in a worsening TRD (and 
perhaps more retinal ischemia); this is known as a “Crunch.” The use of anti-VEGF 
will be discussed in more detail later on.

4. Preoperative ocular considerations

1. Visual acuity: preoperative acuity has been shown to be an important factor 
in determining the eventual postoperative visual outcome, with eyes having 
better preoperative vision tending to have improved postoperative vision. Also, 
TRD involving the macula will have poorer preoperative vision than a “macu-
lar sparing” TRD. Therefore surgery should be performed once the macula is 
perceived to be threatened. Macular ischemia remains an important reason for 
poor preoperative and postoperative vision; this can be determined by the use 
of fundus fluorescein angiography (FFA) to assess for macular non-perfusion. 
Optical coherence angiography (OCT angiography or OCTA) can also be used 
and has the advantage of repeatability of the test. However, in several cases, it 
is not possible to perform this FFA assessment of the macular vasculature be-
fore surgery because of opacities in the medium, including VH and FVP, which 
obscure the view of the macula.

2. Intraocular pressure (IOP): this may be normal or elevated. When IOP is el-
evated, it is important to assess the anterior chamber angles and anterior uvea 
carefully, in search of rubeosis. The finding of rubeosis suggests very signifi-
cant retinal ischemia and further worsens the prognosis for recovery of vision. 
The rise in IOP may also have damaging effects on the cornea, including cornea 
edema, and result in decreased visibility during surgery.

3. Cornea: the clarity of this structure is required for proper access and visibil-
ity required for diabetic vitrectomy. The use of contact lens viewing systems 
significantly increases the incidence of cornea opacity and may require the 
removal of cornea epithelium during the surgery. Such scrapping off of cornea 
epithelium could result in postoperative cornea defects, which could take some 
time to heal. The aforementioned situation has been greatly reduced with the 
more frequent use of non-contact lens viewing systems.

4. Pupil: it is vital to assess for adequate pupillary dilatation prior to surgery. A 
poorly dilating pupil may require more than pharmacological mydriasis. In 
some instances pupillary synechiae may exist and will require mechanical dila-
tation such as using iris hooks.
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5. Lens: the presence of significant cataract may require that a combined vitrec-
tomy and cataract removal be performed during the same surgery. The cata-
ract is first removed using a phacoemulsification technique, then the diabetic 
vitrectomy is performed. The intraocular lens (IOL) could be inserted before 
or at the conclusion of the vitrectomy. This combined procedure has become a 
popular technique in recent years. It provides a clearer view and lends itself to 
improved access to the retina periphery with the use of a wide-angle viewing 
lens. However, it can also be associated with significant complications of the 
anterior segment, since there could be enhanced diffusion of the growth fac-
tors including VEGF from the posterior segment to the anterior segment of the 
eye, resulting in the formation of rubeosis iridis and its sequelae.

6. A B scan ultrasound is a useful ocular investigation to have, especially in situ-
ations in which there is limited or no view of the retina as a result of vitreous 
hemorrhage, opacities in the vitreous, and cataract. A B scan can detect the 
presence or absence of posterior vitreous detachment (PVD) and provide 
information useful for preparing the eye for diabetic vitrectomy. For instance, 
some surgeons would give preoperative intravitreal anti-VEGF in eyes without 
a PVD and refrain from doing so in eyes in which a PVD already exists. Also a B 
scan can detect the presence of vitreoschisis (aka second membrane). Vitreos-
chisis is common in diabetic retinopathy eyes, and for this reason re-staining 
using multiple intravitreal triamcinolone injections is important to detect the 
residual vitreous layer when vitreoschisis is present. Vitreoschisis is thought to 
be due to vitreous hemorrhage in the gel splitting the vitreous fibers. Recogniz-
ing its presence is essential for good outcome.

5. Relevant pathophysiology and surgical principles

Advanced stages of DR are characterized by retina edema and ischemia, 
consequent to vascular hyperpermeability and vascular occlusion, respectively. 
The chronic hyperglycemia results in progressive damage to the retinal capillary 
network resulting in retinal hypoxia and release of hypoxia-inducible factor (HIF) 
from the affected areas of the retina. The resultant ischemic retina due to the action 
of HIF then releases pro angiogenesis growth factors which include basic fibroblast 
growth factor (FGF), insulinlike growth factor 1 (IGF 1), erythropoietin, and, 
the most known growth factor, VEGF [29]. Also, cytokines such as IL-6, IL-8, and 
MCP-1 are released. The interaction of these growth factors and cytokines stimulate 
angiogenesis. VEGF-mediated new blood vessels sprout out from the surrounding 
vessels, i.e., capillaries and venules, and invade the vitreous. Progressive vasop-
roliferation occurs in response to increasing levels of the growth factors; and this 
is associated with proliferation of fibrous tissue resulting in the characteristic 
fibrovascular membranes. The fibrovascular tissue proliferates and extends across 
the retina in the preretinal space (or sub hyaloid space). In eyes with PVD, fibro-
vascular membranes can only grow on the surface of the retina; therefore, retinal 
detachments do not tend to occur. However in eyes without a PVD (which is often 
the case), the posterior hyaloid acts as a scaffold that allows the fibrovascular tissue 
to grow, leading to traction on the retina and retinal detachments. Tractional forces 
within the vitreous exert effect on these rather brittle new blood vessels resulting 
in different degrees of hemorrhage. The resulting hemorrhage can range from a 
small leakage of blood on the surrounding retina to larger preretinal hemorrhage 
(Figure 1a) and to a more severe break through intragel vitreous hemorrhage. 



The Eye and Foot in Diabetes

32

As the patient for diabetic vitrectomy could be ill before or after the surgery, 
careful review by the internist and anesthesia team is required before the decision 
to proceed to surgery is taken. If the patient is on routine dialysis, heparin-free 
dialysis may be beneficial in reducing the incidence of intraoperative and postop-
erative hemorrhage. Preoperative administration of intravitreal VEGF injection has 
become popular in recent times and has been shown to decrease the rate of intraop-
erative and postoperative hemorrhage; it also improves intraoperative visibility and 
reduces surgery time.

Importantly, an internist clearance is required before preoperative adjunctive 
anti-VEGF is administered to avoid a situation in which following the administra-
tion of anti-VEGF, surgery is postponed due to the patient’s ill health. This may 
result in an overactivity of the anti-VEGF with severe contraction of the fibrous 
component of the fibrovascular membrane resulting in a worsening TRD (and 
perhaps more retinal ischemia); this is known as a “Crunch.” The use of anti-VEGF 
will be discussed in more detail later on.

4. Preoperative ocular considerations

1. Visual acuity: preoperative acuity has been shown to be an important factor 
in determining the eventual postoperative visual outcome, with eyes having 
better preoperative vision tending to have improved postoperative vision. Also, 
TRD involving the macula will have poorer preoperative vision than a “macu-
lar sparing” TRD. Therefore surgery should be performed once the macula is 
perceived to be threatened. Macular ischemia remains an important reason for 
poor preoperative and postoperative vision; this can be determined by the use 
of fundus fluorescein angiography (FFA) to assess for macular non-perfusion. 
Optical coherence angiography (OCT angiography or OCTA) can also be used 
and has the advantage of repeatability of the test. However, in several cases, it 
is not possible to perform this FFA assessment of the macular vasculature be-
fore surgery because of opacities in the medium, including VH and FVP, which 
obscure the view of the macula.

2. Intraocular pressure (IOP): this may be normal or elevated. When IOP is el-
evated, it is important to assess the anterior chamber angles and anterior uvea 
carefully, in search of rubeosis. The finding of rubeosis suggests very signifi-
cant retinal ischemia and further worsens the prognosis for recovery of vision. 
The rise in IOP may also have damaging effects on the cornea, including cornea 
edema, and result in decreased visibility during surgery.

3. Cornea: the clarity of this structure is required for proper access and visibil-
ity required for diabetic vitrectomy. The use of contact lens viewing systems 
significantly increases the incidence of cornea opacity and may require the 
removal of cornea epithelium during the surgery. Such scrapping off of cornea 
epithelium could result in postoperative cornea defects, which could take some 
time to heal. The aforementioned situation has been greatly reduced with the 
more frequent use of non-contact lens viewing systems.

4. Pupil: it is vital to assess for adequate pupillary dilatation prior to surgery. A 
poorly dilating pupil may require more than pharmacological mydriasis. In 
some instances pupillary synechiae may exist and will require mechanical dila-
tation such as using iris hooks.
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5. Lens: the presence of significant cataract may require that a combined vitrec-
tomy and cataract removal be performed during the same surgery. The cata-
ract is first removed using a phacoemulsification technique, then the diabetic 
vitrectomy is performed. The intraocular lens (IOL) could be inserted before 
or at the conclusion of the vitrectomy. This combined procedure has become a 
popular technique in recent years. It provides a clearer view and lends itself to 
improved access to the retina periphery with the use of a wide-angle viewing 
lens. However, it can also be associated with significant complications of the 
anterior segment, since there could be enhanced diffusion of the growth fac-
tors including VEGF from the posterior segment to the anterior segment of the 
eye, resulting in the formation of rubeosis iridis and its sequelae.

6. A B scan ultrasound is a useful ocular investigation to have, especially in situ-
ations in which there is limited or no view of the retina as a result of vitreous 
hemorrhage, opacities in the vitreous, and cataract. A B scan can detect the 
presence or absence of posterior vitreous detachment (PVD) and provide 
information useful for preparing the eye for diabetic vitrectomy. For instance, 
some surgeons would give preoperative intravitreal anti-VEGF in eyes without 
a PVD and refrain from doing so in eyes in which a PVD already exists. Also a B 
scan can detect the presence of vitreoschisis (aka second membrane). Vitreos-
chisis is common in diabetic retinopathy eyes, and for this reason re-staining 
using multiple intravitreal triamcinolone injections is important to detect the 
residual vitreous layer when vitreoschisis is present. Vitreoschisis is thought to 
be due to vitreous hemorrhage in the gel splitting the vitreous fibers. Recogniz-
ing its presence is essential for good outcome.

5. Relevant pathophysiology and surgical principles

Advanced stages of DR are characterized by retina edema and ischemia, 
consequent to vascular hyperpermeability and vascular occlusion, respectively. 
The chronic hyperglycemia results in progressive damage to the retinal capillary 
network resulting in retinal hypoxia and release of hypoxia-inducible factor (HIF) 
from the affected areas of the retina. The resultant ischemic retina due to the action 
of HIF then releases pro angiogenesis growth factors which include basic fibroblast 
growth factor (FGF), insulinlike growth factor 1 (IGF 1), erythropoietin, and, 
the most known growth factor, VEGF [29]. Also, cytokines such as IL-6, IL-8, and 
MCP-1 are released. The interaction of these growth factors and cytokines stimulate 
angiogenesis. VEGF-mediated new blood vessels sprout out from the surrounding 
vessels, i.e., capillaries and venules, and invade the vitreous. Progressive vasop-
roliferation occurs in response to increasing levels of the growth factors; and this 
is associated with proliferation of fibrous tissue resulting in the characteristic 
fibrovascular membranes. The fibrovascular tissue proliferates and extends across 
the retina in the preretinal space (or sub hyaloid space). In eyes with PVD, fibro-
vascular membranes can only grow on the surface of the retina; therefore, retinal 
detachments do not tend to occur. However in eyes without a PVD (which is often 
the case), the posterior hyaloid acts as a scaffold that allows the fibrovascular tissue 
to grow, leading to traction on the retina and retinal detachments. Tractional forces 
within the vitreous exert effect on these rather brittle new blood vessels resulting 
in different degrees of hemorrhage. The resulting hemorrhage can range from a 
small leakage of blood on the surrounding retina to larger preretinal hemorrhage 
(Figure 1a) and to a more severe break through intragel vitreous hemorrhage. 
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This hemorrhage can often be removed using vitrectomy technique (Figure 1b). 
The fibrous component of the fibrovascular tissue contracts, due to a myofibro-
blastic effect [30], and causes traction on the inner retina, resulting in a TRD that 
may initially involve an extra macular site, and then subsequently progresses to the 
macula and damages vision. In some cases the traction results in a split in the layers 
of the retina (retinoschisis or foveoschisis) that can be appreciated on optical coher-
ence tomography (OCT) scan. Similarly, ERM may be present in the macular area 
and result in considerable macular traction, worsening already existing macular 
edema. Since such diabetic macular edema (DME) has a traction-induced compo-
nent as its causation, surgery will be required to remove the traction if resolution of 
the edema is to be achieved. VEGF suppression alone is unlikely to achieve complete 
resolution of this sort of DME, and this needs to be recognized.

The surgical principles of diabetic vitrectomy include performing a core vitrec-
tomy. In some cases, a posterior vitreous separation already exists preoperatively 
and the goal of surgery is simply vitreous hemorrhage removal. This is a rather 
uncommon presentation. In cases of vitreous hemorrhage removal, in addition 
to the hemorrhage (since the vitreous cavity acts as a reservoir of several pro-
inflammatory and pro-angiogenic factors that result in macular edema, neovascu-
larization, and proliferation of fibrous tissue), diabetic vitrectomy also achieves 
immediate removal of these factors and cytokines. It facilitates access to the retina 
and permits release of the posterior hyaloid and further dissection of the tractional 
fibrotic membranes that create the TRD.

Separation of the anterior vitreous from the more posterior cortical vitreous can 
be easily accomplished using any standard vitreous cutter, allowing the release of the 
anteroposterior traction induced by the vitreous. Careful dissection of the posterior 
vitreous cortex from the underlying retina and the removal of proliferating fibro-
vascular membranes and fibrous bands from the retina surface (and at times from 
the subretinal space) are the highlights of the surgery. This should be done, avoiding 
the creation of iatrogenic breaks and creation of false passages. Identification of the 
right plane of vitreoretinal separation is the key to proper dissection and avoiding 
unnecessary iatrogenic breaks. One tip to achieve entry into the right vitreoretinal 
plane in difficult situations is to commence dissection from the optic disc and then 
move out towards the macula and retina periphery, the “inside out approach.” In 

Figure 1. 
Fundus photograph of PDR. (a) Left eye showing diffuse vitreous hemorrhage and preretinal hemorrhage in 
an eye diagnosed to have PDR. Notice also the absence of retinal laser marks and presence of macula hard 
exudates, with some significant cataract. (b) Same eye as in 1a after vitrectomy; view of the fundus is clearer 
and some hard exudates persist in the macular area.
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practice, it is possible to detach the vitreous at the optic disc with gentle traction on 
the adjoining vitreous or fibrous tissue close to the optic disc using an intraocular 
forceps or the aspiration port of a vitreous cutter. This lifts the vitreous off the disc 
and ensures a safe entry into the vitreoretinal space, from where dissection can 
continue outward. In some cases a moderate to large amount of retrohyaloid blood 
already exists; this provides a useful entry point into the desired vitreoretinal space.

Techniques for fibrovascular proliferation removal have been well described 
and include en bloc dissection in which vitreous and proliferating tissue is removed 
as one, segmentation of fibrovascular tissue into islands of tissue using straight 
scissors or small-gauge cutter, and delamination involving careful removal of the 
islands of tissue using a small-gauge cutter or a curved intraocular scissors [31, 32]. 
Various ancillary instrumentation including picks, vertical and horizontal scissors, 
blades, membrane peeler cutters, forceps, scrapers, and other instruments can be 
used for the removal of proliferating fibrovascular membranes. However the use 
of newer high cut rate multifunctional vitreous cutters enables surgeons to often 
complete TRD repair using only the vitreous cutter [33, 34].

Upon completion of membrane dissection, ERM in the macular area may require 
identification and removal. Subretinal fluid drainage may be required. Existing 
retinal ischemia is treated with the application of laser panretinal photocoagula-
tion [35]. PRP should be done up to the extreme retinal periphery, i.e., ora serrata. 
Scleral indentation is performed in search of iatrogenic retina breaks (which if 
undetected and treated can result in postoperative RRD and need for re-vitrec-
tomy). Indentation is also done to ensure PRP has been extended to all areas of 
peripheral ischemia. Some surgeon will apply cryotherapy to the peripheral retina, 
to ensure maximum obliteration of the ischemic drive.

There may be a need for longer acting tamponade such as silicone oil in the more 
complex retina detachments such as in TRD cases with the occurrence of significant 
iatrogenic breaks, TRD/RRD situation, or in cases with existing traction [36]. 
Silicone oil is also used in monocular patients and patients who cannot position or 
who have to undertake air travel soon. Otherwise air, saline or shorter acting tam-
ponade such as SF6 is sufficient in cases of low to medium complexity, especially if 
there are no iatrogenic breaks and release of traction is considered adequate. C3F8 
can be used if longer duration of tamponade is required. It is important to ensure 
that sclerotomy ports are well closed, with no leakage. If required and judged to 
be necessary, sclerotomy sites should be sutured using, e.g., 8-0 vicryl suture, to 
prevent hypotony and reduce the risk of postoperative vitreous hemorrhage. A 
reported disadvantage of the sutured sclerotomy is postoperative patient discomfort 
and induction of cornea astigmatism, which tends to settle and return to preopera-
tive status over some weeks.

6. Intraoperative considerations

Diabetic vitrectomy has benefited from the overwhelming advances that have 
occurred in vitrectomy over the past decade. This includes advances in surgical 
technique, instrumentation, improved preoperative patient work-up, and case 
selection. All this has resulted in improved surgical outcome, which has further 
increased surgeon confidence in performing surgery, even in the more complex 
vitreoretinal cases. Some of these advances in diabetic vitrectomy and their impact 
are as enumerated and discussed below:

1. Improvements in vitrectomy machines and probes, which includes faster cutting 
rates and smaller gauges (27 G, 25 G, and 23 G) trans conjunctival vitrectomy 
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nent as its causation, surgery will be required to remove the traction if resolution of 
the edema is to be achieved. VEGF suppression alone is unlikely to achieve complete 
resolution of this sort of DME, and this needs to be recognized.
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Figure 1. 
Fundus photograph of PDR. (a) Left eye showing diffuse vitreous hemorrhage and preretinal hemorrhage in 
an eye diagnosed to have PDR. Notice also the absence of retinal laser marks and presence of macula hard 
exudates, with some significant cataract. (b) Same eye as in 1a after vitrectomy; view of the fundus is clearer 
and some hard exudates persist in the macular area.
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islands of tissue using a small-gauge cutter or a curved intraocular scissors [31, 32]. 
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retinal ischemia is treated with the application of laser panretinal photocoagula-
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Scleral indentation is performed in search of iatrogenic retina breaks (which if 
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tomy). Indentation is also done to ensure PRP has been extended to all areas of 
peripheral ischemia. Some surgeon will apply cryotherapy to the peripheral retina, 
to ensure maximum obliteration of the ischemic drive.

There may be a need for longer acting tamponade such as silicone oil in the more 
complex retina detachments such as in TRD cases with the occurrence of significant 
iatrogenic breaks, TRD/RRD situation, or in cases with existing traction [36]. 
Silicone oil is also used in monocular patients and patients who cannot position or 
who have to undertake air travel soon. Otherwise air, saline or shorter acting tam-
ponade such as SF6 is sufficient in cases of low to medium complexity, especially if 
there are no iatrogenic breaks and release of traction is considered adequate. C3F8 
can be used if longer duration of tamponade is required. It is important to ensure 
that sclerotomy ports are well closed, with no leakage. If required and judged to 
be necessary, sclerotomy sites should be sutured using, e.g., 8-0 vicryl suture, to 
prevent hypotony and reduce the risk of postoperative vitreous hemorrhage. A 
reported disadvantage of the sutured sclerotomy is postoperative patient discomfort 
and induction of cornea astigmatism, which tends to settle and return to preopera-
tive status over some weeks.

6. Intraoperative considerations

Diabetic vitrectomy has benefited from the overwhelming advances that have 
occurred in vitrectomy over the past decade. This includes advances in surgical 
technique, instrumentation, improved preoperative patient work-up, and case 
selection. All this has resulted in improved surgical outcome, which has further 
increased surgeon confidence in performing surgery, even in the more complex 
vitreoretinal cases. Some of these advances in diabetic vitrectomy and their impact 
are as enumerated and discussed below:

1. Improvements in vitrectomy machines and probes, which includes faster cutting 
rates and smaller gauges (27 G, 25 G, and 23 G) trans conjunctival vitrectomy 
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systems, now means that these probes can be used as multifunctional tools. 
They can be inserted carefully beneath tractional membranes during surgery 
and used effectively for segmentation and delamination of the membranes 
without the need for intraocular scissors in several cases. Also the high cut rates 
provide for less traction on the retina, reduce the mobility of the retina, and 
reduce the rate of iatrogenic breaks. The presence of the vitrectomy cutting port 
closer to the tip of the probes means that membranes on the retina can be easily 
engaged. Indeed many complex cases can be safely completed with the use of 
only the vitreous cutter and no other ancillary instruments required. Similarly 
the protection conferred by the cannula system at the sclerotomy entry site pro-
vides for reduced incidence of entry sight breaks, vitreous incarceration at the 
wound edge, and leaking sclerotomies.

2. The introduction of intraoperative self-retaining lighting systems, such as 
the chandelier illuminating system, provides a free hand which can be used 
to grasp and stabilize intraocular tissue with a forceps while a fibrovascular 
membrane (FVM) is being dissected away. This led to the use of bimanual sur-
gical technique. Bimanual surgery provides a very useful means of membrane 
dissection in difficult TRD and TRD/RRD cases, with broad attachment of 
fibrovascular membrane to the retina. Also various illuminated instruments, 
such as the lighted peaks, can provide considerable support in membrane dis-
section and relief of traction.

3. During the early days of diabetic vitrectomy, as the era of the DRVS, the 
ability to perform endoretinal photocoagulation was lacking. The presence 
of endoretinal photocoagulation probes has provided additional stabiliza-
tion to the surgery outcome, since panretinal laser photocoagulation can now 
be done during the surgery irrespective of the occurrence of postoperative 
vitreous cavity hemorrhage. Supplemental retinal laser photocoagulation may 
be required in addition to already existing retinal laser marks. PRP should be 
adequate and done up to the retina periphery to cover the ischemic retina and 
prevent postoperative complications such as recurrent hemorrhage or AHFVP.

4. The intraoperative use of triamcinolone crystals to highlight the posterior 
vitreous cortex has helped visualization and improves complete removal of the 
vitreous. In some cases vitreoschisis is present, and this can be detected if the 
additional triamcinolone is used. Also vital dyes such as brilliant blue G (BBG) 
and membrane blue (MB) have been found to help in highlighting ERM and 
ILM, therefore facilitating its removal. While the removal of ILM is justified in 
the macula to prevent re-proliferation of membranes, in some cases this can be 
quiet difficult, especially in the presence of significant macular edema, with 
pathologically adherent ILM. In such cases with a risk of further trauma to the 
macula, ILM peel is best avoided. Injection of PFCL, which acts to stabilize the 
retina during the ILM peel, in some cases, may improve the chances of success-
ful ILM peel.

5. Obtaining a preoperative OCT has become a standard work-up procedure 
for eyes with diabetic retinopathy (Figure 2a). Aside from providing use-
ful histological overview of the retina and vitreous, it can be used to provide 
three-dimensional overlay including showing areas of vitreoretinal adhesion, 
pegs as they are called, and areas of vitreous separation, which is important 
for surgical planning. Also it provides additional information on prognosis for 
postoperative vision, since eyes with more preoperative preserved external 
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limiting membrane (ELM) and ellipsoid zone (EZ) layers (as in Figure 2a) 
have been demonstrated to have better postoperative vision than eyes without, 
since a preserved EZ and ELM are also expected after surgery (Figure 2b). The 
postoperative presence of EZ and ELM, which are outer retinal layers, are es-
sential predictors of postoperative recovery of vision.

Fairly decent OCT images can be obtained in eyes with a limited amount of 
vitreous hemorrhage as in Figure 2a. Unfortunately in some of the eyes with 
an obscured view of the retina, OCT is not possible. However, the successful 
incorporation of OCT technology into the operating microscope provides the 
intraoperative OCT (iOCT), which has shown usefulness in intraoperative 

Figure 2. 
OCT images of same patient whose fundus picture is shown above. (a) Preoperative crossline OCT images of 
the same eye as in Figure 1a. Notice the presence of localized macular edema and vitreous hemorrhage with 
PVD. (b) Postoperative OCT images with normal subfoveal thickness but some intraretinal cystic spaces.
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the macula to prevent re-proliferation of membranes, in some cases this can be 
quiet difficult, especially in the presence of significant macular edema, with 
pathologically adherent ILM. In such cases with a risk of further trauma to the 
macula, ILM peel is best avoided. Injection of PFCL, which acts to stabilize the 
retina during the ILM peel, in some cases, may improve the chances of success-
ful ILM peel.

5. Obtaining a preoperative OCT has become a standard work-up procedure 
for eyes with diabetic retinopathy (Figure 2a). Aside from providing use-
ful histological overview of the retina and vitreous, it can be used to provide 
three-dimensional overlay including showing areas of vitreoretinal adhesion, 
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have been demonstrated to have better postoperative vision than eyes without, 
since a preserved EZ and ELM are also expected after surgery (Figure 2b). The 
postoperative presence of EZ and ELM, which are outer retinal layers, are es-
sential predictors of postoperative recovery of vision.

Fairly decent OCT images can be obtained in eyes with a limited amount of 
vitreous hemorrhage as in Figure 2a. Unfortunately in some of the eyes with 
an obscured view of the retina, OCT is not possible. However, the successful 
incorporation of OCT technology into the operating microscope provides the 
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the same eye as in Figure 1a. Notice the presence of localized macular edema and vitreous hemorrhage with 
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decision-making. The iOCT can help in determining the intraoperative pres-
ence of unremoved traction inducing ERM in the macula or the occurrence of 
a macular hole, which requires to be addressed during the surgery, since this 
can significantly affect postoperative visual outcome.

6. Timing of surgery: there is considerable interest in improving the visual 
outcome of eyes undergoing diabetic vitrectomy. This has resulted in some 
advocacy for earlier surgery in the category of patients with proliferative 
disease, instead of waiting for progression to more advanced TRD. Also efforts 
at inducing a pharmacologic separation of the vitreous from the retina using 
enzymatic vitreolysis have not been rewarding. Much of diabetic vitrectomy 
has to do with the separation of the attached vitreous. Induction of posterior 
vitreous separation could significantly halt the progression of PDR, since the 
attached vitreous is required for continued FVP.

On the other hand, there are advocates for caution in diabetic vitrectomy, 
who argue for the more aggressive use of a combination of intravitreal 
anti-VEGF and retinal laser photocoagulation. They argue that the outcome 
of diabetic vitrectomy could be unpredictable and that even in seemingly 
straightforward cases, intra- and postoperative complications was not uncom-
mon. Diabetic vitrectomy according to them should be undertaken only when 
necessary and other medical options exhausted.

7. Pharmacologic adjuvants: In recent times the use of pharmacological therapy 
has been introduced as adjuvant for use preoperatively and intraoperatively in 
diabetic vitrectomy. Intravitreal Injection of anti-VEGFs including Macugen, 
Avastin, and Lucentis has been used preoperatively and postoperatively, while 
steroid implants such as Ozurdex have been used pre- and intraoperatively.

Bevacizumab (Avastin, Genentech, South San Francisco, CA, USA) appears 
to be the most commonly used preoperative anti-VEGF injection [37, 38]. 
Preoperative injection of anti-VEGF agents is known to considerably shrink 
neovascular fronds and has been shown to reduce intraoperative and postop-
erative bleeding and result in improved visual outcome [38–42]. However, an 
overaction of anti-VEGF can cause contraction of fibrovascular membrane 
and could exacerbate the traction and cause progression of TRD, in some cases 
causing a macular sparing TRD to involve the macula. This has been called the 
“crunch syndrome” which is characterized by a worsening tractional retinal 
detachment and development of denser fibrotic connections between the 
retina and overlying tissue, which makes it harder to identify tissue planes and 
results in more difficult dissection of the fibrous membranes [43].

Therefore the optimum time for anti-VEGF injection preoperatively should 
be enough time to cause the desired effect, which is reduction in neovascular-
ization, and not long enough to induce severe fibrotic contraction and wors-
ening of TRD. It is generally thought that the ideal time frame is somewhere 
between 3 and 5 days prior to surgery, with considerable variation among 
surgeons. This time frame enables neovascular regression while limiting 
fibrovascular membrane contraction.

Pegaptanib (Macugen, Bausch, and Lomb, Bridgewater, NJ, USA) has been 
used as an adjunct, when injected preoperatively. Pegaptanib is a PEGylated 
aptamer and only inhibits the VEGF isoform 165 [44]. It therefore has been sug-
gested to have a more selective effect on the neovascularization component of the 
fibrovascular membrane and less tractional effect with lower systemic risks [44]. 
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Therefore it can be used to induce regression of neovascularization, in a way 
similar to bevacizumab, and therefore reduces the risk of intraoperative bleeding, 
but does not have a similar tractional effect as seen with the use of bevacizumab 
[45]. This may allow for injection of Pegaptanib at any given time prior to sur-
gery, even in the form of multiple injections, awaiting physician clearance, and 
good timing for surgery. There is however no wide spread use of Pegaptanib for 
this purpose, and comparison with bevacizumab has not been done. It may also 
be systemically advantageous due to the lower risk of vascular accidents in these 
high-risk patients [44]. It is instructive to mention that Pegaptanib is rarely used 
as an anti-VEGF of choice for suppression of VEGF in other neovascular ocular 
pathologies.

Ozurdex (Allergan, Dublin, Ireland) is a biodegradable 0.7 mg dexametha-
sone implant that is injected intravitreally via a 22-gauge needle and has been 
approved by the Food and Drug Administration (FDA) for the treatment of 
DME. It has been used in the pre- and postoperative control of the neovas-
cularization process and tissue edema. As noted by Mahmoud et al., it can be 
injected preoperatively in an eye with extensive TRD in which it facilitates 
regression and consolidation of neovascularization in addition to inhibiting 
other inflammatory cytokines [45]. Unlike anti-VEGF agents, it is not known 
to increase risk of systemic complications, and there is no associated fibrovas-
cular membrane or retinal tractional response. Tissue planes were found to 
be more distinct and not changed into flat fibrovascular tissue, making them 
more difficult to dissect, as was seen following administration of anti-VEGF 
agents. Due to these properties, it provides for flexibility with operative physi-
cian clearance planning (there is adequate time for preoperative clearance 
when Ozurdex is being used). In addition, the effect of Ozurdex can continue 
well into the postoperative period, since the Ozurdex implant can remain in 
position in the postoperative period under silicone oil [45]. Ozurdex implant 
releases the active drug over a period of 6 months and therefore keeps the eyes 
quiet, and the neovascular process is inactive during the postoperative period.

8. Techniques and tips for fibrovascular membrane dissection. Certain tech-
niques are useful in the safe removal of fibrovascular tissue. The following are 
by no means exhaustive and are at best suggestions:

a. Smaller-gauge (25 G and 27 G) transconjunctival surgery can provide 
opportunity for the vitrectomy probe to be inserted between the mem-
brane and the retina. Using an aspiration mode, the membrane is lifted up 
with the cutting edge of the probe facing superiorly. As soon as resistance 
to the membrane lifting is encountered, the membrane is cut with the cut-
ter. In this way the fibrovascular membrane is segmented; then the islands 
of fibrovascular tissue are removed from the retina using a delamination 
technique. Using the probe in this fashion, it can also serve as a blunt 
dissector and can be used without the need for additional instrumentation 
such as scissors or pick.

b. Viscodissection is a very useful technique in cases of very adherent mem-
branes [46, 47]. It was born from the idea that the use of liquid or fluid 
instead of metal or other materials to separate membranes from normal 
retina would have safety advantages. The use of small tip retractable 
cannulas, which can be inserted into small spaces between fibrovascular 
membranes and detached or attached retina, enables injection of hyalu-
ronic acid (HA). The HA serves to separate the membrane from the retina, 



The Eye and Foot in Diabetes

38

decision-making. The iOCT can help in determining the intraoperative pres-
ence of unremoved traction inducing ERM in the macula or the occurrence of 
a macular hole, which requires to be addressed during the surgery, since this 
can significantly affect postoperative visual outcome.

6. Timing of surgery: there is considerable interest in improving the visual 
outcome of eyes undergoing diabetic vitrectomy. This has resulted in some 
advocacy for earlier surgery in the category of patients with proliferative 
disease, instead of waiting for progression to more advanced TRD. Also efforts 
at inducing a pharmacologic separation of the vitreous from the retina using 
enzymatic vitreolysis have not been rewarding. Much of diabetic vitrectomy 
has to do with the separation of the attached vitreous. Induction of posterior 
vitreous separation could significantly halt the progression of PDR, since the 
attached vitreous is required for continued FVP.

On the other hand, there are advocates for caution in diabetic vitrectomy, 
who argue for the more aggressive use of a combination of intravitreal 
anti-VEGF and retinal laser photocoagulation. They argue that the outcome 
of diabetic vitrectomy could be unpredictable and that even in seemingly 
straightforward cases, intra- and postoperative complications was not uncom-
mon. Diabetic vitrectomy according to them should be undertaken only when 
necessary and other medical options exhausted.

7. Pharmacologic adjuvants: In recent times the use of pharmacological therapy 
has been introduced as adjuvant for use preoperatively and intraoperatively in 
diabetic vitrectomy. Intravitreal Injection of anti-VEGFs including Macugen, 
Avastin, and Lucentis has been used preoperatively and postoperatively, while 
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neovascular fronds and has been shown to reduce intraoperative and postop-
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Therefore the optimum time for anti-VEGF injection preoperatively should 
be enough time to cause the desired effect, which is reduction in neovascular-
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ening of TRD. It is generally thought that the ideal time frame is somewhere 
between 3 and 5 days prior to surgery, with considerable variation among 
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aptamer and only inhibits the VEGF isoform 165 [44]. It therefore has been sug-
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dissector and can be used without the need for additional instrumentation 
such as scissors or pick.

b. Viscodissection is a very useful technique in cases of very adherent mem-
branes [46, 47]. It was born from the idea that the use of liquid or fluid 
instead of metal or other materials to separate membranes from normal 
retina would have safety advantages. The use of small tip retractable 
cannulas, which can be inserted into small spaces between fibrovascular 
membranes and detached or attached retina, enables injection of hyalu-
ronic acid (HA). The HA serves to separate the membrane from the retina, 
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and the viscodissection cannula can be used for blunt dissection as well. In 
addition, the HA provides hemostasis and improves visibility in the area of 
the dissection. Care should be taken to ensure adequate removal of the HA 
after the surgery to prevent a rise in IOP.

c. In the extremely difficult cases of TRD and TRD/RRD, characterized by 
thickened fibrotic membranes strongly adherent to the retina, a combina-
tion of forceps with curved scissors is a good option. With the use of a 
bimanual technique using a chandelier illumination placed at 12 O clock 
position (or any other position as chosen by the surgeon) and wide-angle 
viewing, the edge of thickened fibrovascular membranes can be engaged 
using a good gripping tissue forceps and then separated from the retina 
with scissors. After the separation, the membrane or clot can then be cut 
off with the small-gauge cutter using reduced cut rates.

d. Proportional reflux is a feature of the Constellation vitrectomy machine 
and other machines that have been used in the safe dissection of mem-
branes from the normal retina [48]. The Constellation Vision System 
(Alcon Laboratories, Fort Worth, TX) has the pulse reflux mode, which 
allows a jet of fluid to be ejected from the port and is useful for ejecting 
accidentally incarcerated tissue during vitrectomy. In addition to this, it 
also has a proportional reflux mode. The proportional reflux mode allows 
for fluid to be ejected from the vitrectomy probe port in a gradual and con-
trolled manner with foot pedal control, thus the term proportional reflux. 
The concurrent development of microincisional vitrectomy surgery with 
a smaller gauge and the port being closer to the tip as well as the develop-
ment of proportional reflux has allowed for a new surgical technique 
known as “proportional reflux hydrodissection” [48, 49]. In this technique, 
credited to Dugel, the port of the cutter is placed between the fibrovascular 
tissue and the normal retinal tissue. Thereafter, with the foot pedal, the 
surgeon has complete control over fluid extrusion in a proportional fashion 
to create a separation between the fibrous tissue and the normal retina.

7. Complications of surgery

Vitrectomy in an eye that suffers from PDR can have significant complications. 
This ought to be considered and the risk for these intra- and postoperative compli-
cation considered before the decision to perform surgery is taken. Some of these 
complications include intra- and postoperative vitreous cavity hemorrhage (early or 
delayed), recurrent vitreous hemorrhage, hypotony, progression of diabetic reti-
nopathy, iatrogenic retinal breaks (commonly occurring during fibrovascular tissue 
dissection), cornea edema, sclerotomy-related complications including vitreous 
incarceration (not as common with small-gauge vitrectomy compared to 20 G era), 
vascular ingrowths and AHFVP, rapid progression of cataract, phototoxicity (asso-
ciated with chandelier illumination placement close to the retina), rubeosis and 
rubeotic glaucoma (more common in pseudophakia and aphakia), and severe loss 
of vision. Rubeotic glaucoma is a troublesome disease to manage and will require 
the use of intravitreal anti-VEGF, retinal laser photocoagulation, or cryotherapy. 
In some cases additional cyclodestructive procedure or glaucoma drainage tube 
surgery may be indicated. Fortunately the incidence of this complication is on the 
decline due to the use of laser endo photocoagulation, which enables more aggres-
sive management of the peripheral ischemia.
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Much of the complications can be avoided with meticulous attention to currently 
available surgical techniques. For instance, the rate of intra- and postoperative 
hemorrhage can be reduced by the use of preoperative intravitreal anti-VEGF as 
previously described and careful hemostasis during surgery either by the elevation 
of intraocular pressure, cautious diathermy, direct application of pressure to bleed-
ing vessels, or application of viscoelastic to the point of bleeding. Also preoperative 
discontinuation of blood thinners and attention to the systemic blood pressure 
during and after surgery to ensure it is not elevated can be helpful.

8. Outcome

In recent times due to improvements witnessed in vitrectomy technology and 
technique as previously discussed, the anatomical and visual outcome of diabetic 
vitrectomy has generally improved. Compared to the earlier era, when endoretinal 
laser photocoagulation for treating retinal ischemia intraoperatively was not avail-
able (retinal ischemia is the main drive for the proliferative retinal changes), we 
now have a host of retinal laser photocoagulation probes available for use during 
vitrectomy. There have been reports of improvements in visual acuity in 75% and 
87% of TRD eyes and vitreous hemorrhage eyes, respectively [50, 51]. With contin-
ued improvements and probably earlier timing of surgery, success rates will likely 
continue to improve and may exceed the 90% rates. Some of the poor prognostic 
factors include poor pre-op visual acuity, rubeosis, ectopia or displacement, and 
macula involving TRD. Significant fovea ischemia, which can be recognized with 
the use of fundus fluorescein angiography and OCTA, has a poor prognosis.

To conclude, diabetic vitrectomy has benefited from the advances in the sphere 
of vitreoretinal surgery. Though presentation of proliferative DR is very variable 
and can be complex, modern tools and technique can in most cases improve or 
stabilize vision. There is an ongoing discussion on possible identification of eyes at 
risk for progression and offering earlier surgery. This may result in further improve-
ments. Perhaps the development of an ideal pharmacologic vitreolytic agent which 
will induce a PVD in eyes known to have PDR will usher in a new era in diabetic 
vitrectomy.
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Chapter 4

Introductory Chapter: Diabetic 
Foot
Meriem Braiki, Mohamed Ali Khalifa, Bilel Faidi, 
Mosaab Ghannouchi and Fethi Derbel

1. Introduction

Diabetic foot disease is an important problem confronting the diabetologist, 
internists, and surgeons as it reduces patient’s quality of life and affects social par-
ticipation. It is including several chronic complications as infection, foot ulceration 
and even tissue destruction of the foot. These complications are considered as a sig-
nificant cause of morbidity and mortality among diabetic patients. Consequently, 
chronic complications or diabetic foot disease are a growing concern worldwide and 
represent a major global medical, social, and economic problem.

Diabetic Foot Ulcer (DFU) is one of the most distressing complications and it is 
defined as the commonest major end-point of diabetic foot disease.

The main etiological factors for DFU are peripheral nerves damage and peripheral 
vascular disease. Series of mechanisms are documented such as decreased peripheral 
blood flow and decreased local angiogenesis.

Furthermore, biomechanical abnormalities and increased susceptibility for 
infection are associated factors exposing to DFU [1, 2].

2. Etiopathogenesis

The etipathogenesis of diabetic foot disease is multifactorial with major factors. 
Neuropathy, microvascular disease and infection are mainly included. These factors 
are leading to foot tissue necrosis and ulcer occurrence [2, 3]. 

2.1 Neuropathy in diabetic foot

About 50% of patients with diabetes mellitus develop symptomatic peripheral 
neuropathy within 25 years of disease onset. Distal polyneuropathy is commonly 
encountered. Whereas combined neuropathies with motor and autonomic fibers 
involvement can occur. Age, disease duration and poor glyceamic control quality 
over several years are strong predictors, leading to diabetic neuropathy [4].

Hyperglycemia, dyslipidemia, insulin resistance and oxidative stress can con-
tribute to diabetic neuropathy [5].

According to Rochester Study [6], the severity of the neuropathy is related to the 
duration of hyperglycemia exposure. Other factors are studied in current researchs 
focusing on oxidative stress, advanced glycation-end products, protein kinase C 
and the polyol pathway [7].
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2.2 Vasculopathy

Peripheral vascular disease is among the main etiological factors in foot ulcer-
ation. Chronic hyperglycemia causes peripheral arteries damage, smooth cell 
abnormalities and endothelial cell dysfunction.

Endothelial dysfunction, owing to changes in the proliferation of endothelial 
cells, thickening of the basement membrane, leads essentially to microvascular 
disease which is responsible for ischemia. Hyperglycemia is also associated with an 
increase in thromboxane A2 leading to plasma hypercoagulability [8].

2.3 Immunopathy

The immune system is compromised with hyperglycemia and research indi-
cates the impairment of the immune system with serum glucose levels exceeding 
to 150 ml/dl. Thus, high blood glucose levels lead to inappropriate inflammatory 
response and disruption of cellular immunity (inhibition of fibroblast prolifera-
tion and impairment of the basal layer of keratinocytes, reducing epidermal cell 
migration) [8].

Consequently, diabetic patients are more exosed to the foot infection which is a 
limb-threatening and debilitating condition mainly seen in incontrolled diabetes. 
The soft tissue infection adversely affects diabetic control. This repetitive cycle 
leads to uncontrolled hyperglycemia, further affecting the immune response to 
infection [9]. The bone can be involved in case of infection resistance responsible 
for soft tissue infection dissemination making osteitis.

Bad glycemia control associated with an open wound creates a catabolic state 
and a metabolic dysfunction affecting the synthesis of proteins, collagen and fibro-
blasts. Furthermore, systemic deficiencies are propagated leading to  nutritional 
compromise in diabetes [10].

3. Classification

Many classifications of the diabetic foot are reported. The most commonly used 
is Wagner’s classification, consisting of six simplistic wound grades used to assess 
ulcer depth (grades 0–5) [11]. This classification is limited as it is not able to recog-
nize ischaemia and infection as independent risk factors in all classification grades 
[12]. A more recently proposed and popularized DFU classification is the University 
of Texas Wound Classification [13].

4. Clinical presentation

Clinical foot examination at each follow-up is important to detect the disease 
early such as ulceration or gangrene. The clinical examination includes inspection 
of the skin integrity, foot deformities such as, Charcot’s foot, hallux valgus, claw 
toe, hollow foot, skew or flat foot. The muscular condition and the bone structure 
should be evaluated as well [4].

Hyperkeratosis with dry and fissured skin are features of polyneuropathy. Lower 
extremity vascular insufficiency is made by one or more signs of claudication, night 
or rest pain, atrophic integument, absent peripheral pulses and loss of limb hair [8].

About 50% of patients with DFU present clinical signs of infection which is 
clinically featured by the presence of purulent secretions or at least two of the 
inflammatory classic signs (painful swelling, edema, hyperemia). The lack of the 
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sensitivity in patients with impaired immune response due to neuropathy can 
make these signs masked [8].

5. Investigations

Guideline development group selected recommendations from the National 
Institute of Clinical Excellence. In their most recent publishment, the annual 
assessment of the diabetic foot requires recommendations aiming essentially to 
assess both of peripheral neuropathy and peripheral vascular status.

Peripheral vascular disease is diagnosed by angiography which studies the 
peripheral arterial tree. Non-invasive vascular screening is currently more used in 
the diabetic foot to detect early the peripheral ischemia [14].

These investigations consist of Doppler ultrasound (for estimation of ankle 
brachial ratio), photo-plethysmography, transcutaneous oximetry, laser Doppler 
flowmetry and television microscopy [2].

Most guidelines recommend the use of Neurological foot testing with 10 g 
monofilament in order to assess diabetic neuropathy. An inability to sense a 10 g 
pressure is the current consensus definition of loss of protective sensation [15].

6. Management

The management of the diabetic foot complications is multidisciplinary and 
requires the collaboration of a specialist team comprising a dialectologist, surgeons, 
podiatrist, microbiologist, tissue viability nurse with a thorough understanding of 
foot function.

The aim is to decrease the risk of the disease progression leading to feet defor-
mities, ulcers and foot amputation. The prognosis is mainly highlighted by factors 
such as glycaemic and blood pressure control, diabetic nephropathy and diabetic 
retinopathy [16].

6.1 Conservative therapeutic modalities

6.1.1 Glycemic control

It is demonstrating that a good controlled glycaemia delays the onset and slows 
the progression of diabetic neuropathy, retinopathy and nephropathy in patients 
with insulin-dependent diabetes mellitus [17, 18].

Callaghan et al. [12] showed the decrease in the risk of developing clinical 
neuropathy with better glycaemic control, in diabetes requiring insulinotherapy.

6.1.2 Pharmacological therapy

The medication adherence to oral diabetic drugs is improved by the patient 
education. The pain resulting from the distal neuropathy requires the use of pain 
killers. The National Institute of Clinical Excellence recommends use of first-line 
agent duloxetine and pregabalin for pain control [19].

Various risk factors for atherosclerosis mainly smoking, should be completely 
stopped in diabetic patients in order to decrease the risk of distal vascular disease. 
Adding to that the use of statins and antiplatelet medications reduce the limb 
ischemia risk and the vascularisation, when it is improved, it is in turn associated 
with a reduced amputation rate.
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A targeted antibiotherapy based on the wound culture results is needed in DFU 
with superadded infection. The duration of treatment depends on the underlying 
infection severity [20].

6.1.3 Debridement

A 10-year review on standardized wound care protocol and integrated multi-
disciplinary team showed a reduction in amputation rate in diabetic foot patients as 
they had not delayed debridement [21].

Disease activity is measured by the degree of swelling, erythema and especially 
skin temperature. Superficial ulcer requires the removal of necrotic and hyperkera-
totic tissue as it promotes better the wound healing. Whereas, Deep wounds with 
bone and soft tissue involvement need more aggressive debridement with some 
involving surgery [20].

6.1.4 Foot pressure relief

The most important therapeutic principle is typically based on a quick and 
consistent pressure relief to promote wound healing as the weight bearing force 
is removed from the site of ulcer. The force redistribution is ensured by means of 
temporary immobilization, wearing of a protective cast or orthosis [22].

6.1.5 Wound dressings

A variety of dressing modalities are available with the advancement in the 
promotion of wound healing.

Dressing materials can be of various categories including natural, modified and 
synthetic polymers, as well as their mixtures or combinations, processed in the 

Figure 1. 
Wet gangrene of the toe with osteitis. Complete healing under antibiotic treatment and MMP’s inhibitor 
(pharysor).

53

Introductory Chapter: Diabetic Foot
DOI: http://dx.doi.org/10.5772/intechopen.94331

form of films, foams, hydrogels and hydrocolloids. Furthermore, wound dressings 
can be used as medicated systems, through the delivery of healing enhancers and 
therapeutic substances (growth factors, peptides, drugs, stem cells and/or other 
bioactive substances) [2].

Randomized controlled trials [23], showed that Silver-impregnated dressings 
have not been shown to be more efficient in treating DFU.

Furthermore, “Moist dressings” are suggested to be more efficient than “dry 
dressings.” [24].

According to our experience in the “Olivier Private Clinic”, Sousse, Tunisia.
We noted the efficiency of Matrix Metalloproteinases (MMPs) inhibitors of 

natural or synthetic origin in the healing process of chronic diabetic wounds. We 
use mainly moist dressings with Pharysor*, a MMPs inhibitor of natural origin, 
in diabetes with superficial and even with deep chronic ulcers. This agent has been 
found to be beneficial in improving wound healing rates (Figures 1–4).

Adding to that, our standard non-surgical management for DFU requires nega-
tive pressure wound therapy, close glycemic control and nutritional support with 
enriched oral nutritional supplement. A targeted antibiotherapy is further delivered 
in infected ulcers.

Figure 2. 
Wet gangrene of the second toe with osteo-arthritis. Complete healing under antibiotic treatment and MMP’s 
inhibitor (pharysor).

Figure 3. 
Wet gangrene of the forefoot complete healing under antibiotic treatment and MMP’s inhibitor (pharysor).
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Wet gangrene of the toe with osteitis. Complete healing under antibiotic treatment and MMP’s inhibitor 
(pharysor).
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form of films, foams, hydrogels and hydrocolloids. Furthermore, wound dressings 
can be used as medicated systems, through the delivery of healing enhancers and 
therapeutic substances (growth factors, peptides, drugs, stem cells and/or other 
bioactive substances) [2].

Randomized controlled trials [23], showed that Silver-impregnated dressings 
have not been shown to be more efficient in treating DFU.

Furthermore, “Moist dressings” are suggested to be more efficient than “dry 
dressings.” [24].

According to our experience in the “Olivier Private Clinic”, Sousse, Tunisia.
We noted the efficiency of Matrix Metalloproteinases (MMPs) inhibitors of 

natural or synthetic origin in the healing process of chronic diabetic wounds. We 
use mainly moist dressings with Pharysor*, a MMPs inhibitor of natural origin, 
in diabetes with superficial and even with deep chronic ulcers. This agent has been 
found to be beneficial in improving wound healing rates (Figures 1–4).

Adding to that, our standard non-surgical management for DFU requires nega-
tive pressure wound therapy, close glycemic control and nutritional support with 
enriched oral nutritional supplement. A targeted antibiotherapy is further delivered 
in infected ulcers.

Figure 2. 
Wet gangrene of the second toe with osteo-arthritis. Complete healing under antibiotic treatment and MMP’s 
inhibitor (pharysor).

Figure 3. 
Wet gangrene of the forefoot complete healing under antibiotic treatment and MMP’s inhibitor (pharysor).
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6.2 Surgical management of DFU

Surgeons interfere in the second line and surgical approach becomes necessary 
when conservative and medical alternatives are not sufficient. All reconstructive 
surgery techniques, in particular local flaps and skin grafts, can be used depending 
on the location and size of the substance loss.

Furthermore, possibilities of revascularization of the lower limbs are needed to 
improve the chances of skin healing in case of limb ischemia.

The therapeutic decision of partial leg amputation is not systematic and should 
be taken as a last therapeutic option. Amputation is typically recommended for 
deep and chronic non healing ulcers with necrotic tissues.

7. Prevention

Preventive strategies are important to decrease the risk of repeated ulcers and 
amputation. Measures are mainly based on patient education and foot assessements 
for peripheral vascular disease and neuropathy. Furthermore, foot pressure relief 
with individualized orthopedic shoe provision and insole treatment is necessary 
in order to adapt the pressure distribution to each foot. Consequently, lesions and 
chronic foot ulcers may be better prevented.

8. Conclusion

Diabetic foot is a chronic complication which poses challenges in the early 
diagnosis and management. Paying attention to this complication is necessary 
during the follow-up of diabetes. The treatment is often conservative with a proper 
glycemic control. Management of risk factors including peripheral vascular disease, 
neuropathy and infection is essential to avoid serious complications leading to 
amputation.

Figure 4. 
Gangrene with osteitis of the calcaneus complete healing under antibiotic treatment, excision  and MMP’s 
inhibitor (pharysor).
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Abstract

Management of diabetic foot remains a major challenge for healthcare system. 
Though wound healing is a multiphase process and involved multiple biomarkers 
that acts in stepwise manner, pathophysiology diabetic foot ulcers is still not much 
clear and need standardization. Matrix metalloproteinases (MMPs) are often linked 
with non-healing characteristic of diabetic foot ulcers. They play vital roles in vari-
ous phases of healing process. Major functions are removal of damaged extracellular 
matrix in inflammatory phase, breakdown of capillary basement membrane prior to 
angiogenesis and facilitation in fibroblast migration during proliferation phase. For 
efficient healing, these enzymes are needed in certain amount only. Imbalance of 
these enzymes leads to excessive degradation which has been linked with the non-
healing nature of diabetic ulcers. This chapter will shed light on the role of MMP’s in 
various phases of wound healing and the inhibitors of MMP’s from natural as well as 
synthetic origin. It would help researchers and physicians to the understand nature 
of diabetic foot more clearly and design of strategies for diabetic foot management.

Keywords: diabetic foot, matrix Metalloproteinases, MMP inhibitors, wound 
healing, inflammation

1. Introduction

Wound healing is a complex mechanism involves cascade of inter-related 
events, i.e., hemostasis, inflammation, proliferation and remodeling [1]. Various 
skin cells including epidermal, dermal, immune and endothelial cells are involved 
in initiating remodeling process. In wounded are, various signaling pathways and 
cellular mechanisms are observed to be active at same time which are responsible 
for ongoing the healing process. Moreover, various cellular events such as blood 
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clotting, fibroplasia, re-epithelization and matrix deposition along with neovascu-
larization are also involved in the process [1–5]. Skin is the largest organ of human 
body and responsible to control thermoregulation, fluid imbalance and protection 
of other internal organs against microbes [6]. In wounds, this barrier gets disrupted 
and become prone to the microbial infections. The bacterial burden invades the 
layers beneath epidermis and also the deeper tissues associated with extracellular 
matrix (ECM) which worsens the wound state [7]. The matrix metalloproteinases 
(MMPs) are the zinc dependent proteolytic enzymes which were firstly discovered 
in the tadpoles having function of collagen degradation [8]. Total 24 MMPs have 
been reported so far having different substrate specificities and functions [9, 10]. 
The MMPs have been reported to be involved in cellular interactions, cell- matrix 
interactions by altering the levels of cytokines, growth factors and various biologi-
cal fragments hidden in ECM [11–15]. MMPs indirectly modulates the cellular 
behavior by altering the cell surface receptors, junctional proteins and various cel-
lular processes such as cell death and inflammation [16, 17]. MMPs play important 
role during microbial infection of wounds, the disrupted fragments of ECM possess 
antimicrobial activity which makes the MMPs to be the major component involved 
in healing process of wounds [18]. However, the bacteria itself are able to produce 
proteolytic enzymes which leads to the accumulation of degraded matrix compo-
nents [19–21]. At the same time in some cases MMPs have been proven to be suitable 
candidate for gearing up the wound healing process [22, 23] but on other hands, 
several investigations reported the deregulation of these enzymes to be responsible 
for worsening the healing process and conversion of acute wounds to chronic 
wounds. This book chapter will focus on the various implications of MMPs in the 
chronic wounds along with their inhibitors of natural as well as synthetic origin.

2. Chronic wounds and infections

The disruption of skin barrier leads to increases susceptibility of bacterial strains to 
invade the wounds. The interaction of various bacteria/microbes has specificity with 
different matrix components turns to bacterial colonization. The bacterial colonization 
increases the bacterial burden in damaged wound site [24, 25]. This microbial coloniza-
tion is the onset to the journey of an acute wound towards chronic wound [26, 27]. The 
minute to higher quantities of bacterial population is found in each and every acute 
wound known as contamination [28]. The quantity and the severity of these bacte-
rial strains vary from wound to wound. If these bacterial population contains some 
pathogenic strains then there is a high risk of contamination turning into infection 
[29, 30]. Bacteria have ability to form biofilm with the help of self-secreting extracel-
lular polymeric substances [31]. Biofilms involves the different layers of bacteria stick 
with each other to form thick films. These biofilms hinder the proper functioning 
of immune system of host [32]. The biofilms make the bacteria hard to evade from 
bacterial bed and delays the healing process [33]. The most prevalent bacteria found in 
the chronic wounds are Staphylococcus aureus, Pseudomonas aeruginosa, Proteus mirabilis 
and Escherichia coli which prolongs the healing process [30, 34].

3. Chronic wounds and MMPs

The elevated level of proteolytic activity of MMPs is considered as the major 
factor responsible for impaired wound healing [35, 36]. The MMPs have capa-
bility to degrade ECM, non-ECM components, trans-membrane proteins, cell 
surface receptors and diminishes the function of cytokines and growth factors by 
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decreasing their level [37–43]. The tissue inhibitors of MMPs (TIMPs) are found to 
be decreased in chronic wounds that make the situation more worsen [44–47].

From the exudates of chronic wounds, it has been found that the proteolytic 
activity is surprisingly 116-fold higher than acute wounds. It marks the presence of 
MMPs in high levels [48, 49]. The plethora varies from wound to wound due to the 
specificity of different type of bacteria with ECM structural integrity [50, 51]. The 
Staphylococcus aureus has been found to increase the level of MMP-1 and -9 whereas 
Pseudomonas aeruginosa is known for raising the level of elastases [52, 53]. The bacte-
rial pathogens not only target the host immune cells such as macrophages and neutro-
phils, but also attract the ECM matrix to release proteolytic enzymes which further 
mediates the release of MMPs. As in case of Pseudomonas aeruginosa the proteolytic 
enzyme thermolysin protease activates MMP-1, -8 and -9 [53]. Lipopolysaccharide 
derived serine proteinases activates pro-MMP-9 [54]. Different MMPs are upregu-
lated specifically by various bacterial strains such as Corynebacterium striatum spe-
cifically gave rise to the level of MMP-2 and -9 and so as the other strains are specific 
for the modulation of MMPs [55–57].

4. MMPs and wounds

MMP family consists of 28 members, out of which 26 are expressed in humans 
and their homologs are found in birds, plants as well as algae also [58]. MMPs can 
be divided on the basis of similarity of protein fold- known an ‘Clans’ and on the 
basis of evolutionary relationships- called as ‘Families’. The MMP class consists of 8 
clans and almost 40 families. There are basically, two ways of classifying the MMPs, 
which can be described as following:

I. In accordance to the organization of the substrate specificity and homology:

1. Collagenases (MMP-1, MMP-8, MMP-2)

2. Gelatinases (MMP-2 and MMP-9)

3. Stromelysins (MMP-3, MMP-10, MMP-12)

4. Matrilysins (MMP-7, MMP-26)

5. Membrane Type (MT) MMPs (MT-MMP-14, -15, -16, -17, -24, -25)

6. Other MMPs (MMP-19, -20, -21, -22, -23, -27, -28)

 II. In accordance to the structure of the MMPs:

1. Archetypal MMP (type-1 collagenases)

2. Martilysins: lacks the hemopexin domain

3. Gelatinases: Comprised of three type II fibronectin domains

4. MT-MMPs: Localized at the surface of cell membrane

Table 1 represents the classification of the MMPs based upon their substrate 
and targets. This classification provides wide range of information including their 
distribution in human body [59, 60].
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2. Chronic wounds and infections

The disruption of skin barrier leads to increases susceptibility of bacterial strains to 
invade the wounds. The interaction of various bacteria/microbes has specificity with 
different matrix components turns to bacterial colonization. The bacterial colonization 
increases the bacterial burden in damaged wound site [24, 25]. This microbial coloniza-
tion is the onset to the journey of an acute wound towards chronic wound [26, 27]. The 
minute to higher quantities of bacterial population is found in each and every acute 
wound known as contamination [28]. The quantity and the severity of these bacte-
rial strains vary from wound to wound. If these bacterial population contains some 
pathogenic strains then there is a high risk of contamination turning into infection 
[29, 30]. Bacteria have ability to form biofilm with the help of self-secreting extracel-
lular polymeric substances [31]. Biofilms involves the different layers of bacteria stick 
with each other to form thick films. These biofilms hinder the proper functioning 
of immune system of host [32]. The biofilms make the bacteria hard to evade from 
bacterial bed and delays the healing process [33]. The most prevalent bacteria found in 
the chronic wounds are Staphylococcus aureus, Pseudomonas aeruginosa, Proteus mirabilis 
and Escherichia coli which prolongs the healing process [30, 34].

3. Chronic wounds and MMPs

The elevated level of proteolytic activity of MMPs is considered as the major 
factor responsible for impaired wound healing [35, 36]. The MMPs have capa-
bility to degrade ECM, non-ECM components, trans-membrane proteins, cell 
surface receptors and diminishes the function of cytokines and growth factors by 
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decreasing their level [37–43]. The tissue inhibitors of MMPs (TIMPs) are found to 
be decreased in chronic wounds that make the situation more worsen [44–47].

From the exudates of chronic wounds, it has been found that the proteolytic 
activity is surprisingly 116-fold higher than acute wounds. It marks the presence of 
MMPs in high levels [48, 49]. The plethora varies from wound to wound due to the 
specificity of different type of bacteria with ECM structural integrity [50, 51]. The 
Staphylococcus aureus has been found to increase the level of MMP-1 and -9 whereas 
Pseudomonas aeruginosa is known for raising the level of elastases [52, 53]. The bacte-
rial pathogens not only target the host immune cells such as macrophages and neutro-
phils, but also attract the ECM matrix to release proteolytic enzymes which further 
mediates the release of MMPs. As in case of Pseudomonas aeruginosa the proteolytic 
enzyme thermolysin protease activates MMP-1, -8 and -9 [53]. Lipopolysaccharide 
derived serine proteinases activates pro-MMP-9 [54]. Different MMPs are upregu-
lated specifically by various bacterial strains such as Corynebacterium striatum spe-
cifically gave rise to the level of MMP-2 and -9 and so as the other strains are specific 
for the modulation of MMPs [55–57].

4. MMPs and wounds

MMP family consists of 28 members, out of which 26 are expressed in humans 
and their homologs are found in birds, plants as well as algae also [58]. MMPs can 
be divided on the basis of similarity of protein fold- known an ‘Clans’ and on the 
basis of evolutionary relationships- called as ‘Families’. The MMP class consists of 8 
clans and almost 40 families. There are basically, two ways of classifying the MMPs, 
which can be described as following:

I. In accordance to the organization of the substrate specificity and homology:

1. Collagenases (MMP-1, MMP-8, MMP-2)

2. Gelatinases (MMP-2 and MMP-9)

3. Stromelysins (MMP-3, MMP-10, MMP-12)

4. Matrilysins (MMP-7, MMP-26)

5. Membrane Type (MT) MMPs (MT-MMP-14, -15, -16, -17, -24, -25)

6. Other MMPs (MMP-19, -20, -21, -22, -23, -27, -28)

 II. In accordance to the structure of the MMPs:

1. Archetypal MMP (type-1 collagenases)

2. Martilysins: lacks the hemopexin domain

3. Gelatinases: Comprised of three type II fibronectin domains

4. MT-MMPs: Localized at the surface of cell membrane

Table 1 represents the classification of the MMPs based upon their substrate 
and targets. This classification provides wide range of information including their 
distribution in human body [59, 60].
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4.1 Collagenases

Collagenases are the enzymes known for their cleavage action on the bunch 
of extracellular components, i.e., Collagen, Aggrecan, Versican, Perlecan, etc., 
which are responsible for ECM accumulation. Collagenases activity has been 
found to be higher in chronic wounds with positively alleviated levels of MMP-1 
and MMP-8 whereas the TIMP get downregulated. MMP-1 is known as col-
lagenase-1. After the tissue rupturing, the integral proteins when coordinated 
with the keratinocytes alleviate the level of MMP-1. Furthermore, the MMP-1 
degrades the ECM components and increases the turnover of proliferating 
cells at the other end of keratinocytes [61]. In the proliferation phase of wound 
healing the MMP-1 level is found to be high whereas the TIMPs are lower in the 
initial phases. On reaching the final phase of wound repair, i.e., the remodel-
ing/re-epithelization the situation gets vice n versa. Some laminin isoforms of 
keratinocytes also regulate the MMPs level in various phases of wound repair 
[62]. In recent past several investigations report the dysregulation of MMP-1 
in chronic wounds, i.e., even high level of MMP-1 is found in remodeling phase 
leads to damaged diabetic foot [63, 64]. The MMP/TIMP ratio is a crucial factor 
for repairing wounds [65]. The dermal ulcers also known as lipodermosclerosis 
are enriched with MMP-1 and MMP-2 associated with downregulation of TIMP-2 
[66, 67]. Some immune cells stimulate the production of MMPs, i.e., collage-
nases and gelatinases [57, 68]. Among which the neutrophils derived MMP-8 
(Collagenase-2) has been found to play an important role in pathophysiology 
of wounds. The upregulation of MMP-8 is majorly responsible for non-healing 
of wounds, i.e., for the state of chronic wounds [40, 69, 70]. On the contrary, 
MMP-8 has stronger affinity towards collagen-1 hence provide tensile strength 
to the wound tissues in the re-epithelization phase. Even in some reports MMP-8 
is found to act as pro-enzyme in wound repair [71, 72]. Stromal cells derived 
MMP-13, collagenase-3 is reported to be highly expressed in wound site where as 
absence in the epidermis indicates its pivotal role in the formation of granulation 
tissue and extracellular matrix [63].

4.2 Gelatinases

Gelatinases, i.e., gelatinase A (MMP-2) and gelatinase B (MMP-9) have the 
broader specificity towards the substrates therefore leads to enhanced depletion of 
ECM components and retard the process of angiogenesis [6, 73]. The alleviated level 
of these MMPs has been found in the exudates of chronic wounds [46]. However, 
they possess broad specificity but an excellent substrate specificity exists between 
both the gelatinases. MMP-9 erodes the pro healing and other growth factors that 
leads to delayed in healing process however positively influence the inflammatory 
phase. The upregulation of MMP-9 degrades the specific biomarkers of wound 
healing, i.e., the vascular endothelial growth factor and dermatopontin and makes 
them non-functional. However MMP-2 stimulates the deterioration of laminin 332, 
enhance the keratinocytes migration and promotes the healing process [74–76]. 
The inflammatory cytokines (Interleukins; IL1-α, IL1-β, IL-2, IL-17, C reactive 
protein, Insulin like Growth Factors-1, Transforming Growth Factor-α) stimulates 
the release of protein called Neutrophil gelatinase associated lipocalin (NGAL). 
This NGAL activates the MMP-9 and makes the NGAL-MMP-9 complex which is 
considered as the underlying cause of slow healing in diabetic wounds. Diabetic 
wounds have been reported to be enriched with MMP-9, MMP-9-NGAL complex, 
NGAL and neutrophil. However, the situation gets opposite when given the insulin 
treatment [77–80].
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4.3 Stromelysins and other MMPs

Stromelysin-1 and -2, i.e., MMP-3 and -10, respectively. MMP-3 along with 
collagenase-1 is found in distal end and stimulates the keratinocytes proliferation 
whereas MMP-10 is present in the starting edge of keratinocytes [60, 81]. MMP-3 
regulates the migration of fibroblasts to the wound site resulting in wound contrac-
tion. On other hand, MMP-10 is responsible for the keratinocyte cell death and slow 
down the healing process. MMP-3 is a major activator of MMP-9 hence also con-
tributing to inflammatory phase [82]. Other MMPs such as MMP-12, -7 and -14 are 
activated by stromal macrophages. MMP-7 interact with cyndecans and integrins to 
promote the skin regeneration in remodeling phase [83]. MMP-14 is majorly present 
in the fibroblasts on the wound bed. The level of MMP-12 gets naturally increased 
during inflammatory phase. These MMPs not only contribute in the cellular signal-
ing pathways but also triggers the stimulation of other MMPs [22, 84–86].

5. MMPs in wound healing

5.1 Hemostasis

Followed by the tissue injury, the blood clotting and platelet aggregation is the 
former step in wound healing. The extrinsic and intrinsic system regulates the accu-
mulation of platelets at wound site by means of coagulation factors and thrombocytes 
respectively [87]. The cytokines and other associated growth factors trigger the con-
striction of vessels which fills the voids in the wound area and lead to clot formation. 
The former step is followed by the vasodilation where the thrombocytes and fibro-
blasts like fibronectin, vitronectin and thrombospondin leads to form the provisional 
scaffold like wound matrix which allows the migration of keratinocytes, endothelial 
cells and leukocytes [88]. These platelets and leukocytes stimulate cytokines and 
growth factors which further assists the inflammatory process. The interleukins IL-1α, 
β, IL-6 and TNF-α are engaged in this process. Furthermore, the collagen synthesis 
is mediated by FGF-b, IGF, TGF-β and angiogenesis which get activated by FGF-B, 
VEGF subunit A, TGF-β and HIF-1 [89, 90]. Hemostasis is the initial phase in wound 
healing process and MMPs does not have any significant interference in this phase.

5.2 Proliferation and re-epithelization

The proliferation phase includes the granulation tissue to cover wound area by 
the strong network of vessels. Platelets are shifted to the injury site, to form the clot. 
Besides this, the platelets have another important function to stimulate the movement 
of neutrophils and macrophages to the wound site triggered by the release of platelets 
derived growth factors [91]. This factor is also engaged in mediating the collagenases 
the fibroblastic cells especially MMP-8 which have major role in tissue damage. MMP-8 
are also released by neutrophils during the wound infection and assists the wound 
debridement and rearrangement of damaged collagen-I [92]. The synthesis of another 
MMPs such as MMP-1,2,3,9 are also driven by the platelets. MMP-1 and 2 has important 
function to control the adhesion of platelets and conglomeration [44, 88]. Moreover, 
MMP-9 filters the different collagen types and regulates the release of inflammatory 
cytokines such as IGN-γ and TGF-β. The collagen and fibroblast synthesis which in 
turn form the collective tissue network is also regulated by MMP-9. The new capillary 
formation at the wound site is also associated with movement of fibroblasts within the 
fibrin network which promotes angiogenesis and leads to neovascularization and re-
epithelization [88]. The process of re-epithelization is also get started by the signaling 



The Eye and Foot in Diabetes

64

4.1 Collagenases
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to the wound tissues in the re-epithelization phase. Even in some reports MMP-8 
is found to act as pro-enzyme in wound repair [71, 72]. Stromal cells derived 
MMP-13, collagenase-3 is reported to be highly expressed in wound site where as 
absence in the epidermis indicates its pivotal role in the formation of granulation 
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treatment [77–80].
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4.3 Stromelysins and other MMPs
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debridement and rearrangement of damaged collagen-I [92]. The synthesis of another 
MMPs such as MMP-1,2,3,9 are also driven by the platelets. MMP-1 and 2 has important 
function to control the adhesion of platelets and conglomeration [44, 88]. Moreover, 
MMP-9 filters the different collagen types and regulates the release of inflammatory 
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turn form the collective tissue network is also regulated by MMP-9. The new capillary 
formation at the wound site is also associated with movement of fibroblasts within the 
fibrin network which promotes angiogenesis and leads to neovascularization and re-
epithelization [88]. The process of re-epithelization is also get started by the signaling 
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pathways regulated by the endothelial and non-endothelial cells which involve 
various cytokines such as EGF, KGF, IGF-1 and NGF [90]. The basic component of 
the endothelial cells known as laminin exists in various isoforms. Among which the 
laminin isoform-5 have pivotal role in induction of keratinocyte migration and MMP-9 
activation. Cell movement is a major role of MMP-9 hence plays an important role in 
re-epithelization process [93]. Another MMPs such as MMP-14 and MMP-2 breaks 
laminin isoform 5 and release a factor which when interacts with the epidermal growth 
factor (EGF) turns up the movement of cells [94, 95]. One more factor FGF-2 released 
by macrophages when interacts with the heparin sulphate enhances the growth of 
endothelial and fibroblast cells. The vascular endothelial growth factor (VEGF) 
released by macrophages activates the cell migration and proliferation of keratinocytes 
and endothelial cells which include MMP-1, 2, 9 and 13 hence play a major role in 
wound healing [96, 97].

5.3 Matrix formation and remodeling

The final stage of wound healing is remodeling phase. It involves the upregula-
tion of collagen turnover but decline in proliferation of fibroblast [98]. Moreover, 
the keratinocytes reach fibrin clot by crossing granulation tissue matrix [99]. The 
collagen-I replacement with collagen type III indicates the maturation of wound 
[100, 101]. However, in the early phase of remodeling phase fibronectin and 
fibroblasts are get displaced by collagen type I and III and proteoglycans which in 
turn enhances the tensile strength and integrity of wound matrix [102]. The level of 
myofibroblast and blood vessels get increased while reaching the end of this phase 
and high density of these two leads to the closure of wound [63, 103].

5.4 Proteolysis in wound repair

Many processes in wound healing such as keratinocyte migration, angiogenesis 
and re-epithelization are generally followed by the extra cellular matrix (ECM) 
degradation [104]. The MMPs are majorly involved in this proteolytic degradation. 
MMP-19 and 28 are present in keratinocytes of basal stratum and superbasals [105]. 
Moreover, MMP-19 is also found in the hair follicles, endothelial cells, arteries and 
veins [106]. MMP-1 expression is found to be upregulated in dermis part of the 
wounds where basal membrane is destroyed and promotes re-epithelization process 
and triggers the binding of keratinocytes with type-1 collagen [65]. Collagen type I 
is known to upregulate the level of MMP-1 whereas collagen type III and other base-
ment proteins do not promote the MMP-1 synthesis. MMP-1 activates α1β2 integrin 
to synthesize collagen type-1 [16]. The MMP1- α1β2 complex enhances the migra-
tion of keratinocytes therefore boost up the re-epithelization process [107]. During 
the process of basement membrane formation followed by re-epithelization, 
MMP-1 expression gets knockdown by the cellular junctions of basal membrane 
proteins [16, 108]. Moreover, MMP-13 which is mainly present in the dermis along 
with MMP-1 regulates the fibroblast proliferation mediated by matrix shrinkage 
and matrix stiffness [109, 110]. MMP-8 stored in cellular granules are secreted 
when get activated by macrophages [111]. The overexpression of MMP-8 is found 
in the damaged wounds. MMP-13 downregulation is balanced by MMP-8 which 
slow down the healing process by improper infiltration of neutrophils, improper 
re-epithelization and constant inflammatory syndrome [111, 112]. As given in the 
classification section the stromelysins such as MMP-3 and MMP-10 are present in 
the epidermal cells i.e. proliferating keratinocytes. These MMPs especially MMP-3 
has major role in disruption of fibrin containing provisional matrix and formation 
of new basal matrix after remodeling [113]. This process is majorly carried out by 
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cytokines and other growth factors such as FGF-b and HB-EGF [114]. Furthermore, 
the MMP-9 has also an important role in final phase that shaping the epidermal 
layer at the end during wound repair. In addition, MMP-2, -9, -19 and MT1-MMP 
are stored and released by the endothelial cells [115]. Among which MMP-2 and -9 
have pivotal role in degradation of mature blood vessels and sprouting/growth of 
new blood vessels by activating angiogenesis related growth factors and cytokines 
[86, 89, 116, 117]. MT1-MMP possess proteolytic activity against mature collagen 
and fibrin by crossing the thick network of fibrin proteins in stroma of damaged 
tissues [118]. Whereas, MMP-19 is involved in growth process of endothelial cells, 
epithelial cells, fibroblast cells and small vasculature within macrophages [119].

The wounds that persist more than 4–6 weeks are generally recognized as 
chronic wounds [120]. Wounds such as venous leg ulcers [72, 121], diabetic foot 
ulcers [122, 123] and that caused due to pressure [66] are considered as chronic or 
delayed wounds. Some wounds which appears to be acute at initial stages but may 
turns to chronic one while reaching the final phase of healing are also categorized 
under chronic wounds. Main examples of these types of wounds are surgical 
wounds and traumatic wounds. These chronic wounds are specifically characterized 
by the altered levels on MMPs.

Abnormal structural integrity of fibrin network, increased tendon rigidity 
and altered volume and level of biochemical substances indicates the delayed and 
chronic wounds [124]. Proteolytic activity of MMPs has major impact on healing 
process of chronic wounds. Besides this MMP-3 and MMP-13 along with MMP-9 
are actively found in the normal as well as diabetic foot ulcers. Where MMP-3 and 
MMP-9 have been upregulated, MMP-3 has been found to be knockdown in chronic 
wounds. The overexpression of MMP-13 and MMP-9 is associated with high glucose 
concentration at wound site [125]. The imbalance between MMP and TIMP level is a 
major cause of hyperglycemia, hyperlipidemia and hypertension during the condi-
tion of chronic wounds/diabetic ulcers [126, 127]. In the state of chronic wounds, 
the migration of inflammatory cells is followed by imbalanced fibroblast clotting 
which lead to secrete the ECM proteins. Meanwhile, MMPs have been found to 
increase the fibroblast proliferation and collagen degradation via TGF-β1 signal-
ing [127, 128]. Higher production of gelatinases has been observed in the diabetic 
wounds. Conclusively MMPs in this state are associated with degradation of ECM 
components but at the same time are also responsible for the recovery of traumatic 
wounds by regenerating the capillary and blood vessels at the respective site [129].

6. Levels of MMPs in diabetic wounds

In the state of diabetic wounds, the glucose level is significantly higher [130]. 
Elevated levels of MMPs have been found in these wounds because of oxidative 
stress and end products of glycation which may lead to diabetic peripheral arterial 
disease [61, 131]. Degradation of ECM due to MMPs especially MMP-1, -2 and -9 turn 
these diabetic wounds to get more worse [132]. The mismatch between the extent of 
degradation and repairing of ECM is a critical factor to cause delay in wound healing 
process i.e. chronic wounds. Therefore, it necessitates the ECM components to be in 
controlled condition for boosting up the healing process [131]. Any other disease con-
dition in diabetic ulcer may worsen the healing process due to imbalanced availability 
of cytokines and other growth factors needed for the healing of wounds [133, 134]. In 
each phase of diabetic wound repair, i.e., hemostasis, inflammation, proliferation and 
remodeling there has been altered expression of MMPs [135]. Epithelial remodeling 
is associated with raised levels of MMP-1, -8, -9 and downregulation of TIMPs. The 
fibronectin degradation is majorly carried out by MMP-9 which leads to cell migration 
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delayed wounds. Some wounds which appears to be acute at initial stages but may 
turns to chronic one while reaching the final phase of healing are also categorized 
under chronic wounds. Main examples of these types of wounds are surgical 
wounds and traumatic wounds. These chronic wounds are specifically characterized 
by the altered levels on MMPs.

Abnormal structural integrity of fibrin network, increased tendon rigidity 
and altered volume and level of biochemical substances indicates the delayed and 
chronic wounds [124]. Proteolytic activity of MMPs has major impact on healing 
process of chronic wounds. Besides this MMP-3 and MMP-13 along with MMP-9 
are actively found in the normal as well as diabetic foot ulcers. Where MMP-3 and 
MMP-9 have been upregulated, MMP-3 has been found to be knockdown in chronic 
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concentration at wound site [125]. The imbalance between MMP and TIMP level is a 
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which lead to secrete the ECM proteins. Meanwhile, MMPs have been found to 
increase the fibroblast proliferation and collagen degradation via TGF-β1 signal-
ing [127, 128]. Higher production of gelatinases has been observed in the diabetic 
wounds. Conclusively MMPs in this state are associated with degradation of ECM 
components but at the same time are also responsible for the recovery of traumatic 
wounds by regenerating the capillary and blood vessels at the respective site [129].

6. Levels of MMPs in diabetic wounds

In the state of diabetic wounds, the glucose level is significantly higher [130]. 
Elevated levels of MMPs have been found in these wounds because of oxidative 
stress and end products of glycation which may lead to diabetic peripheral arterial 
disease [61, 131]. Degradation of ECM due to MMPs especially MMP-1, -2 and -9 turn 
these diabetic wounds to get more worse [132]. The mismatch between the extent of 
degradation and repairing of ECM is a critical factor to cause delay in wound healing 
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controlled condition for boosting up the healing process [131]. Any other disease con-
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of cytokines and other growth factors needed for the healing of wounds [133, 134]. In 
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is associated with raised levels of MMP-1, -8, -9 and downregulation of TIMPs. The 
fibronectin degradation is majorly carried out by MMP-9 which leads to cell migration 
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and proliferation [136]. MMP-1, -8 and -9 have been reported to be upregulated in the 
venous wounds due to absence of TIMP [73, 81]. Patients with metabolic syndrome 
have been found to be overly expressed with MMP-2 and -9 in their serum sample. 
The mutations in the gene expression of MMP-9 can also be a cause for delayed 
healing. Increased expression of MMP-9, TNF-α and other growth factors in diabetic 
foot ulcers has been found and concluded that they could be linked with slow-to-heal 
ulcers in diabetics and therefore a target for new therapeutic management [137].

7. Therapeutical targeting of MMPs

7.1 Synthetic approaches

MMPs has pivotal role in diabetic wounds hence they are the major target for 
the researchers. MMPs possess high resemblance in their structural morphology 
therefore it is difficult to target specifically one MMP at the time especially when they 
fall under same category such as gelatinase-A and gelatinase-B [138, 139]. Moreover, 
MMP-8 has been found to boost up healing in diabetic wounds in absence of MMP-9 
and vice versa which necessitates the specific inhibition of MMP-9 without hav-
ing any interaction with MMP-8. There are many broad spectrum MMP inhibitors 
(MMPI) which have been already investigated for the purpose but we need more 
selective therapeutics over the existing one [140]. Many small structural molecules 
have been discovered yet to target the same. In an investigation, it has been reported 
that the racemic mixture, i.e., (R, S)-ND-336 possess 55-fold more activity than the 
R or S isomer alone to target MMP-9 specifically than MMP-8 [74]. Moreover, based 
upon the Ki values the R isomer has been reported to be 10-fold more potent than 
the S isomer for selective inhibition of MMP-9 [141]. As it has been known that the 
synthetic molecule (R, S)-ND-336 falls under thiirane class, its structural ring gets 
unlatched and produce thiolate which gets interacted with the zinc ion within MMP-9 
and inhibit its function. Reversal of the given process is very slow therefore it shows 
long lasting retention time. R-ND-336 has been investigated to be more effective 
than FDA approved drug becaplermin for the respective purpose [141]. Enhanced 
specificity for inhibition of MMPs can be obtained by using antibody approach. In 
the recent past, GS-5745 is an antibody being investigated for specific inhibition of 
MMP-9. It has dual mechanism to act on i.e. by interacting and hindering the active 
site of MMP-9 and another one is to cleave the MMP-3 zymogen which is involved in 
activation of MMP-9 [142–145]. Moreover, another two antibodies being investigated 
under the clinical trials are SSDS-3 and REGA-3G12 have been observed to possess 
selective inhibition against MMP-9 [146, 147]. Furthermore, the above antibodies 
have been more explored for the cancer targets hence there are many future possibili-
ties to explore the wound healing potential of the above candidates [148]. Wound 
dressings are being commonly used for the purpose of healing and controlling the 
exudate secretion [149]. Many MMP inhibitors have been used to incorporate into 
these wound dressings. But these inhibitors are generally found to be non-specific, 
i.e., the broad-spectrum inhibitors. Most commonly used MMP-inhibitors in wound 
healing are bisphosphonates [150]. Another hypothesis involves the use of atelocol-
lagen type I to be used along with 4-vinyl-benzyl chloride to specifically inhibit 
the MMPs present in wound exudates [151]. In addition, another clinical candidate 
GM-6001 exploited as wound dressing has broad spectrum activity but found to 
be less effecting in healing diabetic wounds than the therapeutics having specific 
inhibitors against MMPs [152]. RNA is a basic nucleotide to synthesize gene encoding 
MMPs [153]. So, the therapies being approached to inhibit RNA which in turn inhibit 
the MMPs at gene level have the high potential to heal the diabetic wounds than 
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other therapeutics [154]. But the major obstacle is to deliver the siRNA to the target 
site [155–157]. Therefore, to overcome this, the star shaped cationic polymer such as 
cyclodextrins have been reported to be used for the purpose as they have very low 
toxicity [158]. Furthermore, β-CD-(D3)7/MMP-9-siRNA has been found in an inves-
tigation to inhibit MMP-9 in the diabetic wounds where MMPs level is quite high due 
to TIMP knockdown which in turn promotes the healing process. These siRNAs are 
supposed to be taken by the fibroblasts on wound site [159, 160]. But when the siRNA 
was used alone in a further study it has been found to cause liver and kidney toxicity 
[161]. In addition, the miRNA-139 and miRNA-335 has been reported to possess an 
excellent potential in healing the diabetic wounds via inhibiting MMP-9 [162].

7.2 MMPs inhibitors of natural origin

Natural products have huge resource of biologically active molecules and 
provided large number of biologically active compounds to clinical practice for 
treatment of wide range of diseases and disorders. Considering capability of 
natural products in drug development, wide range of researchers across the globe 
has screened numerous constituents from natural sources for MMPs modulation 
activity. Major bioactive constituents (Figure 1) from natural sources with MMP 
modulation potential has been discussed below.

Withaferin A (3-azido Withaferin A) a naturally derived steroidal lactone from 
plant Withania somnifera, exhibits various pharmacological activities. In vitro 
studies revealed that withaferin A inhibit MMP-2 by up regulating the expression of 
pro-apoptotic protein par-4. Stimulation of par-4 by withaferin A enhances apop-
tosis by extrinsic pathway of apoptosis by activating FADD-caspase-8-caspase-3 
in dose dependent manner [163]. Cantharidin is a natural compound obtained 
from Mylabris phalerata and showed remarkable inhibition of cell migration and 
invasiveness by suppressing MMP-2 and MMP-9 through affecting their upstream 
markers such as NF-ĸB, c-Jun and AP-1 in A375.S2 cells based wound healing and 
matrigel chamber invasion assays. Cantharidin exerts anti-cell migration and 
anti-invasiveness property by suppressing MMP-2 and MMP-9 via modulating their 
upstream markers such as NF-ĸB, c-Jun and AP-1. Cantharidin also down regulate 
the expression of NF-ĸB, p65 and proteins involved in PI3K-Akt (PI3K, ERK1/2, 
Rock1 and FAK) and MAPK (p38, ERK and JNK) signaling cascade [164]. Celastrol 
is another phytoconstituent of Tripterygium wilfordii having anti-proliferative 
activity. Celastrol inhibit metastasis and invasiveness of ovarian cancer cells 
(SKOV3 and OVCAR-3) by knockdown the expression of NF-κB/MMP-9. NF-κB 
modulates IκBα degradation, p65 translocation blocking and MMP-9 suppression 
[165]. Gallic acid has been proved to inhibit cell metastasis and invasiveness in PC-3 
cells by degrading expressions of MMP-2 and MMP-9 otherwise they degrade the 
ECM and delayed wound healing. Gallic acid has been also observed to activate the 
TIMP-1 which is natural regulator of MMP-2 [166]. Ginsenoside Rd is obtained 
from Panax ginseng leaf which increases proliferation, migration and shows protec-
tive effect in human dermal fibroblast (HDFs) and keratinocyte progenitor cells 
which enhances healing of skin wound. Being a steroidal moiety it easily permeate 
to cell membrane and enhance healing of skin both in laser burn and excision 
wound by increasing expression of CREB, cAMP along with reducing expression 
of MMP-1 [167]. Lycorine a natural compound widely distributed in plant family 
Amaryllidaceae. Lycorine shows antimigratory effect in HepG2 cells by reducing 
the expression of MMP-2 and MMP-9. Lycorine increase polymerized F-actin by 
blocking the normal turnover of the actin cytoskeleton and a loss of depolymer-
ized G-actin. The activation of ROCK1 in cells pre-treated with lycorine shows 
decrease in expression of cofilin, cyclinA, cyclin B1, cdc2, MMP-9 and MMP-2 
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foot ulcers has been found and concluded that they could be linked with slow-to-heal 
ulcers in diabetics and therefore a target for new therapeutic management [137].

7. Therapeutical targeting of MMPs

7.1 Synthetic approaches

MMPs has pivotal role in diabetic wounds hence they are the major target for 
the researchers. MMPs possess high resemblance in their structural morphology 
therefore it is difficult to target specifically one MMP at the time especially when they 
fall under same category such as gelatinase-A and gelatinase-B [138, 139]. Moreover, 
MMP-8 has been found to boost up healing in diabetic wounds in absence of MMP-9 
and vice versa which necessitates the specific inhibition of MMP-9 without hav-
ing any interaction with MMP-8. There are many broad spectrum MMP inhibitors 
(MMPI) which have been already investigated for the purpose but we need more 
selective therapeutics over the existing one [140]. Many small structural molecules 
have been discovered yet to target the same. In an investigation, it has been reported 
that the racemic mixture, i.e., (R, S)-ND-336 possess 55-fold more activity than the 
R or S isomer alone to target MMP-9 specifically than MMP-8 [74]. Moreover, based 
upon the Ki values the R isomer has been reported to be 10-fold more potent than 
the S isomer for selective inhibition of MMP-9 [141]. As it has been known that the 
synthetic molecule (R, S)-ND-336 falls under thiirane class, its structural ring gets 
unlatched and produce thiolate which gets interacted with the zinc ion within MMP-9 
and inhibit its function. Reversal of the given process is very slow therefore it shows 
long lasting retention time. R-ND-336 has been investigated to be more effective 
than FDA approved drug becaplermin for the respective purpose [141]. Enhanced 
specificity for inhibition of MMPs can be obtained by using antibody approach. In 
the recent past, GS-5745 is an antibody being investigated for specific inhibition of 
MMP-9. It has dual mechanism to act on i.e. by interacting and hindering the active 
site of MMP-9 and another one is to cleave the MMP-3 zymogen which is involved in 
activation of MMP-9 [142–145]. Moreover, another two antibodies being investigated 
under the clinical trials are SSDS-3 and REGA-3G12 have been observed to possess 
selective inhibition against MMP-9 [146, 147]. Furthermore, the above antibodies 
have been more explored for the cancer targets hence there are many future possibili-
ties to explore the wound healing potential of the above candidates [148]. Wound 
dressings are being commonly used for the purpose of healing and controlling the 
exudate secretion [149]. Many MMP inhibitors have been used to incorporate into 
these wound dressings. But these inhibitors are generally found to be non-specific, 
i.e., the broad-spectrum inhibitors. Most commonly used MMP-inhibitors in wound 
healing are bisphosphonates [150]. Another hypothesis involves the use of atelocol-
lagen type I to be used along with 4-vinyl-benzyl chloride to specifically inhibit 
the MMPs present in wound exudates [151]. In addition, another clinical candidate 
GM-6001 exploited as wound dressing has broad spectrum activity but found to 
be less effecting in healing diabetic wounds than the therapeutics having specific 
inhibitors against MMPs [152]. RNA is a basic nucleotide to synthesize gene encoding 
MMPs [153]. So, the therapies being approached to inhibit RNA which in turn inhibit 
the MMPs at gene level have the high potential to heal the diabetic wounds than 
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other therapeutics [154]. But the major obstacle is to deliver the siRNA to the target 
site [155–157]. Therefore, to overcome this, the star shaped cationic polymer such as 
cyclodextrins have been reported to be used for the purpose as they have very low 
toxicity [158]. Furthermore, β-CD-(D3)7/MMP-9-siRNA has been found in an inves-
tigation to inhibit MMP-9 in the diabetic wounds where MMPs level is quite high due 
to TIMP knockdown which in turn promotes the healing process. These siRNAs are 
supposed to be taken by the fibroblasts on wound site [159, 160]. But when the siRNA 
was used alone in a further study it has been found to cause liver and kidney toxicity 
[161]. In addition, the miRNA-139 and miRNA-335 has been reported to possess an 
excellent potential in healing the diabetic wounds via inhibiting MMP-9 [162].

7.2 MMPs inhibitors of natural origin

Natural products have huge resource of biologically active molecules and 
provided large number of biologically active compounds to clinical practice for 
treatment of wide range of diseases and disorders. Considering capability of 
natural products in drug development, wide range of researchers across the globe 
has screened numerous constituents from natural sources for MMPs modulation 
activity. Major bioactive constituents (Figure 1) from natural sources with MMP 
modulation potential has been discussed below.

Withaferin A (3-azido Withaferin A) a naturally derived steroidal lactone from 
plant Withania somnifera, exhibits various pharmacological activities. In vitro 
studies revealed that withaferin A inhibit MMP-2 by up regulating the expression of 
pro-apoptotic protein par-4. Stimulation of par-4 by withaferin A enhances apop-
tosis by extrinsic pathway of apoptosis by activating FADD-caspase-8-caspase-3 
in dose dependent manner [163]. Cantharidin is a natural compound obtained 
from Mylabris phalerata and showed remarkable inhibition of cell migration and 
invasiveness by suppressing MMP-2 and MMP-9 through affecting their upstream 
markers such as NF-ĸB, c-Jun and AP-1 in A375.S2 cells based wound healing and 
matrigel chamber invasion assays. Cantharidin exerts anti-cell migration and 
anti-invasiveness property by suppressing MMP-2 and MMP-9 via modulating their 
upstream markers such as NF-ĸB, c-Jun and AP-1. Cantharidin also down regulate 
the expression of NF-ĸB, p65 and proteins involved in PI3K-Akt (PI3K, ERK1/2, 
Rock1 and FAK) and MAPK (p38, ERK and JNK) signaling cascade [164]. Celastrol 
is another phytoconstituent of Tripterygium wilfordii having anti-proliferative 
activity. Celastrol inhibit metastasis and invasiveness of ovarian cancer cells 
(SKOV3 and OVCAR-3) by knockdown the expression of NF-κB/MMP-9. NF-κB 
modulates IκBα degradation, p65 translocation blocking and MMP-9 suppression 
[165]. Gallic acid has been proved to inhibit cell metastasis and invasiveness in PC-3 
cells by degrading expressions of MMP-2 and MMP-9 otherwise they degrade the 
ECM and delayed wound healing. Gallic acid has been also observed to activate the 
TIMP-1 which is natural regulator of MMP-2 [166]. Ginsenoside Rd is obtained 
from Panax ginseng leaf which increases proliferation, migration and shows protec-
tive effect in human dermal fibroblast (HDFs) and keratinocyte progenitor cells 
which enhances healing of skin wound. Being a steroidal moiety it easily permeate 
to cell membrane and enhance healing of skin both in laser burn and excision 
wound by increasing expression of CREB, cAMP along with reducing expression 
of MMP-1 [167]. Lycorine a natural compound widely distributed in plant family 
Amaryllidaceae. Lycorine shows antimigratory effect in HepG2 cells by reducing 
the expression of MMP-2 and MMP-9. Lycorine increase polymerized F-actin by 
blocking the normal turnover of the actin cytoskeleton and a loss of depolymer-
ized G-actin. The activation of ROCK1 in cells pre-treated with lycorine shows 
decrease in expression of cofilin, cyclinA, cyclin B1, cdc2, MMP-9 and MMP-2 
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which shows lycorine inhibiting cell proliferation and migration in HepG2 cells via 
inhibition of ROCK1/cofilin-induced actin dynamics [168]. Naringin is a natural 
flavonoid present in citrus fruits. Treatment of naringin reduce the expression of 
p-ERK and p-JNK which are molecular markers involved in MAPK signaling pathway 
in turn reduce the expression of MMP-2 and MMP-9 [169]. Pinosylvin is a natural 
compound present in Pinus species. Pinosylvin downregulate the expressions of MMP-
1, MMP-2 and MMP-9 in human fibrosarcoma HT1080 cells. Quercetin is another 
well-known inhibitor of MMP-2 and MMP-9 [170]. Platycodin D from Platycodon 
grandiflorum exhibit anti-invasive and antimetastatic activity in human breast cancer 
cells (MDA-MB-231). It inhibit cell invasion by down regulating the Mrna expression 
of MMP-9 [171]. Formononetin is a natural compound found in Astragalus membra-
naceus, Trifolium pratense, Glycyrrhiza glabra and Pueraria lobata. It shows inhibitory 
effect on the breast cancer cells progression, migration and invasiveness by suppress-
ing the effect of MMP-2 and MMP-9 along with upregulating the expression of matrix 
metalloproteinase inhibitors such as TIMP-1 and TIMP-2 [172]. Zeylenone is natural 

Figure 1. 
Various MMP inhibitors of natural origin.
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oxide with anticancer activity. In the present study, Zey is reported to have anti-cancer 
activity against prostate cancer. Zeylenone has been reported to suppress the expres-
sion of MMP-2, MMP-9 and upregulate the expression of TIMP-1 and collagen-1 in 
DU145 cells [173]. Curcumin is a natural compound extracted from plant Curcuma 
longa (Zingiberaceae). Curcumin possesses anti-oxidant, anti-inflammatory and anti-
cancer activity and along with wound healing property. The mechanism of curcumin 
behind wound healing is the lowering the expression of TNF-α and increased propor-
tion of α-SMA and collagen in fibroblast. Matrix metalloproteinase especially MMP-9 
helpful in tissue migration and remodeling and someway helpful in normal wound 
healing. Curcumin treated cells negatively regulate the expression of MMP-9 and 
reduced the expression of TNF-α which positively modulate MMP-9. Curcumin also 
regulate the expression of NF-κB induce by TNF-α. Thus curcumin enhances wound 
healing activity by downregulating expression of MMP-9 and increase value of colla-
gen by regulating expression of NF-κB induce by TNF-α in fibroblasts [174]. Shikonin 
is a natural component presents in Lithospermum erythrorhizon which exhibit decent 
wound healing property. Shikonin has been proved for its inhibitory effect on migra-
tion and invasiveness of U87 and U251cells by inhibiting the expression of MMP-2 and 
MMP-9 [175, 176].

8. Conclusion

From the ancient past wound healing has known to be a complicated topic as it 
involves many complex and unclear mechanisms. Moreover, wound healing process 
in diabetes like state get delay and more worsen. In the recent past various MMPs 
have been found to play a key role in the healing of diabetic foot. Structurally, it 
mainly has zinc on its active site. Furthermore, it is categorized in various types 
based upon the different substrate it cleaves, i.e., collagenases, gelatinases, strome-
lysins and various other MMPs. Also, the modulation of expression of various 
MMPs significantly alters the healing process. In addition, TGF-β has been reported 
to be the signaling pathway for MMPs to act upon for healing of chronic wounds. 
Moreover, different phases of wound repair involve alteration in level of various 
MMPs. Among various MMPs, MMP-9 has been widely discussed and investigated 
enzyme in the recent past and has also been considered as major culprit in altering 
the healing rate. The overexpression of various MMPs extends the time of healing 
or may devastate the condition. Therefore, various MMP inhibitors either of natural 
or synthetic origin have been explored for the purpose. Most of these candidates 
are under clinical trial and has proven to be very selective and effective for healing 
chronic wounds. Besides the wound healing MMPs possess therapeutic effectiveness 
for various other diseases. In future, there are various possibilities to explore and 
unlash various mechanisms of MMPs for chronic wound healing.
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Chapter 6

Novel Application of 
Immunomodulatory Mushroom 
Polysaccharide (β-Glucan) and 
Triterpenes for Diabetic Wound 
Care
Shiu-Nan Chen, Yu-Sheng Wu, Sherwin Chen, 
Ya-Chin Chang and Chung-Lun Lu

Abstract

β-Glucan and triterpenes are two important derivative compounds from traditional 
medicinal mushroom, such as Ganoderma lucidum and Antrodia cinnamomea. β-glucan 
and triterpenes are considered to have immunoregulatory properties in disease treat-
ment for long years. The immunoregulatory effects are usually activated through some 
transcription of pro-inflammatory genes and possess immunomodulatory activity. 
Difficulty in healing wound now is a common condition that occurred in diabetic 
patients, and the physiological hyperglycemic status of diabetic patients resulting 
in the wounds continue to produce an inflammatory response. Thus, we hope to use 
β-glucan and triterpenes for difficult wound healing that possess immunomodula-
tory activity on the wound micro-environment and stimulate the positive effects on 
healing. In this chapter, these two important derivative compounds from traditional 
medicinal mushroom were examined by diabetic mammal’s wound healing models. In 
these models, the skin wounds’ microenvironment is expected close to diabetic foot, 
suffering in hyperglycemic and inflammatory status. The results are clearly presented, 
with the immunomodulatory effects from mushroom β-glucan and triterpenes that 
involved in modulating the cell-mediated immune system to cause cellular prolifera-
tion and further to introduce healing performance of the chronic inflammation 
wounds.

Keywords: mushroom polysaccharide, β-glucans, triterpenes, immunomodulatory, 
diabetic, wound healing

1. Introduction

Diabetes is a metabolic disease characterized by hyperglycemia resulting from 
defects in insulin secretion or function, and is associated with the long-term dam-
age, dysfunction, and failure of various organs, especially the eyes, kidneys, nerves, 
heart, and blood vessels [1]. One of the main consequences of diabetes is the impair-
ment of self-repairing abilities [2]. Various studies have indicated that diets high 
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Abstract

β-Glucan and triterpenes are two important derivative compounds from traditional 
medicinal mushroom, such as Ganoderma lucidum and Antrodia cinnamomea. β-glucan 
and triterpenes are considered to have immunoregulatory properties in disease treat-
ment for long years. The immunoregulatory effects are usually activated through some 
transcription of pro-inflammatory genes and possess immunomodulatory activity. 
Difficulty in healing wound now is a common condition that occurred in diabetic 
patients, and the physiological hyperglycemic status of diabetic patients resulting 
in the wounds continue to produce an inflammatory response. Thus, we hope to use 
β-glucan and triterpenes for difficult wound healing that possess immunomodula-
tory activity on the wound micro-environment and stimulate the positive effects on 
healing. In this chapter, these two important derivative compounds from traditional 
medicinal mushroom were examined by diabetic mammal’s wound healing models. In 
these models, the skin wounds’ microenvironment is expected close to diabetic foot, 
suffering in hyperglycemic and inflammatory status. The results are clearly presented, 
with the immunomodulatory effects from mushroom β-glucan and triterpenes that 
involved in modulating the cell-mediated immune system to cause cellular prolifera-
tion and further to introduce healing performance of the chronic inflammation 
wounds.

Keywords: mushroom polysaccharide, β-glucans, triterpenes, immunomodulatory, 
diabetic, wound healing

1. Introduction

Diabetes is a metabolic disease characterized by hyperglycemia resulting from 
defects in insulin secretion or function, and is associated with the long-term dam-
age, dysfunction, and failure of various organs, especially the eyes, kidneys, nerves, 
heart, and blood vessels [1]. One of the main consequences of diabetes is the impair-
ment of self-repairing abilities [2]. Various studies have indicated that diets high 
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in saturated fat and cholesterol contribute to hypercholesterolemia and metabolic 
disturbances, which may cause hyperglycemic condition in humans and animals [3]. 
Hyperglycemia can rapidly become severe hyperglycemia and/or ketoacidosis in the 
presence of infection or other types of stress. The inducing stress can result from the 
presence of excessive counter regulatory hormones (glucagon, growth hormone, 
catecholamine, and glucocorticoid; either endogenous or exogenous) and high 
circulating or tissue levels of inflammatory cytokine [1, 4]. As many reports have 
shown, a wound healing is an intricate regulation mechanism, which involves many 
cell populations and molecular mediators, and is one of the key mechanisms that 
ensures the barrier functions of the skin and the maintenance of body homeostasis. 
The efficiency of this process is largely determined by the balance of proinflam-
matory and proregenerative signals, which are mediated by cytokines [5, 6]. But 
in patients who suffer from diabetes mellitus, chronic wounds occur often due to 
the impairment of wound healing; major complications of diabetes lead to inflam-
mation and oxidative stress, delayed wound healing, and persistent ulcers. The 
impaired healing in diabetes is the result of a complex pathophysiology involving 
vascular, neuropathic, immune, and biochemical components. Hyperglycemia cor-
relates with stiffer blood vessels, which cause slower circulation and microvascular 
dysfunction, causing reduced tissue oxygenation. Blood vessel alterations observed 
in diabetic patients also account for reduced leukocyte migration into the wound, 
which becomes more vulnerable to infections. The hyperglycemic environment 
itself can compromise leucocyte function. In addition, peripheral neuropathy can 
lead to numbness of the area and reduced ability to feel pain, which can lead to chro-
nicization of wounds that are not immediately noticed and properly treated [7].

In this chapter, two immunomodulatory extracts (β-glucan and triterpenes) 
from popular medicinal mushroom were assessed by scientific experiments to 
examine the functions for treating poorly healing wounds. These immunomodula-
tory extracts have been studied for its biological effects in mammals widely, and 
reported to possess antitumor and immunomodulating activities with anti-inflam-
matory effects and the ability to control tissue cytokines [8–10]. Here, the scientific 
experiment results of wound healing were consolidated and the novel application 
of derivative compounds from traditional medicinal mushroom can be used for 
treatment of diabetic foot in the future.

2. β-Glucan from mushroom and its diabetic wound caring

2.1 Mushroom β-glucan functions for wound caring

Glucan is a polysaccharide structure which is constructed by D-glucose, linked 
by glycosidic bonds. It is now a common product usually obtained by extracting 
its components from fungi [11] (such as mushrooms) or yeast cell walls and it has 
been known in recent studies to effectively stimulate immune cells; it not only can 
enhance specific immune responses of the organism, but also enhance the nonspe-
cific immune response, and is a good immune regulator. One group of the glucan, 
the beta-glucans (β-glucans), is a heterogeneous group of glucose polymers consist-
ing of β-(1,3)-linked β-d-glucopyranosyl units with a β-(1,6)-linked side chain of 
varying distribution and lengths. These polysaccharides are of different chemical 
compositions, with most belonging to the group of β-glucans; these have β-(1 → 3) 
linkages in the primary chain of the glucan and additional β-(1 → 6) branch points 
that are needed for their bioactive response [12, 13]. Many species of mushroom can 
produce glucan, such as Ganoderma lucidum, Grifola frondosa, Pleurotus ostreatus, 
Lentinula edodes, Cordyceps militaris, and so on [14].
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Research on β-glucans application has indicated that this bioactive immuno-
modulating substance not only enhances the organism’s ability to resist infection by 
bacteria, fungi, viruses, and parasites, but even has the effect of inhibiting tumor 
growth [15]. This novel immunomodulating substance is thought to mediate effects 
through activation of various immune system components including macrophages, 
neutrophils, natural killer (NK) cells, and lymphocytes. Moreover, they are demon-
strated to possess immunostimulatory activity and enhance wound healing espe-
cially by increasing macrophage infiltration into the injury sites and stimulating 
tissue regeneration [16].

In the field of wound healing, it has been pointed out by many related studies 
that by activating macrophages, β-glucan can stimulate the regeneration of collagen 
and help wound healing [17]. In 2001, Kougias and others found that in addition 
to the receptors on immune cells, (1-3)-β-D-glucans receptors were also found 
on human dermal fibroblasts. Making fibroblasts directly receive messages from 
glucans represents a factor that promotes wound healing not only by activating 
macrophages, but also by stimulating fibroblasts [18]. In study of the mechanism 
between fibroblasts and wound healing, we can find that after being stimulated by 
β-glucan, fibroblasts activate two translation factors (transcription factors)-AP-1 
(activator protein-1), SP1 (specific protein-1), and two signaling pathways-NF-κB 
(nuclear factor-κB), NF-1 (nuclear factor-1), can strengthen the immune response 
at the wound site and promote the hyperplasia and the expression of collagen pre-
cursor genes (procollagen genes), thereby generating collagen, to achieve the effect 
of wound healing [18, 19]. The results from a reference illustrated that mushroom 
polysaccharides derived from Schizophyllum (1-3),(1-6)-β-D-glucans, were mixed 
with gelatin to make artificial skin, either by in vitro cell culture or transplanted 
into mice, which led to the observation of the growth of new tissues and finding 
that they all have the effect of promoting epidermal cellization [20]. Mushroom 
β-glucan’s (MBG) role has also been confirmed in tests on the recovery of liver cuts 
in fish and skin wounds in rats. By stimulating the mechanism of Wnt/β catenin sig-
naling signal transmission, liver cell hyperplasia, and cellular activity, it promotes 
wound healing [13]. In the application of β-D-glucans in wound healing, it has a 
reduced chance of infection after surgery [21]; the synthesis of polysaccharides and 
collagen matrix can promote the recovery of local deep scald skin also has a medical 
effect for the relief of patients’ pain [22].

2.2  Mushroom β-glucan (MBG) applied in advanced dressing to promote 
diabetic wound healing (mammal testing model)

In 2018, we carried out a study on mushroom β-glucan (MBG) from G. lucidum 
for testing wound healing in animals. The purified β-glucan of G. lucidum was 
mixed with carboxymethyl cellulose fiber and water, and then through Poly-charge/
ion exchange for compounding, and the composite fiber solution is prepared into 
a fiber sponge substrate by a freeze-drying process, that patented technology from 
Taiwan Textile Research Institute, to form a sponge dressing contain mushroom 
β-glucan (Figure 1(a)). Carboxymethyl cellulose fibers and β-glucan form the 
structure of a sponge, and the mushroom β-glucan-containing particles are evenly 
dispersed in the fiber sponge (Figure 1(b)). The swelling ratio of the fiber sponge 
substrate sample is about 22–32 times. It has the effect of absorbing fluid, which 
means that it can provide the effect of absorbing too much exudate if it is used on 
wounds with a lot of exudate, and maintain the proper moisture of the wound to 
promote wound healing.

The prepared fiber sponge substrate has a high magnification of moisture 
absorption and swelling ratio and an appropriate structural stability that causes the 
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release of mushroom β-glucan (MBG) in the substrate slowly. It is expected that 
it will have an extended-release ability to produce immunostimulatory polysac-
charides, which can improve the shortcomings of commercially available sponge 
dressing products.

In an experiment using three diabetic model pigs, we explored whether mush-
room β-glucan (MBG) sponge dressing can accelerate wound healing rate when 
applied to man-cut wounds. For the present study, all the mammal experiments 
were performed in accordance with protocol by the Institutional Animal Care and 
Use Committee (IACUC) of Agricultural Technology Research Institute (ATRI, in 
Taiwan). Type I diabetes pigs were manual Streptozotocin-induced (to generate 
chronic wound healing), housed, and surgery was operated in SPF animal room 
facilities by ATRI Animal Technology Laboratories. Six square wounds (2 ± 0.5 cm ×  
2 ± 0.5 cm) with full skin layer on the back of one pig were formed by manual opera-
tion, three on each side, L1, L2, L3 on the left;R1, R2, R3 on the right (schematic dia-
gram in Figure 2), and randomly apply the test mushroom β-glucan (MBG) sponge 
dressing or control dressing to the wound in the above. Then, the wound healing of 
each test substance was continuously observed, and the effect of the test substance 

Figure 1. 
Mushroom β-glucan-containing bio-fiber sponge dressing. (a) Appearance of mushroom β-glucan-containing 
bio-fiber sponge dressing; (b) mushroom β-glucan-containing particles dispersed in the fiber sponge structure 
(1000×).

Figure 2. 
Wounds with full skin layer on the diabetic pig. Six square wounds (2 ± 0.5 cm × 2 ± 0.5 cm) with full skin 
layer on pigs were formed by manual operation, randomly apply the test mushroom β-glucan (MBG) sponge 
dressing or control dressing to the wound in the above (three pigs, each test dressing N = 4 or 5).
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on wound healing was explored based on pathological interpretation. During the test 
period, the test substances in each group did not affect the growth of the pigs and also 
did not cause death.

In data calculation, the average value (mean) and standard error of the 
mean (SEM) of each test group were calculated by Microsoft Excel, and finally 
presented in the report as mean ± SEM. In statistical analysis, one-way ANOVA 
was performed with IBM SPSS Statistics 20 analysis software, and the Scheffe’s 
post-mortem analysis method was used. The lowercase letter labels in figures mean 
that there is a significant difference between those who do not have the same letter 
at the observation time point (p < 0.05). In the experimental results, on the 10th 
day of the experiment, the secretion of tissue fluid of each test group decreased, 
and it was observed that the granulation tissue had grown to fill the entire wound, 
forming a bright red and smooth appearance, and the neonatal epithelial tissue 
could be observed at the edge of the wound, the wound area was significantly 
reduced, for example in Figure 3. The degree of wound healing speed was group B: 
51.1% > group D: 49.2% > group C: 44.3% > group A: 41.0%. In statistical analysis 
results: group A and group B, group A and group C, group A and group D reach 
statistical significance p < 0.05. The statistical significance of group B and C was 
not more than p > 0.05, and the statistical significance of group B and D was not 
more than p > 0.05. Group C and D did not reach statistical significance p > 0.05. 
The test mushroom β-glucan (MBG) sponge dressing showed better wound healing 
performance than vehicle control (Figure 4).

In the histopathological examination result, the thickness of the skin dermal 
layer and epidermal layer were measured to evaluate the wound healing. In the 

Figure 3. 
Ten days’ observation result at the edge of the wound. The performance of wound healing appearance at 10th 
day, the granulation tissue had grown to fill the entire wound, forming a bright red and smooth appearance, 
and the neonatal epithelial tissue could be observed at the edge of the wound.

Figure 4. 
Wound healing ratio.
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diabetic pig model, the thickness of the skin dermal layer of the animals in each test 
group was not different from each other (Figure 5). The analysis of the thickness 
of the epidermal layer showed that the thickness of the test group A is significantly 
higher than that of mushroom β-glucan (MBG) sponge dressing (test group B) 
(p < 0.01) (Figure 6). Epidermal cell layer tissue formation (epithelization) 
showed that the wound healing of each group of animals in the diabetic pig model 
was good, and there was no statistical difference between the test groups in the 
evaluation of epithelial cell formation response (Figure 7).

The results of wound healing tissue react evaluation showed that the inflamma-
tory reaction of animal skin in test group B and test group D was significantly higher 
than that in control group (test group A) with statistical difference (p < 0.01). In 
addition, the degree of inflammatory response stimulation in test group C was 
significantly slowed down compared with the positive control group (test group D), 
indicating that test group B and test group D stimulated local skin inflammation and 

Figure 6. 
The thickness of the epidermal layer of the animals in each test group.

Figure 5. 
The thickness of the skin dermal layer of the animals in each test group.
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accelerated skin wound healing, but significantly slowed down in the experimental 
group C (Figure 8). After assay of the degree of skin blood capillary, the experimen-
tal group B (M1P1 0.5%) can be observed that the response is statistically different 
from the control group (test group A), showing that the new blood capillary of test 
substance is more effective than the control group (test group A) in wound healing 
(Figure 9). Moreover, section slices of recovered wound indicated that mushroom 
β-glucan (MBG) sponge dressing treatment revealed better wound tissue flatness 
effects than untreated group and positive control (Figure 10(a)-(d)).

In conclusion, based on the results of epidermal layer, dermal layer thickness and 
the local tissue reaction of wound healing, the mushroom β-glucan (MBG) sponge 
dressing M1P1 0.5% treatment group (test group B) is more effective in wound 

Figure 7. 
The evaluation of epithelial cell formation response of the animals in each test group.

Figure 8. 
The degree of inflammatory response stimulation of the animals in each test group.
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Figure 10. 
Section slices of recovered wound in each test group. (a) Animal ID: 068-L1 H&E staining, 50×. Group A; (b) 
animal ID: 069-L3 H&E staining, 50×. Group B; (c) animal ID: 070-R1 H&E staining, 50×. Group C; (d) 
animal ID: 069-L2 H&E staining, 50×. Group D. Mushroom β-glucan (MBG) sponge dressing treatment 
(b and c) reveals better wound tissue flatness effects than untreated group and positive control.

Figure 9. 
The degree of skin new blood capillary in each test group.
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healing than the test substance treatment group C (M1P1 1%) and the positive con-
trol group (test group D). When the mushroom β-glucan was applied on diabetic pigs 
wound, we expected the bioactive immunomodulation from mushroom β-glucan 
(MBG) occurred in chronic wound microenvironment, and promote wound healing.

3. Triterpenes from Antrodia cinnamomea in wound caring

3.1 Antrodia cinnamomea triterpenes for wound caring

Since antiquity, mushrooms have been valued by humankind as a culinary 
wonder and folk medicine in Oriental practice. In recent years, mushrooms have 
emerged as a source of dietary supplements, antioxidants, anticancer, prebiotic, 
immunomodulating, anti-inflammatory, cardiovascular, antimicrobial, and 
antidiabetic functions [23]. Among the different types of mushrooms, A. cin-
namomea is a special fungal parasite that grows on the inner cavity of the endemic 
species of Cinnamomum kanehirae (Bull camphor tree) in Taiwan [24]. This 
mushroom is considered as a highly valued mushroom due to its rare occurrence, 
cultivation difficulties of fruit bodies and its common uses as a traditional herb 
for the treatment of several ailments such as diarrhea, abdominal pain, hyperten-
sion, itchy skin, etc. [24, 25]. In Asia, A. cinnamomea dried mycelia powder is 
officially recognized as a rare dietary supplement. Given its popularity, in recent 
years, fermentation techniques have been employed in the mass production of 
A. cinnamomea and its products have been marketed as functional foods for over 
10 years. Among the several bioactive or functional compounds such as polysac-
charides, polysaccharides-peptides, nucleosides, and triterpenes that are reported 
to possess therapeutic effects from A. cinnamomea, bioactive A. cinnamomea 
triterpenes were reported with the activity to possess antitumor and immuno-
modulating activities with anti-inflammatory effects [8], and apoptotic effects in 
the leukemia HL-60 cells, which suggest that the triterpenes extract may possess 
protective antioxidants and anticancer properties for biophysiology [26].

Several plant derivatives, such as secondary metabolites, are capable of promot-
ing wound healing in various animal models. A group of secondary metabolites 
attracting much attention is the pentacyclic triterpenes [27, 28]. Triterpenes, a large 
and structurally diverse group of natural products derived from squalene or related 
acyclic 30-carbon precursors, are uniquely abundant with well-characterized 
biological activities of modulation on the immune cells [29]. In surgical wounds, 
the triterpenes induced a reduction in time to closure, and this effect was reported 
in virtually all wound types. In references, triterpenes also modulate the production 
of ROS in the wound microenvironment, accelerating the process of tissue repair 
through inducing cell migration, cell proliferation, and collagen deposition [27].

According to these findings and hypotheses, we used triterpenes extracted from 
A. cinnamomea mycelium to examine anti-inflammatory responses in STZ-induced 
hyperglycemic mice by oral treatment and observed the effect of triterpenes on 
wound healing model in the mice, and the complete results were published in paper 
in 2016 [30].

3.2  Antrodia cinnamomea triterpenes promote wound healing in hyperglycemic 
diabetic mice model

The A. cinnamomea BCRC36401 was purchased from the Bioresources 
Collection and Research Center (BCRC), Food Industry Research and Development 
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and structurally diverse group of natural products derived from squalene or related 
acyclic 30-carbon precursors, are uniquely abundant with well-characterized 
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the triterpenes induced a reduction in time to closure, and this effect was reported 
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Institute, Hsinchu, Taiwan. In laboratory culture system, the A. cinnamomea was 
subcultured into oats containing 5% glucose (16301, RDH) and 1% yeast extract 
(09182, SIGMA) within the vent plug-glass bottles at 22°C with 12 h of light for 
30 days. After the mycelium was observed to overlap on the cultured oats, the 
mycelia were separated from fermented broth and washed with distilled water. 
Finally, the mycelia were freeze-dried to powders. The freeze-dried powder was 
initiated into the 80°C hot water for 6 h (powder:hot water = 1:100) to separate the 
water-soluble materials. After removal of water-soluble materials, the extraction of 
triterpenes was performed using 99.8% water-free ethanol (SIGMA) (the removed 
water-soluble powder:water-free ethanol = 1:50) in 1.5 h three times, and then 
lyophilized. The extracted compound was used in testing and analysis of triterpenes 
species by HPLC (Figure 11). The A. cinnamomea extract analyzed by HPLC was 
compared to the 11 species of triterpenes and the results was indicated that it was 
including of Antcin H, Dehydrosulphurenic acid, Eburicoic acid, Methyl antcinate 
B and Dehydroeburicoic acid (Table 1). The recovery rate was measured from dif-
ferent weight of the powder and the presented recovery rate about 7–10%.

Diabetes mouse skin wound healing examination was carried out following 
the wound healing model assay procedure [13, 31]. All study procedures were 
performed in accordance with protocol approved by the National Taiwan University 
Animal and Use Committee (NTUAUC). We used 15 of 6-week-old male ICR 
(N = 3, purchased from Laboratory Animal Center, National Taiwan University 
College of Medicine) for this experiment, and animals were housed in the Animal 
Housing Facility of National Taiwan University, College of Life Science. At the 
beginning, manual incision wound (one of 1.5 × 0.5 cm2 full thickness) was 
made on mice skin. Each wound was cleaned by the 3 M Cavilon™ No Rinse-Skin 

Retention time Predicted triterpenes species Height (mAU) Area (mAU × min)

38.59 Antcin H 0.06 0.01

43.01 Dehydrosulphurenic acid, 2.41 0.95

50.50 Eburicoic acid 1.44 0.73

59.65 Methyl antcinate B 2.01 0.65

74.07 Dehydroeburicoic acid 1.22 0.53

Table 1. 
HPLC analyzed results of A. cinnamomea extract in comparison to the purified triterpene standard.

Figure 11. 
HPLC identification of A. cinnamomea extracted triterpenes. (Left) HPLC result of A. cinnamomea 
extract; (right) standard of the 11 species of triterpenes.
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Cleanser and then sprayed with 3 M Cavilon™ No Sting Barrier Film solution with 
or without A. cinnamomea triterpenes.

Five experiment groups, including: 1. control mice, sprayed with 3 M Cavilon™ 
No Sting Barrier Film, 2. diabetic mice, sprayed with 3 M Cavilon™ No Sting 
Barrier Film, 3. diabetes mice, sprayed with 5 mg/kg triterpenes with 3 M Cavilon™ 
No Sting Barrier Film, 4. diabetic mice sprayed with 10 mg/kg triterpenes with 
3MCavilon™ No Sting Barrier Film, and 5. diabetic mice sprayed with 20 mg/kg 
triterpenes with 3MCavilon™ No Sting Barrier Film. The wound recovery  
assay was observed by area change of wound healing appearance. The surgical 
wound area observation of the five groups was as shown in Figure 12 (on the left).  

Figure 12. 
Long-term observation of the wound healing process. (Left) The performance of wound healing appearance on 
mice; (Right) recovery effectiveness compared to the diabetes group.
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The presented result as shown in the control group (without diabetes), respec-
tively, comparing with the diabetes mice, sprayed with 5, 10, and 20 mg/kg triter-
penes is significantly different in the Days 1–17 after the surgery. In the observation 
of Day 1 to the Day 5, the presented data has shown that the recovery of the 
wounded area is markedly in the control and sprayed with 20 mg/kg triterpenes 
group but not in the diabetes and other treatment groups. In the control group, the 
recovery process is significantly observed in the Day 5 followed the surgery but the 
diabetes group has not shown the wound recovery situation in the Day 5. In the Day 
7 observation, the wound was initiated to be contacted in the control and 20 mg/
kg triterpenes group, other treatment groups were not significant presented with 
recovery especially the diabetes group. The long-term observation of the wound 
healing process can be found that the control group completely healing in the Day 
17. The 20 mg/kg triterpenes group was not completely wound healing (criteria was 
presented as hair totally overlapped on the wound) however, the wound exactly has 
been gradually recovery compared to the diabetes group Figure 12 (right).

In this study, serum biological analysis was also carried out in the five groups. 
After administration of different concentrations of A. cinnamomea triterpenes 
orally, concentrations of serum thrombopoietin (TPO) and CCL1 were measured 
by ELISA. The result showed that diabetes caused an increase in circulating 
thrombopoietin (TPO), but it was found that daily oral administration with 
various concentrations of triterpenes was exactly able to reduce the concentra-
tion of serum TPO. TPO concentration reduced especially in the oral administra-
tion with 10 mg/bw-kg, 20 mg/bw-kg groups and positive control compared 
to the diabetes group from the 3rd week to the end of investigation (p < 0.01) 
(Figure 13). Although, the effect of triterpenes on the reducing CCL1 expression 

Figure 13. 
Serum circulating thrombopoietin (TPO) after administration of different concentrations of A. cinnamomea 
triterpenes orally in diabetic mice.
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was not significant in early observations, on continuous oral administration with 
various concentrations of triterpenes (10 mg/bw-kg, 20 mg/bw-kg and positive 
control), this effect was shown to reduce the serum CCL1 concentration in the 
5th week (p < 0.01) (Figure 14).

As the result, the diabetic mice with skin wound examination, the detection of 
inflammatory factors such as CCL1 and TPO expression were found to induce than 
control mice, the hyperglycemia does cause an inflammatory response. Moreover, to 
the best of our knowledge, hyperglycemia impairs the tissue healing associated with 
an increased and prolonged inflammatory response. An investigation of the anti-
inflammatory response in wound healing as affected by the triterpenes verified the 
promotion of wound recovery.

As the microenvironment of inflammation related to cellular transdifferentia-
tion, migration, proliferation, survival, and extracellular matrix formation. And 
many factors are clearly involved in maintaining the balance between appropriate 
fibroblast activation and the fibrosis resulting from their continued activation 
for wound healing. We suggest the mechanism that the extracted triterpenes may 
bind to the glucocorticoid responsive elements (GREs) of target genes to regulate 
gene expression by mechanisms such as suppressing the expression of proinflam-
matory proteins and enhancing the expression of anti-inflammatory proteins. 
Furthermore, oleanolic acid is a triterpene that can increase insulin secretion by 
activating muscarinic M3 receptors in pancreatic β-cells through the Ach released 
from cholinergic nerve terminals. According to these findings, we suggest that 
the extracted triterpenes from A. cinnamomea may directly permeate the cell to 
bind with the GRE or indirectly combine with the M3 receptor, resulting in an 
anti-inflammatory effect and thereby promoting wound healing in the diabetic 
mice (Figure 15).

Figure 14. 
Serum CCL1 after administration of different concentration A. cinnamomea triterpenes orally in 
diabetic mice.
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inflammatory response in wound healing as affected by the triterpenes verified the 
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fibroblast activation and the fibrosis resulting from their continued activation 
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bind to the glucocorticoid responsive elements (GREs) of target genes to regulate 
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activating muscarinic M3 receptors in pancreatic β-cells through the Ach released 
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4.  A case study of the wound dressing containing mushroom β-glucan 
(MBG) in a type II diabetes mellitus (T2DM) patient with peripheral 
neuropathy

Frequent and uncontrolled hyperglycemic state from type II diabetes mellitus 
(T2DM) can result in peripheral neuropathy in later stages of the disease. Patients 
who suffer from peripheral neuropathy will often suffer from a diabetic foot that 
results directly from peripheral arterial disease (PAD) and/or sensory neuropathy. 
It is a chronic complication of T2DM. If control measures such as infections and 
blood glucose controls are not properly implemented, a diabetic foot can often lead 
to ulcers or gangrene, which eventually result in amputations.

In 2018, a patient who suffered from T2DM volunteered to be included in this 
case study. During the study, as shown in Figure 16a and b, the patient suffered 
from advanced stage of PAD, which resulted in ulcers and gangrenes on the foot’s 
lateral and anterior sides. While the patient followed the primary physician’s 
instructions for lifestyle alteration, routine blood glucose management as well as 
performing a graft surgery for the affected area, under the physician’s discretion, 

Figure 15. 
The proposed mechanism of triterpenes is involved in the diabetic mice with anti-inflammation. Figure 
description: The mechanism of triterpenes was speculated as binding to the glucocorticoid responsive 
elements (GREs) of target genes to regulate gene expression such as by suppressing the expression of 
proinflammatory proteins and enhancing the expression of anti-inflammatory proteins. Furthermore, 
oleanolic acid is a triterpene that can increase insulin secretion by activating muscarinic M3 receptors in 
pancreatic β-cells through the Ach released from cholinergic nerve terminals. According to these findings, 
we suggest that the extracted triterpenes could directly permeate the cell to bind with the GRE or indirectly 
combine with the M3 receptor, resulting in an anti-inflammatory effect and thereby inducing wound healing 
in the diabetic mice.
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a topical test article containing β-glucan isolated from Ganoderma lucidum (MBG) 
and triterpenes purified from A. cinnamomea was applied to the affected site three 
times a day (TID) as a palliative treatment to stimulate wound healing. The heal-
ing progress was recorded weekly and photographs were taken. As results show, 
2 weeks after the test treatment was applied, the wounds showed a significant 
improvement (Figure 16c and d). From week 3 to week 10, the wounds showed 
even more significant improvements and the affected regions were significantly 
reduced (Figure 17). The preliminary results have demonstrated the efficacy of 
a powerful combination of the beta glucan and triterpenes to promote topical 
wound healing, that can inspire further scientific researches and applications of 
such in the future.

Figure 16. 
The severe ulcers on diabetic patient’s feet and treated with β-glucan (MBG) and triterpenes. (a, b) 
Gangrene resulted from peripheral arterial disease and infections. (c, d) After the test article containing 
G. lucidum (Reishi) β-glucan (MBG) and triterpenes purified from A. cinnamomea applied on affected 
area for 2 weeks.

Figure 17. 
A progress for diabetic patient’s feet wound healing. (a–h) The healing progress of gangrenes on a T2DM 
patient’s feet, treated by test article containing G. lucidum (Reishi) β-glucan (MBG) and triterpenes purified 
from A. cinnamomea.
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Gangrene resulted from peripheral arterial disease and infections. (c, d) After the test article containing 
G. lucidum (Reishi) β-glucan (MBG) and triterpenes purified from A. cinnamomea applied on affected 
area for 2 weeks.

Figure 17. 
A progress for diabetic patient’s feet wound healing. (a–h) The healing progress of gangrenes on a T2DM 
patient’s feet, treated by test article containing G. lucidum (Reishi) β-glucan (MBG) and triterpenes purified 
from A. cinnamomea.
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Chapter 7

Assessment of Diabetic Foot 
through the Developmental Stages 
of Lower Limb Abnormalities 
Using Ultrasound
Suresh K.S. and Sukesh Kumar A.

Abstract

A diabetic foot is one of the most serious complications of diabetes mellitus. 
This causes large number of lower leg amputations worldwide. Usually this disease 
is getting diagnosed in a very later stage. Ankle-arm index, diastolic blood pres-
sure, fasting plasma glucose, hemoglobin A1C, high blood pressure, medial arterial 
calcification, nerve conduction velocity, peripheral vascular disease, systolic blood 
pressure, transcutaneous oxygen tension, etc. are some of the major indicators of 
a diabetic foot. Among these peripheral arterial abnormalities and neuropathy are 
the most dominant visible factors. Detection and monitoring of diabetic foot help 
to demonstrate the feet at risk of ulceration positively. This study reveals the various 
assessment methodologies of lower limb abnormalities leading to diabetic foot 
using ultrasound. Ultrasound is being used in various cases related to diabetic foot, 
from the identification of systolic pressure for the ankle brachial pressure index to 
the velocity analysis of hemodynamic studies. The study analyses the lower limb 
abnormalities and extracts the features of diabetic foot from the velocity spectrum 
of ultrasound Doppler scan.

Keywords: diabetic foot, diabetic neuropathy, peripheral arterial disease,  
diabetes mellitus, early detection, Doppler ultrasound

1. Introduction

Diabetes is a growing global epidemic of the current century. This occurs either 
when the pancreas does not produce enough insulin or when the body cannot effec-
tively use the produced insulin. According to the International Diabetes Federation, 
it is estimated that presently 387 million people are being affected by diabetes, and 
this may increase to 592 million in the coming 20 years [1]. In addition to this, 316 
million people are at high risk with impaired glucose tolerance, and a projection 
shows that in 2035, the count of high-risk people will attain more than 1 billion. 
According to the recent estimation of the World Health Organization (WHO), 
diabetes is being suffered by 9% among adults aged 18+ years. Approximately 1.5 
million deaths were directly caused by diabetes in 2012, and 80% of this occurred in 
low- and middle-income countries. Diabetes is estimated to be the seventh leading 
cause of death in 2030 by the WHO [2]. The statistics of the International Diabetes 
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A diabetic foot is one of the most serious complications of diabetes mellitus. 
This causes large number of lower leg amputations worldwide. Usually this disease 
is getting diagnosed in a very later stage. Ankle-arm index, diastolic blood pres-
sure, fasting plasma glucose, hemoglobin A1C, high blood pressure, medial arterial 
calcification, nerve conduction velocity, peripheral vascular disease, systolic blood 
pressure, transcutaneous oxygen tension, etc. are some of the major indicators of 
a diabetic foot. Among these peripheral arterial abnormalities and neuropathy are 
the most dominant visible factors. Detection and monitoring of diabetic foot help 
to demonstrate the feet at risk of ulceration positively. This study reveals the various 
assessment methodologies of lower limb abnormalities leading to diabetic foot 
using ultrasound. Ultrasound is being used in various cases related to diabetic foot, 
from the identification of systolic pressure for the ankle brachial pressure index to 
the velocity analysis of hemodynamic studies. The study analyses the lower limb 
abnormalities and extracts the features of diabetic foot from the velocity spectrum 
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1. Introduction

Diabetes is a growing global epidemic of the current century. This occurs either 
when the pancreas does not produce enough insulin or when the body cannot effec-
tively use the produced insulin. According to the International Diabetes Federation, 
it is estimated that presently 387 million people are being affected by diabetes, and 
this may increase to 592 million in the coming 20 years [1]. In addition to this, 316 
million people are at high risk with impaired glucose tolerance, and a projection 
shows that in 2035, the count of high-risk people will attain more than 1 billion. 
According to the recent estimation of the World Health Organization (WHO), 
diabetes is being suffered by 9% among adults aged 18+ years. Approximately 1.5 
million deaths were directly caused by diabetes in 2012, and 80% of this occurred in 
low- and middle-income countries. Diabetes is estimated to be the seventh leading 
cause of death in 2030 by the WHO [2]. The statistics of the International Diabetes 
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Federation reveals that in India there are nearly 65 million diabetes cases [3]. The 
associated complications of diabetes have also been increased in proportionate to 
the high rate of diabetes-affected persons.

Among the variety of complications related to diabetes, a diabetic foot stands 
one of the most threatening one. If the foot exhibits any pathology because of 
diabetes mellitus or any complications due to the long-term suffering of diabetes. 
The study reveals various types lower limb abnormalities and analyses the features 
of diabetic foot from the velocity spectrum of ultrasound Doppler scan.

2. Diabetic foot disease

In diabetic cases, foot problem may develop as a part of damaging nerve and 
blood vessels. This may cause the infection and ulceration of the leg and finally 
come to the level of amputation. This is one of the dangerous conditions. Foot 
diseases are the most probable causes of hospital admissions in the case of diabetes. 
Considering the total patients suffering from diabetes mellitus, diabetic foot disease 
probably occurs 15–25% of them. Among the diabetic foot patients, 85% of the 
cases precede to partial lower leg amputation. Individuals with diabetes are 25 times 
bound to lose a leg than individuals without the condition.

More than 70% of leg amputations throughout the world are due to diabetes 
[4]. Every year, around 1 million diabetic people lose a leg because of their diseased 
condition. The diabetic foot also causes major economic consequences for the 
patients, their families and the entire society. The International Working Group on 
the Diabetic Foot estimated that a lower limb is lost to diabetes somewhere in the 
world in every 20 seconds [5].

Ankle-arm index, diastolic blood pressure, plasma glucose, hemoglobin A1C, 
high blood pressure, medial arterial calcification, peripheral vascular disease, 
systolic blood pressure and transcutaneous oxygen tension are the major identified 
indicators of diabetic foot. Comparing the overall visible symptoms of diabetic foot, 
peripheral arterial disease and diabetic neuropathy seem to be the most important 
threatening factors [6, 7].

3. Lower limb abnormalities leading to diabetic foot

Peripheral arterial disease (PAD) is of great clinical significance in diabetic 
patients. Some of them have high risk of subsequent myocardial infarction or 
stroke, irrespective of the presence or absence of symptoms of PAD. Lack of proper 
treatment can lead to functional disability and limb loss. So, regular screening of 
PAD is very important as a part of proper management to minimize the impact of 
comorbidities on the diseased person.

The human nervous system is also very much affected with diabetes. The periph-
eral nerves, the nerves that go to the arms, hands, legs and feet, may get damaged 
with persistent high glucose level. Usually, the diabetic peripheral neuropathy arises 
in different places of the human body but very prominently affects the sensations 
of the toes and feet [8]. This abnormal sensation may lead a feeling of being pricked 
with pins, throbbing and numbness with sharp pain and tingling and burning 
sensations.

The risk for foot ulcers and amputation is increased by diabetic peripheral 
neuropathy. People who are suffering from diabetic peripheral neuropathy 
mostly do not notice minor cuts, sores or blisters in their foot and toes. This is 
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because of the loss of sensation in connection with the damage of the nerves in the 
corresponding areas. Neuropathy affects the sensory, motor and autonomic systems 
of the human body. The untreated wounds become easily infected and may lead 
to gangrene, which finally require amputation in that area. If this is diagnosed in 
the early stages, it is a major opportunity to ameliorate symptoms and prevent the 
development of the major clinical neuropathic endpoints of the lower limb [9] such 
as chronic painful foot, the insensate foot, the Charcot foot and the neuropathic 
ulcer. It is important that physicians and other healthcare providers understand that 
diabetic neuropathy can occur with no pain or with an insensate foot or may present 
with pain in the form of dysesthesias and paresthesias.

4. Role of ultrasound

The ultrasound wave is one of the safest and easiest modes of medical diagnosis. 
This modality of medical imaging helps to identify internal body structures in a 
noninvasive manner. This has been achieved by computerized analysis of reflected 
ultrasound waves. Usually frequencies of 1–30 MHz are being used for a diagnostic 
purpose. The resolution of the image depends on the type of wave used, higher 
resolution with shorter wavelengths, and the wavelength is inversely proportional 
to the frequency [10]. However, the use of high frequencies is limited by their 
greater attenuation in the tissue and thus shorter depth of penetration. The fre-
quencies 2–10 MHz are used for vascular studies.

Doppler ultrasound provides the basis for noninvasive and objective 
measurements of the spectrum and serially monitors the velocity of flow in the 
arteries. This Doppler ultrasound has very high potential for monitoring blood 
flow velocity as it is reliable and noninvasive and provides real-time result. 
In Doppler analysis, the ultrasound beam has the sum of the instantaneous 
contributions of each particle crossing that beam. A human observer can interpret 
it because such mixtures of signals are sorted according to the frequency and 
weighted with the intensity in the cochlea. The signal needs to endure a similar 
process of sorting and weighting for visual interpretation. For this process, the 
Doppler signal has to be translated into the frequency domain, and it is done in 
real-time computation with fast Fourier transform of successive segments of the 
Doppler signal. The stationarity of the blood flow may be assumed by shortening 
the segments.

The power spectrum generated for each segment indicates the velocity 
distribution of the particles within that beam during the time interval in accordance 
with the width of the segment. The inverse of the time interval indicates the 
spectral resolution. Power spectrum point relates to a frequency interval showing a 
velocity range, whereas the height of each point signifies the power or the quantity 
of particles in that particular velocity range.

5. Vascular examination

The ankle-brachial pressure index (ABPI) is one of the most common tech-
niques being used for initial diagnosis of foot disease. This is a particular ratio of 
the recorded highest pressure at the ankle for that leg to the highest brachial pres-
sure measured for both arms. The normal range of ABPI comes below 1. When  
ABPI < 0.92, it is an indication of arterial disease. The value of ABPI between 0.5 
and 0.9 may be connected with claudication, and for these symptoms the patient 
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should be referred for further examination. If ABPI rate is below 0.5, it is a symp-
tom of severe arterial disease, and this may be associated with gangrene, ischemic 
ulceration or rest pain, and urgent referral is required for a vascular opinion. 
The pressure at the ankle and brachial artery is determined with the ultrasound. 
Pressure is measured by blood pressure apparatus, but the auscultation is deter-
mined by Doppler ultrasound [11]. The state of peripheral circulation can be easily 
identified with the examination of the legs. Peripheral arterial examination using 
ultrasound gives a lot of indications related to diabetic foot [12]. Stenosis or occlu-
sions in the segments of the peripheral arteries can be detected in patients who have 
suspected arterial occlusive disease. The clinical indications such as claudication, 
ischemic tissue loss, rest pain and suspected arterial embolization may exist in these 
patients. The sites can be monitored by various percutaneous interventions, includ-
ing angioplasty, thrombolysis, atherectomy, and stent placements. The examination 
can also be done by the evaluation of suspected vascular and perivascular abnor-
malities, such as aneurysms, pseudoaneurysms and arteriovenous fistulas. The 
presence of significant arterial abnormalities can be identified and confirmed by 
imaging modalities [13].

One of the indications for peripheral venous ultrasound examinations is the 
evaluation of possible venous thromboembolic disease or venous obstruction in 
symptomatic or high-risk asymptomatic individuals. Assessments of venous insuf-
ficiency, reflux and varicosities are some of the other indications. The examination 
is also being done by the evaluation of veins before venous access. Follow-up for 
patients with known venous thrombosis near the anticipated end of anticoagulation 
is used in the presence of residual venous thrombosis [14].

The arterial occlusive disease is identified by the evaluation of the arterial seg-
ments, such as lower extremity, common femoral artery, proximal superficial femo-
ral artery, mid superficial femoral artery, distal superficial femoral artery, popliteal 
artery, etc. A focused or limited examination may be appropriate in certain clinical 
situations. At a minimum, an angle-corrected spectral Doppler waveform with 
velocity measurements should be obtained from any of the above sites. If clinically 
appropriate, imaging of the iliac, deep femoral, tibioperoneal and dorsalis pedis 
arteries can be performed [15].

Figure 1 shows the evaluation of a patient having pain in the left lower limb. The 
spectral color Doppler ultrasound of the venous system has been done in this case. 
The color Doppler images analyze the study of veins such as popliteal, left femoral 
and peroneal veins and anterior-posterior tibial veins.

Usually complete visualization of the veins of the leg is very difficult. Normally 
it is being done by imaging the upper third and distal third of the anterior, posterior 
tibial and peroneal veins.

Figure 2 is an ultrasound color Doppler image of the right lower limb showing 
early indications of diabetic arteriopathy. This is also called as diabetic vasculopa-
thy. The corresponding characteristic features in the color Doppler ultrasound 
image are:

• In the arterial waveform, there is a spectral broadening from the popliteal 
artery downwards.

• Slight decrease in the peak systolic velocity below the popliteal artery.

• Early changes of loss of the triphasic spectral waveform are present in the 
peroneal artery.

The changes mentioned above are typically seen in early diabetic arteriopathy 
indicating mild stenosis in a diffuse fashion below the popliteal artery.
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In Doppler waveform analysis, normal pulsed wave is a clearly defined tracing 
with narrow Doppler spectrum. In normal cases, the peripheral artery waveform is 
triphasic. When blood flow becomes turbulent at bifurcations and luminal narrow-
ing, it causes spectral broadening of Doppler waveform.

Figure 1. 
Venous Doppler of the lower limb: normal case (presented with permission from Dr. Joe’s ultrasound).

Figure 2. 
Mild diabetic arteriopathy of the lower limb (presented with permission from Dr. Joe’s ultrasound scan, 
Cochin).



The Eye and Foot in Diabetes

106

should be referred for further examination. If ABPI rate is below 0.5, it is a symp-
tom of severe arterial disease, and this may be associated with gangrene, ischemic 
ulceration or rest pain, and urgent referral is required for a vascular opinion. 
The pressure at the ankle and brachial artery is determined with the ultrasound. 
Pressure is measured by blood pressure apparatus, but the auscultation is deter-
mined by Doppler ultrasound [11]. The state of peripheral circulation can be easily 
identified with the examination of the legs. Peripheral arterial examination using 
ultrasound gives a lot of indications related to diabetic foot [12]. Stenosis or occlu-
sions in the segments of the peripheral arteries can be detected in patients who have 
suspected arterial occlusive disease. The clinical indications such as claudication, 
ischemic tissue loss, rest pain and suspected arterial embolization may exist in these 
patients. The sites can be monitored by various percutaneous interventions, includ-
ing angioplasty, thrombolysis, atherectomy, and stent placements. The examination 
can also be done by the evaluation of suspected vascular and perivascular abnor-
malities, such as aneurysms, pseudoaneurysms and arteriovenous fistulas. The 
presence of significant arterial abnormalities can be identified and confirmed by 
imaging modalities [13].

One of the indications for peripheral venous ultrasound examinations is the 
evaluation of possible venous thromboembolic disease or venous obstruction in 
symptomatic or high-risk asymptomatic individuals. Assessments of venous insuf-
ficiency, reflux and varicosities are some of the other indications. The examination 
is also being done by the evaluation of veins before venous access. Follow-up for 
patients with known venous thrombosis near the anticipated end of anticoagulation 
is used in the presence of residual venous thrombosis [14].

The arterial occlusive disease is identified by the evaluation of the arterial seg-
ments, such as lower extremity, common femoral artery, proximal superficial femo-
ral artery, mid superficial femoral artery, distal superficial femoral artery, popliteal 
artery, etc. A focused or limited examination may be appropriate in certain clinical 
situations. At a minimum, an angle-corrected spectral Doppler waveform with 
velocity measurements should be obtained from any of the above sites. If clinically 
appropriate, imaging of the iliac, deep femoral, tibioperoneal and dorsalis pedis 
arteries can be performed [15].

Figure 1 shows the evaluation of a patient having pain in the left lower limb. The 
spectral color Doppler ultrasound of the venous system has been done in this case. 
The color Doppler images analyze the study of veins such as popliteal, left femoral 
and peroneal veins and anterior-posterior tibial veins.

Usually complete visualization of the veins of the leg is very difficult. Normally 
it is being done by imaging the upper third and distal third of the anterior, posterior 
tibial and peroneal veins.

Figure 2 is an ultrasound color Doppler image of the right lower limb showing 
early indications of diabetic arteriopathy. This is also called as diabetic vasculopa-
thy. The corresponding characteristic features in the color Doppler ultrasound 
image are:

• In the arterial waveform, there is a spectral broadening from the popliteal 
artery downwards.

• Slight decrease in the peak systolic velocity below the popliteal artery.

• Early changes of loss of the triphasic spectral waveform are present in the 
peroneal artery.

The changes mentioned above are typically seen in early diabetic arteriopathy 
indicating mild stenosis in a diffuse fashion below the popliteal artery.

107

Assessment of Diabetic Foot through the Developmental Stages of Lower Limb Abnormalities…
DOI: http://dx.doi.org/10.5772/intechopen.92431

In Doppler waveform analysis, normal pulsed wave is a clearly defined tracing 
with narrow Doppler spectrum. In normal cases, the peripheral artery waveform is 
triphasic. When blood flow becomes turbulent at bifurcations and luminal narrow-
ing, it causes spectral broadening of Doppler waveform.

Figure 1. 
Venous Doppler of the lower limb: normal case (presented with permission from Dr. Joe’s ultrasound).

Figure 2. 
Mild diabetic arteriopathy of the lower limb (presented with permission from Dr. Joe’s ultrasound scan, 
Cochin).



The Eye and Foot in Diabetes

108

6. Velocity spectrum

The Doppler arterial waveform images can be analyzed to provide information 
about blood flow in or out of the gut and related along with the other physiological 
measurements.

The velocity information perceived from a single location in the blood vessel is 
displayed in the form of frequency shift-time plot in the case of real-time spectral 
Doppler analysis. The time along the horizontal axis and frequency shift or identi-
fied velocity along the vertical axis will be displayed.

The clinical information attained from the maximum Doppler shift correspond 
to a spatial maximum in the velocity field. Systematic analysis can be done with 
spectral Doppler ultrasound velocimetry, an analysis of the spectrum of frequencies 
by which the Doppler signal is constituted [16].

The Doppler frequency shift happens with backscattering of millions of red 
blood cells. The resultant shifted signal is the summation of such multiple Doppler 
frequency shifts.

The processing of Doppler signal is accomplished through various steps. After 
the initial reception, the next step is amplification. It is demodulated, and the char-
acteristic parameters of flow are identified by further spectral processing methods. 
The Doppler shift frequency is proportional to the velocity of the blood flow. The 
power in a particular frequency band of the Doppler spectrum is proportional to the 
volume of blood, under ideal uniform sampling conditions.

As the blood moving with velocities create frequencies in the particular band, 
the power Doppler spectrum has the same shape as the velocity distribution plot for 
the flow in the vessel. The deviation in the shape of the Doppler power spectrum as 
a function of time is normally denoted in the form of sonograms.

7. Conclusion

The frequency level and patterns of lower limb arterial insufficiency in diabetic 
patients can be evaluated by Doppler-based techniques. The most prominent case 
of diabetic foot is the development of vasculopathic changes leading to peripheral 
vascular insufficiency. This can be detected by analyzing velocity spectrum of 
blood flow in the lower limb. Angle-corrected spectral Doppler waveforms should 
be effectively utilized for the recognition procedure. Precise evaluation has to be 
attained with further analysis.
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Abstract

During the 1990s, most diabetic ulcers were considered neuropathic, but the
Eurodiale study showed that more than 50% of these were non-plantar (neuro-
ischaemic and ischaemic). According to the International Guidelines, the neuro-
ischaemic and ischaemic diabetic foot ulcer (DFU) outcomes are connected to
factors related to the wound, leg-associated factors and patients’ comorbidities.
We used wound, ischaemia and foot infection (WIfI) classification system; Trans-
Atlantic Inter-Society Consensus-II (TASC-II) arterial lesion score; and Kaiser
Permanente pyramid (stratification of patients according to their complexity) for
assessing these parameters. From February 2011 to June 2012, we collected 124
episodes of neuro-ischaemic and ischaemic active ulcer in 100 patients: 18 required
major amputation, 14 of them were in WIfI stage 4 and 4 in WIfI stage 3. Ten
patients (over 14 in WIfI stage 4) were classified as TASC-II D. Eight patients (over
the same 14) were classified as the higher risk of Kaiser Permanente pyramid. In
line with other studies, our data support that the WIfI classification correlates well
regarding risk of amputation at 1 year. However, when adding TASC-II and Kaiser
Permanente pyramid assessment, the outcome is even more accurate not only for
limb salvage but also for patients’ survival.

Keywords: critical limb ischaemia, chronic limb-threatening ischaemia, diabetic
foot ulcers, diabetic foot ulcer classification systems, outcome predictors

1. Introduction

Nowadays, diabetes is considered as a leading cause of non-traumatic amputa-
tion all around the world. Despite the high morbidity and mortality associated with
diseases of the foot in diabetes and although it is costly to both healthcare providers
and the patient and their families [1], it is a topic that has generally failed to attract
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the same level of interest by healthcare professionals as other diabetes
complications.

The concept of critical limb ischaemia (CLI) implies that there are objective
values that inform about the perfusion below which, if we do not increase the blood
supply, the limb will be lost. CLI was defined for the first time in 1982 as rest pain
with ankle pressure < 40 mmHg or necrosis and ankle pressure < 60 mmHg [2]. In
2017 the European Society of Cardiology and the European Society for Vascular
Surgery (ESC/ESVS) guidelines on the diagnosis and treatment of peripheral arte-
rial disease (PAD) have replaced the term critical limb ischaemia with chronic limb-
threatening ischaemia (CLTI). The authors gave three arguments for this change:
first, not all patients are in a “critical” situation even if they are not revascularized.
Second, due to change in the population affected, mostly diabetics with neuro-
ischaemic ulcers, it was recognized that severe ischaemia was not the only underly-
ing cause. And finally, the risk of amputation does not only depend on the extent of
ischaemia but also on the presence of wound and infection [3].

According to the World Health Organization (WHO), the diabetic foot may be
defined as a group of syndromes in which neuropathy, ischaemia and infection lead
to tissue breakdown, resulting in morbidity, possible amputation and mortality [4].

It is admitted that ischaemic and neuro-ischaemic ulcers have similar behaviour
to each other compared to the neuropathic ones referred to major amputation and
survival [5].

Before the Eurodiale study, published in 2007 [6], it was widely believed that
most diabetic ulcers were neuropathic, but this study found that:

• More than 50% (52%) of the foot ulcers were non-plantar (ischaemic and
neuro-ischaemic).

• More than 50% (58%) of patients with an ulcer had signs of infection.

• One third of the patients (31%) had signs of both peripheral arterial disease
and infection. These patients have a worse prognosis; they take longer to heal
and have more amputations and more risk of dying. They have a distinct
profile: they are older and have more non-plantar ulcers, greater tissue loss and
more serious comorbidities.

The results from the Eurodiale study underlined that not only ulcer healing
depends on the wound, the limb and the patient, but also the future of the extremity
and patient survival too.

The International Guidelines [7] have published similar results: the
neuro-ischaemic and ischaemic diabetic ulcer outcome is connected to:

• Factors related to the wound (the most important is the extent of tissue
involvement).

• Limb-related factors (in these cases severity of PAD).

• Patients’ comorbidities (see Figure 1).

Apelqvist in 1151 patients with diabetes and CLTI confirmed the three above-
mentioned factors. Moreover, revascularization is the major driver for ulcer healing.
In fact, both percutaneous transluminal angioplasty (PTA) and open vascular sur-
gery increased the probability for primary healing with an odds ratio (OR) of 1.77
and 2.05, respectively [8].
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However, data about natural history of the disease are scarce. Elgzyri in 602
patients with diabetic foot ulcer (DFU) who had been considered as CLTI and were
not revascularized reported that [9]:

• 50% healed primarily with wound care or with minor amputation

• 17% healed, but after a major amputation

• 33% died with limbs intact but with unhealed wounds

1.1 Multidisciplinary team approach

Dr. Joslin, the famous American diabetologist, observed that after the introduc-
tion of insulin, “the mortality from diabetic coma had fallen dramatically (from 60
to 5%) yet deaths from diabetic gangrene of the foot and leg had risen significantly”.
He believed that diabetic gangrene was preventable and his remedy was a team
approach involving nurses, surgeons and podiatrists for limb salvage and foot care.
He was also the first to advocate for teaching patients to care for their own diabetes
and the first who named diabetes as a serious public health issue that was becoming
a pandemic [10].

Dr. Edmonds in 1979 in UK recognized the need for coordinated intensive care
of patients with diabetic foot with input from several disciplines, including
diabetology, medicine, orthopedics and vascular surgery as well as podiatrists,
orthotists and nurses. This initiative resulted in an immediate 50% reduction in
major amputations (1984). Specific emphasis was placed on podiatric debridement,
off-loading, infection control and diabetes care [11].

The diabetic rapid response acute foot team (DRRAFT) guidelines [12],
published in 2009, suggest that the vascular surgeon and diabetic podiatrist consti-
tute the minimum in the formation of a diabetic foot team.

The authors defined seven vital skills for such a team to be able to effectively
manage the lower-extremity complications of diabetes (see Table 1).

The Multidisciplinary Diabetic Foot Unit (MDFU) was introduced at our insti-
tution in February 2011. The team was working in three levels of care: primary
prevention, acute patients’ treatment and outpatient postoperative management.
Day-to-day care was carried out by a podiatrist and a vascular surgeon, the basic
American “toe and flow” approach [13]. An algorithm for urgent referral was
introduced in our Unit regarding the ulcer, the leg and the patient (see Figure 2).

Figure 1.
Contributors to the neuro-ischaemic and ischaemic diabetic foot ulcers (DFUs) outcomes. *PAD, peripheral
arterial disease; **CO-MORB, comorbidities.
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1.2 Understanding diabetic foot ulcer classifications

Classifications that we use in daily clinical practice are compartmentalized: some
refer only to infection, and others only to ischaemia or only treat descriptive aspect
of ulcers [14] (see Table 2).

Monteiro-Soares in a meta-analysis published in 2014 identified 25 different
classification systems for diabetic foot ulcers. Of those, eight used a descriptive
basis, and seven utilized prognostic stratification classification systems, but few
studies evaluated their reliability or external validity [15].

The International Working Group on Diabetic Foot (IWGDF) has published
in 2019 his updated guidelines on the prevention and management of diabetic foot
disease with a new and special chapter focus on the classification of active diabetic
foot ulcers. The authors identified eight key factors judged to contribute to the
scoring of classifications: some are patient-related (e.g., end-stage renal failure

Haemodynamic and anatomic vascular assessment with revascularization, as necessary

Biomechanical and podiatric assessment with surgical and non-surgical intervention as necessary

Peripheral neurological examinations

Wound assessment and staging/grading of infection and ischaemia

Site-specific bedside and intraoperative incisions and debridement, taking samples for culture using an
appropriate technique

Initiate and modify culture-specific and patient-appropriate antibiotic therapy

Conduct appropriate postoperative monitoring to reduce risks of re-ulceration

Table 1.
Minimum skills for constituting a diabetic foot team from DRRAFT [12].

Figure 2.
Multidisciplinary diabetic foot unit organization (toe and flow inspired). GP, general practitioner; ER,
emergency room; N&E, nurses and endocrinologist; CV, cardio vascular; iv AB, intravenous antibiotics.
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(ESRF)); others, limb-related (e.g., PAD and loss of protective sensation) and lastly
ulcer-related (area, depth, site, single or multiple and infection). They identified
five clinical key situations too and recommended one specific classification for each
one: communication among health professionals; predicting the outcome of an
individual ulcer; aid to clinical decision-making for an individual case; assessment
of a wound, with or without infection, and peripheral artery disease; and audit of
outcome in local, regional or national populations [16–18] (see Tables 3–5).

In order for a stratification system of a disease to be relevant, it is expected that
it will give us a risk scale with respect to natural history and that the classification is
detailed enough to compare different treatments. Thus, the scale could be descrip-
tive and predictive at the same time. In January 2014 the Society for Vascular
Surgery (SVS) published the new classification system for CLTI based on wound
extent, degree of ischaemia and foot infection (WIfI), with scales from 0 to 3, for
each one of these parameters [19].

Classification
system

Main points Pros/cons

Meggitt-Wagner Assesses ulcer depth plus the
presence of gangrene and loss of
perfusion using six grades (0–5)

Well established
Conversely, infection and ischaemia
are not fully addressed

Texas University Assesses ulcer depth, infection and
ischaemia using a matrix of four
grades combined with four stages

Well established
Describes infection and ischaemia
better than Meggitt-Wagner but
informs only about yes or no (is not
categorized). May help in predicting
the outcome of DFUs

PEDIS
Perfusion, extent (size),
depth (tissue loss),
infection and sensation
(neuropathy)

Developed by IWGDF
Uses four grades (1–4)

User-friendly (clear definitions, few
categories) for practitioners with a
lower level of experience with
diabetic foot management

SINBAD
Site, ischaemia,
neuropathy, bacterial
infection, area and depth

It grades area, depth, infection
arteriopathy and neuropathy and
site. Uses a scoring system to help
predict outcomes and enable
comparisons between different
settings and countries

Simplified version of the S (AD)
SAD classification system.
Includes ulcer site as data suggests
this might be an important
determinant of outcome

Table 2.
Pros and cons of some common wound classification systems for DFUs [14].

Clinical scenario Classification recommended

Communication among health professionals *SINBAD

Predicting the outcome of an individual ulcer None

Assessment of infection **IDSA/IWGDF#

Assessment of perfusion and the likely benefit of revascularization WIfI##

Audit of outcome in local, regional or national populations SINBAD
*SINBAD, site, ischaemia, neuropathy, bacterial infection, area and depth.
**IDSA, Infectious Diseases Society of America.
#IWGDF, International Working Group on Diabetic Foot.
##WIfI, Wound, Ischaemia and foot Infection.

Table 3.
IWGDF classification system recommendations [16].
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WIfI classification represents a summary of multiple previously published clas-
sifications focused on diabetic foot ulcers and pure ischaemia or infection models
and is the first one which reports on the risk of amputation and benefit of revascu-
larization at 1 year.

With respect to the wound, WIfI integrates the Texas University classification
that is validated and adds the gangrene component. The authors include pain at rest
and gangrene of ischaemic cause. Depth takes preference over extension, and there
is a measure of what is going to lose (see Table 6).

WIfI ischaemia is stratified not only according to ankle-brachial index (ABI)
figures but also ankle pressure and digital pressure. They are categorized up to
moderate degrees of ischaemia. Alternatives to the ABI are included, and digital
pressure is considered mandatory in diabetic patients (see Table 7).

WIfI collects the characteristics of the Infectious Diseases Society of America
(IDSA) (validated) and the IWGDF (see Table 8).

Based on the results obtained in each parameter, a Delphi survey among 12
experts was conducted. A table for estimating the risk of major amputation over the
first year and the theoretical benefit of revascularization was elaborated.

Category Definition Score

Site Forefoot
Midfoot and hindfoot

0
1

Ischemia Pedal blood flow intact (at least one palpable pulse)
Clinical evidence of reduced pedal flow

0
1

Neuropathy Protective sensation intact
Protective sensation lost

0
1

Bacterial infection None
Present

0
1

Area Ulcer <1 cm2

Ulcer >1 cm2
0
1

Depth Ulcer confined to the skin and subcutaneous tissue
Ulcer reaching the muscle, tendon or deeper

0
1

Total possible score 6

Table 4.
SINBAD classification system [17].

Clinical manifestations Infection
severity

PEDIS
grade

Wound lacking purulence or any manifestations of inflammation Uninfected 1

Presence of >2 manifestations of inflammation (purulence, erythema,
tenderness, warmth or induration), but any cellulitis/erythema extends
<2 cm around the ulcer, and the infection is limited to the skin or superficial
subcutaneous tissues; no other local complications or systemic illness

Mild 2

Infection (as above) in a patient who is systemically well and metabolically
stable but which has >1 of the following characteristics: cellulitis extending
>2 cm, lymphangitic streaking, spread beneath the superficial fascia, deep
tissue abscess, gangrene and involvement of muscle, tendon, joint or bone

Moderate 3

Infection in a patient with systemic toxicity or metabolic instability (e.g.
fever, chills, tachycardia, hypotension, confusion, vomiting, leukocytosis,
acidosis, severe hyperglycemia or azotemia)

Severe 4

Table 5.
IDSA/IWGDF system [18].
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Wound grade Diabetic foot ulcer (DFU) Gangrene

0 No ulcer
Clinical description: minor tissue loss
(1 or 2 digits)

No gangrene
Salvageable with simple digital amputation or
skin coverage

1 Small, shallow ulcer(s) on distal leg or
foot; no exposed bone, unless limited to
the distal phalanx
Clinical description: minor tissue loss
(1 or 2 digits)

No gangrene
Salvageable with simple digital amputation or
skin coverage

2 Deeper ulcer with exposed bone, joint
or tendon; generally, not involving the
heel; shallow heel ulcer, without
calcaneal involvement
Clinical description: major tissue loss

Gangrenous changes limited to digits
Salvageable with multiple (>3) digital
amputation or standard trans-metatarsal
amputation (TMA) � skin coverage

3 Extensive, deep ulcer involving the
forefoot and/or midfoot; deep full-
thickness heel ulcer � calcaneal
involvement
Clinical description: extensive tissue
loss

Extensive gangrene involving the forefoot and/
or midfoot; full-thickness heel necrosis and
calcaneal involvement
Salvageable only with a complex foot
reconstruction or non-traditional TMA
(Chopart or Lisfranc) flap coverage or
complex wound management needed for large
soft tissue defect

Table 6.
Wound from WIfI system [19].

Ischemia
grade

Ankle-brachial
index

Ankle systolic pressure
(mmHg)

Toe pressure, trans-cutaneous oxygen
pressure (mmHg)

0 >0.80 >100 >60

1 0.6–0.79 70–100 40–59

2 0.4–0.59 50–70 30–39

3 <0.39 <50 <30

Table 7.
Ischemia from WIfI system [19].

Foot infection grade Clinical manifestations

0 No symptoms or signs of infection
Infection present, as defined by the presence of at least 2 of the following items: local
swelling or induration; erythema >0.5 to <2 cm around the ulcer; local tenderness or
pain; local warmth; purulent discharge: thick, opaque to white or sanguineous secretion

1 Local infection involving only the skin and the subcutaneous tissue (without
involvement of deeper tissues and without systemic signs as described below). Exclude
other causes of an inflammatory response of the skin (e.g. trauma, gout, acute Charcot,
neuro-osteoarthropathy, fracture, thrombosis, venous stasis)

2 Local infection (as described above) with erythema >2 cm, or involving structures
deeper than the skin and subcutaneous tissues (e.g. abscess, osteomyelitis, septic
arthritis, fasciitis), and no systemic inflammatory response signs (as described below)

3 Local infection (as described above) with the signs of SIRS, as manifested by two or more
of the following: temperature > 38°C or < 36°C; heart rate > 90 beats/min; respiratory
rate > 20 breaths/min or PaCO2 < 32 mmHg; white blood cell count >12,000 or < 4000
cu/mm or 10% immature (band) forms

Table 8.
Foot infection from WIfI system [19].
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Table 8.
Foot infection from WIfI system [19].
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When calculating the benefit of revascularization, they assume that the infection
is controlled. Intraclass correlation coefficient for the amputation in the first year
was 0.81/0.98 and for the benefit of revascularization 0.76/0.97 (see Table 9).

2. Looking at the big picture

In a recent meta-analysis published in 2019 regarding the prognostic value of the
WIfI classification in patients with CLTI and where 12 studies comprising 2669
patients were evaluated, the authors conclude that “the likelihood of an amputation
after 1 year in patients with CLTI increases with higher WIfI stages”. But, “the
current evidence is not sufficient for the instrument to be helpful in clinical decision
making for patients with CLTI and prospective studies are needed to determine its
role in clinical practice” [20]. We are aware that the risk of amputation increases as
the WIfI clinical stage progresses from stage 1 to stage 4. However, data regarding
those with PAD and their anatomical conditions and patients’ comorbidities are
lacking in WIfI classification system. By better defining and understanding CLTI
spectrum, we need to include arterial lesion classification and patients’
comorbidities.

Table 9.
WIfI prediction tables. Adapted from the original [19].
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Existing systems of classification of critical ischaemia (e.g., classical Fontaine
and Rutherford) do not adequately explain the extent of tissue loss or the presence
and severity of infection. In recent years, most classifications have focused on
anatomical details extracted from arteriography without paying attention to the
physiological state of the limb, for example, the Bollinger, Graziani and Trans-
Atlantic Inter-Society Consensus (TASC-I and TASC-II) classifications. Although
there are criticisms, the TASC-I and TASC-II classifications are the only ones that
carry recommendations for treatment [21] (see Figure 3). And we should also use a
classification that describes the state of the arteries in the foot [22].

If we assume that in ulcer healing, factors are related not only to the wound itself
but also to the limb and the patients are involved, we need an objective scale that
indicates the type of patient we are treating. For this purpose, among other scales
(e.g. Prevent III and Finnvasc), we have included the categorization of the chronic
pluripathological patient adopted by Osakidetza-Servicio Vasco de Salud
(Osakidetza-SVS, Basque Country National Health Service) in 2011 based on the
good practice model of Kaiser Permanente. Chronic patients are stratified into three
levels of intervention depending on the complexity of the case. At the baseline of
the Kaiser Permanente pyramid, the healthy members of the population are located
for whom prevention, health promotion and risk factor control interventions are a
priority. In the first level, where the majority of chronic patients we find concen-
trated, the interest is focused on promoting self-care. In the second level are chronic
patients with the prominence of a particular disease or organ and who can benefit
from the “disease management”, and, finally, in the highest level of the pyramid are
those patients with very complex cases that need integral management. Although
they are not the most numerous, these are the ones that consume the most resources
[23] (see Figure 4).

Other scales used in vascular surgery units are Prevent III and Finnvasc. Prevent
III was designed to calculate the amputation-free time after revascularization sur-
gery and consists of a scoring system on various pathologies: dialysis 4 points, tissue
loss 3 points, age ≥ 75 years 2 points, hematocrit ≤30% 2 points and coronary
disease 1 point. A low risk ≤3, medium risk 4–7 or severe risk ≥8 points is attributed
according to the score obtained [24]. Finnvasc score seems to behave better also
when predicting the immediate postoperative outcome [25]. The accuracy of these
scales is acceptable. They are easy to use and very valuable in clinical practice,
especially to help us decide when not to revascularize.

2.1 Population in our study

Based on this background, as part of a doctoral thesis [26], we collected retro-
spectively our data. The aim of the study was to evaluate the implementation of the
WIfI classification mainly on the risk of major amputation and benefit of revascu-
larization at 1 year in a population diagnosed with CLTI and neuro-ischaemic or
pure ischaemic wounds and diabetes. Adding up the TASC-II classification to have
more information on the arterial status of the limb and the result of applying the
Kaiser Permanente pyramid to better profile the type of patient affected.

It is a retrospective and observational study based on episodes of active ulcer in
patients with diabetes collected in a prospective database open from the beginning
of the care activity related to the creation of the Multidisciplinary Diabetic Foot
Unit at Cruces University Hospital.

From February 2011 to June 2012, we treated 122 consecutive patients (151 epi-
sodes) with diabetic foot ulcer. The median age was 70 years (SD 11.35). Men are
73.8%. The median HbA1c was 62.8 mmol/mol (7.9%). Hypertension was present in
82% of our population, coronary artery disease in 53%, chronic kidney disease in 38%
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and 6.0% on dialysis. We retrospectively collected data on 124 (82.11%) ischaemic
and neuro-ischaemic ulcers; 27 pure neuropathic (17.89%) were excluded from the
study. Therefore 115 ulcers in 93 patients were the final population (see Figure 5).

To verify the influence of the different factors on the time to amputation, the
survival of the patients or until healing, wemake use of Kaplan–Meier tables. A univar-
iate andmultivariate Cox regression has also been carried out using a non-automatic
steppingmethod. A level of statistical significance p < 0.05 has been considered for all
tests. The statistical analysis was carried outwith the SPSS program vs. 22.0.

2.2 Our results

In our study 72.6% of patients were revascularized. We follow the
“endovascular-first” policy, but whether the intervention was endovascular or open
is not specified. We had 18 (14.5%) major amputations at one year. Fourteen of
them (78%) were in WIfI stage 4 and 4 (22%) in WIfI stage 3 (see Table 10). The
positive likelihood ratio (LR) was 1.40 (95% CI = 1.04–1.89); and the negative LR

Figure 3.
Modified from TASC-II classification system including below the knee (BTK) lesions [21].

Figure 4.
Adapted from the Kaiser Permanente pyramid model [23].
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was 0.5 (95% CI = 0.20–1.23). In the negative LR, if a patient was in stage 1, 2 or 3,
he/she had double probability for limb salvage than in stage 4.

Regarding the benefit of revascularization, we compared patients classified as
high benefit versus those of moderate and low benefit. Those of very low benefit
were excluded because the intervention would not really be indicated. The positive
LR was 2.08 (95% CI = 1.39–3.13) and negative LR 0.00. Thus, the probability that a
patient with a high benefit of being revascularized according to the WIfI scale, if
this intervention is performed, saves the limb is 73.1%.

In our study the analysis of the area under the receiver operating characteristic
(ROC) curve (AUC) regarding the predictive ability related to amputation risk at
1 year was 0.61 (95% CI = 0.47–0.74) (see Figure 6).

2.2.1 Survival function for major amputation

In our population the median time for suffering a major amputation was
4.01 years (95% CI = 3.69–4.31). Patients who had not undergone prior amputation

Figure 5.
Population under study [26].

WIfI amputation risk at 1 year No Yes Total

Very low, Number
%

5
100.0

0
0.0

5
100.0

Low, Number
%

12
100.0

0
0.0

12
100.0

Moderate, Number
%

30
88.2

4
11.8

34
100.0

High, Number
%

59
80.8

14
19.2

73
100.0

Total Number
%

106
85.5

18
14.5

124
100.0

Table 10.
Number of major amputations at 1 year according to WIfI [26].
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and those who had only a minor one take a median of 4.08 years (95% CI = 3.77–
4.40) and (95% CI = 3.47–4.69), respectively. Patients who had suffered a previous
major amputation were amputated in a median of 1.76 years (95% CI = 0.76–2.77);
the difference was statistically significant p < 0.001 (see Figure 7).

Patients in TASC A, B and C take a median of 4.14 years (95% CI = 3.921–4.367)
to suffer a major amputation, whereas patients classified as TASC D took a median
of 3.75 years (95% CI = 3.306–4.200). The difference was statistically significant
p = 0.009 (see Figure 8).

We found statistical differences regarding the amputation rate only when WIfI
stages 1, 2 and 3 were compared with stage 4. Patients classified according to the
WIfI scale as very low, low and moderate risk of being amputated during the first
year underwent such amputation in a median of 3.92 years (95% CI = 3.60–4.23).
And those classified as high risk presented it in a median of 3.73 years (95%
CI = 3.27–4.18), p = 0.044 (see Figure 9).

Patients with small lesions take a median of 3.90 years to be amputated (95%
CI = 3.58–4.23); those with a major lesion took 4.01 years (95% CI = 3.58–4.43)
compared to those who had extensive wound that took 1.35 years (95% CI = 0.21–
2.48); the difference was statistically significant p < 0.001 (see Figure 10).

Cox regression multivariate analysis identified previous major amputation,
TASC D arterial lesions and extensive ulcer from WIfI (but no global WIfI) as
independent risk factors for major amputation (see Table 11).

2.2.2 Survival function for survival

We must not forget that we are facing elderly and pluripathological patients.
The median survival was 3.42 years (95% CI = 3.08–3.76). Patient’s survival was
84% at 1 year, 66% at 3 years and 50% at 5 years. Five years after the diagnosis of
CLTI, only half of the population survived regardless of whether the limb was saved
or amputated (see Figure 11).

Figure 6.
Area under the ROC curve [26].

122

The Eye and Foot in Diabetes

Figure 7.
Survival function for major amputation according to previous one [26].

Figure 8.
Survival function for TASC-II major amputation risk at 1 year comparing a, B and C versus D.
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Figure 9.
Survival function for WIfI major amputation risk at 1 year stages 1, 2 and 3 compared with stage 4 [26].

Figure 10.
Survival function for major amputation according to wound from WIfI.
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In our study, 51% of patients were in the Kaiser Permanente pyramid highest
risk zone. Patients who did not reach the top of the pyramid survive a median of
4.25 years (95% CI = 3.88–4.62), and those who accumulate more pathology survive
a median of 3.30 years (95% CI = 2.90–3.70), p < 0.001 (see Figure 12).

The Cox regression multivariate analysis has shown that only the stratification of
the pluripathological patient according to the Kaiser Permanente model is an inde-
pendent risk factor for death. The most pluripathological patients are classified at
the top of the pyramid (red color) and have a risk of dying 8.27 times higher (95%
CI = 2.48–27.59).

2.2.3 Survival function for wound healing time (WHT)

The median time for ulcer healing, in our study, was 7.65 months (95%
CI = 5.723–9.587) which is equal to 230 days.

Previous history of amputation influences wound healing time. Thus, in patients
with no past history of amputation, the medianWHTwas 13.4 months (95% CI = 9.65–
17.20); in those with a minor amputation, 15.7 months (95% CI = 10.34–21.20); and in
patients with a major one, 34.5 months (95% CI = 23.50–45.55), p = 0.006.

HR 95% CI

p-value HR Inferior Superior

No previous amputation (reference) <0.001

Yes, minor 0.987 0.987 0.197 4.934

Yes, major <0.001 20.720 6.013 71.406

TASC D (recoded) 0.003 27.952 3.000 260.452

WIfI extensive lesion (reference) 0.016

Small lesion 0.194 2.248 0.662 7.632

Major lesion 0.004 11.868 2.184 64.490

Table 11.
Cox regression multivariate analysis for major amputation.

Figure 11.
Patient’s survival function [26].
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As the arterial lesions become more complex according to TASC-II and more
extensive according to WIfI, wound healing time is longer, p = 0.005 and
p < 0.001, respectively. There is more information about WHT in a previous
paper published by our group in 2017 [27].

Patients who followed podiatric treatment take a median of 7.5 months in
healing (95% CI = 6.14–9.03) and those who did not take a median of 12 months
(95% CI = 2.18–22.00), p = 0.012. Unfortunately, this factor was only significative
at Cox regression univariate analysis.

Cox regression multivariate analysis identified previous amputation, TASC-II
classification and wound from WIfI (but no global WIfI) as independent risk
factors for wound healing (see Table 12).

HR 95% CI

p-value HR Inferior Superior

TASC D (reference) <0.001

TASC A 0.001 6.672 2.206 20.181

TASC B <0.001 5.517 2.208 13.783

TASC C 0.028 1.828 1.068 3.126

Extensive lesion (reference) 0.040

Small 0.025 9.959 1.336 74.252

Major 0.057 6.985 0.946 51.580

Previous major amputation (reference) 0.008

No amputation 0.010 13.696 1.868 100.391

Minor amputation 0.044 8.099 1.060 61.874

Table 12.
Cox regression multivariate analysis for wound healing time [26].

Figure 12.
Survival function comparing low and median levels with high level at Kaiser Permanente pyramid [26].

126

The Eye and Foot in Diabetes

2.3 Discussion

Reviewing the van Reijen meta-analysis which compares the best methodologi-
cal 12 scientific papers published until June 2018 focused on the prognostic value of
the WIfI classification in patients with CLTI, only one study included exclusively
patients with diabetes, whereas others excluded them.

Regarding treatment, six studies included revascularized patients in different
ways, and the other six also included patients with conservative treatment.

The prognostic value of the WIfI classification was studied retrospectively (as in
our study) in all but one which implies a certain risk of information bias. Five
studies performed a multivariate analysis for the WIfI classification on major
amputation, but in four of them, clinical stage or reference was not reported.

The authors recognize that the likelihood of a major amputation after 1 year in
patients with CLTI increases with higher clinical WIfI stages, especially in stage 4 in
spite of diverging range of patients included (hospitalized/outpatients; requiring
hemodialysis or not; invasively or conservative treatment; diabetics/non-diabetics;
etc.). This could, partly, explain the statistical heterogeneity that they found.
Although the concept of the WIfI classification is well designed, it only considers
the status of the affected limb with neither additional information related to vascu-
lar anatomy involved nor patients’ comorbidities [20] (see Tables 13 and 14).

2.4 Conclusions

In conclusion, in our study, we identified a previous amputation, TASC-II clas-
sification and wound fromWIfI (but no global WIfI) as independent risk factors for
major amputation and wound healing time. And, among other comorbidities, only

% Major amputation >1 year % AFS >1 year % Limb salvage >1 year

WIfI I 0 83 95

WIfI II 8 76 92

WIfI III 11 75 91

WIfI IV 38 55 61

Table 13.
Results of van Reijen meta-analysis [20].

Cull Zhan Causey Beropoulis Darling Ward Vela

Age (years) 70 +/� 11 58 +/� 16 66 77 +/� 15 71 +/� 12 62.8 70 +/� 11

Males % 62 79 62 61 53 — 74

HbA1c % — — — — — — 7.9

DM % 66 93 76 0 77 72 100

Prevent III at high risk — — 17% 5.2 +/� 2.4 — — —

Kaiser high risk level % — — — — — — 51

Hypertension % 93 86 85 — 84 84 82

CAD % 63 55 47 54 49 — 53

CKD % — 41 — 37.5 23 — 38

Dialysis % 14 20 23 15.5 18 — 6

Table 14.
Population comparison from some studies included on van Reijen meta-analysis and our study.
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As the arterial lesions become more complex according to TASC-II and more
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HR 95% CI

p-value HR Inferior Superior
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TASC A 0.001 6.672 2.206 20.181

TASC B <0.001 5.517 2.208 13.783
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Minor amputation 0.044 8.099 1.060 61.874

Table 12.
Cox regression multivariate analysis for wound healing time [26].

Figure 12.
Survival function comparing low and median levels with high level at Kaiser Permanente pyramid [26].
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the stratification of the pluripathological patient according to the Kaiser
Permanente model was recognized as an independent risk factor for death.

Of course, our study has certain limitations: it is retrospective but is based on
test and images included in our electronic database. The population is small, and we
need to recode some items in order to increase statistical significance. Moreover,
our patients are in-hospital, with CLTI and diabetes. But our goal was “the better
definition of the population, the better accuracy of the results”. Infection was no
significant because it was controlled on antibiotics.

In line with other publications, our data support that the WIfI classification
system correlates well with clinical outcomes regarding risk of amputation at one
year and WHT. However, when adding TASC-II and, in our case, Kaiser
Permanente pyramid assessment, the outcome is even more accurate not only for
limb salvage but also for patients’ survival.

Considering all this information, not onlymore prospective studies if not a new three-
dimensional score capable to predicting the outcome of an individual ulcer paying atten-
tion to the better characterization of the population involved should be implemented.
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Chapter 9

Diabetic Foot Ulcer: An Easy and 
Comprehensive Approach
Imran Ali Shaikh, Naila Masood Sddiqui  
and Javeria Hameed Shaikh

Abstract

Foot problems are commonly involved in diabetes, and the most common 
presentation of diabetes is an ulcer. Diabetic foot ulcer is a complex problem caused 
by reduced blood supply, nerve damage, or infection. But unfortunately in most 
of cases, these three factors have played a role for impairment of diabetic feet. 
Sometimes nerve damage or neuropathy is an initial insult, and multiple times 
ischemia is the leading factor for ulcer formation. After certain period, infection 
finally supervenes and makes a sterile ulcer to infected leads to loss of limb or foot. 
This becomes more complicated because of less pronounced ischemic symptoms in 
diabetic than non-diabetics. Furthermore, the healing of a neuroischemic ulcer is 
slowed down by microvascular dysfunction. Therefore, some ulcers can get better 
by revascularization, but pure ischemic ulcers rarely respond to revascularization. 
Many guidelines have largely ignored these specific demands related to ulcerated 
neuroischemic diabetic feet. Any diabetic foot ulcer should always be considered to 
have vascular impairment unless otherwise proven. This chapter highlights the best 
way to diagnose and treat these patients with diabetic foot ulcer. Most of the studies 
dealing with neuroischemic diabetic feet are not comparable in terms of patient 
populations, interventions, or outcomes. Therefore, there is an urgent need for a 
paradigm shift in diabetic foot care, that is, a new approach and classification of 
diabetics with foot ulcer in regard to clinical practice and research.

Keywords: diabetic, ulcer, Hyderabad, diabetic foot, diabetic foot ulcer, 
revascularization

1. Introduction

Diabetic foot ulcer is a late and disfiguring complication, which leads to higher 
risk of amputation of any part of the foot or leg. Therefore diabetic foot disease has 
major medical, economic, and social consequences. It is very important to treat it 
with proper protocol to save patients from fatal and disabling complications.

The complexity is to understand the main insult which can be diabetic periph-
eral arterial disease, neuropathy, or infection. The healing process is also halted due 
to impaired collagen synthesis. Vascular disease varies from arteritis, occlusion, and 
large vessel atherosclerosis.

The diabetic foot ulcer is a cave of infection, severe vessel ischemia, and multiple 
painless traumas. Factors that exacerbate the problem are advanced age, duration of 
the diabetes, and control of diabetes.
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This becomes more complicated because of less pronounced ischemic symptoms in 
diabetic than non-diabetics. Furthermore, the healing of a neuroischemic ulcer is 
slowed down by microvascular dysfunction. Therefore, some ulcers can get better 
by revascularization, but pure ischemic ulcers rarely respond to revascularization. 
Many guidelines have largely ignored these specific demands related to ulcerated 
neuroischemic diabetic feet. Any diabetic foot ulcer should always be considered to 
have vascular impairment unless otherwise proven. This chapter highlights the best 
way to diagnose and treat these patients with diabetic foot ulcer. Most of the studies 
dealing with neuroischemic diabetic feet are not comparable in terms of patient 
populations, interventions, or outcomes. Therefore, there is an urgent need for a 
paradigm shift in diabetic foot care, that is, a new approach and classification of 
diabetics with foot ulcer in regard to clinical practice and research.
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1. Introduction

Diabetic foot ulcer is a late and disfiguring complication, which leads to higher 
risk of amputation of any part of the foot or leg. Therefore diabetic foot disease has 
major medical, economic, and social consequences. It is very important to treat it 
with proper protocol to save patients from fatal and disabling complications.

The complexity is to understand the main insult which can be diabetic periph-
eral arterial disease, neuropathy, or infection. The healing process is also halted due 
to impaired collagen synthesis. Vascular disease varies from arteritis, occlusion, and 
large vessel atherosclerosis.

The diabetic foot ulcer is a cave of infection, severe vessel ischemia, and multiple 
painless traumas. Factors that exacerbate the problem are advanced age, duration of 
the diabetes, and control of diabetes.
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Diabetic foot ulcers are classified in many ways, but many systems of classifica-
tion are complex to interpret. Hence, particular attention to feet care should be a 
central focus in educating and managing patients with diabetes to ensure that ulcer 
is either prevented or noticed early enough.

2. Classification and epidemiology of diabetes and foot ulcer

Persistent elevation of blood sugar is associated with major metabolic abnor-
malities in diabetic patients and damages to various organs and systems, leading to 
life-threatening complications, which can be overt like major cardiovascular events 
and cerebrovascular accidents or covert such as retinopathy or nephropathy.

Diabetes mellitus is broadly classified into four types by etiology and clini-
cal presentation, type 1 diabetes, type 2 diabetes, gestational diabetes (GDM), 
and other less common types of diabetes, which include monogenic diabetes and 
secondary diabetes.

1. Type 1 diabetes, which involves autoimmune beta-cell destruction, leads to 
absolute insulin deficiency.

In the past decade, there was a 21% increase in the number of type 1 diabetes in 
the USA [1], and the prevalence is increasing at a rate of 3% per year globally 
[2]. Another study reported that the annual increase was 2% in type 1 diabetes 
and 5% for type 2 diabetes [3].

There is no gender variation in type 1 diabetes [4], and type 1 diabetes reduce 
life expectancy by 13 years as per data reported [5]. Approximately 15% of 
adults to diagnosed with type 2 diabetes have actually latent autoimmune dia-
betes of adults, which are a variant of type 1 diabetes [6].

2. Type 2 diabetes (steady loss of beta-cell insulin secretion or insulin resistance).

3. Gestational diabetes mellitus (GDM) (diabetes diagnosed in the second or 
third trimester of pregnancy).

4. Specific types of diabetes due to other causes:

• maturity-onset diabetes of the young [MODY] or neonatal diabetes;

• diseases of the pancreas, for example, cystic fibrosis and chronic  
pancreatitis; and

• drug- or chemical-induced diabetes.

Nearly 463 million adults (20–79 years of age) are living with diabetes; by 2045, 
this will rise to 700 million. The proportion of people with type 2 diabetes is 
increasing in most countries, and 79% of adults with diabetes are living in low- 
and middle-income countries. The greatest number of people with diabetes is 
between 40 and 59 years of age.
In past year, subcontinents were affected enormously. It was estimated that 

nearly 20 million adults in Pakistan were diabetics, putting them at risk for major or 
minor complications, and approximately 8 million are still undiagnosed [7].

There are many contributing risk factors for type 2 diabetes: poor socioeco-
nomic status, reduced literacy in 41%, low occupation in 31%, and less income in 
40% [8].
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More than 15% of diabetic people during their lives experience foot ulcers [6]. 
These ulcers account for more than 80% of nontraumatic lower limb amputations 
[9]. The burden of foot ulcer in diabetes varies from 3% in Oceania to 13% in 
North America, Canada (14.8%), Asia 5.5%, and Europe 5.1% [10].

The annual incidence of diabetic foot ulcer or necrosis in diabetic patients is 
known to be about 2–5%, and the lifetime risk ranges from 15 to 20% [11].

3. Risk factors for diabetic foot ulcer

Males are affected more than females, and it is more common in the elderly 
above 60 years of age. Several studies have reported racial predisposition. One 
author has evaluated that the increased risk of amputation in African blacks was 
2- to 3-fold higher than that in whites [12].

The diabetic foot ulcer is seen in lower socioeconomic class (78.2%) [13]. 
Smoking aggravates macrovascular complications including peripheral  
arterial disease.

It has been observed that 47% of patients who had previous ulceration walked 
barefooted within the house and 17% walked barefooted outside [14]. Neuropathy 
was involved in more than half of diabetic foot ulcers [15], while peripheral vascu-
lar disease accounts for about 15% alone and 35% in conjunction with neuropathy. 
The unequilibrated distribution of pressure in the foot during walking exposes 
pressure bearing points to ulceration [16]. The previous foot ulcers have tendency 
to develop recurrent diabetic foot ulcers.

Previous amputation is undoubtedly a big risk factor in 50% of the diabetic 
foot ulcers. Inappropriate footwears produce foot ulcer frequently in diabetes. 
Poor vision contributes due to diabetic retinopathy with the patient unable to prop-
erly identify injurious objects. Minor or major trauma to foot could be an origin of 
a chronic ulcer or wound.

4. Pathogenesis of diabetic foot ulcer

It is a worst combination of neuropathy and ischemia. It becomes more com-
plicated by infection. This process leads to impaired wound healing, decreased cell 
growth factor response, reduced tissue perfusion, and decreased local angiogenesis.

The precise pattern of diabetic neuropathy is not yet completely understood. 
More evidence has identified the polyol pathway as a major factor in diabetic neu-
ropathy, which leads to oxidative injury. It becomes more complicated when com-
bined with osmotic cell-induced nerve damage, which triggers nerve cell edema. 
More than half of foot ulcers were caused by neuropathy [17].

Multiple neuropathies are involved in diabetic foot ulcer, which cause impaired 
pain sensation and impaired temperature sensation. Sensory diabetic neuropathy 
increases incidence of ulcer at foot approximately sevenfold, compared to diabetic 
patients without sensory neuropathy [18].

Finally ulcer appeared which may become chronic and combined to atrophy 
of foot muscles, flexion extension imbalance and also impaired equilibrium. 
Progressively, repeated pressure at focal points within the foot leads to ulceration. 
Furthermore, there is reduced sweating and dryness of the skin predisposing 
to cracks, which become potential sites for frequent ulceration and portals for 
 bacterial entry.

Peripheral arterial disease is a macrovascular complication and an essential 
contributor to diabetic foot. The endothelial dysregulation that occurs in diabetes 
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leads to reduced production of nitrous oxide (NO), which is a dependable vasodila-
tor and regulates smooth muscle proliferation and leucocyte adhesion, resulting in 
atherosclerosis and vascular narrowing and ischemia.

The limb or foot ischemia can happen even in the presence of palpable pedal 
pulses [19].

Also, hyperglycemia promotes increased levels of fibrinogen and plasminogen 
activator inhibitor which impairs fibrinolysis [20]. These and other abnormalities 
promote platelet adhesion and thrombosis. In addition, the formation of advanced 
glycation end products which are compounds formed by the nonenzymatic 
reaction between sugars and proteins leads to cross linking of molecules in the 
extracellular matrix of the basement membrane. This alters the structure of the 
vessels and promotes stiffness [21]. There is also an increased expression of growth 
factors and adhesion molecules, e.g., intracellular adhesion molecule 1 and vascu-
lar endothelial growth factor [22]. Dyslipidemia also contributes to atherosclerosis. 
In fact, a 1% increase in HbA1C is related to 25–28% of relative risk of peripheral 
arterial disease [23–26].

Wound healing is defective in diabetes partly due to deficient angiogenesis. 
It has been noticed that abnormal excessive and inadequate angiogenesis occurs 
with diabetic complications, delayed closure time, and impaired tissue remodeling 
[27]. The inadequate mobilization of bone marrow-derived endothelial progenitor 
cells (EPCs) to the site of injury is another possible mechanism of impaired heal-
ing. These cells respond to ischemia and populate the injury site where they form 
new vessels [28].

About 60% of diabetic foot ulcers have been infected which could be superficial, 
deep, or more complex such as osteomyelitis [29]. Although typical signs and symp-
toms could be absent, severe infection could present with systemic symptoms, e.g., 
fever, chills, and tachycardia. The Infectious Diseases Society of America (IDSA) 
criteria for severe diabetic foot infection are temperature of >100°F, tachycardia, 
tachypnea or respiratory alkalosis, leukocytosis, or leucopenia [30]. The commonly 
isolated organisms are Staphylococcus aureus, S. epidermidis, and Streptococcus spe-
cies. Methicillin-resistant S. aureus (MRSA) complicates 32% of infections, and it is 
associated with treatment failure. Among anaerobes, Peptostreptococcus magnus and 
Bacteroides fragilis have been isolated. The majority of cases are polymicrobial. S. 
aureus, Group B Streptococcus, and gram-negative Bacilli are associated with limb-
threatening infections [31].

5. Classification of diabetic foot ulcer

Wagner classification system: This system focused on physical characteristics 
of ulcer, depth, and the presence of osteomyelitis or gangrene (0–5) [32].

SINBAD ƒ assesses site, ischemia, neuropathy, bacterial infection, and depth 
and uses a scoring system 0–6. It has been focused on clinical and gross pathological 
changes of ulcer.

PEDIS classification: This system was designed by the International Working 
Group on the Diabetic Foot and uses the same five components of S(AD) SAD: perfu-
sion, extent, depth, infection, and sensation. It does not include ulcer location [33].

DEPA classification: This system looks at four aspects of ulcers: depth, extent 
of bacterial colonization, phase of healing, and associated etiology. Each category is 
scored from 1 to 3 according to severity.

University of Texas ƒ has been proven effective at predicting lower extremity 
amputation when combined with Wagner classification, and it comprises four 
grades, A to D, and four stages, 1–4 [34].
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Kobe’s Classification focused on neuropathy, infection and vasculopathy: Type 1, 
mainly peripheral neuropathy (PN); type 2, mainly peripheral arterial disease (PAD); 
type 3, mainly infection; and type 4: all three combined, neuropathy, peripheral arte-
rial disease with infection [35].

SAD stands for sepsis, arteriopathy, and denervation system. The major draw-
back of this classification is that it is potentially complex and is primarily intended 
for selecting population for prospective research [36].

Diabetic Ulcer Severity Score (DUSS)
The Diabetic Ulcer Severity Score (DUSS) is based on the categorization of 

wounds into specific severity subgroups for a comparison of outcomes. Assessment 
using the DUSS system includes the presence of pedal pulses, the ability to probe 
to the bone within the ulcer, and ulcer quantity and location. The sum of points 
determines severity, with the score ranging from 0 to 4.

6. Approach to diabetic foot ulcer

7. Assessment of risk

8. Investigations

• CBC

• Renal function tests

• CRP and ESR

Feature Neuropathic Ischemic Neuroischemic

Sensation Sensory loss Pain Degree of sensory loss

Callus/necrosis Callus present Necrosis common Minimal callus; prone 
to necrosis

Wound bed Pink and granulating, 
surrounded by callus

Pale and sloughy 
with poor 
granulation

Poor granulation

Foot temperature 
and pulses

Warm with bounding Cool with absent 
pulses

Cool with absent pulses

Other Dry skin and fissuring Delayed healing Risk of infection

Typical location Weight-bearing areas of 
the foot, such as metatarsal 
heads, the heel, and over the 
dorsum of clawed toes

Nail edges and 
between the toes 
and lateral borders 
of the foot

Margins of the foot 
and toes

Prevalence 35% 15% 50%

Risk 
category 0 
[37]

Risk category 1 Risk category 2 Risk category 3

Norma 
plantar 
sensation

Loss of plantar 
sensation

Loss of plantar sensation or poor 
circulation or foot deformity or 
onychomycosis

History of ulceration, 
neuropathic fracture, or 
amputation

Low risk Moderate risk High risk Very high risk
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• Blood sugar levels

• HbA1C

• Blood culture and sensitivity

• X-ray of the foot [38]

• MRI of the foot

• PET scan in osteomyelitis [39]

Ankle brachial index: in normal subjects, the ankle systolic pressure is higher 
than the brachial systolic pressure. The normal ABI > 1; in the presence of ischemia, 
it is <0.9. Absent or feeble pulses, with ABI < 0.9, confirm ischemia [40].

Transcutaneous oxygen tension method TcPO2 less than 20 mmHg has been 
associated with early wound healing failure [41].

• Ultrasound Doppler vascular studies

• CT angiogram

9. Diabetic foot examination

10. Treatment

Treating diabetic foot ulcer is an art and involves multiple specialties. The 
essential team members are physicians, chiropodist, orthopedics, radiologist, and 

Sensory 
exanimation

Vascular examination Deformity Ulcer examination

Vibratory perception: 
128 Hz tuning fork 
or electronic tuning 
fork

Pedal pulses: dorsalis 
pedis, posterior tibial, 
perforating peroneal

Bunions, hammertoes, 
bone spurs, 
plantarflexed 
metatarsals, pes cavus 
foot type

Area, toe, metatarsal 
forefoot, lateral, medial

Achilles reflex Erythema or cyanosis Hallux limitus, 
Achilles/
gastro equinus, 
overpronation

Ischemic or neuropathic 
or mixed

Monofilament test 10 
point touch [42]

Intermittent 
claudication score

Rocker bottom 
appearance

Small <10 cm, moderate 
11–40 cm, severe 
>40 cm

Vibration perception 
threshold (VPT)

Temperature 
comparison between 
feet

Prior amputation Cool with absent pulses

Temperature 
sensation

Dry skin and fissuring Gait evaluation Depth; probe test

Pain sensation Vascular Doppler 
ultrasonography

Foot drop, atrophy, 
necrobiosis lipoidica 
diabeticorum

Healing or nonhealing
(inflammatory 
granulating 
epithelialization)
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vascular surgeon. The focus would be ensuring targeted HbA1c, revascularization, 
wound healing with or without debridement, shading of excessive load over foot or 
limb, and limiting infection by antibiotics and assessment of complications. Focus 
on the patient’s education and nutrition is very important in reducing recurrence of 
diabetic foot ulcer.

10.1 Offloading

It means reduction, redistribution, or sharing pressures over the ulcer area. It is 
a well-known fact that offloading is one of the cornerstones of successful diabetic 
foot ulceration management and prevention. The aim is to reduce the plantar pres-
sure by redistributing it to a larger area, to avoid shear and friction, and to accom-
modate the deformities [43].

For diabetic foot ulcer, a proper cast is necessary; for example, nonremovable 
cast devices are the most clinically effective for neuropathic forefoot and mid-foot 
ulceration. The aim is to immobilize the foot and ankle within the cast, which 
significantly reduces shear force.

The total contact cast is a below-knee cast that encroaches the lower limb, encasing 
the whole foot. It is the main cast for mid- and forefoot lesions and for neuropathic 
noninfected plantar ulcers. Healing was reported in almost 100% cases of ulcers within 
5–8 weeks. For non-cast offloading devices, half shoes are designed to offload either 
the fore or rear foot. We can decide by giving examples below about casting devices:

Rear foot
For weight-bearing:
Crutches with or without a below-knee cast and a half shoe.
For non-weight-bearing:
Leg trough, pressure-relieving mattress and flexible heel cast or pillows.

Mid-foot
Total contact cast, below-knee cast, or fiberglass boot. Felt padding can be 

shaped to cover the sole of the foot with a cavity at the ulcer site.

Forefoot
Half shoe; leg- or boot-type cast is the most effective method for offloading; 

sandals with a foam-filled sink in the sole unit located over the ulcer site may also 
be useful.

Toe
Cut a hole in the part of the shoe overlying the ulcer site to remove the whole toe 

from shoe.
A recent systematic review has found nonremovable offloading devices like 

total contact cast to be more effective for ulcer healing than removable offloading 
devices [44].

11. Control of foot infection

While most DFIs are relatively superficial at presentation, microorganisms can 
spread contiguously to subcutaneous tissues, including fascia, tendons, muscle, 
joints, and bones [45, 46].

First-generation cephalosporin, clindamycin, fluoroquinolone, linezolid.
Moderate infection without systemic involvement.
Ticarcillin/clavulanate, piperacillin/tazobactam; second- or third-generation 

cephalosporin.
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claudication score

Rocker bottom 
appearance

Small <10 cm, moderate 
11–40 cm, severe 
>40 cm

Vibration perception 
threshold (VPT)

Temperature 
comparison between 
feet

Prior amputation Cool with absent pulses

Temperature 
sensation

Dry skin and fissuring Gait evaluation Depth; probe test

Pain sensation Vascular Doppler 
ultrasonography

Foot drop, atrophy, 
necrobiosis lipoidica 
diabeticorum

Healing or nonhealing
(inflammatory 
granulating 
epithelialization)
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vascular surgeon. The focus would be ensuring targeted HbA1c, revascularization, 
wound healing with or without debridement, shading of excessive load over foot or 
limb, and limiting infection by antibiotics and assessment of complications. Focus 
on the patient’s education and nutrition is very important in reducing recurrence of 
diabetic foot ulcer.

10.1 Offloading

It means reduction, redistribution, or sharing pressures over the ulcer area. It is 
a well-known fact that offloading is one of the cornerstones of successful diabetic 
foot ulceration management and prevention. The aim is to reduce the plantar pres-
sure by redistributing it to a larger area, to avoid shear and friction, and to accom-
modate the deformities [43].

For diabetic foot ulcer, a proper cast is necessary; for example, nonremovable 
cast devices are the most clinically effective for neuropathic forefoot and mid-foot 
ulceration. The aim is to immobilize the foot and ankle within the cast, which 
significantly reduces shear force.

The total contact cast is a below-knee cast that encroaches the lower limb, encasing 
the whole foot. It is the main cast for mid- and forefoot lesions and for neuropathic 
noninfected plantar ulcers. Healing was reported in almost 100% cases of ulcers within 
5–8 weeks. For non-cast offloading devices, half shoes are designed to offload either 
the fore or rear foot. We can decide by giving examples below about casting devices:

Rear foot
For weight-bearing:
Crutches with or without a below-knee cast and a half shoe.
For non-weight-bearing:
Leg trough, pressure-relieving mattress and flexible heel cast or pillows.

Mid-foot
Total contact cast, below-knee cast, or fiberglass boot. Felt padding can be 

shaped to cover the sole of the foot with a cavity at the ulcer site.

Forefoot
Half shoe; leg- or boot-type cast is the most effective method for offloading; 

sandals with a foam-filled sink in the sole unit located over the ulcer site may also 
be useful.

Toe
Cut a hole in the part of the shoe overlying the ulcer site to remove the whole toe 

from shoe.
A recent systematic review has found nonremovable offloading devices like 

total contact cast to be more effective for ulcer healing than removable offloading 
devices [44].

11. Control of foot infection

While most DFIs are relatively superficial at presentation, microorganisms can 
spread contiguously to subcutaneous tissues, including fascia, tendons, muscle, 
joints, and bones [45, 46].

First-generation cephalosporin, clindamycin, fluoroquinolone, linezolid.
Moderate infection without systemic involvement.
Ticarcillin/clavulanate, piperacillin/tazobactam; second- or third-generation 

cephalosporin.
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Third-generation cephalosporin, impinemen.
Ugly ulcer with systemic signs.
Ticarcillin/clavulanate, piperacillin/tazobactam; + ceftazidime, flucloxacil-

lin + cipro, carbapenem.
Ischemic limb/necrosis/gas forming.
Ticarcillin/clavulanate, piperacillin/tazobactam or carbapenem; second−/third-

generation cephalosporin + clindamycin or metronidazole.

12. Control of ischemia

Revascularization surgery: Patients with peripheral ischemia who have 
significant functional disability should undergo surgical revascularization if 
medical management fails. This may decrease the amputation risk in patients 
with ischemic DFUs.

The procedures include open (bypass grafting or endarterectomy) or endovas-
cular techniques (angioplasty with or without stent) [47].

Extracorporeal shock wave therapy acts by increasing angiogenesis and blood 
supply and cellular proliferation and thus hastening wound healing.

Low-energy lasers have also been used as an adjunctive therapy for DFUs [48].

13. Wound debridement

Ulcers heal more quickly if the surface is clean; physicians must debride impedi-
ments to healing, such as necrotic tissue and bacteria. The popular strategy is to do 
sharp debridement. So removal of necrotic tissue often extends beyond the ulcer 
bed, and some authorities have recommended to debride deeper tissues also.

Other strategy is to convert bad ulcer to fresh ulcer by excise the already an 
ulcer, underlying bony prominences. Good results have been reported with this 
approach [49].

Many other strategies of debridement include physical debridement using 
wet-to-dry dressing, enzymatic debridement using enzymes like collagenase and 
papain as ointment preparations, autolytic debridement with the use of moisture-
retaining dressings, and biological debridement with the use of larvae of common 
green bottle fly [50].

14. Wound dressings

Dressings can provide a warm, moist environment required for healing after 
debridement. Common problems associated with some of these dressings have been 
dehydration of the ulcer bed, saturation with exudate, and/or the failure to properly 
apply antibiotics and growth factors needed to promote angiogenesis and granula-
tion tissue. Non-medicated dressings include paraffin gauze, while medicated 
include Xeroform [51].

Dressing materials include saline-moistened gauze dressings (wet-to-dry), 
moisture-retaining and antiseptic dressings, silver dressings, and cadexomer.

Chemically treated honey can be used alone or in combination with sterile 
dressings [52].

In terms of ulcer healing, a meta-analysis of trials in which people with neuro-
pathic foot ulcers received good wound care reported that 24% of ulcers attained 
complete healing by 12 weeks and 31% by 20 weeks.
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In highly exuding ulcers, dressing is essential in managing the high volume of 
exudate, achieving moisture balance and preventing peri-wound soft tissue dam-
age. The frequency of wound dressing change is important in achieving these goals.

Superabsorbent dressings are designed to absorb high volumes of wound 
exudate and to hold and lock the fluid into the structure of the dressing, which may 
reduce the need for frequent dressing changes.

In a wound with low exudate levels, which contains slough, dressings should be 
selected with the aim of increasing wound moisture to aid autolysis and achieve mois-
ture balance. In the case of black, dry, and necrotic toes due to ischemia, the primary 
goal is to keep the toe dry, prevent infection, and protect adjoining or adjacent issues.

15. Nutrition and diabetic foot ulcer

As the other factors are important for proper care of diabetic foot ulcer, nutri-
tion has a pivotal role in healing, prevention of recurrence, and fair outcome. 
Unfortunately, it is a least considered part of diabetic foot ulcer management.

Imran et al. have shown that BMI was significantly associated with severity of 
ulcer; BMI of 29 was associated with grade 1 ulcer and low BMI of 23 with grade 5 
foot ulcer. Over Mini nutritional assessment scale, a score less than 23.5 was associ-
ated with advanced foot ulcers, score < 17 was associated with significant p value 
<0.03, and score in between 17 and 23.5 was associated with p value of 0.05 [53].

16. Charcot arthropathy

Charcot neuroarthropathy, or Charcot foot, is a complication of diabetes mel-
litus where there is progressive degeneration of the joints. It commonly affects the 
middle of the foot, hindfoot joints, the ankle, and forefoot joints, and it is believed 
to result from inflammation in the tissues. The prevalence of Charcot neuroar-
thropathy is approximately 13% with diabetes [54].

Charcot neuroarthropathy could result in ulceration and infection which can lead 
to amputation of the limb. Early recognition and intervention is imperative to avoid 
the rapid progression toward permanent foot deformity, ulceration, and the possibil-
ity of limb loss. Once it has started, ongoing inflammation leads to bone deformities.

The acute Charcot arthropathy results in bony reabsorption and multiple spon-
taneous fractures. Charcot joint changes can be classified into stages.

0 (prodromal): Elevated temperature, with or without foot edema and bound-
ing pulses. The X-ray of foot is less helpful.

1 Developmental, acute: An acute destructive period that is induced by minor 
trauma resulting in fragmentation of bone and joint dislocation and subluxation. 
This stage should be verified by a physician early; otherwise, misdiagnosis will lead 
to permanent deformities.

2 Subacute: The patient presents with decreased edema and healing of fractures.
3 Chronic: Healing, deformity and remodeling of bones seen on xary.
The acute phase is often misdiagnosed and can lead to permanent foot deformity 

and ulceration, thus increasing the risk of lower extremity amputation [55].
There are three types of Charcot foot classification: clinical, anatomical, and 

radiological. In clinical practice, Charcot foot can be classified into the acute and 
chronic stages [56].

The best way to deal with this stage is offloading of the foot, avoid weight-bear-
ing, prevention of aim of chronic deformities. The pain must be reduced managed 
and assessment of disease activity by physical signs, X-rays or C reactive protein.
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Third-generation cephalosporin, impinemen.
Ugly ulcer with systemic signs.
Ticarcillin/clavulanate, piperacillin/tazobactam; + ceftazidime, flucloxacil-

lin + cipro, carbapenem.
Ischemic limb/necrosis/gas forming.
Ticarcillin/clavulanate, piperacillin/tazobactam or carbapenem; second−/third-

generation cephalosporin + clindamycin or metronidazole.
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age. The frequency of wound dressing change is important in achieving these goals.
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reduce the need for frequent dressing changes.

In a wound with low exudate levels, which contains slough, dressings should be 
selected with the aim of increasing wound moisture to aid autolysis and achieve mois-
ture balance. In the case of black, dry, and necrotic toes due to ischemia, the primary 
goal is to keep the toe dry, prevent infection, and protect adjoining or adjacent issues.
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As the other factors are important for proper care of diabetic foot ulcer, nutri-
tion has a pivotal role in healing, prevention of recurrence, and fair outcome. 
Unfortunately, it is a least considered part of diabetic foot ulcer management.

Imran et al. have shown that BMI was significantly associated with severity of 
ulcer; BMI of 29 was associated with grade 1 ulcer and low BMI of 23 with grade 5 
foot ulcer. Over Mini nutritional assessment scale, a score less than 23.5 was associ-
ated with advanced foot ulcers, score < 17 was associated with significant p value 
<0.03, and score in between 17 and 23.5 was associated with p value of 0.05 [53].

16. Charcot arthropathy

Charcot neuroarthropathy, or Charcot foot, is a complication of diabetes mel-
litus where there is progressive degeneration of the joints. It commonly affects the 
middle of the foot, hindfoot joints, the ankle, and forefoot joints, and it is believed 
to result from inflammation in the tissues. The prevalence of Charcot neuroar-
thropathy is approximately 13% with diabetes [54].

Charcot neuroarthropathy could result in ulceration and infection which can lead 
to amputation of the limb. Early recognition and intervention is imperative to avoid 
the rapid progression toward permanent foot deformity, ulceration, and the possibil-
ity of limb loss. Once it has started, ongoing inflammation leads to bone deformities.

The acute Charcot arthropathy results in bony reabsorption and multiple spon-
taneous fractures. Charcot joint changes can be classified into stages.

0 (prodromal): Elevated temperature, with or without foot edema and bound-
ing pulses. The X-ray of foot is less helpful.

1 Developmental, acute: An acute destructive period that is induced by minor 
trauma resulting in fragmentation of bone and joint dislocation and subluxation. 
This stage should be verified by a physician early; otherwise, misdiagnosis will lead 
to permanent deformities.

2 Subacute: The patient presents with decreased edema and healing of fractures.
3 Chronic: Healing, deformity and remodeling of bones seen on xary.
The acute phase is often misdiagnosed and can lead to permanent foot deformity 

and ulceration, thus increasing the risk of lower extremity amputation [55].
There are three types of Charcot foot classification: clinical, anatomical, and 

radiological. In clinical practice, Charcot foot can be classified into the acute and 
chronic stages [56].

The best way to deal with this stage is offloading of the foot, avoid weight-bear-
ing, prevention of aim of chronic deformities. The pain must be reduced managed 
and assessment of disease activity by physical signs, X-rays or C reactive protein.
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The surgery is indicated for correction of deformities. One researcher has been 
followed up 100 patients for a median of 3.8 years after conservative treatment for 
Charcot foot [27] and noted amputations in 2.7% and ulcer recurrence in 49%, but 
some of them have been prevented by earlier surgical intervention [57].

17. Conclusion

Diabetic foot ulcer contributes to be a major cause for morbidity in patients 
despite of multiple, advanced, and suitable interventions at different levels. This 
problem could be addressed and managed by encouraging the patient’s education, 
especially to foot care.

Patients should be motivated to care better for themselves by getting involved 
in learning programs, which highlight the risk factors and consequences of diabetic 
foot. These patients should be taught in the simple way to examine an ulcer and 
assess modified risk factors. The synthesis of national and local guidelines on 
diabetic foot care should be a priority, and the adherence to such guidelines has to 
be monitored by concerned organizations.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Therapy and Prevention of 
Diabetic Foot
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Abstract

Diabetic foot (DF) is one of the most common complications of diabetes. 
Diabetic foot is one of the main causes of disability and death of diabetic patients, 
and it is also a major public health problem that causes a heavy burden on society. 
Diabetic foot involves a variety of factors including peripheral nerve tissue lesions, 
ischemic lesions, and reduced body immunity. With the development of medical 
standards, clinical knowledge and treatment of diabetic foot are constantly 
improving. Early diagnosis and intervention is the key to reducing the incidence 
of diabetic foot and improving the cure rate. This chapter will briefly introduce 
the diagnosis, the treatment, the multidisciplinary collaborative therapy and 
prevention of diabetic foot.

Keywords: diabetic foot, multidisciplinary collaborative therapy, prevention

1. Introduction

Diabetes Mellitus is a chronic non-communicable epidemic that has become the 
most important in the world. Diabetic foot (DF) is one of the most common compli-
cations of diabetes. The global prevalence of diabetic foot is 6.3%, male are higher 
than female, and type 2 diabetes is higher than type 1 diabetes. The prevalence of 
diabetic foot varies greatly from country to country, varying from 1.5 to 16.6% [1]. 
DF is one of the primary causes of disability and death of diabetic patients, and it is 
also a major public health problem that causes a heavy burden on society.

It is estimated that there is one amputation of diabetic patients every 20 seconds 
in the world [2]. According to the statistics of the World Health Organization, 
about 50% of all non-traumatic amputations are due to diabetic foot amputation 
[3]. The annual mortality rate of patients with diabetic foot is as high as 11%, and 
the mortality rate of amputated patients is as high as 22% [4]; many studies have 
shown that diabetic foot costs are huge, accounting for about one-third of the 
entire diabetes medical cost. In 2017, the global medical cost of diabetes was as high 
as 727 billion US dollars, of which China was 110 billion US dollars [5]. In developed 
countries, diabetic foot occupies 12–15% of diabetes medical and health resources, 
while in developing countries, up to 40% [6]. One third of the medical cost of 
diabetes in the United States is used for diabetic foot patients [7].
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Diabetic foot is the most common cause of hospitalization, with the characteristics 
of long hospital time, difficult treatment and high medical cost. According to recent 
big data from the United States, compared with ambulatory diabetic outpatients, 
diabetic foot patients are 3.4 times more hospitalized or emergency patients, 2.1 times 
more referrals to specialists, and 1.9 times more annual visits. Physicians spend more 
time on diagnosis and treatment; patients with diabetic foot infection (DFI) are 
directly referred to the emergency department or hospitalized by 6.7 times.

Diabetic foot is one of the main causes of disability and death of diabetic 
patients, and it is also a major public health problem that causes a heavy burden on 
society.

Diabetic foot involves a variety of factors including peripheral nerve tissue lesions, 
ischemic lesions, and reduced body immunity. It can be seen that the diagnosis and 
treatment of diabetic foot need to involve multiple disciplines and fields. With the 
development of medical standards, clinical knowledge and treatment of diabetic foot 
are constantly improving. Early diagnosis and intervention is the key to reducing the 
incidence of diabetic foot and improving the cure rate.

2. Definition and classification of diabetic foot

2.1 The definition of diabetic foot

The causes of diabetic foot are multifactorial. Diabetic peripheral vascular 
disease, peripheral neuropathy and infection are the basic causes of diabetic foot, 
which can exist alone or in combination with other factors.

Diabetic foot is the destruction of the skin and deep tissues of the ankle joint 
of diabetic patients. It is often complicated by infection and/or arterial occlusive 
disease of different degrees in the lower extremities. In severe cases, muscle and 
bone tissues are involved. The World Health Organization has a clear definition of 
diabetic foot, foot infection, ulcers and deep tissue damage caused by abnormal 
nerves in the lower extremities and varying degrees of lesions in the surrounding 
blood vessels.

The following people are prone to diabetic foot: old, living alone, male, with 
a diabetes course of more than 10 years, a history of paraplegia, uncontrolled 
high blood sugar, and little knowledge about diabetes, combined with foot mold, 
deformity, calluses, etc.

2.2 Diabetic foot classification

For a DF patient, a comprehensive systemic condition assessment and a foot 
assessment are necessary. The foot assessment includes the blood supply of the foot, 
the size and depth of the ulcer, the condition and severity of ulcer infection. Diabetic 
foot ulcer classification assessment: cause classification, nature classification, then 
grading and staging, and finally select the appropriate treatment method according 
to grading and staging.

At present, the common clinical grading methods of diabetic feet include 
Wagner Ulcer Classification and University of Texas Diabetic Wound Classification. 
Wagner Ulcer Classification method is currently the most classic grading method. 
It is divided into 6 levels according to the depth of skin damage and the presence 
or absence of gangrene. The advantage of this grading system is that it is easy to 
use in clinical applications. It can be graded without auxiliary examination tools, 
and can also reflect the severity of ulcers and gangrene. The disadvantage of this 
system is that it does not reflect the etiology of the foot and lacks reproducibility 
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and specificity when grading ulcers. In addition, superficial cases with or without 
ischemia cannot be correctly graded, and ischemia is only mentioned in grades 
4 and 5.

2.2.1 The Wagner classification of diabetes

Grade 0, No ulcers in a high-risk foot.
Grade 1: Superficial Diabetic Ulcer.
Grade 2: Ulcer extension Involves ligament, tendon, joint capsule or fascia.
No abscess or Osteomyelitis.
Grade 3: Deep ulcer with abscess or Osteomyelitis.
Grade 4: Gangrene to portion of forefoot.
Grade 5: Extensive gangrene of foot [8].

2.2.2 University of Texas Diabetic Wound Classification

Stages.
Stage A: No infection or ischemia.
Stage B: Infection present.
Stage C: Ischemia present.
Stage D: Infection and ischemia present.
Grading.
Grade 0: Epithelialized wound.
Grade 1: Superficial wound.
Grade 2: Wound penetrates to tendon or capsule.
Grade 3: Wound penetrates to bone or joint [9].

3. Pathogenesis of diabetic foot

3.1 Neuropathy

Peripheral neuropathy is one of the important causes of diabetic foot. Relevant 
research data shows that patients with diabetes over 25 years have a 50% chance 
of developing peripheral neuropathy, and diabetic foot patients have the highest 
proportion of with neuropathy [10]. Studies have confirmed that the occurrence of 
neuroarthropathy is related to autonomic neuropathy; motor neuropathy can lead 
to metatarsal deformation in diabetic patients, foot muscle atrophy, and increased 
plantar pressure. In addition, neuropathy can cause diabetic patients to lose their 
ability to feel external stimuli and injuries, which is also a high-risk factor in the 
formation of skin injuries such as burns and abrasions.

3.2 Vascular disease

Vascular disease is another important cause of diabetic foot. Long-term hyper-
glycemia in diabetic patients can cause lesions such as vascular intima damage and 
vascular occlusion. When the vascular lesions of the lower extremities occur in 
diabetic patients, they can lead to ischemia and hypoxia in the lower extremities, 
especially the feet, so that when they urgently need to increase blood circulation, 
the blood flow cannot increase accordingly, ulcers or even gangrene will occur. In 
addition, microcirculation disorders caused by vascular lesions can also lead to 
neuron dystrophy and aggravate nerve function damage, thereby increasing the 
incidence of ulcers.
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3.3 Infection

Leukocyte dysfunction caused by dysglycemia in diabetic patients can lead 
to decreased immunity of the patient and prone to infection. Infection is also an 
important inducer of diabetic foot gangrene, and severe cases may even cause 
sepsis and be life-threatening. Studies have shown that Gram-positive cocci such 
as Staphylococcus aureus and Enterococcus faecalis are the main infections of mild 
infections, and Gram-negative bacillus infections of Proteus and Escherichia coli are 
the main infections of moderate and severe infections.

3.4 Others

Foot deformity, smoking, obesity, visual impairment, alcoholism, and lack of 
knowledge about diabetic foot are all closely related to the occurrence of diabetic 
foot.

4. Treatment of diabetic foot

4.1 Medical treatment of diabetic foot disease

Comprehensive medical treatment is the basis of diabetic foot treatment, 
including strict control of blood sugar and blood pressure, lipid regulation, anti-
infection, improvement of microcirculation, correction of hypoproteinemia, 
elimination of edema and various adverse factors affecting prognosis, etc.

4.1.1 Basic treatment

The basic treatments of diabetic foot mainly include blood sugar control, 
improve systemic nutrition, strengthen anti-infective treatment, control blood 
pressure, blood lipids, improve local circulation and blood oxygen.

4.1.2 Blood sugar control

Diabetes patients due to long-term high blood sugar, glucose and nucleic acid 
and other macromolecular substances combine to cause damage or abnormal func-
tion of vascular endothelial cells, and then the blood vessel coagulation function 
is disordered, causing thrombosis and microcirculation disorders, and ultimately 
leading to extremities, especially feet ischemia, hypoxia, metabolic disorders, and 
even ulcer necrosis [11].

Several studies have confirmed that good blood sugar control can effectively 
reduce the incidence of microvascular disease. Intensive blood glucose manage-
ment with the A1C goal of <7% is associated with a reduction of microvascular and 
neuropathic complications of diabetes, and also can lead to a 25% risk reduction of 
amputation compared to less intensive glycemic management [12]. One systematic 
review of 19,234 patients also concluded that enhanced blood glucose control can 
significantly reduce the risk of amputation in patients with DF.

4.1.3 Blood pressure and blood lipid control

Hypertension is the main risk factor for lower extremity arterial disease. 
For diabetic patients with hypertension, early control of blood pressure can 
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significantly reduce the occurrence of macrovascular disease. Angiotensin con-
verting enzyme inhibitors are recommended, but other antihypertensive drugs 
can also be used. Diabetes patients with lower extremity arterial disease are often 
accompanied by dyslipidemia [13]. On the basis of diet control and exercise lipid-
lowering, combined with statin lipid-lowering treatment can help the healing of 
foot ulcers [14].

4.1.4 Infection control

Diabetic foot infection (DFI) is one of the most important causes of patients’ 
deterioration, amputation and death. However, after proper treatment, most 
patients can be cured. Therefore, active treatment of DFI is beneficial to patients, 
society, and economy. Multi-drug resistant bacterial infections often indicate a poor 
prognosis [15].

Once DFI is established, the severity of DFI must be graded. The classification 
tool recommends the IWGDF/IDSA infection grading system. Antibiotic treatment 
of diabetic foot infections cannot replace thorough wound debridement treatment. 
Thorough and adequate debridement and drainage is the basis of effective anti-
infective treatment [16].

Treatment principles: thorough and effective debridement is directly related to 
wound healing. For different types of wounds, the timing debridement should be 
accurately grasped; physical debridement is the basis of wound treatment. When 
physical debridement is not suitable, autolytic debridement, Enzymatic debride-
ment, traditional dressing debridement and maggot debridement and other types 
of debridement should be considered. Decompression treatment of diabetic foot 
ulcers should adhere to the principle of individualization and continuity, combined 
with the condition of infection and lower limb ischemia, patients’ wishes and 
ulcers types.

A prospective study of diabetic foot ulcer patients with co-infection showed 
that in the first year after infection, 15.1% of patients died and 17.4% of patients 
had at least part of their lower limbs amputated [17]. Studies have found that 
49% of diabetic foot ulcer infections are mixed infections. The main pathogens 
are Staphylococcus aureus, Pseudomonas aeruginosa, and Enterobacteriaceae [18]. 
In addition to timely and reasonable surgical treatment of wounds, it is necessary 
to select antibiotics against common pathogens and early anti-infective treatment 
according to experience before obtaining the results of pathogenic examinations, 
and adjust sensitive antibiotics according to the results of pathogenic examina-
tions. In order to improve the positive rate of culture, it is recommended to carry 
out pathogenic culture or histological examination of deep tissue scrapes before 
antibiotic treatment, and avoids the use of swab specimens [19]. The use of antibi-
otics is not recommended for ulcers without signs of infection, the initial antibiotic 
treatment plan for foot ulcers with infection is an empirical choice, but requires 
the cultivation of ulcer tissue microorganisms before the application of antibiotics. 
If clinical treatment is effective, although microbial culture plus drug sensitivity 
tests show insensitivity, the original treatment plan is suggested. If the patient is 
not effective with the empirical plan or the infection progresses, antibiotics need to 
be replaced according to the culture results; mild infection (skin or subcutaneous 
tissue) takes 1–2 weeks of treatment; moderate to severe infection 2–3 weeks.

For patients with diabetic foot combined with osteomyelitis, the diagnostic 
methods include clinical examination, such as probe and bone test (probe to bone 
test): the method has a sensitivity of 66%, a specificity of 85%, and a positive 
predictive value 89%. X-ray radiograph is little significance for the diagnosis of 
osteomyelitis, and repeated radiographs every 2–4 weeks can find bone destruction 
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and increase the detection rate of osteomyelitis, MRI is more sensitive to the diag-
nosis of osteomyelitis 95%, but less sensitive to osteomyelitis with smaller bones. 
Bone scan and CT are of little significance for the diagnosis of osteomyelitis, bone 
biopsy is the gold standard for diagnosis, and histological culture results can guide 
antibiotic selection.

Treatment methods include: anti-infection alone, anti-infection combined with 
minor surgery: drainage of pus, removal of infected bone, etc.; amputation (toe) 
combined with antibiotic treatment. Compared with surgical treatment, antibiotics 
alone are cheaper to treat osteomyelitis, but about 17% are ineffective. Gram-
positive cocci infections are the most common bacteria. Broad-spectrum antibiotics 
are usually selected, and the course of treatment is 6 weeks to 6 months.

4.2 Local wound management of diabetic foot ulcers

4.2.1 Specialized nursing

Local treatment of the wound surface is essential for the healing of diabetic 
foot ulcers. If treated properly, it can accelerate the healing of ulcers. The “wet 
healing theory” and “wound bed preparation theory” are innovative developments 
in chronic wound specialty care in recent years. Wet healing has the following 
advantages: regulating the oxygen tension of the wound surface and promoting the 
formation of capillaries, retaining the content contained in the wound exudate tissue 
proteolytic enzyme is conducive to the dissolution of necrotic tissue and fibrin, 
promotes the release of various growth factors, maintains the constant temperature 
of the wound, facilitates the growth of the tissue, without the formation of scabs, 
and avoids the mechanical damage of the new granulation tissue, protects the nerve 
endings of the wound, and reduce pain. The core content of “wound bed prepara-
tion” is that the wound surface can be divided into four stages of black, yellow, red, 
and pink according to the color of the wound base. The black stage and the yellow 
stage are suggested to use of debridement and the use of antibacterial dressings 
to remove necrosis, and bacterial load. In the red period, treatment with growth 
factors such as basic fibroblast growth factor, hydrogel dressing, alginate dressing, 
etc. can promote the proliferation of granulation tissue of the wound surface and 
quickly fill the wound defect. The powder phase is mainly to protect the wound 
surface and promote epithelialization, and perform skin grafting when necessary.

4.2.2 Debridement technology

In terms of debridement technology, in addition to traditional surgical debride-
ment, some new debridement techniques have emerged. Such as autolytic debride-
ment, chemical (protein solubilizing enzyme) debridement, mechanical debridement 
(including ultrasonic debridement waterjet and wound negative pressure treatment, 
etc.) and biological (maggot) debridement, etc.. These techniques have their own 
advantages and disadvantages, so clinicians should master their adaptations and 
contraindications, choose the most appropriate debridement method for different 
ulcer conditions, and ensure the maximum therapeutic effect. In addition, the above 
method is only applicable to neurological ulcers or neurovascular ischemic ulcers. For 
ischemic ulcers, if the affected limb ischemia is severe, excessive local debridement 
should be avoided. Vasodilator drugs, intraluminal balloon dilation, stent placement, 
or vascular bypass surgery and autologous stem cell transplantation can be used to 
improve limb blood supply. When the blood supply of the affected limb improves, 
local debridement treatment can be performed to remove excessive keratosis, infected 
and inactivated tissues.
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4.2.3 Dressing

The application of dressings can help promote the healing of ulcers, and the 
“wound bed preparation theory” can guide the choice of dressings. It is clinically 
recommended to use hydrogel dressing in the black period to fully soften dry 
necrotic tissue; the yellow period mainly removes bacterial load, absorbs excessive 
wound exudate, promotes the growth of granulation, transitions to the red period, 
alginate dressing, hydraulic adhesive dressings and antimicrobial dressings are 
suitable choices. The red stage and powder stage are the period of granulation and 
epithelial growth, and the leakage is reduced, ultra-thin hydrocolloid dressings or 
biological dressings containing growth factors can be choose.

4.2.4 Growth factors

The wound repair process involves the role of many cytokines, including 
epidermal growth factor, vascular endothelial growth factor, transforming growth 
factor -β, fibroblast growth factor and erythropoietin, etc. These cytokines have a 
promoting effect on the proliferation of fibroblasts and capillaries, the migration, 
granulation tissue growth and wound epithelialization, which ultimately promotes 
wound healing in diabetic patients [20]. In terms of promoting the growth of 
ulcer granulation, there are currently a variety of synthetic growth factors such as 
platelet-derived growth factor, basic fibroblast growth factor, human epidermal 
growth factor and transforming growth factor [21, 22]. In addition, APG shows 
a more obvious advantage in the treatment of refractory skin ulcer sinus tract 
closure. Survival analysis of sinus tract closure time suggests that the closure rate 
of APG treatment on the sinus tract is significantly better than standard treatment, 
suggesting that APG is used to treat refractory diabetic skin. Effective, safe and 
feasible in ulcers.

4.3 Surgical treatment of diabetic foot disease

For those with severe ischemia and poor medical treatment, surgical methods 
should be used. The ultimate goal is to reduce the pain caused by ischemia, promote 
ulcer healing, avoid amputation due to limb necrosis, and improve the quality of 
life. The surgical treatment of diabetic foot mainly includes percutaneous endo-
vascular interventional therapy, surgical vascular bypass reconstruction, stem cell 
transplantation and amputation.

For patients who are ineffective for medical treatment and are not suitable for 
minimally invasive treatment of the vascular cavity, surgical vascular reconstruction 
surgery is recommended. Surgical treatment includes arterial endarterectomy, artificial 
blood vessel and/or autovascular bypass. Surgical treatment requires that the patient 
can tolerate anesthesia and surgical shock.

Percutaneous endovascular interventional treatment includes traditional 
percutaneous balloon dilatation (PTA), stent implantation, percutaneous intimal 
circumcision, and Pedal-Plantar Loop technology for small vessel disease of the 
foot. In recent years, with the invention of new types of balloons and stents (drug-
coated balloons and stents, etc.), especially the application of a series of products 
with small diameters and long balloons dedicated to lower extremity arteries, the 
long-segment occlusion lesions and infra-knee arteries significantly improved 
clinical efficacy. For diabetic inferior knee arterial disease, the technical success rate 
of PTA alone is 86%, the 1-year patency rate is 53–56%, and the limb salvage rate is 
81–85%. The 1-year patency rate is 54%, and the limb salvage rate is 97.1%, but there 
is a risk of contrast-related nephropathy, especially in patients with potential or 
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renal insufficiency, the incidence is higher and the prognosis is poor. Therefore, for 
patients with ischemic ulcers, when clinically considering the use of percutaneous 
intravascular interventional therapy, adequate hydration should be performed and 
the changes in renal function of the patients should be closely monitored.

If autologous vascular bypass is performed, a good saphenous vein is also 
required. By-pass surgery using autologous blood vessels, the 5-year patency rate 
was 63%, and the salvage rate was 78%. For the treatment of sub-knee occlusion 
with saphenous vein bypass, the patency rates at 1 and 3 years were 63 and 50%, and 
the salvage rates were 85 and 79%. When the foot disease further develops and leads 
to irreversible ischemic necrosis of the limb, or necrosis of the affected limb with 
serious infection that cannot be controlled, directly threatens the patient’s life, or the 
long-term spasm of the distal small artery due to severe peripheral neuritis causes 
the limb to become distant. For patients with end-stage ischemic necrosis, amputa-
tion is not only a treatment method, but more importantly, it can save the patient’s 
life. For diabetic foot amputation, the amputation plane should be reduced as much 
as possible on the premise of ensuring the amputation effect, and arteriography 
should be performed before the amputation to determine the amputation plane.

4.4 Multidisciplinary collaborative therapy

The systematic review shows that multidisciplinary team collaboration therapy 
can focus on the advantages of various professions, which has a positive impact on 
shortening wound healing time, reducing amputation rate and reducing the severity  
of amputation [23]. The treatment of diabetic foot requires clinical multi-
disciplinary collaboration. The diabetic specialist first evaluates the patient’s 
systemic condition to minimize the occurrence of cardiovascular complications; 
at the same time evaluates vascular conditions and creates percutaneous vascular 
intraluminal intervention treatment or surgical treatment conditions, discuss 
operative methods with vascular surgery and endovascular interventional physi-
cians, orthopedic physicians, make rescue plans for intraoperative and postopera-
tive cardiovascular events, and follow-up and drug adjustment after successful 
surgery. Only in this way can the blood circulation reconstruction of diabetic foot 
patients be improved to the greatest extent, and amputation and death rates can 
be reduced. Early and timely multi-disciplinary collaborative treatment is also 
recommended by the domestic 2017 version of the guidelines.

A multi-disciplinary team of diabetic foot medical care professionals can effec-
tively reduce the rate of diabetic amputation and medical expenses, and improve the 
quality of life of patients. In the recently reported 240,000 rural areas of England, 
after the establishment of a multidisciplinary team of diabetic foot led by vascular 
surgery experts, the amputation rate of diabetic lower limbs decreased from 412 per 
100,000 to 15–44 per 100,000 [24]. The changes in medical services are reflected in: 
increasing the community’s awareness and clinical path to this multidisciplinary col-
laborative podiatry team service, as far as possible, patients are admitted to specialty 
wards, a rapid referral channel, an operation room in the outpatient department 
for debridement, small amputation; a podiatrist, orthopedics and vascular surgery 
joint outpatient clinic; the hospital’s senior podiatrist and community podiatrist 
have a network of links to pay attention to diabetic patients. For patients who need 
to strengthen outpatient follow-up, implement weekly or 2 weeks, a joint outpa-
tient clinic; hospital specialists and nurses follow up the patients closely to achieve 
clinical follow-up at the patients’ homes. The French medical management depart-
ment requires that patients with diabetic foot must be referred to a hospital with a 
diabetic foot care team within 48 hours.
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4.5 Stem cell transplantation for diabetic foot disease

Despite the rapid development of endovascular interventional techniques 
and surgical techniques, there are still some patients with ischemic foot disease 
can’t receive interventional or surgical treatment. This part of patients is called 
“no Treatment Options for Patients. Recent clinical trials on autologous stem cell 
transplantation for lower limb ischemia have achieved satisfactory results. Tateishi-
Yuyama et al. [25]. reported for the first time that bone marrow stem cell transplan-
tation was used to treat patients with peripheral vascular disease, local autologous 
bone marrow mesenchymal stem cells were sprayed locally on chronic ulcers with 
a duration of more than 1 year. The wounds began to close after 2–4 weeks, and the 
wound healing rate was proportional to the number of stem cells; a 3-year follow-
up of patients with autologous bone marrow mononuclear stem cell transplantation 
for the treatment of arterial ischemic diseases of the lower extremities showed 
that this treatment can improve the ischemia of the lower extremities for a long 
time and prolong the survival time of the affected limbs. Lu et al. also confirmed 
that bone marrow mononuclear stem cells and bone marrow mesenchymal stem 
cells can promote ulcer healing, prolong the claudication distance, increase ankle 
brachial index and percutaneous oxygen partial pressure in patients with dia-
betic foot, however, the effect of latter is better than the former. In addition, the 
combined application of stem cell transplantation and interventional therapy can 
make up for their respective shortcomings, and benefit more than a single method. 
Therefore, for patients with “no treatment options”, consider referral to a quali-
fied medical unit for autologous stem cell transplantation treatment. Although 
this treatment method is still under exploration and research, it is still its hope for 
future treatment.

5. Follow-up of diabetic foot

Peripheral neuropathy, lower extremity arterial disease (LEAD), and foot 
deformities are the main reasons for the increased risk of DFU. Age, gender, 
education, economic conditions, lifestyle habits and other complications or com-
plications of diabetes are also important factors. Fully understanding these factors 
is very important for the risk assessment of diabetic foot and taking corresponding 
preventive measures.

The patient’s quality of life is low, mental and psychological pressure is high, and 
the medical cost burden is heavy. Therefore, early evaluation to prevent foot ulcers 
and timely cure of ulcers to prevent recurrence, thereby avoiding amputations or 
large amputations above the ankle joint, is the focus of DF tertiary prevention.

It is generally believed that the preventive measures against DF should be 
divided into three levels. Primary prevention is to identify and avoid the risk factors 
that lead to DF as early as possible to prevent its occurrence; secondary prevention 
is to identify DF as early as possible and prevent its progress; tertiary prevention is 
to ensure appropriate treatment of DF.

5.1 Periodic inspections for DF high-risk factors

The main risk factors for DF include diabetic peripheral neuropathy, foot 
deformity, peripheral vascular disease, foot ulcer history, foot amputation or 
leg amputation history. According to the recommendations of the International 
Diabetes Foot Working Group (IWGDF), for patients with diabetes without 
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high-risk factors, a foot examination should be performed by a specialist at least 
once a year. For patients with high-risk factors, more frequent inspections should 
be conducted according to the category of high-risk factors, in order to detect these 
high-risk factors and their progress as soon as possible, and provide patients with 
appropriate measures to prevent foot ulcers [26].

5.2 Health education

Systematic diabetic foot related knowledge education can reduce the incidence 
of DFU, reduce the recurrence rate of DFU and improve the survival rate of foot-
less ulcer events, reduce the amputation rate of DFU, reduce medical expenses and 
improve the quality of life of patients [27, 28]. Diabetic foot specialist medical staff 
educates patients and their families on foot protection knowledge and nursing, and 
helps them transform into effective actions [29]. Although there are few clinical 
studies that specifically assess whether health education can prevent DFU, and the 
level of evidence is low [30], these health education measures can enable patients 
to detect early lesions of DFU, strengthen self-behavior management, and keep feet 
clean which are important means to prevent ulcer occurrence and recurrence [31].

Predictors of DF amputation or re-amputation include adult males, long-term 
diabetes, wound infections, diabetic neuropathy, and smoking history [32]. DF 
occurs mostly in manual workers, patients are generally less educated, lack knowl-
edge of diabetes prevention, lack of awareness of the severity of its complications, 
and pay insufficient attention to early blood glucose control and DF prevention. 
Therefore, we must pay attention to the health education of diabetic patients, so 
that they have a full understanding of the development and outcome of the disease, 
so as to actively cooperate with prevention, such as actively quitting smoking, con-
trolling blood sugar, doing daily foot inspections, and doing foot protection., Foot 
care, pay attention to toenail trimming and comfortable footwear, etc., in order to 
detect and avoid the risk factors of DF as early as possible, to prevent the formation 
of ulcers, infections and further development.

5.3 Local load reduction measures

Qualified DF protective shoes can significantly reduce the incidence of foot 
ulcers. The custom-made DF protective shoes generally have the following func-
tions: protect the sense of loss from external damage; adapt to the deformity of the 
foot to reduce pain and prevent the increase of the deformity of the foot; reduce 
excessive local pressure, so that the pressure is evenly distributed; reduce shear 
force in vertical and horizontal direction [33]. Multiple studies have shown that 
wearing foot protection shoes can effectively reduce plantar pressure by about 30%. 
Compared with wearing ordinary shoes, the risk of foot ulcer recurrence in DF 
patients is reduced by 46.1–70.2%. For patients with high-risk feet with hammer-toe 
diabetes who are not ideal for the use of conservative measures such as protective 
shoes, distal flexor tendon amputation can prevent the formation of tip toe ulcers, 
and its cost performance and risk-benefit ratio are encouraging [34].

For diabetic patients with risk factors for podiatry, early completion of diabetes 
peripheral neuropathy (DPN), vascular disease and podiatry screening, early 
detection and management of these high-risk patients are needed. Non-diabetic 
foot medical staff should refer to the diabetic foot specialist or consult with the 
specialist in a timely manner for patients with the following conditions: sharp 
changes in skin color, increased local pain and inflammation such as redness, 
new ulcers, original There are superficial ulcers that deteriorate and involve soft 
tissue and/or bone tissue, disseminated cellulitis, signs of systemic infection, 
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osteomyelitis, etc. Timely referral or consultation can help reduce the amputation 
rate and reduce medical costs, and timely intervention of the surgeon can help 
reduce the diabetic amputation rate and amputation plane.

Therefore, it is currently emphasized that for patients with diabetes, screening 
of lower extremity arterial diseases should be strengthened to achieve early diag-
nosis and early treatment. For patients with moderate to severe lower extremity 
arterial disease and complete foot skin, it is recommended to guide the patient to 
exercise rehabilitation exercise for at least 3–6 months, but for patients with foot 
skin ulcers, it is recommended to brake and avoid exercise rehabilitation At the 
same time, it is recommended to use low-dose aspirin, statin lipid-lowering drugs, 
angiotensin-converting enzyme inhibitors, vasodilator drugs and anticoagulant 
drugs, which can reduce the occurrence of ulcers and improve patients’ lower limb 
motor function.
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of lower extremity arterial diseases should be strengthened to achieve early diag-
nosis and early treatment. For patients with moderate to severe lower extremity 
arterial disease and complete foot skin, it is recommended to guide the patient to 
exercise rehabilitation exercise for at least 3–6 months, but for patients with foot 
skin ulcers, it is recommended to brake and avoid exercise rehabilitation At the 
same time, it is recommended to use low-dose aspirin, statin lipid-lowering drugs, 
angiotensin-converting enzyme inhibitors, vasodilator drugs and anticoagulant 
drugs, which can reduce the occurrence of ulcers and improve patients’ lower limb 
motor function.
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Chapter 11

Neurocognitive Dysfunction and 
Diabetic Foot
Caroline A. Fisher

Abstract

Diabetic foot ulcers are one of the most serious complications associated with 
diabetes. People with diabetes experience an accelerated rate of age-related cogni-
tive decline, and comorbid complications increase the likelihood of neurocognitive 
attenuation. The current body of research into neurocognitive functioning in 
individuals with diabetic foot ulcers is small, but suggests significantly increased 
rates of neurocognitive dysfunction, and that up to one quarter of this cohort have 
cognitive functioning consistent with dementia samples. This has implications for 
utilising disease self-management as the primary treatment model. Neurocognitive 
deficits mean that understanding, retaining, and adhering to management recom-
mendations are likely to be difficult in this group. Further research is needed in 
this area to determine the specific neurocognitive profile associated with diabetic 
foot, including which cognitive domains are the most impacted. The provision of 
a framework for tailoring management strategies to assist this group with more 
efficacious disease management is also required.

Keywords: cognition, diabetic, diabetic foot, neurocognitive functioning, 
neuropsychology, self-management, ulcers

1. Introduction

Diabetes mellitus is a disorder of insulin deficiency and is categorised into two 
types. The primary mechanism of disease in Type 1 is the loss of pancreatic islet 
β-cells [1], resulting in an inability to produce insulin. The typical trio of onset of 
symptoms for Type 1 are excess thirst, increased appetite, and excess urine produc-
tion, as well as overt hyperglycaemia [2]. The definitive cause of Type 1 diabetes 
is not known. However, it is believed that it is likely to be related to an immune 
or auto-immune system disorder in 70–90% of those affected (Type 1A), with 
remainder of cases considered idiopathic (Type 1B) [2]. Type 1 is most commonly 
diagnosed in childhood, although onset can occur at any age [2]. Type 1 is estimated 
to account for 5–15% of all cases of diabetes [1]. There is no cure for the condition 
and individuals with this disorder require the injection of insulin to survive [3].

Type 2 diabetes is generally triggered by a number of lifestyle factors including  
being overweight or obese, having a sedentary lifestyle and consuming a diet 
containing high amounts of processed and red meat, refined grains and drinks that 
are high in sugar [4]. It shares many of the symptoms of type 1, and also involves 
progressive pancreatic β-cell failure. The initial phases are characterised by changes 
in the bodies’ response to insulin and can later progress to insufficient insulin being 
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produced [3]. However, it has been indicated that the mechanisms that trigger 
β-cell death via cytokine and nutrient changes in Type 2 are different from those 
that occur in Type 1 [5]. In contrast to Type 1, Type 2 diabetes can be controlled by 
dietary changes and oral medication, but can require the need for the injection of 
exogenous insulin with progression and worsening of the disease [3].

Type 1 diabetes is the most common type in children, with Type 2 very rare 
in those under 30 years of age [3]. The onset of Type 2 diabetes most commonly 
occurs in adulthood and is the most prevalent type of diabetes. Rates of both types 
appear to be growing with a global rise in all forms of diabetes noted over the last 
40 years with the greatest magnitude of increase thought to be driven by adult Type 
2 cases [6, 7]. Thus, the health burden of diabetes is becoming more pronounced, 
increasing the strain on health systems and resulting in an upturn in diabetes related 
disease burden across the world.

1.1 Diabetes complications: foot ulcers

Diabetic foot ulcers are one of the most serious complications of the disease as 
they can lead to amputation [8], significantly increasing disease burden [9]. They 
are more common in people with peripheral arterial disease, and are generally 
caused by repeated pressure on an area that has high rates of vertical or sheer stress 
in people who suffer from peripheral neuropathy [10]. Healing of foot wounds 
can be slow, particularly if management guidelines are not followed, with 23% of 
wounds still present, after 12 months [11]. Foot ulcers can occur in people with 
both Type 1 and Type 2 diabetes. A recent systematic review indicated that the 
global rate of foot ulcers in people with diabetes is 6.3% [12]. Although variance 
in regional prevalence rates was found, with North America and Africa having the 
highest rates and Europe and Oceania the lowest [12]. Individuals who develop 
diabetic foot ulcers tend to have a longer duration of diabetic exposure, and higher 
rates of hypertension, diabetic retinopathy and smoking, but lower body mass 
indexes [12]. Diabetic foot ulcers occur prior to lower extremity amputations in 
around 84% of cases, and are associated with an increased risk of death by almost 
two and a half times, compared to people with diabetes without ulcers [13–15]. 
Research utilising a large Australian sample recently indicated a five-year mortality 
rate of 24.6% and a 10 year mortality rate of 45.4% in individuals treated at a multi-
disciplinary foot clinic for diabetic foot ulcers [16]. Foot ulcers are also consistently 
shown to be associated with a significant decrease in quality of life, impacting on 
many lifestyle areas including social functioning, employment, financial security, 
interpersonal relationships, psychological and physical health [17, 18].

1.2 Diabetes complications: neurological abnormalities

Despite being anatomically located at opposite ends of the body, foot ulcers and 
changes in brain functioning have a number of similar predisposing factors in indi-
viduals with diabetes. Co-occurring hypertension, diabetic retinopathy and current 
smoking are correlated with higher rates of neurological abnormalities observed 
through brain imaging in people with diabetes [19–21]. A systematic review of the 
diabetes brain imaging literature by van Harten et al. in 2006 included 55 studies 
the majority with predominantly middle age to early elderly cohort [22]. The review 
indicated that lacunar infarcts and cerebral atrophy are associated with diabetes, 
but that an association with white-matter lesions was unclear, due to the poor qual-
ity of the available studies in detecting subtle abnormalities of this kind. A narrative 
review from 2014 suggested that Type 1 diabetes was associated with small altera-
tions in brain volume in specific areas, including frontal, temporal and posterior 
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cortical areas, as well as subcortical grey matter [23]. These changes appear to occur 
early, with volumetric changes in Type 1 diabetes detectable, relative to controls, in 
childhood. In Type 2 diabetes volumetric loss is also observed but tends to be most 
commonly found in cortical and subcortical areas surrounding the ventricles [23]. 
While smaller hippocampal volumes have been found, this has generally been com-
mensurate with the magnitude of total volume loss, and thus specific atrophy of 
hippocampal areas (which have relevance to memory) in diabetes is not definitive.

A recent a systematic review of dynamic brain imaging investigated task and 
resting-state fMRI functional magnetic resonance imaging (fMRI) in diabetes. 
It concluded that reductions in the default mode network (DMN) connectivity 
are associated with diabetes [24]. The DMN is the brain network that is engaged 
when individuals are not actively participating in task-based pursuits (i.e. ‘at rest’). 
Findings of abnormal network activity during task based studies were reported to 
be less consistent, with some studies reporting reduced brain activation in brain 
areas related to the task, and others over activation [24]. Neurological changes in 
diabetes have relevance to neurocognitive functioning and this association will be 
explored further in Section 2.2.

1.3 Diabetes self-management

The impact of diabetes on health, wellbeing and functioning can be seen, from 
head to toe, with the effect of non-optimal management of the disease having 
significant implications for quality of life and morbidity. The importance of 
diabetes self-management has been promoted within the field as a means to assist 
individuals with diabetes to manage their condition effectively and minimise 
complications [25–28]. Best practice self-management support has been identified 
as including; education about diabetes and treatment options; managing nutrition 
and exercise as part of on-going lifestyle changes; utilising prescribed medications 
safety to maximise their therapeutic efficacy; self-monitoring of factors such as 
blood glucose levels and using effective decision making to interpret the results; 
employing strategies to manage complications, detecting these when they do arise 
and treating them early and appropriately; identifying and managing psychosocial 
issues; and developing strategies to promote health and behaviour change that 
will be effective for the individual [25]. Many of these self-management strategies 
require a range of higher level cognitive skills to be implemented and maintained 
consistently. However, neurocognitive attention is associated with the disease, and 
neurocognitive difficulties may impact on the capacity of individuals with diabetes 
to effectively implement disease self-management strategies.

2. Neurocognitive functioning in diabetes

Neurocognitive abilities are localised in the brain and encompass a broad 
range of thinking skills including attention, concentration, processing speed, new 
learning and memory, language, planning, organisation, problem solving and 
visual-perceptual and spatial abilities. In addition to looking at skills in specific 
neurocognitive domains, overall measures of ability, such as intellectual assess-
ment (IQ ) can also be conducted to provide information about general cognitive 
functioning. Neurocognitive skills impact on daily living and deficits can effect an 
individual’s functional and vocational capacity. Neurocognitive deficits are defining 
features of a number of neurological cognitions, including dementia and traumatic 
brain injuries, and the assessment and management of these difficulties falls within 
the specialty of clinical neuropsychology.
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2.1  Theory of neurocognitive functioning across the lifespan in diabetes  
and complications

There is a relatively large body of literature that has investigated the impact of 
diabetes on neurocognitive functioning. In 2008, Biessels and colleagues hypoth-
esised a framework for conceptualising the impact of diabetes on neurocognition, 
across the lifespan [3]. Following a thorough review of the literature available at the 
time, they proposed two age-related time point vulnerabilities for diabetes to detri-
mentally impact on neurocognitive functioning, with additional further increased 
risk observed in individuals with high levels of co-morbid diabetes related compli-
cations. Biessels et al. proposed that the first time period for cognitive attenuation 
vulnerability was during the period of neuronal maturation and brain development 
in childhood [3]. They suggested that those children who developed Type 1 dia-
betes at a younger age (i.e. between 5 and 7 years) were at higher risk of showing 
attenuated cognitive development, compared those who developed Type 1 later in 
childhood. The second age-related period of increased vulnerability to cognitive 
attenuation was proposed to occur at the time point were normal age-related cogni-
tive decline begins across several cognitive domains, in middle age. Biessels et al. 
suggested that individuals with diabetes in middle and older age (predominantly a 
Type 2 cohort) are likely to show an accelerated rate of cognitive decline, relative 
to their age matched peers [3]. Diabetes related co-morbidities were proposed as a 
third variable that increased the risk of cognitive attenuation in diabetes cohorts. 
The primary conditions posited in this area were microvascular disease, severe 
hypoglycemic episodes, and hypertension [3].

The hypothesis outlined by Biessels et al. [3], continues to hold merit since 
it was first proposed, with subsequent findings that have been published in the 
last 10 years largely supporting this framework. Longitudinal data from Type 1 
diabetes research (following individuals with childhood diagnoses through to 
youth, at 12 years follow-up) has indicated that early onset is associated with poorer 
sustained attention, divided attention, new learning, and mental efficiency [29]. 
Longitudinal data from ageing studies has indicated that in middle aged cohorts 
accelerated cognitive decline is observed in those who had Type 2 diabetes at study 
baseline, relative to non-diabetes age-matched peers [30]. Additionally, incident 
diabetes (those who go on to develop diabetes but have not been diagnosed at base-
line) showed subtle early decline in information processing speed, which became 
more pronounced following diagnosis and with increasing duration of illness [30]. 
The Biessels et al. proposal [3] that higher rates of diabetes complications increases 
the risk of cognitive decline has also been supported, with several studies showing 
greater rates of neurocognitive attenuation in people with diabetes who also have 
hypertension, neuropathy, retinopathy [30–32].

Recent research has also indicated a link between diabetes, neurocognitive 
decline and dementia, and that the link may be stronger in women [23, 33–35]. The 
primary dementia syndromes associated with diabetes are Alzheimer’s disease and 
vascular dementia. It has been suggested that the neuropathogenesis in diabetes and 
Alzheimer’s disease may be related, and that the increased burden of small-vessel 
disease in diabetes can contribute to the development of a vascular based dementia 
[23, 33]. Dementia, as defined under the Major Neurocognitive Disorder framework 
within Diagnostic and Statistical Manual of Mental Disorders, is primarily a disor-
der of neurocognitive dysfunction [36]. As such, it is not surprising that capacity 
for disease self-management in people with diabetes and co-occurring dementia is 
diminished [33]. It has been posited that there is a bidirectional impact, whereby 
poor self-management, due to cognitive impairment from dementia, leads to poorer 
diabetes control, increasing the likelihood of further cognitive impairment [33].  
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As such, further investigation is needed into how to specifically target education 
and management strategies in this group, as they may not be able to utilise these in 
the same way as those with stronger neurocognitive functioning.

2.2 Neurocognitive profile in diabetes

Not all studies separate Type 1 and Type 2 diabetes cases when investigating 
neurocognitive functioning in adults. Where the types have been looked at indi-
vidually, or in studies where the research has demarked the groups discretely, there 
are both similarities and differences in the profile of cognitive attenuation [37]. 
A systematic review of the Type 1 literature was conducted in 2005 and included 
33 studies [38]. This review indicated that Type 1 diabetes is associated with 
attenuation in functioning on overall intelligence measures, as well as attention, 
psychomotor processing speed, cognitive flexibility and visual-perceptual and 
spatial functioning at the domain level [37, 38]. Notably however, the mean age of 
participants in studies included in this review most commonly fell in the 30s, with 
the oldest mean age of 47.6 years. Thus, the review data was mainly comprised of 
younger adult cohorts, and relatively little is known about the Type 1 neurocogni-
tive profile in middle aged and older adults.

Type 2 diabetes cohorts show some similarities in their neurocognitive 
profile to Type 1. They exhibit attenuation in their processing speed, attention 
and executive functioning, but tend show a greater magnitude of decrement 
in memory functioning compared to Type 1 [30, 37, 39]. There is presently no 
seminal, overarching systematic review and meta-analysis that has attempted 
to synthesise the evidence base regarding cognitive functioning in adults with 
Type 2 diabetes, relative to controls, across all major neurocognitive domains. 
The most comprehensive attempt to integrate the literature was a meta-analysis 
published by Palta and colleagues in in 2014. This meta-analysis looked at neuro-
cognitive functioning in six areas, across 24 studies with a total of 3351 patients 
with diabetes [40]. The included studies were predominantly from western 
countries, and there was a relatively large age range between the studies with 
means in the late 50s to early 80s. The results indicated that at a domain level, 
the largest effect size for diabetes status was seen in the areas of motor function 
(d = −0.36), executive function (d = −0.33) and processing speed (d = −0.33), 
followed by verbal memory (d = −0.28), visual memory (d = 0.26) and attention/
concentration (d = −0.19). Specific neurocognitive tests were also identified that 
were most likely to demonstrate diabetes related cognitive attenuation. These 
included the dominant hand condition on the Grooved Pegboard, immediate 
recall on the Rey Auditory Verbal Learning Task, trails A and B from The Trail 
Making Test, delayed recall from the Rey-Osterreith Complex Figure task, and 
part 1 of the Stroop task. The research team did note, however that they were 
unable to stratify the results according to age, could not make any comments in 
regard to gender, and also noted that the results may not be representative across 
different ethnicity groups.

Task based fMRI studies have indicated that alterations in activation networks 
may be correlated with performance levels on neuropsychological assessment [24]. 
There is some evidence that poorer memory performances are seen in individu-
als with diabetes who have reduced activation in the default mode network [41]. 
Reduced speed on a complex trail making activity requiring set-shifting (trails B) 
and complex figure delayed recall has been associated with neural abnormalities in 
the cuneus and lingual gyrus, areas associated with inhibitory control and visual 
memory [42]. Thus, there is some evidence linking functional brain activation 
changes and poorer neuropsychological functioning in this population.
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3. Neurocognitive functioning in individuals with diabetic foot ulcers

Relative to the general diabetes literature, fewer research studies have been 
conducted that have investigated neurocognitive functioning specifically in people 
with diabetes and foot ulcers [43–46]. The research that is available appears to 
indicate attenuated functioning, at a group level, and significant impairments in 
a proportion of patients. This section of the chapter reviews what is known about 
neurocognitive functioning in people with diabetic foot ulcers and provides sugges-
tions for future research.

3.1 Cognitive screening and diabetic foot

Cognitive screening measures are short, easy to administer assessments that 
provide an overall measure of basic cognitive functioning. They generally require 
limited or short-duration training to administer and are utilised by a wide range of 
clinical disciplines. One of the most commonly administered cognitive screening 
measures is the Mini Mental State Examination (MMSE) [47]. A study by Marseglia 
et al. [43] utilised the MMSE to investigate cognitive functioning in a moderately 
sized cohort (n = 153) of individuals with diabetic foot complications. The sample 
was predominantly male (75.8%). The mean age of the cohort was 65 years (SD 
10.5) and the authors further sub-grouped this cohort into patients aged under 
65 years (n = 73) and those aged over 65 years (n = 80). HbA1c levels were reported 
at a mean of 7.7 (SD 1.4). The medium length of diabetes duration was 20 years, and 
a high proportion (70.6%) had undergone amputation.

In the Marseglia, et al. study [43] the mean MMSE score was found to be 24.6 
(SD = 3.6), with a range of 11–30. The authors used the cut-off score derived by 
Kivipelto et al. [48], with scores ≤24 defined as being indicative of general cognitive 
function impairment. Using this criterion, 39% of the total sample demonstrated 
cognitive impairment. The was a significant difference by age stratification with 
25% of the patients below 65 years showing impairment, compared to 53% of those 
above 65 years. Logistic regression indicated that foot amputation was associated 
with lower MMSE scores. No information was provided about which items/domains 
within the MMSE assessment were more commonly impaired. However, a small 
range of additional cognitive assessment measures were also employed in this study, 
and these will be reported, by domain, in Section 3.2.

A recently published study by Corbett and colleagues investigated neurocogni-
tive functioning in individuals with diabetic foot ulcers using a newer, and increas-
ingly widely used, cognitive screening measure, the Montreal Cognitive Assessment 
(MoCA) [45]. The like the MMSE, the MoCA is a quick (5–10 min) assessment 
tool that provides an overview of cognitive functioning, and is designed to detect 
cognitive decline. The MoCA provides better coverage of executive functioning, 
and higher-level language and visuospatial processing, relative to the MMSE, and 
produces less of a ceiling effect (i.e. is harder overall) [49]. The study by Corbett 
et al. [45] reported on MoCA and Patient Interpretation of Neuropathy (PIN) data 
in 30 patients with diabetic foot ulcers admitted to a specialist hospital unit for 
inpatient management of their foot wounds. The mean age of the study cohort was 
later middle age (m = 58.37 years, 10.64 SD), and the sample predominantly male 
(83%). Most of the cohort had type 2 diabetes (93%) of between 1 and 38 years 
duration (mode 10 years). The mean HBA1C level was 9.27 (SD 2.45), and there 
were high rates of macrovascular disease (60%) and hypertension (47%), moderate 
rates of nephropathy (27%) and retinopathy (23%). Thus, the cohort was younger 
than in the Marseglia et al. [43] study, but with poorer diabetes control, based on 
HbA1c results.
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The education corrected total mean MoCA score in the Corbett et al. [45], study 
was 22.37 (SD 3.65), and range 12 to 27, with no patients achieving a full score of 
30/30. Recommended MoCA cut-off scores to demark mild cognitive impairment 
vary from study to study [50–53]. Thus, the authors provided the percentages of 
participants below the full range of suggested cut-of values. A total of 87% of the 
cohort fell below the stringent cut-off criteria of <27, a further 77% below <26 and 
43% below <23. Further, 27% of the sample had a total MoCA score of <20. This 
indicates that more than one quarter of diabetic foot ulcer patients in this study 
had a MoCA score consistent with diagnosed dementia cohorts [52, 53]. When 
separated into individual cognitive areas, patients most commonly made errors on 
items assessing short-term recall (90%), executive functioning (87%) and language 
(77%), while in contrast items assessing orientation showed the highest degree of 
accuracy (90% scoring full marks).

The results of this study also reported on patients’ interpretations of their 
neuropathy on the PIN. Correlation analysis indicated that patients with higher 
MoCA scores provided more accurate responses on the Acute Foot Ulcer Onset PIN 
subscale. This subscale measures knowledge about how foot ulcers can develop. 
Thus, individuals with diabetic foot ulcers and lower cognitive functioning may 
have reduced understanding of how foot wounds occur.

The Australian MoCA results from the Corbett et al. [45] study can be further 
compared with existing studies that have used the MoCA for cognitive screening 
assessment in other diabetes cohorts [31, 54, 55], see Table 1. Participants in one 
of the comparison studies were Japanese inpatients receiving training on diabetes 
management [31], in another they were Canadian patients at diabetes educa-
tion clinics [55], and in the third it is not reported where the Turkish subject 
group were recruited from [54]. In each comparison study foot ulcer status was 
not commented on, but prevalence could be expected to parallel that of global 
estimates of foot ulcers in people with diabetes at around 6%, with a range 
between 2 and 14% consistent with prevalence rates found in each of the study 
countries [12].

The results displayed in Table 1 suggest that cognitive attenuation in diabetic 
foot ulcer individuals exceeds expectation, based on their diabetes status and 
age. The mean MoCA scores obtained by individuals with diabetic foot ulcers in 
the Corbett et al. [45] study were higher than those reported by Ozcan et al. [54] 
However, the mean age of the Ozcan et al. [50] study group was 13 years older. The 
Corbett et al. [45] MoCA results were similar to the Mori et al. [31] results—a group 
that had comparable HbA1c scores but a higher mean age, by 9 years. Compared to 
the cohort with the closest age match, Alagiakrishnan et al. [55] the Corbett et al. 
[43] MoCA results were notably lower.

Lead author,  
study year

Ozcan, 2014 Mori, 2015 Alagiakrishnan, 2013 Corbett, 2019

Mean age (SD) 71.27 (8.57) 67.3 (9.9) 59.9 (7.1) 58.37 (10.64)

Sample size 15 29 30 30

Mean HbA1c (SD) N/A 9.6 (1.8) N/A 9.27 (2.45)

Foot ulcer status N/A N/A N/A 100%

MoCA mean (SD) 15.53 (6.18) 22.87 (3.80)* 26.45 (2.72)* 22.37 (3.65)

*Total cohort Mean and SD calculated from pooled MCI present and MCI absent groups.

Table 1. 
Comparison of MoCA Cognitive Screening scores in Older Diabetes Cohorts.
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Lead author,  
study year

Ozcan, 2014 Mori, 2015 Alagiakrishnan, 2013 Corbett, 2019

Mean age (SD) 71.27 (8.57) 67.3 (9.9) 59.9 (7.1) 58.37 (10.64)

Sample size 15 29 30 30

Mean HbA1c (SD) N/A 9.6 (1.8) N/A 9.27 (2.45)

Foot ulcer status N/A N/A N/A 100%
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Table 1. 
Comparison of MoCA Cognitive Screening scores in Older Diabetes Cohorts.



The Eye and Foot in Diabetes

168

3.2 Neuropsychological assessment and diabetic foot

Screening measures such as the MoCA and similar measures like the MMSE 
are useful as quick and easy to administer assess ments, providing an overview 
of cognitive functioning [56]. They are designed to identify patients who may be 
experiencing cognitive decline but are limited in their capacity to pin-point specific 
cognitive deficits and the magnitude of neurocognitive attenuation, relative to 
estimated premorbid cognitive functioning. Neuropsychological assessments are 
the gold standard for eliciting this type of in-depth information on neurocognitive 
functioning, and ideally, where access is available, individuals with reduced scoring 
on cognitive screening measures should be referred for neuropsychological assess-
ment to accurately quantify cognitive deficits and provide information about likely 
causes of the cognitive dysfunction.

Notably, there are few studies that have used specialised and specific neuro-
psychological assessment measures in patients with diabetic foot complications. 
The Marseglia et al. [43] MMSE study described above, utilised a small number of 
focussed neuropsychological assessment tasks, in addition to cognitive screening, 
in their predominantly male, diabetic foot cohort. This included the Trail Making 
Test A & B assessing processing speed and mental flexibility, the Rey Auditory 
Verbal Learning Test assessing verbal memory and Ravens Coloured Progressive 
Matrices assessing visual reasoning skills. The overall group means, and their devia-
tion from expected premorbid or average age-matched norms, were not reported. 
However, age stratified data was provided and indicated that mental flexibility/
set shifting, short-term verbal recall, processing speed and visual abstract reason-
ing were poorer in participants over 65 years of age. Logistic regression of disease 
factors indicated that HbA1c levels correlated with verbal memory difficulties in all 
patients, and that concurrent microvascular complications, and prior amputation 
was associated with verbal memory attenuation in patients over 65 years of age.

A further study by Kloos et al., attempted to determine if there was an associa-
tion between foot ulcer relapse rate and cognitive impairment in 59 people with 
diabetes and previous foot ulcers [44]. The authors found no association between 
cognitive performance and re-ulceration at 1 year follow-up. However, a very 
limited number of neuropsychology tasks were employed in this study, assess-
ing functioning only in the areas of vocabulary knowledge, perceptual logic and 
processing speed. There were no tasks assessing attention, memory or executive 
functioning. The follow-up period was also relatively short at 12 months, and no 
information was provided about re-ulceration in the three patients who died during 
the follow-up period.

The most comprehensive study to investigate neurocognitive functioning in 
diabetic foot patients using a broad assessment battery was undertaken by Natovich 
and colleagues in 2016 [46]. To date, this is the only published study that has used 
a wide-range multi-domain neuropsychological assessment battery to investigate 
neurocognitive functioning specifically in a diabetic foot ulcer cohort. This study 
investigated neurocognitive functioning in a group of 99 individuals with diabetic 
foot ulcers, along with a comparison group of 95 people with type 2 diabetes 
without foot ulcers. The study design incorporated the use of a computerised cogni-
tive testing battery, NeuroTrax, with two more commonly used pencil and paper 
cognitive assessment tasks (Digit-symbol substitution task from the Wechsler Adult 
Intelligence Scale, WAIS; and a verbal fluency task).

The two late-middle aged study groups in Natovich et al. [46] were broadly 
matched on demographic and health related factors. This included gender ratio 
(predominantly male), smoking status and depressive symptoms. However, the 
non-foot ulcer group were slightly older, more highly educated, and had better 
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diabetes control than their foot-ulcer counterparts, including significantly lower 
HbA1c scores, and lower hypertension, retinopathy, neuropathy, nephropathy and 
microvascular disease prevalence.

The neurocognitive test results from this study were age and education adjusted, 
in order to mitigate any impact of the mild cohort imbalances in these demographic 
factors [46]. The results on the NeuroTrax battery and additional pencil and paper 
tasks indicated significantly poorer cognitive functioning in participants with foot 
ulcers, compared to the non-foot ulcer group, across all activities assessing cur-
rent cognitive functioning. This included scores in domains described as memory, 
attention and concentration, reaction time, executive functioning (with the 
description indicating predominantly a task of response inhibition), psychomotor 
speed, verbal fluency (phonemic and semantic), digit-symbol substitution, and 
global cognitive score (mean of domains, minus non-verbal intelligence). Post hoc 
adjustment for multiple comparisons was not reported in the study paper. However, 
when a Bonferroni correction is applied to the data, these group differences remain 
significant (i.e. p < 0.005). The only task on which a significant difference was not 
observed, was that estimating premorbid cognitive functioning (i.e. cognitive skills 
prior to any acquired neurocognitive impairment). It was further reported that 
global cognitive scores of the foot ulcer group differed significantly, from their esti-
mated premorbid functioning, while the non-foot ulcer group did not. This appears 
to indicate generalised cognitive attenuation in the foot ulcer group.

A second important factor to consider from the data reported in the Natovich 
et al. [46], study is the magnitude of the differences between the foot ulcer group 
scores in each of the cognitive areas, relative to their estimated premorbid baseline. 
The results were normalised to a standard distribution (i.e. a mean score of 100–
50th percentile, and standard deviation of 15–34 percentile ranks). The estimated 
premorbid cognition score for the foot ulcer group is reported as 96.78, which places 
at the 42nd percentile. None of the current cognitive functioning scores for the 
foot ulcer group were close to matching this. The current functioning score means 
ranged from as low as the 4th percentile (standard score of 72.77) for phonemic 
verbal fluency, to the 30th percentile (standard score of 91.76) for reaction time, 
with all but two results falling in the lowest quartile of functioning, for the age 
group. This contrasted with the non-foot ulcer group where the biggest percentile 
difference with premorbid cognition was 16 percentile ranks (standard score of 
94.16 verses 100.19; 34th verses 50th percentile). With six out of the nine cognitive 
areas reported scoring within 5 percentile ranks of the premorbid estimate for this 
group. This indicates that attenuation in cognitive functioning in the foot ulcer 
group is at magnitudes of clinical significance for all cognitive areas, and likely to 
represent significant impairment in a number of individuals. The results also show 
the cognitive attenuation is generalised across areas and occurs relative to estimated 
premorbid abilities, age-matched normative data, and non-foot ulcer diabetic peers.

This study is a useful addition to the literature, as the first to examine neu-
rocognitive functioning in a relatively comprehensive way, in a medium to large 
sample of individuals with diabetic foot ulcers. The researchers also attempted to 
match the sample, as closely as possible, with a non-foot ulcer diabetes comparison 
group. However, there are several limitations of the Natovich et al. study [46]. 
The first is the use of a less commonly used computerised measure of cognitive 
functioning, NeuroTrax. Although this measure has been reported on since 2003 
the program appears to have been developed on a small normative sample, and its 
applicability outside studies of mild cognitive impairment and Parkinson’s disease 
remains unclear [57, 58]. It is also unclear from the Natovich paper [46] exactly how 
NeuroTrax assesses functioning in each of the cognitive areas reported. For exam-
ple, it is not clear what form the memory assessment takes (e.g. word list learning, 
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diabetes control than their foot-ulcer counterparts, including significantly lower 
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when a Bonferroni correction is applied to the data, these group differences remain 
significant (i.e. p < 0.005). The only task on which a significant difference was not 
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prior to any acquired neurocognitive impairment). It was further reported that 
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mated premorbid functioning, while the non-foot ulcer group did not. This appears 
to indicate generalised cognitive attenuation in the foot ulcer group.

A second important factor to consider from the data reported in the Natovich 
et al. [46], study is the magnitude of the differences between the foot ulcer group 
scores in each of the cognitive areas, relative to their estimated premorbid baseline. 
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areas reported scoring within 5 percentile ranks of the premorbid estimate for this 
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narrative stories, paired associates), and this limits its comparability to other 
neuropsychological and diabetes research. It would have also been useful for the 
authors of this study to have provided information about the percentage individu-
als with neurocognitive dysfunction pronounced enough to meet the criteria for 
dementia. An additional limitation is the data in the study are taken from a single 
cross-sectional time point. The field would significantly benefit from research that 
takes a longitudinal approach to cognitive functioning in individuals with diabetic 
foot ulcers to determine if the development of cognitive attenuation precedes the 
development of foot ulcers, or vice-versa.

3.3 Theoretical framework of neurocognitive dysfunction in diabetic foot

The results from the Natovich et al. [46], study appear to support the earlier 
hypothesis proposed by Biessels and colleagues [3], of cognitive ageing and diabetes 
comorbidities acting as correlating or catalytic factors for diabetes related cognitive 
deterioration. The foot ulcer group in the Natovich et al. [46] study had a mean age 
of 58.04 years (SD 6.87). Research indicates that normal age related cognitive decline 
is demonstrated from as early as 45 years onwards, and most prominently occurs in 
the cognitive areas of visual spatial ability, processing speed, and fine motor skills 
[59]. Further, the foot-ulcer group had a considerably higher level of diabetes disease 
burden and comorbidity relative to the non-foot ulcer diabetes comparison group, 
with higher HbA1c scores, and significantly increased rates of retinopathy (51.5% vs. 
9.5%), neuropathy (88.9% vs. 15.8%), nephropathy (33.3% vs. 3.2%) and micro-
vascular disease (88.9% vs. 51.6%). The results of the cognitive screening study by 
Corbett et al. [45] also support the idea proposed by Biessels et al. [3], with cognitive 
attenuation seen above expectation for age in a late 50s cohort of diabetes foot ulcer 
patients, with high rates of comorbidity including hypertension, retinopathy and 
neuropathy. Thus, diabetic foot wounds could be argued to be an important risk 
variable for cognitive decline in middle-aged people with diabetes.

In Figure 1, a graphical representation has been provided to visually illustrate 
the impact of diabetes, across the lifespan, for Type 1 diabetes, Type 2 diabetes, and 
people with diabetic foot complications, relative to normal functioning. The graph 
provides a representation of generalised cognitive proficiency (summed across 
cognitive domains) and illustrates what is known about neurocognitive functioning 

Figure 1. 
Neurocognitive functioning across the lifespan.
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in each of the groups, based on the currently available literature. Further research 
is needed to definitively characterise the magnitude of neurocognitive decline in 
individuals with diabetic foot ulcers, and also to determine if there are any differ-
ences in the rates and types of decline in Type 1 versus Type 2 suffers. Additional 
research would also be beneficial into neurocognitive functioning in Type 1 cohorts 
into middle and older age, as currently there are few studies that include Type 1 
patients in these age groups.

3.4 Self-management

The available neurocognitive functioning results in diabetic foot ulcer 
samples raise a number of concerns about the capacity of this group to effectively 
implement self-management practices. Self-management requires the ability to 
adequately understand, process and recall recommendations, as well as to con-
sistently implement these effectively in daily life. Given the rates of pronounced 
cognitive decrement that appear to be present in a number of diabetic people with 
foot wounds, it could be expected that a sizable proportion of this cohort may lack 
the capacity to do this. Interestingly, in 2017 a second study was published by the 
Natovich lead study group, that compared adherence to self-care in two diabetes 
samples, those with and without foot ulcers [60]. Although not specifically stated 
by the authors, this study appears to have utilised the same cohort of participants 
and controls to their neurocognitive study, described above [46], as the reported 
sample numbers and demographic details of participants are the same. This study 
employed the Summary of Diabetes Self-Care Activity self-report scale as well as 
two objective measures of diabetes control and adherence (BMI and HbA1C levels). 
The results indicated that individuals with foot ulcers were more adherent to blood 
tests, but less adherent to physical activity recommendations and had poor glycae-
mic control (HbA1c). The authors speculated that this may be due to difficulty in 
linking problematic glycaemic test results to changes in actual behaviour, as a result 
of cognitive impairment. They also suggested that the reduced physical activity 
in the foot-ulcer group may make glycaemic levels more difficult to control. The 
cognitive screening study by Corbett and colleagues [45] indicated that individu-
als with foot ulcers and lower cognitive functioning had reduced understanding 
of how foot wounds occur, relative to cognitively higher functioning participants. 
It would be interesting for this to be investigated further to determine if these 
individuals are at higher likelihood of experiencing poorer wound healing and 
re-ulceration in the future.

4. Conclusion

The available evidence indicates that neurocognitive dysfunction in individu-
als with diabetic foot ulcers is more pronounced than expected, for both their age 
and diabetes status. Thus, diabetic foot complications appear to be associated with 
cognitive impairment. The mechanistic causes of this dysfunction is likely to be 
related to the overall poorer diabetes control in this group, including higher HbA1c 
scores, and higher rates of hypertension, retinopathy, neuropathy, nephropathy and 
microvascular disease, relative to diabetes peers without foot ulcers. Many of these 
complications have been found to contribute to an increase in the prevalence of 
vascular dementia and Alzheimer’s disease in people with diabetes. Thus, cognitive 
impairment in this group may represent disease burden caused by a combination 
of glycaemic and vascular factors, leading to accelerated neuronal death. Cognitive 
impairment may contribute to a ‘vicious cycle’ reducing the capacity of people 
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to effectively self-manage their diabetes and foot health, which in turn results in 
poorer diabetes control and an increase in complications, leading to further attenu-
ation in cognitive functioning.

More research is needed to provide further information about the cognitive 
profile of individuals with diabetic foot ulcers, using a large battery of commonly 
utilised clinical neuropsychology assessment measures. The four existing studies 
have provided some useful initial information. However, additional work clearly 
outlining the specific domains of cognitive impairment, and the magnitude of 
this impairment, using commonly utilised neuropsychological tests, is required. 
Longitudinal research to determine whether cognitive decline increases over time 
in this group would be useful. Combining cognitive functioning measures with 
neuroimaging in the same cohort would also help to determine if cognitive impair-
ment is associated with observable neurological abnormalities. Including psycho-
logical factors, such as the high frequency mental health conditions of depression 
and anxiety, as well as diabetes distress ratings, would provide information about 
whether psychological factors also impact on cognitive functioning, and potentially 
treatment adherence in this group.

Routine cognitive screening is likely to be beneficial in individuals with diabetic 
foot ulcers, as the available evidence indicates a high proportion will have cogni-
tive dysfunction. Where available, individuals showing moderate to significant 
difficulties on screening measures should be referred for clinical neuropsychologi-
cal assessment, to quantify the magnitude and specific nature of their cognitive 
difficulties. Neuropsychologists can also provide an individualised plan for cogni-
tive remediation and management strategies to assist with cognitive difficulties in 
daily life. This may assist in improving effective self-management compliance and 
improve over outcomes in his group.
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to effectively self-manage their diabetes and foot health, which in turn results in 
poorer diabetes control and an increase in complications, leading to further attenu-
ation in cognitive functioning.

More research is needed to provide further information about the cognitive 
profile of individuals with diabetic foot ulcers, using a large battery of commonly 
utilised clinical neuropsychology assessment measures. The four existing studies 
have provided some useful initial information. However, additional work clearly 
outlining the specific domains of cognitive impairment, and the magnitude of 
this impairment, using commonly utilised neuropsychological tests, is required. 
Longitudinal research to determine whether cognitive decline increases over time 
in this group would be useful. Combining cognitive functioning measures with 
neuroimaging in the same cohort would also help to determine if cognitive impair-
ment is associated with observable neurological abnormalities. Including psycho-
logical factors, such as the high frequency mental health conditions of depression 
and anxiety, as well as diabetes distress ratings, would provide information about 
whether psychological factors also impact on cognitive functioning, and potentially 
treatment adherence in this group.

Routine cognitive screening is likely to be beneficial in individuals with diabetic 
foot ulcers, as the available evidence indicates a high proportion will have cogni-
tive dysfunction. Where available, individuals showing moderate to significant 
difficulties on screening measures should be referred for clinical neuropsychologi-
cal assessment, to quantify the magnitude and specific nature of their cognitive 
difficulties. Neuropsychologists can also provide an individualised plan for cogni-
tive remediation and management strategies to assist with cognitive difficulties in 
daily life. This may assist in improving effective self-management compliance and 
improve over outcomes in his group.
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