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Preface

Diabetic foot ulcers (DFUs) are a secondary complication of diabetes mellitus. This
book provides a comprehensive overview of DFUs with chapters that reflect the wide
range of research currently being practiced in the field.

The book is organized into three sections on pathophysiology, treatment, and
assessment. It begins with an introductory chapter that provides an overview of
DFUs. Subsequent chapters discuss options for effective management and treatment
of this complication. Advances in medical science have led to the development of
novel treatments for DFUs, including point-of-care devices for home use.

The link between diabetic foot ulcers and an increased risk of amputation, morbidity,
and mortality is well documented in the literature, including guidelines from several
international organizations. Thus, proper management and care of patients with
DFUs may help to reduce healthcare burdens and associated costs.

We would like to thank the authors for their excellent contributions. We would also
like to acknowledge Author Service Manager Ms. Maja Bozicevic at IntechOpen for
her assistance throughout the publication process.

Alok Raghav

Research Professor,

School of Medicine,

Department of Anatomy and Cell Biology,
Gachon University,

Incheon, South Korea
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Chapter1

Association between Diabetic
Kidney Disease and Diabetic Foot
Ulceration

George J. Dugbartey and Karl K. Alornyo

Abstract

Diabetic kidney disease (DKD) is a common global health challenge characterized
by a decline in renal function among the diabetic population, which progresses to
end-stage renal disease (ESRD). Evidence in the literature suggests a strong associa-
tion between DKD and the development of diabetic foot ulceration (DFU). DFU is
a serious health issue that complicates both type 1 and type 2 diabetes mellitus, and
negatively impacts the quality of life of diabetic patients. Patients with advanced
DKD or ESRD have a five-fold increased risk of developing DFU, with 6.5-10 times
higher rate of amputation than their non-nephropathic counterparts. Multiple and
inter-related pathways of DFU in DKD have been identified in which ischemia,
neuropathy and infection are major contributing pathologies. However, extensive
research to comprehensively assess the progression of DFU in DKD is lacking. In this
chapter, we discuss the causal pathways in DFU development and progression, the
relationship between DKD and DFU as well as treatment options and measures to
achieve both primary and secondary prevention.

Keywords: diabetic kidney disease (DKD), diabetic foot ulceration (DFU), end-stage
renal disease (ESRD), chronic kidney disease (CKD), diabetes mellitus, amputation

1. Introduction

Diabetic foot ulceration (DFU) is a serious complication of diabetes mellitus
worldwide, and the most common cause of in-patient admissions among the diabetic
population [1, 2]. It reduces mobility and quality of life of patients. Left untreated or
poorly managed, DFU can lead to amputation, and death in extreme cases [3]. The
etiology of DFU is quite complex due to the involvement of a number of pathophysi-
ological mechanisms, with polyneuropathy being the most crucial of them all [4, 5].
Proper adherence to standard treatment strategies (both pharmacological and non-
pharmacological) and interdisciplinary cooperation between healthcare practitioners
(doctors, nurses, pharmacists, etc.) and the patient can reduce the relatively high
rates of major amputations and mortality in diabetic patients due to DFU [6-8].

Diabetes-related foot complications have been identified as the most common
cause of morbidity among diabetic patients [1]. Peripheral vascular disease is a major
underlying risk factor for the development of DFU due to reduced oxygenation of the
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foot. It renders the diabetic foot asymptomatic until latter evidence of non-healing
ulcers become evident [9, 10]. Also, uremia due to diabetic kidney disease (DKD)
reduces the body’s immune capabilities and creates a suitable environment for bacte-
rial growth in the foot ulcers [11]. Inadequate oxygenation or perfusion of the affected
foot aids in the progression of DFU due to a reduced delivery of antibiotics to the
affected foot. At this point, the patient needs to be monitored strictly to prevent the
steady progression of DFU to diabetic gangrene, a condition where foot ulcerations
become necrotic and unresponsive to antibiotic therapy and ultimately may require
amputation of the affected foot [12, 13].

While about 6.3% of patients currently have foot ulcerations worldwide [14],
it is estimated that about 25% of diabetic patients may develop DFU in their life-
time [5]. Of all amputations in diabetic patients, 85% are preceded by DFU, which
subsequently worsens to a gangrene or infection [3, 15]. DFU is more prevalent in
type 2 diabetic patients, with these patients suffering recurring hospital admissions
which increases their financial burden on the healthcare system and the patient [16].
Everett and Mathioudakis [17] recently reported that diabetic patients with DFU
have 2.5 times increase of dying while experiencing an 11-fold increase in hospital
costs compared to patients hospitalized for nondiabetic foot ulcer. A patient’s likeli-
hood of developing DFU increases as his or her disease duration increases [18], while
complications such as DKD further increases the patient’s risk of getting foot ulcers
[19]. Furthermore, the severity of DFU delays wound healing time [18, 20], which
consequently increases the cost of its clinical management. This chapter discusses the
causal pathways in DFU development and progression, the relationship between DKD
and DFU as well as treatment options and measures to achieve both primary and
secondary prevention.

2. Pathophysiology of diabetic foot ulceration

DFU is a complex condition which has a host of pathological mechanisms involved
in its development and progression. Thus, multiple and inter-related pathways of
DFU have been identified in which diabetic peripheral neuropathy, peripheral vascu-
lar disease and ischemia, and infection are major contributing pathologies [21-23].

2.1 Diabetic peripheral neuropathy

Diabetic peripheral neuropathy (DPN) is considered the cardinal driving force to
developing DFU. It is a condition where nerves in the limbs (lower limbs in the case of
DFU) are damaged by a variety of conditions such as inflammation, oxidative stress,
advanced glycated end-products and a decrease in nitric oxide production [24-26]. The
nerve damage renders the diabetic feet insensitive to harmful stimuli such as trauma
from stepping on a hot or sharp object or skin injury from wearing ill-fitted shoes.

It is reported that over 60% of foot ulcers among the diabetic population is directly
linked to the development of DPN [24-26]. An increased activity of aldose reductase
and sorbitol dehydrogenase (enzymes involved in the alternate metabolism of glucose
under hyperglycemic conditions) leads to the accumulation of sorbitol and fructose
[27]. High concentrations of these sugars negatively impact the levels of myoinositol, a
carbocyclic sugar that mediates cell signal transduction in response to neurotransmitter
and hormones [28, 29]. In DPN, there is reduced nerve innervation of small muscles of
the foot as well as a decline in peripheral sensation and vasomotor control of the pedal
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circulation. This leads to development of wounds in these patients, which progress to
ulcers that go unnoticed until observed by someone else [30].

Diabetes mellitus also promotes skin fissuring and dryness (reduced sweating), a
situation which makes the skin prone to infections (due to the cracks in the skin acting
as a potential portal for entry of bacteria) and poses as a risk factor in the expansion and
worsening of DFU [31, 32].

DPN may reduce the production of neuropeptides such as substance P, calcitonin
gene-related peptide and nerve growth factor, as these neuropeptides are important
for wound healing [33-35]. These changes aid the progression of wounds and ulcers to
gangrenes, coupled untimely management (with pharmacological or surgical interven-
tion) ultimately leads to the loss of a limb. Also, the lack of pain sensation exposes the
feet of diabetic patients with sensory neuropathy to repeated unnoticed trauma. It is
important to note that the lack of pain sensation and impaired temperature sensation,
both being components of sensory neuropathy, can make the instant withdrawal of a
foot from harmful objects or hot liquid impossible [36, 37]. This creates an ulcer which
may become chronic due to constant exposure to obnoxious stimuli. Furthermore,
repeated pressure at focal point within the foot leads to the development of foot ulcers.
This is partly linked to flexor extension imbalance and muscle atrophy, which develops
in some diabetic patients, causing unequal distribution pressure and prominence of the
diabetic foot [38, 39]. Thus, DPN creates repeated and unequal distribution pressure in
the feet of diabetic patients, leading to development of DFU.

2.2 Peripheral vascular disease and ischemia

Hypoperfusion (ischemia) resulting from peripheral vascular disease contributes to
DFU development due to reduced oxygen supply to the diabetic foot [40]. The vascular
disease in diabetic patients is mostly localized in arteries of the lower limb, with dismal
prognosis [41, 42]. A major risk factor for the development of peripheral vascular disease
is atherosclerosis [43, 44], a condition in which an artery become hardened or thickened
due to a buildup of plaque in its inner lining. Atherosclerosis appears at a younger age in
diabetic individuals and progresses more rapidly than in nondiabetic individuals [45,
46], thus making diabetes mellitus one of the risk factors for developing atherosclerosis.
In the diabetic microcirculation, there is existence of structural changes, most notably, a
thickening of the capillary basement membrane and endothelial dysfunction [47, 48]. As
already mentioned, DPN reduces the production of neuropeptides which aid in wound
healing [33-35]. These neuropeptides directly and indirectly (through mast cell release
of histamine) cause increased permeability and vasodilation [49, 50]. The endothelium
plays an important role in blood vessel wall function by synthesizing and releasing vaso-
dilators such as prostaglandins and nitric oxide, which modulate vascular tone in pedal
circulation [51, 52]. A host of mechanisms responsible for vascular dysfunction in diabe-
tes have been identified to include over-production of reactive oxygen species, impaired
nitric oxide pathway, abnormal production of vasoconstrictor prostanoids, intracellular
signaling and advanced glycated end products [53-55]. This pathological vascular
alteration in the diabetic foot contributes to DFU development, suggesting that diabetic
patients must undergo a timely vascular examination for timely revascularization.

2.3 Infection

The immune system of healthy people is much more robust and stronger than
that of diabetic individuals [56, 57] and thus, foot infections in the latter group
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need to be closely monitored and managed appropriately [58, 59]. Unsurprisingly,
it is estimated that about 50% of patients with DFU present clinical signs of infec-
tion (either locally or systemically) [60, 61]. A foot infection is characterized by
the presence of purulent secretions or at least two of the classic signs of inflamma-
tion (erythema, hyperemia, edema, or swelling and pain) [62, 63]. Patients with
poor metabolic or uncontrolled diabetes are commonly afflicted with bacterial
infection in which a lack of granulation tissue, delayed healing, appearance of
necrotic tissue on wound surface and/or odor are prominent [64, 65]. Furthermore,
these patients display a loss of sensitivity (i.e. diabetic peripheral neuropathy)

in the affected foot due to damage caused to short and long fibers (A-beta and
A-delta) secondary to hyperglycemia [66, 67]. Chronic hyperglycemia, a hallmark
of diabetes mellitus, provides a suitable medium for bacterial growth, mainly
aerobic Gram-positive cocci (e.g. Staphylococcus aureus), Gram-negative aerobes
(e.g. Pseudomonas aeruginosa) and drug-resistant bacteria such as vancomycin-
resistant S. aureus and methicillin-resistant S. aureus, which were the common
microorganisms identified in the diabetic foot [68-70]. In extreme situations, the
bacterial infection of soft tissue spreads to the bones (causing osteomyelitis; an
inflammation in the bone) and other surrounding tissues and organs. Unsuccessful
attempts at halting the spread of the infection may lead to septicemia and amputa-
tion of the affected limb [65, 70]. Also, uncontrolled diabetes mellitus impairs the
proliferation of fibroblasts and collagen synthesis while prolonging an inflamma-
tory cascade [71, 72], a condition which compromises the wound healing abilities
of diabetic patients. In summary, persistent hyperglycemia in diabetic individuals
creates a suitable microenvironment for the growth of pathogenic bacteria, which
contributes to DFU development and progression.

3. Renal involvement in diabetic foot ulceration
3.1 Diabetic patients with chronic kidney disease and end-stage renal disease

Chronic kidney disease (CKD) is clinically defined by the presence of persistent
albuminuria (albumin-to-creatinine ratio > 30 mg/g for at least 3 months) regard-
less of etiology [73, 74]. It is estimated that about 40% of patients with DKD are
expected to develop CKD at a point in their life [75]. The progression of CKD to
end-stage renal disease (ESRD; the final stage of CKD) is higher in diabetic patients
compared to their nondiabetic counterpart, so as is the mortality rate of these
patients with DFU [76]. Calciphylaxis, uremic pruritus and nephrogenic systemic
fibrosis are skin disorders that increase the risk of DFU development in patients
with DKD [77-79]. Calciphylaxis, for example, presents with painful skin lesions
which progress into a necrotic nonhealing skin ulcer and occasionally, gangrene in
ESRD patients. It is a rare and life-threatening complication in which calcium accu-
mulates in small blood vessels of the skin, occurring in about 1% of ESRD patients
annually [78, 80]. Although its exact pathophysiology remains unclear, some
studies suggest that abnormal bone and mineral metabolism, hyperparathyroid-
ism, and vitamin D therapy contribute to the development of this disorder [81, 82].
Given that the most common clinical presentation of calciphylaxis is nonhealing
lower extremity ulcers, its timely identification by relevant healthcare professionals
is critical [83, 84].
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As diabetic peripheral neuropathy is one of the major contributing factors in
DFU development and progression, uremic neuropathy, a sensorimotor neuropathy
caused by uremic toxins, is a common complication of ESRD in which glomerular
filtration rate (GFR) of the patient is <12 mL/min due to a buildup of dialyzable
neurotoxins [85, 86]. The coexistence of uremic neuropathy and diabetes mellitus
suggests that the clinical manifestations of diabetic neuropathy overlap with uremic
neuropathy in diabetic patients with CKD and/or ESRD. Diabetic patients with
ESRD also show immune vulnerability to infections, as hyperglycemia creates a
veritable medium for bacterial growth and infection. As such, infections account
for the second cause of mortality next to cardiovascular etiologies among diabetic
patients with ESRD, representing 20% of the death of these patients, and also
contributes significantly to their morbidity partly due to a decreased bactericidal
activity of neutrophils [87, 88]. Moreover, pathological changes in complement
function and significantly elevated levels of pro-inflammatory cytokines were
associated with reduced renal clearance and persistent infection in diabetic patients
with ESRD [89, 90].

In addition to uremic neuropathy and infection in diabetic patients, peripheral
vascular disease was also found to increase the progression and severity of DFU,
with an incidence rate in patients with CKD stage 1, 2 and 3 or 4 to be 4.7, 4.9 and
8.6 respectively [91, 92]. Of note, the risk factors for DFU can be seen in all stages
of CKD, with microalbuminuria (the major clinical feature of DKD) as an indepen-
dent risk factor for DFU [93]. Interestingly, Margolis et al. [94] found that the haz-
ards of DFU increased by twofold and threefold in patients with CKD stage 3 and
4 respectively, while the risk for DFU decreased with improvement in renal func-
tion. ESRD, the final stage of CKD, increases the frequency of DFU and other foot
complications such as infection, gangrene and amputation, with a twofold increase
in diabetic patients relative to their non-ESRD counterparts [95, 96]. A previ-
ous study involving a cross-sectional examination of diabetic patients with and
without ESRD also showed a fourfold increased risk of DFU complication among
those with ESRD compared to their non-nephropathic diabetic counterparts [95].
These reports were later supported by the findings of Wolf and colleagues [97],
who also observed that every 10 mL/min increase in estimated GFR (eGFR; a test
of renal function and stage of CKD) corresponded with a 30% and 13% decrease
in the odds of developing DFU in type 1 and type 2 diabetic patients respectively.
As ESRD is associated with increase in diabetic foot complications such as amputa-
tion, a substantial body of evidence shows that amputation rate among diabetic
patients with ESRD is 6.5-10 times higher compared to non-nephropathic diabetic
population [96, 98, 99], with a low chance of diabetic wound healing as well as fail-
ure of healing from transmetatarsal amputations [100-105]. Also, a retrospective
study of the effect of renal function on the development, severity, and outcome
of DFU shows that reduced creatinine clearance increases the risk for DFU, with
peripheral neuropathy and peripheral vascular disease also associated with DFU
development [100].

Worsening the situation in diabetic patients with ESRD is the fact that tissue
oxygenation is reduced as a result of decreased synthesis and release of erythro-
poietin (a hormone of renal origin which stimulates red blood cell production),
culminating in anemia of ESRD, and thereby impairing diabetic wound healing
[106-110]. Also, iron replacement therapy used by ESRD patients in the manage-
ment of anemia has been recently shown to delay wound healing in these patients
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[111]. This is because iron inhibits cofactor p300, needed for the synthesis and
release of vascular endothelial growth factor (VEGF) by hypoxia inducible growth
factor-1a [111]. VEGF regulates and maintains angiogenesis (a physiological pro-
cess through which new blood vessels form from pre-existing vessels) [112, 113].
Results from recent preclinical studies suggest that iron depletion with deferox-
amine (a heavy metal chelator) in rats improves tissue oxygenation and facilitates
wound healing by curtailing iron-mediated impairment of VEGF upregulation
[114]. Taken together, these findings imply that the range of DKD from micro-
albuminuria to ESRD represent a chain of risk factors for DFU development and
progression.

3.2 Diabetic patients on renal dialysis

Another group of diabetic patients in which the kidney contributes to DFU
development or progression are those receiving dialysis therapy. Dialysis patients
who have markedly higher risks of DFU or amputation include those with previ-
ous foot ulceration or amputation, diabetes mellitus, DPN, or macrovascular
disease [115, 116]. Other studies also found that reduced mobility and dexterity
due to dialysis may impair the patient’ ability to perform foot inspection or foot
self-care. In addition, prolonged periods of inactivity on a dialysis couch for at
least three times in a week could further contribute or worsen DFU by enhanc-
ing the development of pressure ulcers (prolonged pressure-induced skin injury)
[117]. A retrospective study of 90 diabetic patients on dialysis therapy showed
a high incidence of DFU and amputation before the start of dialysis, with a fur-
ther increase following 2 years after dialysis initiation [115]. Therefore, it can be
inferred that the dialysis treatment was a driving force in DFU progression and its
complications. Such a negative effect of dialysis on DFU was later supported by the
findings from a multiethnic study in which 400 diabetic patients on dialysis were
reported to be at high risk for foot complications [118]. This finding was confirmed
in another study by the same authors in which dialysis independently increased
the risk for DFU in 137 diabetic patients, with an odd ration of 4.2 after including
diabetic neuropathy, peripheral vascular disease, foot self-care measures and other
potential confounders [119]. Miyajima et al. [102] also observed that major ampu-
tation rates are markedly increased in diabetic patients undergoing hemodialysis,
with dismal prognosis while only half of diabetic patients on dialysis avoided major
amputation regardless of revascularization [103]. In another study, amputation rate
was reported to be 57% among diabetic patients receiving hemodialysis while 25%
was reported in their counterparts with pre-dialysis ESRD [96]. In the same vein,
diabetic patients on dialysis with critical foot ischemia had 8.9 times increased risk
of poor prognosis [120].

McGrath and associate [121] also studied a close relationship between the time
of dialysis initiation and development of diabetic foot complications. In a majority
of diabetic patients, they found that the period from commencement of dialysis to
amputation was less than 1 year, with the median being 7 months. Their observation
was later corroborated by the findings of Game et al. [115] who reported a signifi-
cant increase in the rate DFU onset by 3.3 (95% CI, 1.59-7.04) in the first year after
commencement of dialysis while that between the second and fifth years increased
by 4.56 (95% CI, 2.19-9.50). In the same study, the authors further reported that
the increases in the incidence of major amputation were 31.98 (95% CI, 2.09-490.3)
and 34.01 (95% CI, 1.74-666.2) in the first year and second to fifty year of dialysis
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respectively [115]. Similarly, compared to the general diabetic population, a 10-times
increase in nontraumatic amputation rate was reported, as seen in 11.8-13.8/100
person-years in diabetic patients on dialysis [98], while diabetes mellitus was
identified as the main risk factor for amputation of lower limb among patients on
hemodialysis [122]. Tragically, the rates of mortality among amputees receiving
dialysis therapy are disproportionately high regardless of successful post-amputation
rehabilitation. For example, 50% mortality was reported within 1 year in 14 diabetic
patients receiving dialysis therapy compared to 33% 1-year mortality rate in diabetic
patients receiving treatment for heart failure [123]. Also, a study involving a large
cohort of diabetic patients revealed increased post-amputation mortality rates,
which corresponded with worsening renal condition, with dialysis patients being the
most affected [124]. As infection (or sepsis) is a principal aggravating factor in DFU
development and progression, it has been identified as a contributing factor next to
cardiovascular disease in the mortality of diabetic patients on dialysis. A case-control
study that sought to investigate the rates of mortality following diabetes-associated
amputation revealed sepsis as a major cause of post-amputation mortality (49% of
cases) compared to mortality due to heart-related diseases (45%) [125]. Although the
authors did not include diabetic patients receiving dialysis therapy in their study, the
implication of their findings is very important, as diabetic patients receiving dialysis
treatment are easily vulnerable to infection. On a whole, dialysis increases the rate of
DFU onset and progression as well as lower limb amputation and post-amputation
mortality.

3.3 Renal transplantation in diabetic patients

There is limited data to the contribution of kidney transplantation on the onset
and progression of DFU. However, it is well-known that as a result of induction and
maintenance of immunosuppression in kidney transplant recipients, they represent
a special group that is highly susceptible to infection. Diabetic patients in this group
may develop DFU from opportunistic infections which require hospital admis-
sions because these infections are difficult to treat. Moreover, their compromised
immune system due to immunosuppressive therapy may impair wound healing.
Such a condition may lead to septicemia which can progress to sepsis [126]. There
are studies showing amputation rates as high as 30% in this group of patients
[126-128]. It is important to note that peripheral vascular disease is common among
renal transplant recipients [127, 129], which increases their risk for DFU develop-
ment. In the light of this, Sharma et al. [130] recently reported that about 1in7
patients develop a new onset DFU following kidney transplantation or simultane-
ous pancreas-kidney transplantation although glycemic status is well-controlled.
They also observed that DFU increases the risk of failure of the renal graft [130].
Although data regarding the effect of kidney transplantation on DFU development
and progression are scarce, the few studies done so far suggest that kidney trans-
plantation increases the risk of developing DFU.

4. Current treatment options and prevention

The management of DFU involves pharmacological, non-pharmacological
approaches and/or surgery. A patient’s suitability for each management option
depends on factors such as state of the wound (non-infected, necrotic or
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gangrenous), required frequency for assessment, and the likelihood for patient
compliance (mobility and financial capabilities).

4.1 Pharmacological approach

The selection of appropriate treatments should be based on the results of a
wound culture once an infection is suspected. For accurate results during wound
culture, it is ideal to harness tissue from the base of the ulcer after debridement
rather than taken from a superficial wound [131, 132]. If deep tissue infections are
suspected, specimens obtained aseptically during surgery provide optimal results.
Chronic or previously treated wounds most often show polymicrobial growth,
including Gram-positive cocci, Gram-negative rods or anaerobes and fungi in some
cases [133]. Antibiotic-resistant organisms such as vancomycin-resistant S. aureus
and methicillin-resistant S. aureus are frequently found in patients previously
treated with antibiotic therapy or patients with a recent history of hospitalization
or residence in a long-term care facility [134, 135]. The selection of appropriate
antimicrobial therapy, including the agent, route of administration, and need for
inpatient or outpatient treatment will be determined in part by the severity of the
infection. In-patient admissions should be offered to individuals with systemic signs
of severe infection with the provision of supportive care and intravenous antibiotic
therapy based on result obtained from wound culture [136, 137]. Common classes of
pharmacological agents used include lincosamides, fluoroquinolones, p-lactams/p-
lactamase inhibitors [138, 139], and exogenous sources of agents such as nitric oxide
that stimulate angiogenesis and vasodilation.

4.2 Non-pharmacological approach
4.2.1 Debridement

Debridement is one of the cornerstones of wound management, which could be
surgical or non-surgical. It involves removal of necrotic tissue to aid wound healing.
Debridement of open foot ulcers is required if unhealthy tissue is present, as this will
aid in decreasing pressure points at callused sites on the foot [140, 141]. Removal of
unhealthy tissue is linked to reducing colonizing a “clean” wound and allowing for
examination of deep-lying tissues in the ulcer. Wound dressing is the cornerstone
in diabetic foot care. As a convention, dressing changes and wound inspection and
dressing should be done daily or as determined by the physician [142]. An ideal
dressing should contribute to a moist wound environment, absorb excessive exudates,
and not increase the risk for infections. Luckily, some non-surgical debriding agents
have been incorporated with biologics such as transforming growth factor-f, vas-
cular endothelial growth factor and epidermal growth factor [142-144]. Compared
to conventional wound dressings, this modern wound dressing technique hastens
the process of wound healing, as it stimulates angiogenesis, fibroblast proliferation,
collagen synthesis and deposition, epithelization and remodeling of new extracellular
matrix.

4.2.2 Surgery

Surgical management is considered an integral part of diabetic foot care, which
is based on recent advances in technology and comprehensive understanding of the
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pathophysiology underlying DFU. Bypass surgery is a common method of treatment
for ischemic limbs to preserve the functional anatomy of the diabetic foot. In cases
where there are multiple levels of occlusion, surgery allows revascularization to restore
arterial blood flow and increase the chance for limb salvage [145]. Prior to surgery,

the possibility of underlying osteomyelitis should be considered with the presence of
exposed bone [146]. The patient may undergo surgical excision of the affected bone or
an extensive course of antibiotic therapy if septicemia is suspected [147].

4.3 Prevention of diabetic foot ulceration in patients with diabetic kidney disease

As DFU and its complications in patients with DKD either pre-, intra- or post-
dialysis increases morbidity, mortality and financial burden, its prevention has
become imperative. Unfortunately, foot care or chiropody programs have not been
established in dialysis centers globally. This is a worrying picture, especially among
patients with the highest risk of developing DFU. This group of patients include
dialysis patients, amputees and those with history of foot ulceration. Emerging
evidence shows that establishment of chiropody programs at dialysis units presents
several benefits such as significant drop in the incidence of DFU among amputees
and dialysis patients as well as reduction in the incidence of amputations, and
improvement in ulcer healing times in the period when education on foot care and
assessment, and provision of therapeutic shoes were introduced [148-151]. The
beneficial outcomes of these preliminary studies suggest that instituting chiropody
programs at all dialysis centers led by dialysis nurses would greatly reduce the
burden of DFU and its complications on dialysis patients, healthcare system and
society.

5. Conclusion

DFU is a common complication in diabetic patients, and remains a major cause of
morbidity in patients with DKD. It has a complex pathophysiology involving a host
of metabolic and hemodynamic processes such as diabetic peripheral neuropathy,
ischemia (due to diabetic vascular disease) and infections. DFU deteriorates into gan-
grenes and necrotic wounds when left untreated or when not adequately attended to.
Due to its complexity, a team of healthcare professionals are needed in the manage-
ment of foot ulcerations involving both pharmacological and non-pharmacological
interventions to address all three contributing pathologies (neuropathy, ischemia and
infection). In some extraordinary cases, surgery maybe needed to provide revascu-
larization, off-loading to relieve high-pressure areas and ultimately relief to patients.
As there is significant renal contribution to DFU development and progression,
preventive measures should include the need to institute chiropody programs at all
dialysis centers to reduce the burden of DFU on dialysis patients, healthcare system
and society.
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Chapter?2

Insight of the Pathophysiology of
Diabetic Foot Ulcer

Idris Long

Abstract

The implications of prolonged hyperglycaemia in diabetic individuals include an
increased incidence of foot ulcers. Prolonged hyperglycaemia creates a toxic environ-
ment in diabetes nerves, particularly at the foot. It also contributes to the hypoxic
situation in this region. This disorder causes the nerves, particularly those in the foot,
to die and become incapable of responding to sensation stimuli. However, the patho-
genesis of diabetic foot ulcers is largely unknown. This chapter attempts to describe
the aetiology of foot ulcers through peripheral neuropathy, vascular disease, trauma
and infection and explore the evaluation and diagnostic criteria and the current
therapy and management of diabetic foot ulcers.

Keywords: hyperglycaemia, diabetic foot ulcer, neuropathy, vascular disease, trauma
and infection

1. Introduction

Diabetes patients experience diabetic foot ulcer (DFU) as a result of prolonged
hyperglycaemia, and it is the most common reason for hospitalisation. It is also
associated with severe morbidity and mortality and, if not recognised and treated
promptly, can result in limb amputation [1]. It also had an influence on the finan-
cial burden placed on patients, their families, society and the government for
the treatment and management of DFU [2]. The risk of a patient with diabetes
developing a foot ulcer has been estimated to be 19-34%, and the incidence rates
for ulcer recurrence remain high which is 40% within 1 year after healing and 65%
within 5 years [3].

Hyperglycaemia stimulates enzymes such as aldose reductase and sorbitol
dehydrogenase, resulting in the conversion of intracellular glucose to sorbitol and
fructose. The accumulation of these converted glucose products reduces the synthesis
of myoinositol in nerve cells that are essential for energy production [4]. The chemi-
cal change caused by glucose also resulted in the depletion of nicotinamide adenine
dinucleotide phosphate (NADP), which is required for the detoxification of reactive
oxygen species (ROS) and the synthesis of the vasodilator, nitric oxide (NO). Asa
result, there is an increase in oxidative stress on nerve cells, as well as an increase in
vasoconstriction on blood vessel, which leads to ischemia, which causes nerve cell
damage and death [5]. The common sites for ulceration on foot are dorsal or plantar
aspects of the toes, plantar metatarsal heads and heel.
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There are numerous events in diabetic progress that can contribute to the develop-
ment of DFU. The most important events are diabetic peripheral neuropathy (DPN),
which affects half of all diabetics, peripheral vascular disease (PVD) and trauma and
infection [6].

1.1 Diabetic peripheral neuropathy (DPN)

DPN can be sensory, motor or autonomic. Sensory neuropathy reduces the patient’s
sensory awareness and manifests clinically as burning, tingling or paraesthesia in the
stocking and glove distribution, which worsens after numbness symptoms appear [7].
The peripheral nerve fibres in diabetic patients are affected in a length-dependent
manner, with the longest nerves being affected first, resulting in a stocking distribu-
tion of sensory loss. Sensory loss involving type A myelin fibres results in loss of
proprioception, pressure sensation, vibratory perception and gait impairment. The
destruction of type C sensory fibres results in an inability to recognise painful stimuli.
As aresult of these impaired sensations, the diabetic patient may suffer from repeti-
tive foot trauma, such as blister formation or even metatarsal bone fracture, without
realising it. Poor balance due to loss of proprioception, decreased sweating and dry
skin that can develop skin cracks and fissures are all consequences of DPN [8].

Motor neuropathy can result in structural changes in the shape of the foot. It is
typically presents as wasting of the intrinsic muscles of the foot, resulting in clawing
of the toes and changes to the architecture of the mid-foot and subsequently in pres-
sure redistribution over the metatarsal heads. Loss of the Achilles reflex is the earliest
sign of these changes. With atrophy of the lumbricals and interosseous muscles, the
anatomy of the foot arch changes, with a relative increase in extensor tendon forces
producing a “claw” deformity of the toes. A shift to extrinsic muscle/tendon function
contributes to depression of the metatarsal heads, hammer-toe contracture of the
digits and equine ankle deformity [9].

Whereas autonomic neuropathy can impair the microvascular thermoregulation
and anhidrosis process that adds to the motor and sensory disturbance. From this
malfunction, the skin becomes dry as it loses the ability to moisturise its surface due
to decreased secretory functions of the sebaceous and sweat glands and prone to fis-
suring, diminishes its effectiveness as a barrier to microorganism invasion, becoming
susceptible to dermal infection, that is, cellulitis [10].

1.2 Peripheral vascular disease (PVD)

Microvascular and macrovascular diseases are the two types of diabetic vascular
complications. Endothelial cellular dysfunction and smooth muscle abnormalities
develop in diabetics as a result of a decrease in endothelium-derived vasodilators,
resulting in constriction of blood arteries in the foot [11]. In diabetic patients,
glucose levels in cells and tissues rise, stimulating glycolytic and polyol pathways in
the peripheral nerve. Furthermore, protein modification with Advanced Glycation
End-products (AGEs) and AGE accumulation causes structural (nerve fibre loss
or demyelination and thickening of the endothelium’s basement membrane in
microvessel) and functional damage in small fibre nerves and microvessel. This
situation is more vulnerable to diabetic patients’ distal lower limb microvessel,
which typically affects small arteries below the knee and within the foot, resulting
in ischaemia at this site. This microcirculatory complication appears much earlier in
the stage of prediabetes and worsens over time [12].
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Furthermore, macrovascular disease such as atherosclerosis causes blockage in
major arteries due to thickening of blood capillaries and hardening of arteriolar walls,
and it’s also ended up with ischaemia. In DFU, determining the degree of ischaemia is
critical. The pedal pulses (dorsalis pedis and posterior tibial arteries) must be care-
fully palpated. The dorsalis pedis artery is absent or significantly reduced in size in
approximately 12% of the population, so a pulse may not be palpable. A cool foot with
no palpable pedal pulses should be investigated further with non-invasive arterial
Doppler ultrasonography of the lower limb. Beside these, other risk factors can also
contribute into PVD such as age, smoking, hypertension, hyperlipidaemia, inflamma-
tory markers and renal dysfunction [13].

1.3 Trauma and infection

Trauma might also contribute to the development of ulceration in DFU. Ill-fitting
shoes are the most prevalent source of trauma, and also injuries go missed due to a
lack of sensation [14]. Motor neuropathy causes structural changes in the structure
of the foot; as a result, many regular shoes are inappropriate for diabetic patients.
Walking-related repetitive stress, along with diminished sensation and proprio-
ception, predisposes to skin damage by producing atrophy and displacement of
protective plantar fat pads, leading to ulceration and infection with inadequate skin
protection or inappropriate footwear [15].

Neglecting skin protection, such as forgetting to apply moisturising lotions or fail-
ing to recognise cutaneous stress (redness, blister formation), can lead to ulceration

DIABETES MELLITUS
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and
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J |
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Figure 1.

Common pathway to diabetic foot ulcer.
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and the development of an invasive soft-tissue infection. If not treated quickly, tissue
degradation will persist, especially if the patient continues to walk. The risk of ulcer-
ation increases significantly in the presence of peripheral neuropathy, foot deformity
or previous digit amputation (by 32 times) [1].

Trauma in the foot could also lead into infection that penetrates the deep fascia,
allowing infection to spread into the mid-foot muscles, joints and tendon sheaths.
In diabetics, infection is responsible for 50% of all major (above- or below-knee)
lower-extremity amputations. Polymicrobial infections (staphylococci, streptococci,
enterococci, Escherichia coli and other Gram-negative bacteria) are widespread, as is
the presence of antibiotic-resistant bacterial strains, particularly methicillin-resistant
Staphylococcus aureus, which occurs in 30-40% of cases. When a diabetic foot infec-
tion contains resistant bacterial strains, which is commonly the result of repeated or
protracted antibiotic use, the risk of amputation rises [16]. The common pathway to
DFU is illustrated in Figure 1.

2. Evaluation and diagnosis of DFU

Diabetic patients need to regularly check their foot from any sign of ulcer and
infection. A typical foot examination encompasses four aspects which are dermato-
logic, vascular, neurologic and musculoskeletal.

2.1 Dermatologic

The dermatologist will look for any thickness or discolouration of the toenails,
as well as hyperkeratosis on the toes or balls of the feet. The state of the patient’s
skin reveals information regarding the health of the patient’s feet. Toenails that are
excessively swollen, opaque, disintegrating, yellow in colour and malodorous are
most likely fungal, indicating sensory, autonomic or both neuropathies. Peripheral
neuropathy dulls the sensation and allows patients to bear more sustained pressure on
a small region of skin without experiencing pain. Shear pressures induce the skin to
react to aberrant stimuli, causing keratinisation to rise. Autonomic neuropathy makes
it difficult to maintain normal skin moisture balance and control. The skin becomes
either too dry and scaly or too wet, promoting dermatophyte infections and skin
maceration inside the webspaces [9, 16, 17].

2.2 Vascular

Palpation of the dorsalis pedis and posterior tibial is part of the vascular examina-
tion. Because the dorsalis pedis artery is missing or diminished in size in the majority
of diabetes individuals, a palpable pulse cannot be felt. The capillary refill time to
each digit is also essential in determining blood flow to the toes and the microvascula-
ture’s state. Peripheral oedema may be indicative of autonomic neuropathy caused by
venous blood insufficiency in the lower extremities. The lower legs have dark discol-
ouration up to the mid-tibia [18].

2.3 Neurologic

The neurologic evaluation involves testing the patellar and Achilles deep tendon
reflexes. The loss of the Achilles reflex is a sign of severe peripheral neuropathy.
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Sensitivity is assessed for vibratory loss using a 128 Hz tuning fork, while sensation to
light touch is determine using microfilament, pin prick and temperature (tuning fork
placed in warm or ice water then applied to dorsum of foot and positional sense in
the toes). Neuropathy is characterised by decreased proprioception and a loss of light
touch. Balance issues will be revealed by gait analysis. Walking from heel to toe might
be challenging with peripheral neuropathy. A patient’s larger base of gait may sug-
gest lack of proprioception, and balance may be considerably reduced with the eyes
closed. The Romberg test (loss of balance with feet together and eyes closed) is also
used when evaluating neuropathy [19].

2.4 Musculoskeletal

The musculoskeletal assessment involves looking for common foot abnormalities
such bunions (hallux valgus), constricted toes and Tailor’s bunions (lateral exosto-
sis fifth metatarsal head). With the patient upright, clinicians should look for any
noticeable asymmetry changes in arch height. Common symptoms of a patient’s foot
“looking odd” or changing in appearance and becoming red, hot and swollen without
any history of trauma to the region should prompt a radiograph and referral to a
podiatrist for treatment. Unexplained swelling in the feet is a sign of active Charcot
alterations, especially if just one foot is affected. Diabetic foot infection, osteomyelitis
and cellulitis, acute inflammatory arthropathy, gout, acute thrombosis and trauma are
all causes of a Charcot deformity [20].

2.5Imaging

In an acute presentation of a DFU, plain radiography is the most frequent first-
line radiographic study to check for underlying osteomyelitis. It is cheap and widely
available. If feasible, weighty viewpoints should be taken. Radiographs can identify
osteomyelitis, osteolysis, fractures, dislocations, medial arterial calcification, soft
tissue gas and foreign substances, as well as structural foot abnormalities and the
presence of arthritis [20]. CT scans may be used to evaluate suspected bone and joint
disease that is not visible on conventional radiography. CT provides excellent ana-
tomic information and resolution of bone, including osseous fragmentation and joint
subluxation. Subluxation of the transverse tarsal or tarsometatarsal joints can be seen
prior to being visualised on radiographs [21]. Because of its enhanced resolution and
ability to visualise the extent of any infectious process, MRI is usually preferred over
CT for the investigation of osteomyelitis. MRI is frequently used in evaluating both
soft tissue and bone pathology. This scan may be used to help diagnose osteomyelitis,
deep abscesses, septic joints and tendon rupture. MRI is particularly sensitive for
bone infection and may also be utilised for surgical planning [22].

3. Current therapy and management of DFU

The strategy for the management of patients with a DFU is multidisciplinary
approach to address the multifactorial processes involved in DFU. It includes all
relevant specialties team such as nursing, orthopaedics, plastic surgery, vascular
surgery, nutrition and endocrinology. This approach can decrease the risks DFU and
amputation by 50-85%, lowering the cost medication and leading to a better quality
of life for patients with DFU.
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3.1 Treatments for diabetic peripheral neuropathy (DPN)

Pharmacological treatment is used to control the painful sensation of DPN which
manifested as numbness, burning, stabbing or excruciating or intractable pain. The
U.S. Food and Drug Administration (FDA) has approved three drugs for the pain
associated with DPN, namely, pregabalin, tapentadol and duloxetine. Besides that,
analgesics such as tramadol, acetaminophen and opioids such as oxycodone also have
been prescribed for pain associated with DPN. However, these drugs produced many
sides effect such as constipation and nausea and had high tendency to be misused.
Antidepressants such as amitriptyline, nortriptyline and venlafaxine have shown and
efficacy in DPN management, but the doses in clinical trial are not reproducible in
clinical practice [22].

Antioxidants such as Alpha-lipoic acid (ALA) have been shown to be a possible
treatment agent for DPN by delaying or reversing nerve damage [23]. Treatments
based on mesenchymal stem cell (MSC) generated from adipose tissue might poten-
tially be regarded as possible DPN treatments. These medicines increase the produc-
tion of pro-angiogenic, neuroprotective and anti-inflammatory substances, which
improves the clinical presentation of the illness [24]. Biological treatment with lower
doses of IL-6 also can help increase blood flow, reduce chronic inflammation, repair
peripheral nerve fibre and restore DPN peripheral nerve function [25].

3.2 Treatments for peripheral vascular disease (PVD).

In diabetic patients, a decrease in blood flow in both the microvascular (capillar-
ies) and macrovascular (arteries and veins) systems, as well as a decrease in angiogen-
esis, raises the risk of ischemia. Tissue ischemia manifesting as dependent rubor with
rest discomfort, ulceration or gangrene necessitates rapid examination for correctable
artery occlusive disease in order to enhance perfusion and save limbs. In general,
all patients with foot lesions and vascular testing revealing an ankle pressure of
100 mm Hg or toe pressure of 55 mm Hg should have arterial imaging investigations
performed to identify occlusive lesions amenable to revascularisation such as open
bypass or endovascular treatment [14]. In cases of common femoral artery occlusion,
bypass is more successful and provides extended patency. Whereas, endovascular
treatment similar to angioplasty in which a tiny balloon is inserted into a constricted
portion of an artery and inflated to open the artery to enhance blood flow in the lower
extremities [26]. Atherectomy is another method that uses a spinning cutting blade
to remove atheroma. Diabetic patients must get multidisciplinary care, including
medication for hypertension, hypercholesterolemia and bleeding, in order for these
procedures to be effective [27].

3.3 Relief of foot pressure

The persistent and recurrent traumatism of the foot, as well as the use of inap-
propriate footwear, contributes to the development of a DFU. Both lower extremities
should be inspected for skin trauma (redness, induration, oedema), ulceration, foot/
toe deformity and popliteal and ankle (posterior tibial, dorsalis pedis) pulses palpated.
The education on precise foot care and suitable footwear must be stressed in the
diabetic patient. Diabetic patients should be taught to self-examine their skin and feet
on a regular basis, as well as be educated on skin care and footwear management [28].
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3.4 Infection treatment

Antibiotic treatment for DFU will be administered based on the pathogen that
is most likely causing the infection and the severity of the illness. It can be tweaked
based on the findings of the microbiological culture and the treatment’ effectiveness.
The duration of antibiotic treatment is determined by the severity of the illness; for
example, a moderate infection might be treated for 1-2 weeks, a severe infection for
2-4 weeks and osteomyelitis for longer [29]. Dicloxacillin, cephalexin, clindamycin
and amoxicillin/clavulanate are recommended antibiotics for mild-moderate cases;
vancomycin + ampicillin/sulbactam, moxifloxacin, cefoxitin or cefotetan for moder-
ate cases; and vancomycin + piperacillin/tazobactam, imipenem/cilastatin, merope-
nem or doripenem for severe cases [29, 30, 31].

3.5 Tissue engineering approaches

Tissue engineering is a regenerative medicine discipline that combines growth
factors, cells and scaffolds to restore, preserve or improve damaged tissues or
whole organs [32]. Growth factors are proteins that promote and activate cell
proliferation by stimulating angiogenesis and the transcription of certain genes.
Growth factors such as epidermal growth factor (EGF), platelet-derived growth
factor (PDGF), fibroblast growth factor (FGF), transforming growth factor beta
(TGF) and vascular endothelial growth factor (VEGF) are examples of growth
factors. All of these growth factors have been shown to be beneficial in DFU
tissue healing [33]. Cells obtained from bone marrow and umbilical cord blood
such as mesenchymal stem cells (MSCs), fibroblasts and keratinocytes have also
been employed for tissue repair in DFU [33, 34, 35]. Furthermore, biomaterials
derived from natural resources such as collagen, hyaluronic acid, fibrin, chitosan
and alginate, as well as synthetic materials such as poly (acrylic acid) (PAA),
polyglycolic acid (PGA), PCL-poly (ethylene glycol) (PEG), gelatin methacrylate
(GelMA) have been used as hydrogels, bandages, foam and films in DFU treat-
ment. These biomaterials have been recommended for used in DFU treatment
because of their ease of degradation, good biocompatibility and resistance to the
scaffolding material [36].

4, Conclusions

DFU frequently results in complications such as infection, osteomyelitis,
abscesses and amputations of the lower extremities. It also has a significant influ-
ence on patients’ physical, psychological, social and economic elements, as well as
their overall quality of life. The pathophysiology of DFU, on the other hand, is still
unknown. It is critical to understand the pathophysiology of DFU in order to prop-
erly treat and manage the condition. Several causes, including diabetic peripheral
neuropathy (DPN), which affects 50% of all diabetics, peripheral vascular disease
(PVD) and trauma and infection, have been identified as critical events for DFU
to develop. Many biological therapeutic remedies have been produced as a result
of technical advances to help in the healing process of DFU. Tissue engineering is a
revolutionary therapy for DFU that has the potential to lead to new treatments in the
future.
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Abstract

In all stages of wound healing, macrophages play a pivotal role by coordinating the
repair steps in a timely and accurate fashion. The successful completion of wound heal-
ing requires proper spatiotemporal presence and function of macrophages. Diabetes
significantly alters the proliferation, polarization and functionality of macrophages,
leading to a suboptimal but prolonged pro-inflammatory M1-like phenotype in wound
macrophages and a failure of their late transition to a reparative M2-like phenotype.
This defect in macrophage phenotype and the proper transition results in delayed
or even failure of wound healing. Specifically in the diabetic foot ulcer (DFUs), this
macrophage dysfunction results in chronic infection and potentially amputation. The
abnormal macrophage phenotype in diabetes is not fully understood but is believed to
mainly result from epigenetic changes in macrophages and altered interactions between
macrophages and other cell types, such as fibroblasts, endothelial cells, neutrophils
and T-cells. Recent research on DFUs has focused on developing strategies to improve
diabetic wound repair through modulation of macrophage polarization. Treatment
of DFUs will greatly benefit from a multi-modal therapy that includes controlling
high blood glucose, topical support, prevention of secondary infection, resolution of
sustained inflammation and application of cellular therapies targeting macrophages.

Keywords: diabetic foot ulcer, diabetic wound healing, macrophage polarization,
epigenetics, inflammation

1. Introduction

Diabetes is a metabolic disease that affects over 300 million people worldwide [1].
Diabetes is characterized by high blood glucose levels due to inadequate amounts of
insulin produced and secreted by pancreatic beta cells, plus the loss of sensitivity to
insulin in peripheral tissues [2]. There are two major types of diabetes, type 1 diabetes
(T1D) and type 2 diabetes (T2D) [3]. T1D constitutes about 5% of all diabetes and is
known as a T-cell mediated autoimmune invasion and destruction of insulin-produc-
ing beta cells in the pancreas, characterized by a significantly reduced beta cell mass
and a significantly reduced secretion of insulin [4]. T2D accounts for about 90% of
diabetes, and results from the failure of beta cells to compensate for the insensitivity
of cells in responsive to insulin, which is called insulin resistance [5].
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Diabetic patients can develop severe complications due to impairment in cell
proliferation, differentiation, migration, immune responses, angiogenesis, etc., under
a sustained hyperglycemic status [6]. Non-healing wounds, or diabetic foot ulcers
(DFUs), are one of the most severe diabetic complications, and represent the lead-
ing cause of amputations, with an associated greater than 50% 5-year mortality [7].
Correspondingly, the treatment of DFUs comprises the highest annual US medical
expenditure for any diagnosis [8]. Therefore, great effort has been made to under-
stand the pathological processes during diabetic wound healing and to create novel
therapies.

During the study of the mechanisms underlying diabetes-related impaired wound
healing, accumulating evidence suggests that macrophages play a pivotal role in
orchestrating proper wound healing [9]. In the early stages of normal wound healing,
macrophages polarize to an M1-like phenotype, whereby they remove pathogens, dead
cells and debris, and promote inflammation through secreting pro-inflammatory cyto-
kines [10]. Later in the repair process, macrophages transition to more of an M2-like
phenotype to resolve the inflammation and secrete trophic factors that promote the
proliferation, differentiation and migration of fibroblasts, keratinocytes, mesenchymal
cells and vascular endothelial cells, leading to tissue regeneration, neovascularization
and wound repair [10]. These wound macrophages originate from different sources
and interact with several other cell types through which they develop diverse functions
to properly and efficiently assist with the repair process [11]. It is noteworthy that in
diabetes there are alterations in the baseline function of macrophages, as well as the
corresponding phenotypic changes in macrophages during the wound healing process
[10]. Early in wound healing macrophages are responsible for the initiation and pro-
gression of inflammation and removal of pathogens, dead cells and debris. However, at
later stages, macrophages instead contribute to the resolution of inflammation, re-
organization of extracellular matrices (ECM), re-epithelialization, angiogenesis, cell
and tissue regeneration and tissue remodeling through secreting a number of factors
at late stages [12]. In a normal healthy situation, macrophages initially polarize to a
pro-inflammatory M1 subtype to assist in the early stages of wound healing but then
re-polarize to an alternative anti-inflammatory M2 subtype to assist in the later stages
of wound healing [13]. Interestingly, diabetes leads to impairment of the M1-to-M2
transition in the later stages of wound healing, resulting in sustained inflammation
and compromised cell proliferation, differentiation and migration, abnormal immune
responses and inadequate angiogenesis [14]. Therefore, different strategies have been
generated to target macrophages in order to reverse this pathologic inflammation dur-
ing diabetic wound healing through modulating macrophage polarization [15]. In this
book chapter, we discuss the role of macrophages in normal wound healing and their
impairments during diabetic wound healing. We also discuss the present approaches to
enhancing the repair of DFUs through targeting macrophages.

2. Macrophages and their role in inflammation

Neutrophils, macrophages and other cells involved in the innate immune system
constitute a first line of defense against microorganisms and are critical for the
control and resolution of common infections [16]. However, not all infectious organ-
isms can be recognized by macrophages, for which lymphocytes of the adaptive
immune system are present to create a more versatile defense system [17]. The innate
and adaptive immune systems cooperate through many interactions among different
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cell types. For example, cells of the innate immune system such as macrophages,
dendritic cells and natural killer (NK) cells orchestrate the initiation and the subse-
quent progression of lymphocyte-mediated adaptive immune responses, and then
receive feedback signaling from lymphocytes to adapt their phenotypes and functions
for the direct involvement in the removal of pathogens targeted by adaptive immune
responses [18]. Moreover, the innate immune response by macrophages is the critical
response to control infections before the adaptive immune response takes effect a few
days after the infection [19]. Furthermore, macrophages also contribute to directing
the adaptive immune response through antigen presentation and production and
secretion of cytokines and chemokines [20].

Classical macrophages display a pro-inflammatory phenotype, which has been
designated as “M1” macrophages, while another subtype of macrophages that are
alternatively differentiated and exhibit anti-inflammatory properties or contribute
to resolution of inflammation, tissue regeneration and remodeling, have been des-
ignated as “M2” macrophages [21]. The overall M1 or M2 characteristics in a given
macrophage is called its “polarization” [22]. When a macrophage changes its expres-
sion pattern to fit a more M1 or M2 phenotype, it is called a polarized macrophage
[22]. Macrophage polarization can either occur in undifferentiated macrophages
(naive macrophages) or occur in polarized macrophages, which is then called
“re-polarization” [22]. It is now known that polarization of macrophages into the
precise definition of “M1” or “M2” macrophages rarely occurs. Instead, macrophage
typically polarize into a wide spectrum of phenotypes that exhibit distinct gene and
protein expression patterns [23]. This broad range of differentiation pattern allows
macrophages to perform diverse tasks throughout the body [23]. M1 macrophages
are characterized by high levels of proinflammatory markers such as reactive oxygen
species (ROS), inducible nitric oxide synthase (iNOS), nitric oxide (NO), CD11c,
tumor necrosis factor (TNF)a, interleukin (IL)-6, IL-1p and major histocompatibility
complex (MHC)-II [24]. In contrast, M2 macrophages express markers associated
with healing and inhibition of inflammation such as high levels of arginase 1, CD163,
CD206, CD301, IL-10, resistin-like molecule alphal (Fizz1) and chitinase-like protein
3 (Ym1) [25]. Microenvironmental autocrine and paracrine signals, together with
epigenetic changes, seem to influence macrophage activation and polarization [26].

3. The role of macrophages in normal wound healing

Wound healing is a very complex process encompassing 4 specific phases: hemo-
stasis, inflammation, proliferation and remodeling. A successful wound closure
requires the process to be well orchestrated by multiple cell types including kera-
tinocytes, fibroblasts, endothelial cells, mesenchymal cells and inflammatory cells
(macrophages, lymphocytes, neutrophils, NK cells, etc.) in a dynamic interactive
way [10]. These 4 phases occur in a coordinated, linear and partially overlapping
manner, in which one earlier phase is required for the completion of later phases
[11]. The hemostasis phase is initiated immediately after injury, which involves
vasoconstriction, platelet aggregation and activation of the clotting cascade result-
ing in clot formation and degranulation of platelets to convert soluble fibrinogen to
insoluble fibrin and to release factors like P-selectin to recruit neutrophils to initiate
the inflammatory phase [27, 28]. Next, the recruited neutrophils (peaking at 2 days
after injury) release ROS, antimicrobial peptides and neutrophil extracellular traps
in addition to chemokines to attract monocytes/macrophages [27]. Meanwhile,
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tissue-resident macrophages and other antigen-presenting cells like dendritic cells are
activated and release factors [11]. The monocytes/macrophages from either the tissue
or the circulation thus become the cell type dominating the inflammatory phase and
are the central regulators of this inflammatory phase [29]. Here, the macrophages
interact with many cell types, activate a number of signaling pathways, and release
many soluble mediators, such as growth factors, chemokines, cytokines and metabo-
lites that signal to other cell types. Thus, the macrophages orchestrate the complex
tasks and biological activities to enhance wound healing [30]. At this phase of wound
healing, which typically lasts 3 days, macrophages are mainly pro-inflammatory, or
M1-like, and produce cytokines such as IL-1f, IL-6, IL-12 and TNFa [10]. However,
as early as day 1 after initiation of wound healing, anti-inflammatory or M2-like mac-
rophages start to appear and their numbers increase little by little until they become
dominant by about 4 days after wounding when the proliferative phase starts [14].
During the proliferative phase, M2-like macrophages (peaking at 7 days after wound)
produce and secrete factors to activate fibroblasts and keratinocytes to proliferate,
differentiate and migrate to the wound and deposit collagen and other ECM proteins,
though keratinocytes start to proliferate immediately after wound due to loss of
contact inhibition [13]. Moreover, M2-like macrophages also promote angiogenesis
through interactions with vascular endothelial cells [13]. A requirement for macro-
phages in the activation and functions of fibroblasts at this phase was proven by a
study applying macrophage-depletion [31]. Interestingly, a very recent report showed
a myeloid origin of about 10% of wound fibroblasts in a mouse skin wounding model,
further supporting the important role and plasticity of macrophages during wound
healing [32]. The final remodeling phase is the longest phase of wound healing,
during which type I collagen gradually replaces type III collagen to increase tensile
strength [33].

Macrophages are key regulators for the overall wound repair process [34]. The
wound monocytes/macrophages have different origins. Before injury occurs, skin
monocytes/macrophages consist of the tissue-resident macrophages as predominantly
Langerhans cells in the epidermal layer, and also as dermal macrophages in the dermis
[35]. Wounds without macrophages have less cell proliferation, inadequate differentia-
tion, compromised migration, delayed re-epithelialization, impaired angiogenesis and
reduced collagen deposition [27]. Moreover, reduced secretion of vascular endothelial
growth factor (VEGF)-A and transforming growth factor (TGF)p1 renders the wounds
less conducive to angiogenesis and cell proliferation, which are critical for a proper
completion of wound repair [36]. The plasticity of macrophages allows them to be first
polarized to a pro-inflammatory M1-like phenotype, and then transition or repolarize
to an anti-inflammatory M2-like phenotype [29]. Indeed, M1 macrophages are primar-
ily responsible for destruction of pathogens and production and release of inflam-
matory cytokines in the wound. Meanwhile, M2 macrophages are associated with the
late repair and regeneration phases of wound healing, and they are critical for proper
angiogenesis, regeneration and remodeling of ECM, cell growth and replacement, pro-
duction of anti-inflammatory and trophic cytokines and resolution of the inflammation
[37]. Actually, as stated above, macrophages are not all polarized uniformly through-
out wound healing [23]. At any given time point they may be in a wide spectrum of
phenotypes, and only the predominant phenotype presented as the overall macrophage
phenotype at any given time in the repair process (Figure 1) [10, 23, 29, 38].

Dermal wound healing is a very complex process encompassing 4 specific phases:
hemostasis, inflammation, proliferation and remodeling. These 4 phases occur in a
coordinated, linear and partially overlapping manner, in which one earlier phase is
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Role of macrophages in wound healing.

required for the completion of later phases. The hemostasis phase is initiated imme-
diately after injury, and involves vasoconstriction, platelet aggregation and activation
of the clotting cascade, resulting in clot formation and degranulation of platelets to
convert soluble fibrinogen into insoluble fibrin and to release factors like P-selectin
to recruit neutrophils to initiate the inflammatory phase. Next, the recruited neu-
trophils (peaking at 2 days after injury) release chemokines to attract monocytes/
macrophages. Meanwhile, tissue-resident macrophages and other antigen-presenting
cells like dendritic cells are activated and release factors. The monocytes/macrophages
from either the local tissue or the circulation thus dominate this phase of wound
healing, which typically lasts 3 days. At this time, macrophages are mainly pro-
inflammatory or M1-like, and produce cytokines such as IL-1f, IL-6, IL-12 and TNFa.
However, as early as day 1 after the initiation of wound healing, anti-inflammatory or
M2-like macrophages start to appear and their numbers increase little by little until
they become dominant by about 4 days after wounding, the point when the prolifera-
tive phase starts. In the proliferative phase, M2-like macrophages (peaking at 7 days
after wounding) produce and secrete factors to activate fibroblasts and keratinocytes
to proliferate, differentiate and migrate to the wound and deposit of collagen and
other ECM proteins. Moreover, M2-like macrophages also regulate angiogenesis
through interactions with vascular endothelial cells. The final remodeling phase is the
longest phase of wound healing, during which type III collagen is gradually replaced
with type I collagen to increase tensile strength.
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4. Alterations in macrophage polarization in diabetic wounds

Innate immune cells including macrophages have been shown to exhibit a pro-
inflammatory phenotype with production and secretion of inflammatory cytokines,
factors and chemokines. In diabetic wounds these processes are pathologically exag-
gerated as a possible contributor to the poorly healing DFU [39]. High susceptibility of
diabetic patients to bacterial infections and impaired wound repair is well known [11].
The molecular mechanisms underlying this weakness are not fully understood but
have been extensively studied in the past. Now it is believed that disorders in glucose
metabolism and related alteration in metabolic pathways may be the reason for this
susceptibility [40-42]. Interestingly, for unclear reasons the number of Langerhans
and dermal macrophages significantly increases in uninjured diabetic skin [43].
Moreover, the effects of diabetes on macrophages and the related wound healing
process are profound, and likely stem from changes in many aspects of the diabetic
environment [13, 15, 44-48]. Macrophages that are generated in a high glucose culture
system exhibit a reduction in their phagocytic potential and are less capable of clear-
ing an infection [49, 50]. Furthermore, macrophages derived from diabetic mice and
human patients appear to have increased responsiveness to inflammatory stimulants
and secrete more proinflammatory cytokines than normal, which seems to prevent
their later transition into the more reparative M2-like phenotype [51-55]. Indeed, at
the initiation of wound healing, the phagocytotic capacity of diabetic M1 macrophages
is reduced due to suboptimal differentiation, which happens before the impaired tran-
sition of M1 macrophages to M2-like macrophages later on [49, 50]. The failure of their
transition or repolarization in the later stages of wound healing prevents regeneration
and the repair process, resulting in a delay or even failure to heal [12].

The mechanisms underlying these alterations in the diabetic macrophage pheno-
type have been extensively studied. Hyperglycemia affects macrophage polarization
in vitro and in vivo [46, 56-62]. For example, it has been shown that diabetic mice or
human patients have an increased ratio of chemokine (C-C motif) receptor (CCR7) to
CD48 3 days after wound formation [46]. CCR7 is an M1 macrophage marker whereas
CD48 is an M2 macrophage marker [24]. Moreover, M1 macrophages in diabetes
express less matrix metalloproteinases 1 (MMP1) and more pro-inflammatory
cytokines like TNFa, resulting in an impairment in keratinocyte migration and
subsequent delay of wound repair [46]. Furthermore, a hyperglycemic environment
has been shown to lead to an increase in many pro-inflammatory cytokines, including
TNFa, IL-1f, IL-12 and IL-6 [63], rendering these M1 macrophages more metaboli-
cally active and pro-inflammatory, but less phagocytic [63, 64]. This specific altera-
tion in the phenotype of M1 macrophages under hyperglycemic conditions further
increases the sensitivity of macrophages to cytokine stimulation and starts a vicious
cycle that maintains M1 macrophage polarization and leads to a prolonged inflamma-
tion during the wound healing process [64, 65].

The role of interleukins in macrophage differentiation and polarization has been
recently studied [66-73]. Some interleukins have been targeted in a therapeutic
modality, exhibiting a significant impact on treatment outcomes. For example, deple-
tion of a pro-inflammatory cytokine, IL-23, causes a significant increase in M2 mac-
rophage polarization through loss of IL-17, which leads to improvements in diabetic
wound healing [74]. Similar results have been obtained using IL-17-knockout mice
or using antisera against IL-17 [74]. IL-1p is highly expressed in activated M1 mac-
rophages in a hyperglycemic environment [63, 64]. Interestingly, experiments have
shown that IL-1p expression is regulated by a protein complex called NOD-, LRR- and
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pyrin domain-containing protein 3 (NLRP3), which is an inflammasome [75] that
controls the dimerization and activation of caspase-1, leading to the subsequent
transformation of the IL-1p precursor (pro-IL-1p) into its activated form IL-1p to be
secreted [76]. Knockdown of NLRP3 with siRNA-mediated gene silencing reduced the
production and secretion of IL-1f, which is beneficial to diabetic wound healing [77].
Recent research has also shed light on epigenetic alterations in macrophagesin a
hyperglycemic environment. These epigenetic changes can induce enhanced expres-
sion of proinflammatory cytokines to promote and sustain M1 macrophage polariza-
tion [78]. Now it is believed that epigenetic modifications are the main cause of the
alterations in macrophage phenotype in diabetes [79]. The epigenetic modifications
include histone modifications, DNA modifications and other post-transcriptional con-
trols like microRNAs [10]. Moreover, regulation of macrophage polarization requires
interactions with other cell types such as adipocytes, keratinocytes, fibroblasts and
other immune cells (Neutrophils, T-cells, dendritic cells, etc.) that secrete factors to
modulate macrophage polarization [14]. In the setting of diabetes, these cell-cell inter-
actions are altered, leading to a suboptimal polarization of macrophages [46, 80-82].
A specific role for histone modification in the control of macrophage polariza-
tion has been recently highlighted. In eukaryotes, DNA and histones gather together
to generate units called nucleosomes [83]. When histones are tightly wrapped with
DNA, the access to transcriptional machinery is blocked to prevent transcription
[84]. However, when DNA-histone machinery is disassembled, transcriptional
binding is allowed. An N-terminal “tail” with lysine (K) residues on histones can be
modified by some enzymes through catalyzing methylation and acetylation [84].
Histone methylation and demethylation are controlled by histone methyltransferases
(HMTs) and histone demethylases (HDMs), respectively, which regulate macrophage
differentiation and polarization [84] and are responsible for the M1 to M2 repolariza-
tion during wound healing [85]. For example, mixed-lineage leukemia 1 (MLL1) isa
methyltransferase that catalyzes H3K4me3 deposition to affect macrophage polariza-
tion and the induction of expression of proinflammatory genes in macrophages [86].
Mechanistically, MLL1 is found to regulate changes in macrophages partially via
Toll-like receptor 4 (TLR4) in both diabetic humans and diabetic mice [87, 88]. On
the other hand, Suppressor of variegation, Enhancer of Zeste, Trithorax and myeloid-
Nervy-DEAF-1 domain-containing protein 3 (SMYD3), which is another H3K4me3
methyltransferase, has been shown to regulate M2-like polarization of macrophages
[89]. Besides HMTs, HDMs also play a critical role in macrophage polarization during
wound healing. For example, Jumonji domain-containing protein 3 (JMJD3) is a
H3K27 demethylase that regulates a context-dependent polarization of macrophages
towards either a proinflammatory M1-like or an anti-inflammatory M2-like macro-
phage phenotype [90-95]. JMJD3-mediated release of H3K27me3 is compromised
in diabetic wound macrophages, resulting in enhanced and sustained expression of
genes associated with inflammation [96, 97]. However, lipopolysaccharides (LPS) and
IL-4 have been shown to induce JMJD3 for directing M2-like macrophage polarization
[96]. Together, a lot of data have demonstrated the importance of histone methyla-
tion and demethylation by HMTs and HDMs in controlling macrophage polarization
during wound repair [98, 99]. Transcriptional repression is often regulated by DNA
methylation, which is catalyzed by DNA methyltransferases (DNMTs) to transfer
a methyl group to the cytosine ring of DNA at clusters of CpG islands [100]. The
potential binding of transcription factors to a promoter region is significantly altered
via methylation of CpG islands on the promoter [101]. For example, DNMT1 has
been shown to induce M1-like polarization of macrophages [102]. Moreover, genetic
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depletion of DNMT1 or chemical suppression of DNMT1 by 5-aza-2'-deoxycytidine
promotes M2-like macrophage polarization [103] and improves wound healing in dia-
betic mice [104]. Macrophage polarization during wound healing has also been shown
to be affected by histone acetylation and deacetylation. Transcriptional activation is
enhanced by acetylation of the lysine residue on the histone tail, for which an acetyl
group is transferred from acetyl CoA to the lysine residue catalyzed by histone acet-
yltransferases (HATs) [105]. In diabetes, it has been shown that histone deacetylase 6
(HDACS®) alters the phenotype of macrophages through IL-1p but not IL-10 [106].
Post-transcriptional control is also an important regulator of macrophage polariza-
tion in diabetes. For example, microRNAs have been shown to be important regulators
of gene expression during macrophage polarization [9]. MicroRNAs (miRNAs) are
non-coding small RNAs about 20 base pairs in length. miRNAs control protein levels
of an expressed gene through Watson-Crick pairing to the 3'-untranslated region (3'-
UTR) of the mRNA of a specific gene, resulting in altered protein translation [107]. It
has been reported that M2 macrophages express high levels of miRNA-146, while M1
macrophages express low levels of miRNA-146 [108, 109], and the levels of miR-
146 appear to alter macrophage polarization and their production and secretion of
proinflammatory and anti-inflammatory cytokines [108, 109]. It has also been shown
that miR-155 can induce an M1-like macrophage polarization through suppressing
antagonists of proinflammatory cytokines [110]. Moreover, miR-33 was shown to
favor M2 macrophage polarization through suppressing NLRP3 [111], a key inducer
of IL-1f and inflammation [76, 77]. Similarly, long noncoding RNAs (IncRNAs) have
an emerging role in regulating macrophage polarization [112-116]. Besides miRNAs,
long non-coding RNAs also play essential roles in macrophage phenotypic determina-
tion and control of inflammation [117]. The role of IncRNA GASS in macrophage
polarization and associated wound healing has been reported recently [113].

5. Strategies to improve diabetic wound healing through manipulating
macrophages

DFUs will likely require multimodal therapies for optimal treatment. Novel
therapeutics are being generated, including specific targeting of macrophages. Since
the initial trigger of all the macrophage defects in diabetes appears to be sustained
high blood glucose, correction of the primary problem, the hyperglycemia, would
appear to be the first approach to treat problems related to diabetic wound healing [7].
However, only half of diabetics can reach the recommend standard hemoglobin Alc
(HbAI1c) level of <7.0% (issued by the American Diabetes Association (ADA)) [118].
Thus, it is important to search for novel therapies beyond control of blood glucose [7].

Insulin administration is a regular and effective therapy for those unresponsive
to diet changes or non-insulin medications. Insulin has been found to reduce the
number of M1 macrophages. Moreover, insulin has been shown to induce M1 to M2
macrophage polarization through peroxisome proliferator-activated receptor-gamma
(PPAR-y) and phosphatidylinositol-3 kinase (PI3K)/Protein kinase B (Akt)/Ras-
related C3 botulinum toxin substrate 1 (Rac-1) signaling pathways [47]. Interestingly,
the PPAR-y pathway that reduces proinflammatory cytokine expression and enhances
M2 macrophage polarization in normal wound healing is impaired in diabetes and
could be partially recovered by insulin [119]. Metformin is a commonly used medica-
tion for diabetes. Metformin treatment has been shown to increase M2 macrophages
and decrease M1 macrophages [120-125], likely through NLRP3 inflammasome
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suppression, which was discussed above [123]. Melatonin is a medication not for
diabetes. However, it was found to affect macrophage polarization in diabetic wound,
likely through effects on insulin [47, 126].

Treatment of chronic wounds benefits largely from localized therapies, which have
the advantage of avoiding systemic effects and allowing for local and direct treatment
[127]. A hydrocolloid dressing to provide moisture to the wound has been shown
to improve M1-to-M2 macrophage transition to favor wound healing, especially in
diabetes [128]. In another study, use of a modified dressing in diabetic mice led to an
earlier appearance of M2 macrophages at the wound [129]. Thus, certain dressings to
induce an M2 macrophage polarization appear to be an attractive strategy for treating
chronic diabetic wounds. These dressings help the wounds heal through moisture
provision, prevention of infection, induction of anti-inflammatory effects and
generation of trophic factors. Along with these dressing benefits, Collagenase Santyl
Ointment (CSO), with an important component called Clostridial collagenase, has
been shown to increase local expression of IL-10 and arginase 1 that are both critical
for M2-like macrophage polarization and functionality [130]. Another modified colla-
gen gel has also been shown to increase IL-10 expression and macrophage migration,
resulting in a substantial increase in M2 macrophages in the wound at different time
points [128]. In addition, increases in IL-10 expression have also been detected after
use of docosahexaenoic acid to treat diabetic wounds, with the therapeutic outcome
correlated to the degree of M2 macrophage polarization [45, 131, 132].

Multipotent stem cells (MSCs) have been used in the treatment of DFUs, taking
advantage of the capacity of MSCs to differentiate into different cell types such as
endothelial cells, fibroblasts and smooth muscle cells that are critical for wound heal-
ing. These newly formed cells can produce and secrete trophic factors like VEGF-A,
fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) [133-135].
Recently, we have reported that human MSCs express high levels of miR-205-5p,
which inhibits protein translation of VEGF-A through 3’-UTR interactions [136].
Expressing antisense of miR-205-5p (as-miR-205-5p) in human MSCs significantly
improved the therapeutic effects of human MSCs on diabetic wound healing in rodent
models [136]. Next, we reported that MALAT1 is a IncRNA acting as a competing
endogenous RNA (ceRNA) for miR-205-5p and is absent in human MSCs [137].
Expression of MALAT1 significantly attenuated the high expression of miR-205-5p
in human MSCs, resulting in upregulation of VEGF-A production and improved
therapeutic effects of human MSCs on diabetic wound repair [137]. Of note, these
improvement in treating diabetic wounds through increasing VEGF-A levels in human
MSCs was shown to be associated with increased vascularization of the wounds [136,
137]. Macrophages express high levels of VEGF receptor 1 (VEGFR1), which is one
of the major receptors on macrophages to respond to chemoattractants. Thus, it is
possible that the therapeutic effects of increased VEGF-A levels in human MSCs may
be due, at least partially, to alterations in macrophage proliferation, differentiation
and polarization [21]. Further studies of the exact alterations in macrophages caused
by VEGF-A are needed. We have recently shown that another VEGF family member,
placental growth factor (PIGF), is capable of altering macrophage migratory capacity
and polarization [138]. Moreover, we and others have recently shown that PIGF is
decreased in DFUs [139, 140]. PIGF injection significantly improved angiogenesis and
diabetic wound healing, with both positive effects being abolished by macrophage-
specific depletion of VEGF1R to block the effects of PIGF on macrophages [139].
Together, these approaches showed promise as strategies for treating diabetic wound
through targeting macrophages.
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6. Conclusions

The treatment of diabetic wounds will benefit from a multi-modal approach
including control of hyperglycemia, topical treatment, prevention of secondary
infection and inflammation and cellular therapy targeting macrophages.
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Chapter 4

Tendon Balancing for Diabetic Foot
Ulcers, Foot Pain and Charcot Foot

James Monvroe Laborde

Abstract

Diabetes mellitus causes patients to develop sensory and motor neuropathy. Sensory
neuropathy in patients with diabetes results in decrease in protective sensation. Motor
neuropathy causes tendon imbalance. Tendon imbalance causes increased mechanical
stress in the foot. This increased stress can cause foot pain and calluses and can progress
to forefoot ulcers. Less often the ligaments fail before the skin, which can cause arch
collapse and then a midfoot ulcer of Charcot foot. Foot pain in diabetics is common
and frequently results from Achilles tendinitis, plantar fasciitis, midfoot arthritis and
metatarsalgia. Tendon balancing can decrease stress in the foot which can relieve foot
pain, heal forefoot and midfoot ulcers, prevent ulcer recurrence, and prevent progres-
sion of deformity in Charcot foot. Tendon balancing could prevent most of the amputa-
tions now being done on diabetic patients. Tendon balancing should be used earlier and
more often in treatment of diabetic foot ulcers, foot pain and Charcot foot.

Keywords: diabetic foot ulcers, foot pain, Charcot foot, diabetes

1. Introduction

Patients with diabetic neuropathy develop foot problems, some of which can
improve with surgery. Tendon balancing is one of the procedures used to treat diabetic
foot problems. Tendon lengthening, such as gastrocnemius-soleus recession (GSR),
has fewer complications than bony procedures in the foot [1-6].

Tendon lengthening should be performed before bony procedures in high-risk
patients such as diabetics, patients with foot ulcers, infection, smokers and without
pedal pulses [1-6]. Imbalance of tendons, especially Achilles tightness, can aggra-
vated or cause or many foot problems [1-7]. Tendon lengthening can be used as part
of treatment for many foot problems [2, 7-12].

A large number of patients have diabetes and the number is increasing [13]. Foot
ulcers are common in patients with diabetes mellitus [14, 15]. Foot ulcers can lead to infec-
tion and amputation. Amputation can result from infection from foot ulcers [15, 16]. Over
80% of amputations in diabetic patients have foot ulcers [15, 16].

The most common chronic wounds in industrialized countries are foot ulcers [17, 18].
The average excess cost of a foot ulcer over a two-year period is over $25,000 [19].

The most common reason for diabetic patient to be admitted to the hospital is foot
infection [20]. Up to 50% (62/133) amputation and 20% (26/133) major amputa-
tion can occur in patients admitted for foot ulcer or foot infection [16]. Over 80,000
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amputations have occurred in diabetic patients in the U.S in one year [21]. If foot ulcers
could be cured, most amputations in diabetics could potentially be prevented [15, 16].

The most common cause of neuropathy is diabetes mellitus [22, 23]. Neuropathy
causes decreased protective sensation and motor neuropathy causes tendon tightness
[24-26]. Tightness of tendon, especially the Achilles, causes increased forces in the
foot [27]. Increased forces in the forefoot can cause a callus followed by a forefoot
ulcer [14, 27]. Increased forces in the foot can also cause Charcot foot, including foot
arthritis, arch collapse, midfoot bony prominence and then midfoot ulcer [10, 28].
Foot ulcers can also result from other causes of neuropathy besides diabetes and can
be treated in the same way [24, 26, 29].

2. Foot ulcer treatment

Foot ulcers are of managed by addressing infection, arterial disease and high
forces in the foot. Infection is treated with antibiotics and debridement. Which
antibiotic is determined by deep culture and, if needed, infectious disease consulta-
tion [30]. Vascular evaluation and treatment is recommended if the patient lacks both
pedal pulses. Hyperbaric oxygen may a decrease the frequency of major amputations,
but more studies are needed to confirm its causation in the decrease [31].

Off-loading consists of decreasing force in the foot. Forces in the foot can be
decreased by tendon lengthening [27]. More ulcers than wound care and total contact
casting (TCC) are healed by tendon lengthening [2, 24-26, 29, 32-39]. Tendon length-
ening treatment of foot ulcers has good literature support [2, 24-27, 29, 33-41].

TCC, walking boots, and modified shoes helps heal foot ulcers [14]. However, TCC
are difficult to apply, and has a higher complication rate and higher rate of recurrent
ulceration than does tendon lengthening [32, 33]. Tendon lengthening removal of
prominent metatarsal heads have similar results similar but with more transfer ulcers
when only metatarsal head is removed [3].

3. Results of foot ulcers treatment
3.1 Tendon lengthening

Multiple authors reported the association of gastrocnemius-soleus contracture,
neuropathy, and chronic ulceration of the forefoot [24-26]. The high rate of suc-
cessful healing of forefoot ulcers after Achilles lengthening was reported in multiple
studies [24-26, 33-36, 41]. Also a high rate of healing of midfoot and toe ulcers also
occurred after tendon lengthening [2, 29].

The recurrence rate of foot ulcers after three years in diabetic patients treated
without tendon lengthening, was 61% (286/468) [42]. After Achilles tendon length-
ening, forefoot ulcer recurrence rates were much lower, 14% [41]. There is also a low
rate of recurrence of toe ulcers treated with toe flexor tenotomy and with midfoot
ulcers treated with tendon lengthening [2, 29].

Mueller et al. reported recurrence 10 of 26 ulcers 2 years after Achilles lengthening
[33]. Adding peroneus longus and posterior tibial to gastrocnemius-soleus reces-
sion (GSR) yielded less recurrence, 3 of 18 at 45 months follow-up [26]. Dayer and
Assal also had a low recurrence (1/22) by adding tendon procedures such as peroneus
longus transfer to gastrocnemius recession [36].
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The intention of tendon lengthening is to decrease force on the area of ulceration.
The pressure on the first metatarsal head should decrease with peroneus longus
lengthening as the pressure on the fifth metatarsal should be decreased with posterior
tibial lengthening. Force on the entire plantar forefoot should decrease with GSR.
Armstrong et al. demonstrated that Achilles lengthening does in fact decrease pres-
sure on the forefoot and recommended this procedure to help treat and prevent foot
ulceration [27].

Multiple authors lengthened the Achilles tendon by Hoke’s method of hemisection
at 3 levels of the tendon [25, 33, 35]. Holstein warned that Hoke’s procedure for dia-
betic forefoot ulcers caused 7/75 Achilles ruptures and 11/75 heel ulcers in his patients
[35]. Achilles tenectomy for distal ulcers after transmetatarsal amputation had 4/32
(13%) plantar heel ulcers [34]. Subcutaneous tenotomy method of Strohmeyer was
used by Yospovitch and Sheskin [24, 43]. Vulpius technique of GSR is used by this
author [44]. A very low rate of heel ulcers and other complications of GSR has been
reported [2, 26, 36, 41].

Takahashi and Shrestha used the Vulpius procedure successfully to correct Achilles
tightness in 230 adults after cerebrovascular accident [1]. Ninety-eight were diabetics
and the average age was 68 and had no tendon or incision problems.

The results appear to be good whatever technique of lengthening of the gastroc-
nemius-soleus or Achilles tendon, [41]. Choice of the surgeon can determine the
technique of Achilles lengthening for forefoot ulcers.

Tendon lengthening literature shows better results than other treatments for
forefoot and midfoot ulcers [41]. Tendon lengthening should be used more often to
treat of diabetic ulcers forefoot and midfoot ulcers [2, 24-26, 29, 33-37, 40, 41].

3.2 Wound care and Total contact casting (TCC)

TCC resulted in healing in 90% (64/71) of foot ulcers [45]. However ulcer
recurrence at 18 months follow-up occurred in 34% (22/64). A high complication
rate of 31% (22/70) has also been reported with TCC [32]. A comparison of healed
ulcers at two year follow-up revealed 81% (21/26) recurred after TCC but only
38% (10/ 27) recurred after Achilles lengthening was added in the only controlled
randomized study available [33].

TCC is apparently not needed for forefoot ulcer healing, since TCC was not used
in most more recent studies after Mueller’s article [26, 29, 33, 35, 41]. Wound care
healed only 31% (142/458) of diabetic foot ulcers in 5 months in a meta-analysis of
the literature [38]. An average of 80% of diabetic foot ulcers healed with TCC [39].
Tendon lengthening has better healing rate for ulcers than wound care and TCC
[2, 24-26, 29, 33-36, 38-41].

Tendon lengthening also has less complications and a much lower recurrence rate
than TCC [2, 24-26, 29, 32-36, 41]. This author agrees with other authors that tendon
lengthening rather than TCC should be considered the “gold standard” treatment for
forefoot ulcers [26, 36, 41].

3.3 Metatarsal head removal

Foot surgeons have recommended metatarsal head resection to heal ulcers plantar
to metatarsal heads. Even though this procedure frequently resulted in ulcer healing,
transfer metatarsal ulcer frequently occurred later. Transfer ulcers occurred in 52%
(53/101) of patients in the 35 months of follow-up after metatarsal head resection [3].
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Repeated transfer ulcer and metatarsal head removal can result in gradual resection of
the forefoot, then amputation stump ulcer and possible major amputation [42].

Tendon lengthening can be used instead of metatarsal head resection to decrease
the potential for transfer ulcers resulting from the increased pressure on the forefoot.
The metatarsal head should be removed if bone infection is severe enough to cause
bone fragmentation or necrotic tissue. The metatarsal head can be removed if osteo-
myelitis persists after the ulcer healing and antibiotics completion [26].

3.4 Osteotomy of metatarsal

A high rate, 95% (21/22), of successful healing of neuropathic forefoot ulcers
occurred after dorsiflexion metatarsal osteotomy [4]. However, a 68% complication
rate occurred with seven patients developing acute Charcot disease, three develop-
ing midfoot ulcers, three deep wound infections, two transfer ulcers under adjacent
metatarsal heads, and one transtibial amputation. Fewer complications occurred after
tendon lengthening for forefoot ulcers resulted with no new or worsening Charcot
arthritis or foot arthritis, new mid-foot ulcers, transfer metatarsal ulcers or wound
infections [26]. After tendon lengthening complication rate is less than after metatar-
sal osteotomy and similar to non-operative treatment [4, 16, 26].

3.5 Amputation

Amputation becomes necessary when infection and gangrene progress. In one
study of amputations in diabetic patients, 84% (67/80) were attributed to foot
ulcers [16]. In diabetics with forefoot ulcers, ray amputation resulted in transfer
ulcers occurred in 12% (11/89) and additional amputation in 18% (16/89) [46].
Transmetatarsal amputation has used to treat chronic diabetic forefoot ulcers [47].
This resulted in wound breakdown in 9% (8/85), transtibial amputation in 26%
(17/65) and 30% (17/57) death. Tendon lengthening complication rates lower than
above have been reported with for forefoot ulcers [26, 41]. To increase healing rate
to 81%, Pinzur et al. recommended Achilles lengthening be done at same time as
transmetatarsal amputation (52/64) [48]. Achilles tenotomy was recommended by
Lieberman et al. with midfoot (Chopart) amputation for gangrene and/or infection
[49]. For forefoot ulcers, tendon lengthening seems to be better than amputation.
Also combining Achilles lengthening with ray or transmetatarsal amputation for
forefoot gangrene and/or severe infection appears preferable. By putting glove over
infected foot, doing tendon lengthening first, applying dressing to leg, removing
glove and then preforming partial foot amputation, tendon lengthening can be done
at time of amputation without infection of proximal incisions.

The reported amputation rate was 16% (80/514) and 17% (78/468) during three
years after healing of foot ulcers, [23, 42]. No patients (0/16) required amputation
for progressive infection at average follow-up of 45 months in one study of tendon
lengthening for forefoot ulcers [26]. More proximal major amputation may become
necessary when all other treatments fail.

4, Vascular disease

Gangrene in diabetics is primarily vascular problem. Arterial disease can aggravate
most other diabetic foot problems. Vascular evaluation is recommended in patients
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without pedal pulses. Patients with palpable dorsalis pedis or posterior tibial arteries
require no additional studies. Arterial Doppler is recommend for patients without
both of those pedal pulses. Ankle-brachial index (ABI) has been used by others for
lower extremity arterial evaluation. The ABI is calculated by dividing systolic pres-
sure at the ankle by that at the arm. An abnormal ABI is 0.90 or below [50]. Vascular
surgery evaluation should be obtained If the Doppler study shows near or complete
blockage or if ABI is abnormal.

Vascular disease has been considered to be a contraindication to TCC [45].
Foot ulcers in patients without both pedal pulses can be salvageable with tendon
lengthening [26, 29, 34].

5. Tendon lengthening treatment

Patients with foot ulcers can be considered for tendon lengthening after vascular
and infection have been treated. Diabetes mellitus and vascular disease are the most
common co-morbidities with neuropathic foot problems [26, 29]. These patients
frequently have complications. Tendon lengthening has less complications than bony
procedures [1-6, 26, 29, 41]. Soft tissue procedures are usually performed first since
they have lower complication rates, and then if they fail, bony procedures are done
later.

Level I and level III studies have only been done for metatarsal head ulcers
[25, 33, 36]. JBJS instructions for authors explains levels of evidence. There are however
many level IV studies demonstrating effectiveness of tendon lengthening for foot ulcers
[24, 26, 29, 34, 35, 41]. Level IV studies have advantages that the study populations are
more likely to be representative of the population of interest, results are closer to those
obtained in clinical practice, have a higher relevance and external validity and can be
better applied to clinical practice [51]. Tendon lengthenings as the treatment of choice
for diabetic forefoot ulcers seems to be supported by the above studies.

5.1 Metatarsal head forefoot ulcers

If infection is present, patients with ulcers are treated with antibiotics then
debridement and tendon lengthening [26]. The foot is covered with a sterile glove
after the patient’s skin is prepped in the operating room. Calf and ankle level tendon
lengthening is done first and dressing applied. Glove is then removed for debride-
ment of the foot and lengthening of toe tendons if needed. If gangrene of forefoot is
present, debridement of gangrenous tissue and GSR are done to decrease pressure on
the forefoot and to aid wound healing [41, 46, 48]. Vascular evaluation and wound
care are also suggested. If forefoot wound healing is delayed after only debridement,
transmetatarsal amputation [34], or Charcot arthropathy with or without ulcer [2],
they are offered GSR. If gangrene of midfoot and/or hindfoot is present, transtibial
or transfemoral amputation is suggested. Achilles lengthening to prevent ulcers is
recommended for progressive metatarsal calluses [27].

GSR is used to treat all patients with ulcers plantar to metatarsal heads [24-26, 33,
35, 41]. With the patient supine the surgery is performed, while the knee is flexed and
externally rotated. A stack of towels is placed under foot with the surgeon is seated
on the opposite side. Vulpius technique [1, 26] is used, transecting the gastrocnemius
tendon and underlying aponeurosis of the soleus just distal to the gastrocnemius
muscle [44]. Ankle is dorsiflexed to 20-30°. Staples are used to close midcalf posterior
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longitudinal incision 5 cm. long after 3-0 absorbable suture closes the subcuticular
layer. For recurrent ulcers and if patient can only tolerate local anesthesia percutane-
ous triple cut Achilles tenotomy can be used.

For first metatarsal ulcers peroneus longus (Z-type) lengthening is combined with
GSR [26]. Incision is proximal to the ankle joint. The tendon repair is done with a 2-0
absorbable suture with no tension, with the first metatarsal is in maximum dorsiflex-
ion and the foot is in maximum inversion. For fifth metatarsal ulcers posterior tibial
lengthening is also performed [26]. Z-type lengthening is also performed through
medial incision 5-10 cm. proximal to the ankle joint. Same technique is used to close
these incisions. Repeat GSR or triple cut Achilles lengthening and percutaneous
metatarsal osteotomy for recurrent metatarsal ulcers.

Full weight bearing is allowed immediately in a walking boot, which is worn for
four to six weeks. Crutches or a walker is offered to the patient if needed for balance
when surgery is bilateral. Ulcer treatment is clean dressings changed weekly. Skin
staples are removed at two weeks. Diabetic-type shoes are recommended after six
weeks. Double heel lift exercises are begun at 2 months and at 3 months single heel lift
exercises. They can resume standing all day at work at 3 months. Running, jumping
and climbing are allowed at 6 months.

5.2 Toe ulcer treatment

Percutaneous toe flexor tenotomy at the proximal portion of the proximal phalanx
is used for plantar toe ulcers [29, 52]. This can be done in the office, but can be done
in the operating room if the patient is there for some other reason. Alcohol is used
to prepare the toe, and then local anesthetic is given. Toe is extended so the tendons
are palpable. Through a small (2 mm) transverse incision, both flexor tendons are
transected. A sudden increase in extension of the distal and proximal interphalangeal
joints of the lesser toes confirms division of both flexor tendons. After the flexor
hallucis longus (FHL) is divided a sudden increase in extension of the interphalangeal
joint of the hallux occurs. Suture is not used unless bleeding is excessive but incision
is covered with sterile gauze. A postoperative shoe, sandal or extra-depth shoe can be
used. Patients are allowed full weight-bearing. Patients return weekly until the ulcer
heals.

Percutaneous extensor and flexor tenotomy can be used for a dorsal ulcer of PIP
joint. Percutaneous capsulotomy dorsal metatarsal-phalangeal (MP) and volar (PIP)
are also performed if needed. Percutaneous phalangeal osteotomy is performed if
correction is insufficient.

For interdigital ulcers of the first web space, patients are offered percutaneous
adductor tenotomy, and lateral capsule release of the first MP joint. An interdigital
ulcer of the lessor toes may also have percutaneous MP capsular release in the lessor
toe in addition to first toe surgery. Percutaneous phalangeal osteotomy or removal
of prominent bone is performed if ulcer persists or recurs. Toe amputation is usually
performed for osteomyelitis in the toe which is not controlled with antibiotics.

5.3 Charcot foot

Midfoot ulcers can develop plantar to the bony prominence in the area of arch
collapse from Charcot neuropathic arthropathy (Charcot foot). Exostectomy or fusion
have recommended to be combined with Achilles lengthening [53-56]. Good pre-
liminary results have been found with tendon lengthening (GSR) alone as the initial
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treatment for midfoot ulcers: 9/10 ulcers healed, 1/9 recurred with less complications
than bony procedures [2, 5, 6]. Tendon lengthening (GSR) seems to heal these ulcers,
prevent progression of bony deformity and promote consolidation of fragmented
midfoot bone [2, 57]. The lack of progression of deformity and low recurrence rate of
GSR also compare favorably with the 41/140 (36%) deformity progression and 43/140
(37%) ulceration after non-operative treatment [56, 57].

Removal of plantar bony prominence percutaneously with a burr is now routinely
added to GSR. Posterior tibial lengthening can be added for lateral midfoot ulcers and
peroneal tendon lengthening for medial midfoot ulcers. GSR results in much fewer
heel ulcers than does Achilles tendon lengthening [1, 41, 58, 59]. If the ulcer fails to
heal or recurs, then tendon lengthening and percutaneous removal of the midfoot
bony prominence (exostectomy) can be repeated [5, 41]. If the ulcer fails to heal or
recurs, if there is no bony prominence and the foot is unstable, then midfoot fusion
can be performed [6]. Soft tissue surgery is advantageous because diabetic patients
have a higher complication rate with foot and ankle surgery [60].

Lengthening the Achilles in Charcot arthropathy was recommended by Thomas
and Huffman [55]. Tendon lengthening is recommended for early stage Charcot foot
to relieve pain, promote consolidation, prevent progression of deformity and heal or
prevent midfoot ulceration from arch collapse [2, 57]. Bony procedures are less com-
monly done if tendon lengthening fails. Amputation is kept as a last resort.

5.4 Results of tendon lengthening

A 47% decrease in major amputations in Medicare patients with diabetic foot
ulcers between 2000 and 2010 has been reported [61]. In the same period Achilles
tendon lengthening increased 89% and gastrocnemius recession increased 575%.
The authors felt the main cause of decrease in major amputations was the increase
in tendon lengthening. Recently performed a literature review on diabetic foot ulcer
treatment and gave the highest recommendation (supported by strong evidence) to
tendon lengthening [62].

Available evidence seems to indicate that tendon lengthening is the most effec-
tive treatment for plantar diabetic foot ulcers with the least complications [41, 57].
Tendon lengthening can also relieve foot pain, prevent ulcers and Charcot foot, and
stop progression of Charcot arch collapse to rocker bottom foot, midfoot ulceration
and amputation [57, 63]. Tendon lengthening may be combined with other modali-
ties but should be done as soon as possible to promote rapid healing before the ulcer
gets infected and to better prevent new, recurrent and transfer ulcers, progression of
deformity and amputation [41, 57].

Yammine and Assi noted underuse of tendon lengthening which offered excellent
outcomes with more ulcers healed faster with less recurrence, transfer ulcers, infec-
tion and amputation than nonsurgical treatment [64, 65]. This author recommends
tendon lengthening as part of initial treatment for diabetic plantar forefoot and
midfoot ulcers and Charcot of the midfoot [41, 57].

6. Pain in foot

Diabetic patients without ulcers tend to have less neuropathy. They frequently
develop painful foot problems including Achilles tendinitis, plantar fasciitis, foot
arthritis and metatarsalgia.
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McGlamery and Kitting stated that tight Achilles is the underlying cause of most
foot problems and that permanent correction is only achieved by correction of
Achilles tightness [7]. Achilles tightness is common in patients with Charcot foot,
plantar fasciitis, Achilles tendinitis, metatarsalgia, foot arthritis, Morton’s neuroma
and hallux valgus [66, 67].

Gastrocnemius recession (GR) has been recommended for the treatment of these
problems in patients without neuropathy or diabetes [8-12, 68]. Anderson et al. felt
that gastrocnemius tightness causes metatarsalgia, plantar fasciitis, Achilles tendinitis
and arch pain [10, 68]. Achilles tightness, can cause progressive arch collapse, foot
arthritis and flat foot which can progress to posterior tibial tendon dysfunction and
heel valgus. High (94%, 32/34) patient satisfaction has been reported using GSR for
plantar fasciitis. Anderson felt GR not only helped the pain of these conditions but
prevents the progression described above [10, 68]. Several authors recommend GR for
pain relief in patients with arch collapse, foot and ankle arthritis, Achilles tendinitis,
plantar fasciitis, posterior tibial tendinitis [8-12, 68]. GR may be useful in preventing
these problems and foot ulcers so is especially useful in diabetic patients [10, 27].

7. Other toe problems

Painful hammer, mallet or claw toes, especially with progressive toe callus, are
offered toe flexor tenotomy after failure of non-operative treatment. These proce-
dures are also done both for pain relief and to help prevent future ulcers in diabetic
patients. Percutaneous capsulotomy and/or percutaneous phalangeal osteotomy are
performed if correction is insufficient. Percutaneous interphalangeal joint resection
and fusion is less commonly performed. Percutaneous pins are used as needed and
removed at 3 weeks.

For interdigital corns of the first web space, patients are offered percutaneous
shaving of bone under corn and adductor tenotomy of first metatarsal-phalangeal
(MP) joint. Interdigital corns of lessor toes may have percutaneous shaving of bone
under corn and capsular release in the lessor toe MP joint in addition if needed.

Inactive high-risk patients with painful arthritis of the first MP joint can be treated
initially with percutaneous FHL tenotomy to relieve pain and prevent ulceration with
less expected complications than with bone surgery [69]. More commonly, percutane-
ous resection of bone spurs, dorsal MP joint (cheilectomy)and proximal phalangeal
dorsal closing wedge osteotomy is performed [70]. DePrado’s book on percutaneous is
an excellent “how to” book on percutaneous foot surgery [70].

For bunions, percutaneous or open chevron metatarsal osteotomy and proximal
phalanx osteotomy are performed [70, 71]. Most patients having first ray surgery for
arthritis or bunions also have GSR for Achilles tightness. If they have diabetes, GSR
will more likely relieve their pain and prevent foot ulcers, Charcot foot and amputa-
tion [41, 57]. If they have Achilles tendinitis, posterior tibial tendinitis or dysfunc-
tion, midfoot arthritis or metatarsalgia in addition to their first MP pain, they are
more likely to have their pain relieved than if they have bunionectomy alone [41, 68].

8. Additional studies

Additional studies should be done in diabetics to see if frequent eccentric calf
stretching can prevent calf tightness, forefoot calluses, forefoot ulceration and
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Charcot arthritis. Since calf stretching would not harm diabetic patients, this author
recommends prophylactic eccentric calf stretching to these patients.

Achilles tendon lengthening has been recommended to prevent re-ulceration in
patients with prior ulcers [27]. More studies are needed to confirm tendon lengthen-
ing is helpful in preventing ulceration in patients with progressive callus, prior ulcers,
and impending ulcers [27] and whether tendon lengthening should be used as part of
primary initial treatment for foot ulcers and Charcot foot [41, 57].

Thomas and Huffman recommended lengthening the Achilles in Charcot foot
[55]. More studies should also be done to confirm that tendon lengthening heals
most midfoot ulcers [2], transmetatarsal stump ulcers [34], and ischemic wounds
of forefoot [48, 49]. Further studies are also needed to confirm tendon lengthening
prevents Charcot foot, prevents progression of deformity of Charcot arthritis of the
midfoot [2, 10] and ankle, and prevents foot ulcers and amputation in patients with
Charcot foot [57].

Preliminary results of tendon lengthening have been encouraging; however,
further studies need to be done to confirm tendon lengthening relieves foot pain from
multiple causes and prevents foot ulcers, arch collapse, arthritis, amputation and
other foot problems.

9. Conclusions

The literature indicates that tendon lengthening is effective treatment for neuro-
pathic forefoot ulcerations and that the complication rate seems to be low. By healing
most forefoot ulcerations and lowering their recurrence rate more than all other
treatments, this procedure should lower the incidence of progression of metatarsal
ulceration to infection and subsequent amputation. More studies need to be done
to confirm tendon lengthening is an effective treatment for Charcot foot and other
foot problems and confirm tendon lengthening should be part of initial treatment of
diabetic foot problems.
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Chapter 5

Mitigating Diabetic Foot Ulcers:
The Effect of Diet and Microbiome

Steven Coon

Abstract

To truly eliminate the possibility of diabetic foot ulcers, the elimination of the
symptoms of diabetes is essential. There are many forms of diabetes and there is no
one diet that is effective for all patients. It is essential that a proper diet is utilized
and for most diabetic patients a reduction in weight and the restoration of a properly
balanced microbiota can eliminate the devastating effects of diabetes including foot
ulcers. This review examines in detail the different types of diets, and how they affect
the host and the microbiota to eliminate as much as possible the risk of foot ulcers.
Microbiota, diet, incretins, and insulin all directly affect the deposition of fats which
causes insulin insensitivity and diabetes in most patients.

Keywords: incretin, SCFA, diabetes, carbohydrates, fats

1. Introduction

Type 2 Diabetes Mellites (TTDM), which is approximately 95% of all diabetic
patients in 2010, affected 280 million (approximately 6.2%) of the world’s popula-
tion and is thought to increase to 7.5% by 2030 [1, 2]. This is thought to be due to
an increase in the number of obese individuals which leads primarily to an increase
in their incidence of TTDM. Most scientists and medical professionals believe that
obesity begins at a BMI of 30 and severe obesity at a BMI of 40 but many studies are
now suggesting that BMI is not a truly accurate measure of obesity [3]. Most TTDM
patients are obese and about 2-3 percent of patients have current active foot ulcers
and up to 25% will eventually develop foot ulcers [4]. This occurs as a result of uncon-
trolled diabetes that interferes with wound healing, reduces pain response, and causes
problems with proper blood circulation. Although ulcers can actually occur anywhere
on the body, the feet are most vulnerable.

The chief cause of foot ulcerations is due to diabetic neuropathy. High blood
glucose levels cause arteries to harden and develop plaques that limit blood flow to tis-
sues including nerves and the heart. This causes reduced nutrient and oxygen uptake
by the nerves causing neuropathy. Diabetic neuropathy affects both the somatic as
well as autonomic nervous systems resulting in a complex group of pathophysiologi-
cal disorders. One of the manifestations of these disorders in the diabetic foot which
can result in anatomical and physiological changes in the foot such as ulcerations and
infections because of a lack of wound healing and a delayed immune response. Since
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the feet are frequently covered and the soles are exposed to compression from walking
feet when it comes to ulcerations, the feet are the most vulnerable part of the body.
Wound healing is slowed for several reasons. Hyperglycemia is a contributing factor
to atherosclerosis. This limits the blood flow, especially to the heart but also to any
wounds and the feet tend to be even more susceptible [5, 6]. Nerve damage can cause
a loss of sensation in the foot and peripheral vascular disease that can go unnoticed. If
these conditions become severe enough, this can cause further damage to bone, joints,
and soft tissue and if not treated can eventually lead to amputation [7, 8]. Life expec-
tancy following amputation is about 50% within five years [9, 10] although many of
those deaths could be due to contributing comorbidities related to diabetes-induced
cardiovascular disease [3].

It would seem to suggest that control of diabetes and its symptoms would be the
best way to prevent ulcerations. However, it does not fully eliminate the risk [11].
There are two major forms - Type 1 and Type 2 diabetes but there are other less well-
known forms as well which include gestational and atypical diabetes. They have very
similar symptoms, but their causes can be quite different and are often misdiagnosed
[12]. If the weight and diet are left unchanged despite control of diabetic symptoms,
there is still a risk of ulcerations, especially on the feet. To eliminate the risk alto-
gether, the weight must be lost, and diabetes must go away completely to eliminate
the risks.

One can certainly do regular foot inspections to avoid the worse complications
of foot ulcers and be sure that their diabetes is under control. Metformin is the most
used drug to treat diabetic patients but other drugs such as incretin agonists particu-
larly GLP-1 and DPP4 inhibitors are also being used and often in combination with
Metformin [13].

Some patients also use insulin injections as well. None of these drugs ensure that
diabetes can be controlled at all times which makes foot inspections required.

Children can also develop foot ulcers and more and more studies are showing
that the mother can contribute to these problems [14]. Cesarean sections rather
than vaginal births can alter the seeding of microbiota during the birth process.

In addition, the mother if she is diabetic or has elevated blood sugar, these sugars
can be passed along to the infant during breastfeeding causing the infant to have
elevated blood sugars [14]. Studies have been performed up to about four months
of age which is the median age at which infants begin to eat solid food. Infants were
divided into four groups based on cesarean versus vaginal birth and breast milk
versus formula and found that vaginal births with breast milk fared better when
their microbiota were compared [15]. Breast milk also contains a great number of
good bacteria as well from the skin microbiota that can be missing if the mother fails
to breastfeed [14]. These combinations can lead to obesity and diabetes in young
children and eventually to the complications of diabetes previously described for
adults including foot ulcers.

2. Incretins and diabetes

Incretins such as GLP1 and GIP are released during a meal. When one overeats,
there is number of effects. Glucose and other nutrients stimulate incretin release
when they are absorbed which continues to stimulate even more absorption. The
nutrients are absorbed regardless of whether they are necessary for bodily functions
and much of it is directed into glycolysis to eventually produce ATP, shuttled into
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glycogen, or stimulated by incretins to be digested and absorbed into adipocytes and
stored as fat (see Figure1).

Incretins also stimulate the release of insulin as well and as incretin levels rise
because of overeating, insulin levels rise as well. GLP-1 is released from L-cells of
the small intestine [16]. One of the effects of increased secretion of insulin however
can cause insulin receptors to desensitize and become nonresponsive and promot-
ing insulin resistance. This leads to high blood glucose levels leading to diabetes.
Increased amounts of insulin, incretin agonists, DTT inhibitors, and other drugs are

%
® o
—_— metabolites Carbohydrates
Microbiota Other nutrients

Glucagon
release
inhibition

Lower blood
Glucose levels

Insulin
release

Fat Deposition

Figure 1.

Refwesented above is a simplified diagram of blood glycemic control and fat deposition. Incretins are at the heart
of control and not just involved in stimulating insulin velease. Incretins can have direct effects on fat deposition. In
the energy balance mode and carbohydrate — insulin model of obesity it appears the influence of diet and SCFAs
are not emphasized enough on the impact of glycemic control and fat deposition. Microbiota and the production
of SCFAs have a profound effect on insulin release. Although carbohydrates have a large effect on secretion of
insulin, other nutrients also have an effect. Although insulin can stimulate the production fat in adipocytes,
incretins and SCFAs can have a direct effect as well.
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designed to increase the amounts of insulin without fixing the underlying physiologi-
cal causes. For TTDM and similar forms of diabetes, this is possible but for TT1 this is
more difficult and in most cases impossible. So, depending on the cause, the diets and
effects of microbiota are quite different.

GLP-1 and GIP both stimulate the secretion of insulin from the Beta cells of the
Pancreas, yet they have different effects on obesity and fat deposition and different
studies are making the functions unclear [17]. GLP-1 directly inhibits appetite and
food intake and GLP-1 antagonists have been developed into drugs that can help
glycemic control. GIP however lacks these functions and although some studies have
used agonists to reduce weight gain, also antagonists have shown the same effect
[17-20]. In addition, GIP receptor knockout mice fail to gain weight even when fed a
high-fat diet [21]. GIP is released when glucose and proteins are absorbed which then
promote additional absorption [22, 23].

Incretin control is what causes insulin release and increased amounts can lead to
diabetes and eventually the complications that eventually lead to foot ulcers. Rises in
incretins particularly GIP can contribute to weight gain by increasing absorption of
nutrients and fat deposition (Figure 1). Control of incretin release could modulate
and maintain controlled diabetes and less of a risk of ulcers. Even before one eats a
meal, incretins such as GLP-1 and GIP are released in anticipation of glucose absorp-
tion. But the evidence is rather ambiguous [24]. Some studies show that even the
sweet taste of food (even if it’s an artificial sweetener) can trigger incretin release
during the cephalic phase of digestion [1, 25]. Others have shown no release of insulin
during the cephalic phase [26, 27].

3. The effects of diet on diabetic foot ulcers

There are two prevailing and compelling theories of obesity and diabetes, but they
are somewhat opposing theories neither of which explains entirely the complexity
of obesity and glycemic control [28, 29]. The first is called the energy balance model
(EBM) and the carbohydrate-insulin model (CIM). Although most scientists may be
in favor of the EBM, the recent studies on the CIM and the effect and results of a low
carbohydrate diet are compelling. Depending on the strategy of each model, deter-
mines the diet that would work best. Diets can influence incretin release and provide
the proper amounts of SCFAs (see Figure1).

Less than 10% of all diabetic patients have type I diabetes or similar atypical
diabetic diseases. Type I diabetic patients should already be on a special diet to help
control their blood glucose levels. One should monitor the intake of carbohydrates
and concentrate on low glycemic foods and beverages. One should be aware that
sugar-free foods and beverages do not necessarily mean carbohydrate free. Patients
that fall into this category have diabetes because their pancreas beta cells do not
produce sufficient amounts of insulin [30] to regulate their blood glucose levels. But
there is no one meal plan that fits all. For TTDM patients, insulin insensitivity is the
problem, and to relieve those symptoms usually a reduction in weight is necessary.
This means a reduction in calorie intake, especially of dense energy foods such as fatty
foods, and perhaps even lifestyle change.

Diabetes diets are certainly important and those that have diabetic symptoms
should follow these guidelines. A carbohydrate-reduced diet is recommended but
carbohydrates are found in many foods with grains such as bread, pasta, milk, any
sweets that contain processed sugars, fruit, and even some vegetables that are high in
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starches (white and sweet potatoes, corn, peas, squash, and turnips). However, many
of these foods contain many necessary nutrients and cannot necessarily be completely
excluded. Most vegetables including potatoes contain vital amounts of fiber that
essential bacteria that are part of the microbiota require.

Fiber is also an essential part of the diet and consists of starches that are non-
digestible or less digestible than other forms of carbohydrates. In humans, cellulose
and chitin are not digested like they are in ruminants such as cattle or other multi-
stomach animals that consume grass or other plants. In humans, amylose even
though it is a straight chain of glucose residues, and its secondary structure makes
it more difficult to digest those other forms such as amylopectin that is found in
plants and glycogen that is found in animals. Therefore, amylose is often considered
aresistant starch, and foods that contain more amylose, and less amylopectin are
considered low glycemic and will not cause glucose levels to rise as quickly or as
much and can be a benefit for diabetic patients [31, 32]. Potatoes are already being
developed to contain a higher amylose/amylopectin ratio by hybridizing with other
strains while at the same time increasing their protein and amino acid content [31].
Not all of these new plants are commercially available as yet and potatoes such as
huckleberry gold although available are more expensive than the more common
commercially available varieties. Although these potatoes have been reported to
have higher amylose/amylopectin ratios, it still remains to be seen if the cooking
methods will have an effect and if the varieties will taste good enough to be accepted
as substitutes. Until then, the recommended foods include Grains, beans (canned
baked beans tend to have sugars added), rice, pasta, and starchy vegetables are
actually recommended because of their high fiber content even though they may not
be low glycemic.

In addition, it is rapidly becoming more important to consume vegetables because
of their high polyphenol content as well. Polyphenols are a large group of plant
metabolites that have many medicinal properties including antidiabetic effects.
Polyphenols have been shown to decrease blood glucose levels and increase insulin
secretion and sensitivity [33, 34].

The release of digested carbohydrates releases glucose that is absorbed which can
raise blood glucose levels. Proteins and fats have not been found to affect diabetic
patients, but any weight gain can contribute to diabetes and insulin resistance. Type
one diabetes does not typically cause insulin resistance, but some type one diabetic
patients have become overweight, and more than a third now have an increased risk
of chronic kidney disease [35]. It has been shown that the increased blood glucose
levels damage the delicate blood vessels, and many develop high blood pressure as
well which can damage the vessels as well [30], which could contribute to insulin
resistance. Since there is no one diet fits all, the current diet for a particular individual
depends on age, weight, and the activity of the individual. It is suggested that a reg-
istered dietician may be the best way to design a diet. Typically, an individual should
not consume more than 2000 calories per day, and no more than half should be
from carbohydrates. Typically, also one gram of carbohydrates has about 4 calories,
but these are only estimates. There are general guidelines for patients with diabetes.
Watching portion size and calories are recommended for any diabetes diet. Reducing
the intake of fried foods, sweets, salts and fats is a part of any diabetes diet. In some
cases, even eating less more often can stabilize your glucose levels in the blood. One
thing however to keep in mind is that not all calories are the same. Calories coming
from energy-dense diets will predispose individuals to weight gain irrespective of the
nutrient content of the food consumed [36, 37].
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3.1 The ketogenic diet

The most popular of diabetes-related diets are the ketogenic diet. Ketogenic diets
are frequently higher fat, lower fiber diets that have lower carbohydrates making it
easier to control diabetes and induce weight loss [37-39]. Low fiber diets, however,
will not restore normal microbiota which contributes to obesity therefore it is not a
long-term solution that should be discontinued once the normal weight is achieved.
There are different forms of these diets but essentially even less carbohydrate is
consumed in favor of additional protein. This is known as nutritional ketosis which is
a normal biological process that may in fact reduce weight and eventually be benefi-
cial to the individual [37, 38]. But it would only be normal when the diabetes is under
control and blood glucose levels are normal. However, this is different than ketoaci-
dosis which can occur in diabetic patients where the diabetes is not under control
when insulin levels are too low, and glucose cannot be absorbed into cells instead the
body uses fats for fuel. In this case, there is a sharp unhealthy rise in ketones in the
blood which in turn causes the blood to become more acidic [38]. This condition can
be fatal if not treated. Keto diets as well can lead to nutrient deficiencies in calcium,
magnesium, vitamin D, and folic acid. The vast majority of TTDM patients are obese
and only when their obesity is also under control and reduced will their diabetes
symptoms disappear [37, 38]. Nevertheless, long-term use of the ketogenic diet has
not been well studied and can have serious side effects. It has been shown that this
diet while preventing some cancers can cause renal cancer and tumor growth in
integument and other epithelial tissues [38, 40]. Ketogenic diets are often high in fat
and low in fiber. That kind of diet will cause LDL levels to rise to lead to serious heart
and cardiovascular diseases such as atherosclerosis. If the fats are reduced in favor of
higher protein levels that can lead to serious kidney diseases and kidney stones [37].

Type one diabetes and TTDM patients can both benefit from a ketogenic diet, but
the endpoints will be different. For TTDM patients, a ketogenic diet could restore
normal weight and therefore usually relieve the symptoms of diabetes. For type one,
the risk of ketoacidosis is significantly higher and so needs more careful monitoring.
The Ketogenic diet can benefit diabetic patients because it reduces the glucose levels
in the blood, lowers blood pressure, and can contribute to weight loss [37, 39].

4, Other diets
4.1 The low-carb diet

A low-carb diet is different than the ketogenic diet because it is less limiting in the
amount of carbohydrates. You don't have to give up carbohydrates because you have
diabetes. Atkins or South Beach are low-carb diets that are easier to comply with, and
many patients still benefit from them. Studies show that this diet could be the first
step in managing the disease [41].

4.2 Mediterranean diet

This diet promotes fruits and vegetables as well as fish, chicken, nuts, olive oil,
legumes, and whole grains with a reduction of red meat, butter, and salt. Studies have
shown that diet can help keep blood sugar levels under control. You can have some
alcohol with meals as well [42].
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4.3 Dash diet

Dieticians recommend this eating plan usually as a way to control hypertension.
The diet consists of fruits, vegetables, low-fat dairy, whole grains, lean meats, fish,
nuts, and beans. (It does allow for some sweets in moderation.) Studies have found
that it can improve insulin sensitivity when it is part of an overall weight loss program
with exercise [43].

4.4 Zone diet

Meals are designed to contain 40% carbs, 30% protein, and 30% fat. Carbs are
ranked as good or bad based on the glycemic index. Foods like chicken and barley are
recommended but not potatoes and egg yolks. Studies have found it had a positive
effect on glycemic control and waist size, so it may be a good choice. Ask your doctor
about it (zonediet.com).

4.5 Paleo diet

The idea behind this diet is to eat the way early humans did before modern farm-
ing. The diet consists of no dairy, refined sugar, grains, or legumes, and no processed
vegetable oils like soybean oil or canola oil. You can have fruits and vegetables, lean
meats (preferably grass-fed), fish, nuts, and seeds. Using this, diet studies show this
eating strategy can improve blood sugar and diabetes (thepaleodiet.com [44]).

4.6 Vegetarian/vegan

Limiting or avoiding animal products like chicken, fish, and yogurt may be a
healthier way to live for some individuals. However serious deficiencies in nutrients
can occur. The diet generally restricts meat and poultry but in some cases, dairy, eggs,
or fish are allowed to prevent these deficiencies (Mayo Clinic; Vegetarian Diet: How
to get the best nutrition). Research shows that people who eat a plant-based diet get
more fiber and take in fewer calories and fat than nonvegetarians. This would bring
diabetes under control and restore the normal microbiota balance however deficien-
cies in Vitamin B12, Omega 3 fatty acids, iron, zinc, and iodine can develop if the diet
is not properly monitored.

5. Microbiota

The large intestine (colon) is populated by a large number of bacterial, archaeal,
protozoan, viral and fungal species that are collectively known as the gut microbiota.
The number of species ranges from hundreds to tens of thousands that outnumber
the human genome by at least 100:1 and are known as the second human genome. The
microbiota, especially the bacterial species, forms a community of organisms that
metabolize nondigestible carbohydrates, plant cell wall material, and other oligosac-
charides that make up dietary fiber, and they produce a wide variety of metabolites
including short-chain fatty acids (SCFAs) [45]. Other substances, especially the
polyphenols in the diet, serve as substrates for the microbiota. Other secondary
molecules include vitamins, cholesterol, and their derivatives, along with the other
remaining cell wall components such as lipopolysaccharides, which can also be found
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as metabolites formed by the microbiota [46]. A high fat, low fiber diet reduces SCFAs
producing increasing the numbers Firmicutes and decreasing the numbers of the
Bacteroidetes phyla, and also decreasing the level of SCFAs (since there is less fiber)
and the synthesis of other essential metabolites [47]. SCFAs such as acetate, propio-
nate, and butyrate are synthesized as byproducts of resistance starch metabolism by
the microbiota. On the other hand, these bacteria can also metabolize histidine into
imidazole propionate which actually can modulate host inflammation, metabolism
and cause insulin resistance [48].

To a certain extent, antibiotics, certain diseases (e.g., inflammatory bowel dis-
eases; IBD), and the genetics of the host may contribute to dysbiosis; however, an
individual’s diet has a major impact on the growth and maturation of the microbiota
[49]. SCFAs have distinct effects on colon epithelia, specific transport and signaling
mechanisms, and profound effects on a human’ health including diabetes.

5.1 The chemistry and metabolism of SCFAs

SCFAs are mostly aliphatic carboxylic acids that have a carbon chain of six or less.
A few SCFAs are branched and synthesized from various amino acids but contribute
only about 5% of the overall SCFAs produced.

The microbiota consists mainly of Bacteroidetes and Firmicutes (combined are
approximately 90% of the gut microbiota), while the remaining bacteria consist
of Actinobacteria, Proteobacteria, and Verrucomicrobiota. Amazingly, even within
the first month of life, the gastrointestinal (GI) tracts of children are colonized by
different species of Bacteroidetes and Firmicutes at a much lower level. A child’s GI
tract begins germ-free but accumulates additional numbers of species until the child
achieves adulthood. Diet, geographic location, and the genetics of the individual
are all contributors to the microbiota colonization of the adult GI tract. In addition,
it is now hypothesized that microbiota present in the birth canal during childbirth
contributes to gastrointestinal colonization and those children born through the
Cesarian section have more health problems than those who do not. Breastfeeding
rather than simple formula (not exactly the same diet) also modulates the microbial
species that colonize the GI tracts since breastmilk has bacteria from the skin micro-
biota. Therefore, it is conceivable that the diet can have a profound influence on the
child’s microbiota population and health. It is even more conceivable that an increase
in childhood obesity could be influenced by changes and/or deficits in the developing
microbiota [49-51].

Nondigested carbohydrates that are used as nutrients by the microbiota of the GI
tract are referred to as prebiotics [52]. Enteric nutrition is given to certain patients
as a supplement during their hospital stay to prevent malnutrition. Such treatments
frequently result in diarrhea. Once prebiotics are added to the enteric nutrition, the
symptoms of diarrhea disappear [53]. Thus, a diet with a proper prebiotic level is
critical for maintaining a proper Firmicutes to Bacteroidetes ratio. Conversely, a high
fat, low fiber (i.e., low prebiotic) diet will increase the Firmicutes to Bacteroidetes ratio
[49]. It is well known that SCFAs are produced by the microbiota and when they are
absorbed, the SCFAs stimulate Na+/water absorption [54]. Therefore, prebiotics are
essential to maintain a proper ratio for any diet. Prebiotics are those foods that contain
different types of nondigestible fiber as a fuel source for microbiota. The prebiotics
include mostly vegetables such as artichokes, leeks, garlic, onions, asparagus, wheat
bran/flour, bananas, and chicory root. It is important to note that when vegetables are
cooked they lose at least a third of their fiber content [52].
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Once SCFAs are produced, most are transported into colonocytes and are metabo-
lized by the colonocytes as a nutrient for cell growth and metabolism. Very little of
the SCFAs are transported into the systemic circulation. Acetate levels are likely high
enough to have effects on the other organs, but very little if any, butyrate or propio-
nate is thought to leave the portal blood and liver [55]. A limited amount is produced
and absorbed in the small intestine, but the colon is certainly the major source [56].
Receptors for SCFAs exist in most of the major organs including the gastrointestinal
tract. In the intestine and colon, SCFAs are linked to motility and maintenance of the
epithelial barrier. SCFAs stimulate water absorption, while at the same time increas-
ing motility, maintaining the epithelial barrier and therefore preventing constipation
and diarrhea [57]. When entering into the systemic circulation, SCFAs also have
profound effects on whole body health and metabolism. SCFAs are the source of fuel
for the heart and the cardiovascular system, they control body weight and insulin
release, and are precursors for lipid and glucose production in the liver (gluconeo-
genesis). Commensal bacteria have a number of health benefits which include the
development of the gastrointestinal tract and other tissues such as the central nervous
system, maintaining the immune system, and increasing metabolism [58]. Therefore,
an imbalance or dysregulation of microbiota populations could disrupt normal
metabolism and water balance and result in obesity, diabetes, and its symptoms and
complications such as foot ulcers.

The major SCFAs produced are acetate (C2), propionate (C3), and butyrate (C4)
which contain two, three, and four carbons, respectively. These SCFAs are mainly
synthesized by the Firmicutes species Lactobacillus and also the Actinomycetota species
Bifidobacteria. Bacteroidetes bacteria can also produce SCFAs but at lower levels.

The SCFAs act as the primary source of energy for colonocytes. Different species of
bacteria with different metabolic steps are responsible for the formation of each of
the SCFAs. None of the bacteria have all of the necessary enzymes to produce all three
of the SCFAs directly from dietary fiber. Nondigestible carbohydrates enter the citric
acid cycle of bacteria at different points in different bacteria. Propionate is formed
from succinyl-CoA, an intermediate of the citric acid cycle, as well as lactate and
propanediol. Acetate and butyrate are formed from acetyl-CoA [59, 60]. In addition
to entering the citric acid cycle and being used as an energy source, SCFAs also have
profound epigenetic effects to increase the rate of gene transcription by inhibiting
histone deacetylase (HDAC) activity [61]. The SCFAs affect many genes that regulate
transcription and colonocyte homeostasis [62, 63]. These accumulated epigenetic
events are thought to increase the incidence of colorectal cancer [64, 65]. Butyrate

is synthesized from acetate, while propionate is synthesized by butyrate-producing
bacterial species such as Faecalibacterium, Eubacterium, and Anaerostipes [66, 67].
Additionally, to absorption (i.e., about 95% of SCFAs produced), some of the SCFAs
are excreted in the feces [60]. The amount of SCFAs produced can vary greatly by
the content and type of dietary fiber, and the number and species of bacteria. Other
factors such as antibiotics, bypass surgery, and stress can also alter the microbiota
species composition and SCFAs production. Local sanitation and the introduction

of microbes into the diet determine whether the proper microbiota is developed in
the GI tract. Amazingly, people in countries with the best sanitation introduce fewer
microbes into the microbiota, which consequently leads to dysbiosis and diseases such
as obesity and diabetes [49].

SCFAs can exert physiological function either during transport across the colo-
nocytes or by binding to their receptors located on the gastrointestinal mucosa. A
number of orphan G-protein-linked receptors were discovered and initially had no
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known ligands [68]. However, later studies demonstrated that SCFAs activated several
of these G-protein-linked receptors, and several of them are identified to present in
the mucosa of intestine and colon [69]. They include the G-protein coupled receptor
(GPR) GPR43 (acetate and propionate) and GPR41 (propionate and butyrate), which
have about 40% homology across species [70]. GPR43 and GPR41 are also known as
free fatty acid receptors, (FFAR) FFAR2, and FFAR3, respectively. Acetate and pro-
pionate are ligands for GPR43 (FFAR2), while propionate and butyrate are ligands for
GPR42 (FFAR3) [45]. Butyrate also binds to GPR109a, which is distributed along the
colon, T-cells, and the microglia. GPR43 is highly expressed in immune cells, adipose
tissue (stimulates fat deposition), distal ileum (increases motility, and stimulates
peptide-YY (PYY) and glucagon-like peptide-1 (GLP-1) secretion), skeletal muscle,
and the heart [71] that are tissues all involved in diabetes and obesity. Therefore,
during dysbiosis and diabetes when there is a lack of SCFAs this could contribute to a
decrease in immune responses and cause cardiovascular disorders. The main function
of GPR43 is to maintain energy homeostasis within the body, GPR43 increases energy
released by improving glucose tolerance and increasing energy utilization within the
body [72]. GPR43 is also present in pancreatic p-cells and stimulates insulin secretion,
which in turn increases glucose absorption into the tissues to aid increased energy
utilization. These aspects were demonstrated using GPR43 knockout mice [73, 74].
Therefore, when SCFAs are not synthesized j in sufficient quantities then that would
result in difficulties in maintaining normal energy homeostasis and glucose utilization.
Although most of the SCFAs are utilized in the colon, more dietary fiber consumption,
resulting in greater amounts of SCFAs, gets absorbed into the systemic circulation
and thus interacts with other tissue receptors. Although further studies are required,
it is likely that SCFAs increase body metabolism, as high fiber diets result in weight
loss and reduce blood lipid levels. Additionally, increases in HDL levels are observed,
which lowers the chances of atherosclerosis, but an increase in blood cholesterol levels
has been shown in some studies [47, 75-77]. However, this reported evidence indicates
that SCFAs activate receptors that release GLP-1 and increase insulin secretion to
regulate blood glucose levels [70]. In the pulmonary system, SCFAs protect against
inflammation by activating the GPR41 and reducing hematopoiesis and infiltration of
immune cells [78]. Loss of these functions would result in weight gain, cardiovascular
disorders, and insulin resistance.

Altered microbiota populations have been detected in several diseases includ-
ing obesity and conditions resulting from the overuse of antibiotics. The overuse of
antibiotics has been shown to decrease Bacteroidetes and increase Firmicutes [14].
Metabolic activity of Bacteroidetes and Firmicutes taxa determined by 16s RNA
analyses revealed that the Firmicutes tend to be more active than that of Bacteroidetes
taxa. Even with the cessation of antibiotic treatment, some species, mainly
Firmicutes, never return to normal levels [76, 79].

When microbiota utilize fats and metabolize less fiber in the diet, the microbiota
synthesize fewer SCFAs but also produce metabolites that contribute to obesity. When
the ratio of Firmicutes to Bacteroidetes increases that contributes to an increased risk
of diabetes and obesity [80]. However, a change in the ratio does not always lead to
diabetes [81, 82] because there can be regional differences in the expression of the
microbiota in lean and obese individuals which likely depends on the diet at that
locale [83, 84]. However, dietary requirements for modulation of diabetes may not
have enough impact but it is certainly important since increases in fiber in the diet
reduced the symptoms of diabetes in patients [80, 85]. Many of these food items rich
in fiber also contain large amounts of sugars and carbohydrates. It is interesting that
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with weight loss comes changes in microbiota, but the research design many times do
not reflect enough which came first, the change in weight or the change in microbiota
making interpretation of results difficult.

There are two major phyla of bacteria that are present in the gut microbiome.
The ratio of these bacteria is balanced in healthy lean individuals. Firmicutes are
considered to be the “bad” bacteria but they are the major phyla that produce the
short chain fatty acids needed as a fuel source for the colon [86, 87]. Without the
SCFA when the Bacteroidetes become the dominant phyla with fewer Firmicutes
colon will become more permeable to bacterial infections and diseases such as
Inflammatory Bowel Disease although some report even Bacteroidetes are also
reduced [88]. Other phyla include Actinobacteria as they increase significantly
decrease the risk of developing diabetes [89], Proteobacteria increases have been
linked to dysbiosis and may not cause diabetes but those with diabetes have
increased amounts, particularly in TTDM [90], and Verrucomicrobia is also
increased in diabetic patients [91].

High fat low fiber diets tend to diminish and cause dysbiosis of the colon micro-
biota. Fermented foods are considered to be among the best foods that can replace
or restore the normal balance of microbiota in humans [14]. Yogurt is considered
to be among the best, but only recently have there been any definitive studies.
Bifidobacterium animalis and Lactobacillus species are said to be the most beneficial
and are found in yogurt and other fermented milk products [14, 92]; however,
immune deficient patients should avoid yogurts and other fermented milk products
since they could be susceptible to a fatal form of septicemia [93]. These short-chain
fatty acids (SCFAs) are not just linked as a fuel source for colonocytes in the large
intestine but also to proper immune responses and proper intestinal permeability to
prevent bacterial infections [88]. Parasitic infections which can result from increased
permeability such as toxoplasmosis, hydatidosis, and cysticercosis infect a large
population worldwide. Toxoplasma gondii in the pancreas could damage the pancreatic
cells. Hence, insulin secretion would be affected which leads to an increased risk of
diabetes [94].

6. Other microbiomes

The gut microbiome is by far the most important when it comes to diabetes and
obesity, but it is becoming clear that other microbiomes may have effects as well.
Small intestinal bacterial overgrowth syndrome (SIBO), Heliobacter pylori, and the
oral microbiome are now thought to contribute as well. SIBO and H. pylori are often
comorbidities for diabetic patients.

SIBO is an upset of the natural balance of microbiota in the small intestine. It can
be the result of enteric nervous system disorders such as IBS and because of nausea
and abdominal pain usually result in weight loss, loss of appetite, bloating and
diarrhea, and malnutrition. SIBO causes increased blood glucose levels and insulin
resistance and worsening glycemic control [95]. Other investigators though believe
that it is diabetes that causes SIBO. About a third of diabetic patients also have SIBO.
[96] and is diagnosed by a simple hydrogen breath test. However, unless the SIBO can
be controlled, these patients will have greater difficulty in controlling their diabetes
and will have a higher risk of foot ulcers [96].

Heliobacter pylori infections in the stomach also increase the likelihood of TTDM.
Causal contact and contaminated food or water can transmit the disease. It is believed
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that the infections cause the release of gastric hormones and gastrointestinal inflam-
mation that leads eventually to insulin resistance and diabetes [97].

Oral microbiomes are now being examined and studies show that this microbi-
ome is also involved in the progression of diabetes and obesity. Actinobacteria levels
are seriously depressed in diabetic patients and Firmicute/Bacteroidetes ratios have
increased just as in gut microbiota in TTDM patients [89, 98, 99].

7. Host genetics

Genetics can affect many areas of human physiology that can affect the progres-
sion of diabetic foot ulcers. There are genes that can affect not just obesity but also
diabetes. As many as 20 different genes have been associated with type I diabetes
[100]. It is usually an autoimmune disease passed on from parents to offspring.
However, there is a greater chance of parents having children who also have Type 1
Diabetes however there is no evidence that it’s not simply due to similar diets and liv-
ing conditions since they are likely to live all in the same place. For type two diabetic
patients the atypical types have been directly linked to mutations in certain genes but
that only accounts for a small percentage of diabetic patients. MODY type diabetes is
all the result of a single mutation causing a lack of glycemic control [12]. Nevertheless,
some investigators believe that genes only predispose an individual to obesity and
do not guarantee the condition and that environment plays just as important a role
in diabetes/obesity phenotype. Now, there is also evidence that Firmicute family
Christensenellaceae increased in numbers in lean non-diabetic individuals and is
directly associated with the host genome [101]. It was demonstrated that in identical
twins, the microbiota was more similar than twins that were not identical [102] which
suggests genetics has an important role in determining correct balance of microbiota
and therefore maintenance of energy balance, proper weight, and glycemic control.

8. Conclusion

Diabetic foot ulcers have protocols for treatment and prevention but ultimately the
only way to prevent them entirely is to address the diabetes of the patients involved.
Although this review is not entirely a comprehensive review of diabetes, it is clear
that its prevention is not a simple matter especially if its cause and treatment are not
necessarily well defined. Since there are two prevailing theories of its cause and there
are different types of diabetes and diets the effects of microbiota and diet are not
going to be the same for everyone. Figure 1 is a simplified diagram of all the players.
Microbiota and Diet have a great influence on incretin action and glycemic control
but SCFA, incretins, and insulin all have direct effects on the deposition of fat in
adipocytes. Not listed in Figure 1 is that glucose itself can be synthesized into fats.
Incretins can affect glucsose metabolism by turning glucose into fats especially when
the insulin levels are high.
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Chapter 6

Targeting Matrix Metallopeptidase

9 (MMP-9) and Role of Quorum
Sensing (QS) in Diabetic Foot
Ulcers

Wakuma Wakene Jifar

Abstract

Diabetes-related foot ulcers (DFU) are a serious public health issue, and one of
the main causes of death for diabetics is foot ulcers. Matrix metalloproteinase are
crucial to both the pathophysiology of wounds and the healing process. MMPs have
not previously been a focus for the treatment of DFUs due to the difficulty in differ-
entiating between active MMPs and the two catalytically inactive forms of MMPs and
the clinical failure of broad-spectrum MMP inhibitors in cancer. Managing bacterial
infections by focusing on this quorum sensing (QS)-regulated process different from
other management strategies. Despite the fact that the medical community has a
thorough grasp of diabetic foot ulcers, research is continuously being done to find
the most effective treatment for this crippling condition that is also safe to provide.
Diabetic foot ulcers are brought on by a variety of factors, so a combination of thera-
pies rather than a single medication will be the most effective course of treatment.
This book chapter discusses the identification of active MMP-9 as the molecular cause
of the diabetic wounds’ resistance to healing as well as the unique therapeutic strategy
of inhibiting this proteinase and about role of inhibiting the quorum sensing (QS)
system in the treatment of diabetic foot ulcer.

Keywords: diabetic foot ulcer, quorum sensing (QS) system and targeting matrix
metallopeptidase-9 (MMP-9), antimicrobial peptide

1. Introduction

A chronic metabolic condition called diabetes mellitus (DM) is characterized by
hyperglycemia [1]. Defining diabetic foot (DF) as “the foot of a diabetic patient who
has the potential risk of pathologic consequences including infection, ulceration,
and/or destruction of deep tissues associated with neurologic abnormalities, various
degrees of peripheral vascular disease, and/or metabolic complications of diabetes
in the lower limb,” according to the World Health Organization [2]. To prevent
the onset of foot ulcers, early identification of the at-risk foot should be given top
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clinical attention [3]. Wound healing can be negatively impacted by stress and a
steroid hormone called cortisol is high during times of stress and chronic inflam-
mation and slows the healing of wounds. The inability of diabetic foot ulcers (DFU)
to heal has been reported to be substantially correlated with CYP11B1, the enzyme
that catalyzes cortisol production [4]. Cortisol levels have been linked to elevated
MMP-9 levels in patients with coronary artery disease, and MMP-9 is reported to
be induced and cortisol production stimulated by prostaglandin E2. The enhanced
activity of matrix metalloproteinase (MMPs) is one of the causes of the resistance
[5]. In 1960, the family of zinc-dependent endopeptidases known as MMPs was
initially identified in tadpoles. Humans have 24 distinct MMPs that have a variety
of substrates and roles [6]. MMPs are categorized in part according to the substrates
they prefer to break down, including the gelatinases (MMP-2 and MMP-9), colla-
genases (MMP-1, MMP-8, and MMP-13), and stromelysins (MMP-3 and MMP-10)
[7]. MMP expression and activity may be significantly impacted by DFU treatments
that do not directly target MMPs. Most research has concentrated on the effects

on MMP-9 in particular because it has long been thought that this proteinase has a
role in wound healing. These investigations definitely showed that MMP-9 plays a
negative effect in DFU healing, while MMP-8 plays a positive role. Approximately
15% of all diabetic patients get DFU, and of those, 84% have their lower limb
amputated and 6% are hospitalized for gangrene and infections that are primar-

ily caused by multidrug-resistant (MDR) microorganisms [8]. These pathogens
include Morganella morganii, Klebsiella pneumoniae, Proteus mirabilis, Streptococcus
agalactiae, Streptococcus pyogenes, Streptococcus mitis, Staphylococcus aureus, and
Enterococcus faecalis, which dominate and populate the foot ulcer [9]. These patho-
gens exhibit virulence traits such biofilm formation and others, making antibiotic
therapy ineffective against them. When bacterial colonies known as biofilms reach
a certain size, they coordinate changes in gene expression via coordinated cell-to-
cell communication (quorum sensing) and prepare to express additional virulent
factors [10]. The development of biofilm on the skin surface of DFU is a further
issue. And in DFU, biofilm is a crucial stage in the pathophysiology and it may delay
recovery. Both MDR bacteria and microorganisms that produce biofilms create
antibiotic-resistant conditions that cause the lesion to become chronic, infect, and,
in the worst case, necessitate lower limb amputation. Managing bacterial infec-
tions by focusing on this quorum sensing (QS)-regulated process offers a novel
strategy [11]. This book chapter discusses the identification of active MMP-9 as the
molecular cause of the diabetic wounds’ resistance to healing as well as the unique
therapeutic strategy of inhibiting enzyme proteinase and about role of inhibiting
the quorum sensing (QS) system in the treatment of diabetic foot ulcer.

2. Epidemiology

A diabetic person may have a 25% lifetime risk of developing a foot ulcer and
diabetes, and patients experience lower limb amputations 15 times more frequently
than non-diabetics. Diabetic foot ulcer had a 6.3% global prevalence, with type 2
diabetes having a higher prevalence than type 1 diabetes (6.4 and 5.5%), respectively.
The country with the highest prevalence is Belgium (14.8%), followed by Canada
and the US (13.0%). Of all the continents, North America has the highest frequency
(13%) by far. Asia accounted for 5.5%, Europe for 5.1%, and Africa for 7.2% [12].
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From different parts of Ethiopia, Addis Abeba, Jimma, Gondar, Bahir Dar, Mekele,
Arbeminch, and Dessie have higher rates of diabetic foot ulcers than other major
cities (1.36%, 25.76%, 13.62%, 21.22%, 12.28%, 14.87%, and 1.85%, respectively),
according to a study by Tolossa et al. [13] and Degu et al [6].

3. Etiology and risk factors

Peripheral neuropathy and peripheral arterial disease are the most frequent
causes of diabetic foot ulcers out of a range of interrelated factors. Diabetic foot
ulcer is hence frequently referred to as neuropathic, neuroischemic, or ischemic
ulcers. Since the 1990s, ischemic and neuroischemic ulcers have become the
most common cause of diabetic foot ulcer, accounting for more than one-third
of all cases [14, 15]. This is most likely due to increased awareness of the impor-
tance of ischemia in diabetic foot ulcer and its detrimental effects, but it may
also be related to improved diagnostic procedures, which could have an impact
on recommendations for diagnostic criteria [15, 16]. Between 70 and 83% of
diabetic patients with serious soft-tissue infections have polymicrobial at the
time of diagnosis [17]. Additionally, chronic diabetic foot ulcer has abnormally
high matrix metalloprotease (MMP) levels compared with acute wounds, which
promotes tissue disintegration and eventually impedes normal healing processes
[18]. Diabetes and long-term smoking both raise the risk of gangrene [19]. Gas
gangrene, a rare consequence of diabetic foot ulcers, can occur in people with
these persistent non-healing lesions [20]. Gangrene is induced by a decrease
in blood flow to the affected tissues, which causes a hypoxic environment and
cellular damage from Advanced Glycation End Products, which leads to cell death
[21]. Diabetes mellitus (DM) affects wound closure processes, beginning with a
reduction in fibrinolysis and an imbalance of cytokines, which produces a change
in wound closure [22]. Inadequate re-epithelialization is caused by hyperglycemia,
which also inhibits angiogenesis and cell migration. Similarly, inadequate extracel-
lular matrix (ECM) formation by fibroblasts contributes to the issue of inadequate
wound healing [23, 24].

4. Issues with the present diabetic foot ulcer treatment

The primary treatment problems associated with diabetic foot ulcer are believed
to be diabetic foot infections and delayed wound healing [25]. The idea of probiotic
consumption is intriguing and significant in light of the growing concerns about
antimicrobial drug resistance around the world because probiotics have the ability to
strengthen the immune system and have anti-inflammatory properties, which may
speed up the healing process after a wound [26]. World Health Organization estimates
that 60% of microorganisms are developing resistance to important antibiotics and
that all diseases will eventually develop 100% treatment resistance. Self-medication
as well as ongoing administration of antibiotics could be one explanation for bacteria’s
increasing tolerance to them. Thorough study is still being done to find new ways to
cure disorders brought on by these bacteria [27]. Probiotics and phage therapy are
innovative techniques that can eliminate unwanted germs and possibly speed up the
healing process [28].
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5. The current strategy for managing diabetic foot ulcers
5.1 Antimicrobial peptides

Antimicrobial peptides (AMPs), which are present in almost all animals, are
host defense peptides because they possess traits of both innate and adaptive
immune systems. Short-polypeptide antimicrobial peptides called have a cationic
characteristic and an amphipathic structure (usually no more than 60 amino
acids). The majority of antimicrobial peptides operate as the first line of defense
against a variety of pathogens, including bacteria, fungi, viruses, and protozoan
parasites [29]. A recent analysis of publicly available patent data on the therapeutic
use of antimicrobial peptides from 2003 to 2015 revealed that the majority of the
claimed antimicrobial peptides were also described as the effective modulators
of inflammation or neutralizers of pathogenic toxins in addition to being potent
antibiotics [3, 30].

5.2 Growth factors

Platelet-derived growth factor, a mitogenic bioactive molecule, encourages
undifferentiated mesenchymal cells to develop into mature tissue, which increases
the production of new cells and speeds up wound healing. Additionally, platelets have
the ability to promote angiogenesis and tissue migration from a preformed vascular
bed. They can also provide vascular endothelial synthesis a final boost by inducing
vasodilation [31].

5.3 Antidiabetic drugs and diabetic foot ulcers
5.3.1 Insulin

One of the most efficient methods of preventing diabetes problems is to maintain
normoglycemia with enough meals and/or antidiabetic drugs. A reported 30.3%
improvement in diabetic foot ulcer healing was seen after receiving insulin intrave-
nously. A physiological glucose-lowering agent is known as insulin. Recently, there
has been concern over the use of cutaneous insulin administration as a healing agent
in diabetic foot ulcer [32, 33].

5.3.2 Dipeptidyl peptidase-4 (DPP-4) inhibitors

Dipeptidyl peptidase-4 is a significant enzyme that deactivates the cretin
hormones glucagon-like peptide-1 and glucagon-like peptide. FDA-approved oral
drugs known as 43 DPP-4 inhibitors for type II diabetes mellitus block dipeptidyl
peptidase, improve the flow of infused hormones, and provide glycemic control as
well as increased islet cell function. By reducing blood glucose levels, DPP-4 inhibi-
tors including sitagliptin, vildagliptin, and anagliptin are used to treat diabetes.
Exendin-4, a glucagon-like peptide-1 (GLP-1) receptor agonist derived from the
saliva of the Gila monster, a large poisonous lizard found in the South Western region
of the United States, was applied topically on experimental animals to speed up the
healing of diabetic foot ulcer wounds whether or not adipose-derived stem cells were
also present [34, 35].
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5.4 Use of stem cells in diabetic foot ulcer

Diabetic foot ulcer can produce blood vessel and extracellular matrix cell
precursors when stem cells, such as adipose-derived stem cells and endothelian
progenitor cells, are introduced from bone marrow or other sources [36, 37]. To
encourage the growth of new cells in the wound area, these progenitor cells can be
injected into the wound [38].

5.5 Natural products

Aloe Vera, Salvia miltiorrhiza, Mimosa tenuiflova, Alchemilla vulgaris, Angelica
sinensis, and Moringa oleifera are just a few of the plants utilized in a variety of
cosmetic goods such as ointments, lotions, and gels. M. oleifera has been proven
to drastically lower the levels of numerous cytokines, including but not limited to
TNF-6, IL-6, and VEGEF, as well as promote tissue granulation and reduce the size of
diabetic foot ulcer wounds [39, 40]. Honey has healing, non-harmful antibacterial,
antioxidant, and anti-inflammatory qualities that aid in the healing of burns and
wounds. As an alternative therapy for diabetic foot ulcer, honey therapy has attracted
alot of interest in recent years and several studies have evaluated the effectiveness
of honey therapy for treating diabetic foot ulcer at different stages [41, 42]. A recent
study compared traditional saline solution dressings to honey dressings and found
that the latter were more effective in terms of healing time and the number of lesions
that were healed after 120 days [12, 43].

5.6 Bacteriophages

Bacteriophages are viruses that identify and reproduce in bacterial cells. Bacteriophages
contain capsid protein heads that transport and protect the viruss genetic material [44].
The genetic material’s size, organization (circular, linear, or segmented), and structure
might change depending on the virus (ssDNA, dsDNA, ssRNA, dsRNA). Based on the
bacteriophage used and the target proteins that aid in bacterial host attachment, bacte-
riophages are very host specific and will only attack specific strains [45]. Phages have so
far been found to be successful in treating bacterial illnesses including cystic fibrosis, eye
infections, new-born sepsis, urinary tract illnesses, and malignancies, in addition to skin
infections brought on by bacteria like P. aeruginosa, S. aureus, K. pneumoniae, and E. coli
[46]. According to Khalifa et al. [47] Myoviridae bacteriophage EFLK1 was successfully
identified against the phage-resistant strain of Vancomycin-resistant E. faecalis V583 and
due to genetic superiority, even phage-resistant bacteria can be eliminated by other phages
from the same host in this research. According to El-Shibiny and El-Sahhar [48], bacterio-
phage T4 and the antibiotic cefotaxime can be used in combination to treat E. coli biofilms,
although phage therapy can also be used on its own to clear them [49].

5.7 Probiotics therapy

One of these novel substances that is both commonly used and thoroughly
researched for its potential to promote health is probiotics [50]. Probiotics are either
a single strain or a combination of several organisms, and they have the power to
improve wound healing after an inflammatory cell build-up at the wound site, boost
immune systems, and produce anti-inflammatory action [19-26, 42-46, 49-51].
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Recent randomized controlled trial experiments have demonstrated that certain
intestinal bacteria, such as Lactobacillus and Bifidobacteria, inhibit cariogenic strep-
tococci and Candida spp., and have positive effects on their oral action [52].

5.8 Amputation

For patients with infected diabetic foot ulcer and peripheral artery disease,
amputation above the ankle is commonly an issue or requirement. Up to 60% of
diabetics die within 5 years of having an amputation, which is higher than the mor-
tality rate for other malignancies [52]. A diabetic foot ulcer specialist team should
assess patients one to three times each month, especially those who are at high risk
for ulceration and those who have undergone an amputation for a diabetic foot ulcer.
Every time a patient comes in, their feet should be checked to see whether a vascular
examination is necessary [53].

6. Novel treatment options for diabetic foot ulcers
6.1 Role of quorum sensing (QS) mechanism in inhibiting wound healing

The quorum sensing system is a two-part system made up of an enzyme that
catalyzes the synthesis of the signal molecule (auto inducer) and a receptor molecule
that binds to the signal molecule (such as acyl-homoserine lactone and cyclic peptides)
and controls the transcription of numerous genes in addition to the gene that encodes
the signal molecule [54]. Because the bacterial quorum sensing system is required
for biofilm development in chronic wounds, it is an important target for anti-biofilm
treatment. Because the quorum sensing system is reliant on signaling by auto-inducer
chemicals, blocking these would prevent coordinated virulence action. Gram-positive
and Gram-negative bacteria have a wide range of quorum sensing systems [55]. The
capacity of glyceryl trinitrate (GTN) to suppress quorum sensing-based biofilm devel-
opment in P aeruginosa burn infections was investigated [56]. The FDA has approved
the antibacterial and wound-healing compound glyceryl trinitrate. When administered
in ointments at a concentration of 0.15% to 0.3%, it is used to treat anal fissures and
to suppress growth tonic Candida albicans. P. aeruginosa was observed to produce less
biofilm when exposed to glyceryl trinitrate [5, 57].

6.2 Targeting matrix metallopeptidase 9 (MMP-9) in diabetic foot ulcers

Wound healing can be hampered by stress. Cortisol, a steroid hormone, is
increased during stress and chronic inflammation, and it slows wound healing
Elevated Matrix metallopeptidase-9 levels that have been linked to higher cortisol
levels in individuals with coronary artery disease. Prostaglandin E2 has been shown
to increase cortisol release and to activate matrix metallopeptidase-9 [58]. One of
the causes of the recalcitrance is the increased activity of the enzyme matrix metal-
loproteinase (MMPs). The preferred substrates of MMPs, such as gelatinases (MMP-2
and MMP-9), collagenases (MMP-1, MMP-8, and MMP-13), and stromelysins, are
characterized in a variety of ways (MMP-3 and MMP-10). A second generation of
orally bioactive broad-spectrum inhibitors was created as a result of the first genera-
tion of MMPIs being broad-spectrum zinc chelators with low bioavailability [59]. The
medication becaplermin Gelatinase activity was reduced, but collagenase activity was
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unaffected; active MMP-9 was reduced, while active MMP-8 was unaffected [60].
MMP expression and activity may be significantly impacted by diabetic foot ulcer
treatments that do not directly target matrix metallopeptidase. Most researches have
concentrated on the effects on this proteinase specifically since MMP-9 has long been
of interest in wound healing [61].

7. Conclusion

Millions of people with diabetes struggle with diabetic foot ulcers, a serious
consequence of diabetes. Despite the fact that the medical community has a thorough
grasp of diabetic foot ulcers, research is continuously being done to find the most
effective treatment for this crippling condition that is also safe to provide. Diabetic
foot ulcers are brought on by a variety of factors, so a combination of therapies rather
than a single medication will be the most effective course of treatment. The current
challenges in treating diabetic foot ulcers are caused by bacterial resistance to the
antibiotics now being used. Treatment options for diabetic foot ulcers include target-
ing matrix metallopeptidase-9 (MMP-9) and inhibiting the quorum sensing (QS)
system has been emerged.
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Chapter7

Current Perspective of Prevention
and Management of Diabetic Foot

Deephikaa Ramakrishnan Ramesh, Faiz Ahmed Shaikh
and Muhammad Ilyas Nadeem

Abstract

Diabetes-related foot infections and ulcers are frequent complications of the
condition. These problems are also frequent, cause significant discomfort, frequently
come back, and lead to morbidity and mortality, placing a huge financial burden on
the patient and society. To start and direct treatment, it is crucial to comprehend the
role of important contributing factors such as diabetic neuropathy, peripheral arterial
disease, and immune system dysfunction. Beginning with a comprehensive physical
examination and detailed history, diabetic foot disease is managed. A thorough
medical examination should pay particular attention to any indication of diabetic
foot ulcers or infection, as well as the symptoms of peripheral vascular disease and
diabetic neuropathy. Analgesics and antibiotics should be used for pain management
and infection control respectively. A multidisciplinary strategy focusing on patient
education should be incorporated into prevention measures.

Keywords: diabetic foot ulcer, pain management, infection control, patient education

1. Introduction

According to the International Diabetes Federation, diabetes is one of the twenty-first
century’s biggest global health emergencies and one of the top 10 causes of death
worldwide [1]. Over the past 30 years, global prevalence has increased tremendously [2],
and the trend is expected to continue to rise from the current 5.1 percent to 7.7 percent in
2030 [3]. Diabetes mellitus is a group of autoimmune, metabolic, and genetic illnesses
that all have one thing in common which is hyperglycemia [4]. It is now becoming a
major public health problem worldwide, putting unsustainable demands on individuals,
caregivers, health systems, and society.

According to the WHO, officials throughout the world are concentrating their
efforts on four non-communicable diseases (NCDs) that are recognized as being
important public health issues. One of these diseases is diabetes. The prevalence
of diabetes has considerably increased during the past few decades, as well as the
number of cases [5].

Diabetes is becoming more and more prevalent, increasing the risk of
complications. One of the most frightening effects of diabetes is foot disease. The term
“Diabetic Foot” encompasses a number of conditions related to diabetes, including
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diabetic neuropathy, peripheral vascular disease, Charcot’s neuroarthropathy, foot
ulceration, osteomyelitis, and the possibility of limb amputation as a preventive
outcome [6]. Diabetic foot is a terrible disability, requiring extended periods of
time and is insurmountable, growing expenses, with the ever-present possibility of
amputation. Diabetic foot ulcers, which are injuries to all layers of skin, necrosis, or
gangrene that typically develop on the bottoms of the feet as a result of peripheral
neuropathy or peripheral arterial disease, can occur in diabetic patients [7, 8].

1.1 Epidemiology of diabetic foot

Males and people over the age of 60 are more likely to develop diabetic foot prob-
lems. There is a dearth of reliable data on the prevalence and frequency of diabetic foot
problems. According to current studies, the yearly happenings of diabetic foot ulcers
in the generalized population is 1-4 percent, with a prevalence of 4-10 percent [6].
According to one study, diabetic foot problems account for 12% of all diabetes hospital
admissions. In 2013, 11 percent of all diabetic patients admitted to a tertiary facility
in East Coast Malaysia had significant limb amputation. Diabetics have a 12.3 times
higher risk of amputation due to foot problems than the general population [9].

1.2 Etiology of diabetic foot
There are a few causes of diabetic foot ulcers.
1.2.1 Diabetic neuropathy

Diabetes neuropathy expresses itself through the motor, autonomic, and sensory
components of the nervous system [10]. Diabetic neuropathy affects more than half
of patients over the age of 60 and raises the risk of foot ulcers by sevenfold. Damage
to the innervations of the intrinsic foot muscles leads to an imbalance in the foot’s
flexion and extension of the directly impacted foot. Anatomic foot malformations
lead to abnormal bone prominences and pressure points, which lead to skin break-
down and ulceration over time [11]. The patient may be unaware of the toxic nature
of neuropathy, along with the significance of routine diabetic foot assessment. Motor
neuropathy causes foot ulceration which is caused by muscle atrophy, foot deformity,
altered foot biomechanics, and pressure redistribution [6].

1.2.2 Peripheral vascular disease

Peripheral vascular disease. Although the peripheral vascular disease can occur at any
level of the arterial tree, atheroma appears to prefer specific locations, specifically bifurca-
tions and bends in the artery where hemodynamic shear stress is low or flow separation
occurs. In the lower limb, the aortoiliac segment and the superficial femoral artery (SFA)
in the adductor canal are common sites. Diabetics often include more distal vessels
underneath the trifurcation, for example, the peroneal, anterior, and posterior tibias.
Unexpectedly, vessels in the feet, such as the dorsalis pedis, are frequently spared [11].

1.2.3 Infection or injury

Due to certain anatomical peculiarities, a profound infection inside a diabetic
foot is indeed a limb-threatening condition. The foot has several compartments that
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communicate with one another, enabling the infection to spread from one area to another
and the patient’s ability to continue ambulation, allowing the infection to spread even
further [11]. On the other hand, patients with peripheral vascular disease who present
with a minor injury may develop an excruciating and entirely ischaemic foot ulcer [12].

1.2.4 Immunopathy

Patients with type 2 diabetes have a significantly compromised immune
system compared to otherwise healthy people. Diabetic foot infection is therefore
alimb-threatening and debilitating disease. Increased blood glucose increases
polymorphonuclear cell functions and hampers pro-inflammatory cytokines such
as chemotaxis, adherence, phagocytosis, and intracellular killing [13]. The immune
system is jeopardized by decreased leukocyte activity, an inappropriate inflammatory
response, and disruption of cellular immunity [14].

1.2.5 Osteomyelitis

Osteomyelitis is caused by a profound soft tissue infection spreading continuously
from the cortex towards the bone marrow. Osteomyelitis is related to the majority
of deep, long-term foot infections. It can be difficult to diagnose osteomyelitis in a
diabetic patient. It is difficult to distinguish soft tissue infectious disease from bone
infection, as well as infectious diseases from non-infectious diseases [11].

2. Prevention and management of diabetic foot
2.1 Principles of management

The foremost is treating infections; secondly, to determine if any related ischaemia
is revascularisable; thirdly, is to limit exertion to the area of ulceration; The fourth
focus is to enhance the wound or ulcer’s situation through wound-bed preparation,
topical treatments, and callus removal. The avoidance of ulcer recurrence can be the
focus once the wound has healed.

2.1.1 Debridement

Diabetic feet develop calluses as a result of frequent sheer force [15]. Debridement
is known as a wound treatment that removes slough or scar tissue. This necrotic tissue
works as a barrier, preventing wound edges from coming together; eliminating it
allows wound healing [16]. To accomplish this function, the base of abnormal injuries,
wound edge tissue such as epidermal hyperkeratosis (callus) and necrotic dermal
tissue, debris, and bacterial elements which can hinder wound healing are removed.
According to multiple clinical trial studies, debridement promotes the growth of
granulation tissue, which aids in the healing of wounds [17, 18].

According to Frank et al. theory, because there is fresh wound bleeding at the
time of debridement in diabetic foot ulcers, debridement can raise VEGF levels [19].
Debridement of diabetic foot ulcers on a regular basis may speed up wound healing,
however, there is little evidence to back up this claim [20].

Clinical trials have shown that only surgical debridement is effective out of
the 5 methods of debridement: enzymatic, autolytic, mechanical, and biologic.
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Sharp debridement is used during surgery to remove all bone and dead tissue.
Debridement’s goal is to change the environment for chronic wound healing to one
that is more conducive to acute wound healing. Enzymatic debridement uses enzymes
that have been carefully formulated to break down proteins, including collagenase,
trypsin, papain/urea from papaya, streptokinase as well as fibrinolysis/DNAse, and
streptodornase combinations. Natural autolytic debridement occurs in ulcers that

are healthy, moist, and perfused. Lavage, pressure irrigation, dry-wet dressing, and
hydrotherapy are used for mechanical debridement. Utilizing the sterile Lucilia
sericata fly larvae as the debridement method, in which the necrotic tissue is found to
be able to be thinned out due to the proteolytic enzyme emitted by the larvae [21].

2.1.2 Offloading

‘Offloading’ solutions reduce pressure even more and redistribute weight-bearing
load over a bigger region of the foot [15]. The most straightforward method is
mandatory bed rest; however, this is ineffective due to poor compliance and the risk
of consequences such as osteoporosis as well as deep vein thrombosis. Total contact
casting (TCC) is evidence-based offloading as well as the best time-tested approach
since it ensures compliance and reduces the bulk and weight of the cast. This relieves
ulcer pressure and spreads throughout the foot, which causes wound healing to be
faster [6]. This procedure enables the patient to move around while receiving therapy
and is effective in reducing edema, which can impede wound healing. Even though
difficult and time-consuming, TCC can alleviate the pressure upon that incision, as
evidenced by 73-100% healing. The drawbacks of TCC include the need for time as
well as skill, the potential for new injuries caused by plaster irritation, the difficulty
of daily injury assessment, the increased usage of removable cast walkers, and
the lack of daily wound examination, dressing changes, and infection detection.
Additional techniques include bed rest, using wheelchairs, walkers, and shoes that are
carefully made [22, 23].

2.1.3 Infection management

Patients’ self-education, improved diabetes knowledge and understanding, and
self-management activities improved prescription adherence to oral diabetic drugs in
a case-controlled trial. Duloxetine and pregabalin are recommended as first-line pain
relievers by the National Institute of Clinical Excellence [15].

The three components of ulcer management are callus removal, infection
destruction, as well as decrease of forces of weight bearing, which frequently
necessitates foot elevated bed rest. To reveal the ulcer’s floor and enable effective
drainage of the lesion, extra keratin should be removed using a scalpel blade. When
there are lesions or an ulcer that is deep penetrating that does not heal or keeps
coming back, a radiograph should be conducted to check for osteomyelitis [24].

After the callus has been removed, the bacterial swab has to be collected from the
ulcer’s floor; the excised tissue may produce even more trustworthy results. Patients
with superficial ulcers can receive suitable oral antibiotics until the ulcer heals and be
treated as outpatients. Staphylococci, streptococci, and occasionally anaerobes are the
most common pathogens that can infect a superficial ulcer. Amoxicillin, flucloxacillin,
and metronidazole are therefore used to begin treatment and are changed once bacterio-
logical culture findings are obtained. Considerable knowledge and laboratory assistance
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are required for the selection and duration of antibiotic treatment [24]. A wound
culture-based antibiotic regimen has also been shown to benefit diabetic foot ulcers
with superadded infection [15]. Microorganism resistance should be considered while
choosing a treatment. Microorganism resistance should be considered while choosing a
treatment. Oral antibiotics with Gram-positive germ activity for minor infections [25]
as well as antibiotics active on Gram-positive as well as Gram-negative bacteria, which
includes anaerobic bacteria, for moderate to terribly severe infections [16].

Patients who exhibit any of the risk factors stated on and in the box should be sent
to the hospital right away for prompt care and assessment. They need to stay in bed
and immediately begin receiving intravenous antibiotics. It could be necessary to use
an intravenous insulin pump to regulate blood glucose levels.

Antibiotics: Bacteriological cultures require a broad spectrum of antibiotic cover-
age within the first 24 hours. Quadruple therapy may include amoxicillin, flucloxacil-
lin, metronidazole (for anaerobes), and either ceftazidime 1 g three times daily or
gentamicin (for Gram-negative organisms). When the outcomes of the bacteriological
culture are available, this treatment can be modified. Multiple resistant Staphylococcus
aureus (MRSA) is a severe issue because, first, it can cause sepsis’ devastating effects
and, second, these individuals need isolation while in the hospital. Both intramuscu-
lar teicoplanin and intravenous vancomycin are available as therapies (Figure 1) [24].

Analgesics: Peripheral neuropathy, ischemia, and infection are the three main
causes of pain in diabetic feet. With other painful conditions, the treatment is compa-
rable. The WHO analgesic ladder suggests using straightforward analgesics for mild to
moderate pain, for example, paracetamol or a non-steroidal anti-inflammatory drug.

Refer hospital as soon as possible if :
* there is fever or sepsis present with ulcer

+ deep tissue infection or bone infection
I * gangrene
-

ulceration with limb ischemia

* Antibiotic treatment is Advice is given about : « Antibiotic is reviewed
started as soon as * Adverse effects of the and changed if necessary
symptoms appear antibiotics once  microbiological

+ Microbiological testing —_ * If Symptoms WOrsen or =3 results are available.
samples are taken to dont imporve in 1 to 2
begin with antibiotic days, medical help
treatment ' should be seeked.

!

Condition is reassesed if the symptoms worsen and there is no improvement in 1 to 2 days . Take account of :
« The diagnoses which are possible
« Signs or symptoms of a more serious problem
« Previous antibiotic use

Figure 1.
Treatment algorithm for the diabetic foot. Note: From Ref. [26].
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In moderate pain, additional mild opioids such as dihydrocodeine or tramadol should
be taken into consideration. Patients experiencing moderate to severe pain should
be given potent opioids, such as morphine. In neuropathic pain, adjuvants are used
at all levels of the analgesic ladder. Adjuvants include, for instance, antidepressants
like amitriptyline and anticonvulsants like duloxetine (e.g. gabapentin or pregabalin)
(Tables1 and 2).

Surgical debridement is required to flush pus and abscess cavities as well as remove
all gangrenous and contaminated tissue, such as osteomyelitis-related devitalized
and infected bone. It is advised to send deep tissue swabs to the lab. If necrosis has
occurred in the digit, a ray amputation to remove the toe and a portion of its accom-
panying metatarsal is required in the neuropathic foot with intact circulation. In some
cases, skin grafting is required to hasten wound healing [24].

2.1.4 Negative therapy wound pressure

Another increasingly popular technique for treating diabetic foot ulcers involves
targeted negative pressure wound therapy, which basically involves draining wound
fluid through a vacuum seal. In comparison to treating ulcers with a typical gauze
dressing, this often involves a shorter treatment period and is intended to improve
the perfusion of tissues and encourage the creation of granulation tissue. However,
there is no found statistically significant difference (p 1/4 0.15) in the amount of time
needed for wound closure between negative pressure wound therapy and the usual
wound care from a Canadian evidence-based study [28].

2.1.5 Growth factors and skin substitutes

In a meta-analysis of the research supporting the use of active skin replacements
as well as the growth factors in the treatment of diabetic foot ulcers, Buchberger et al.
found that the combination of these treatments did lead to a greater incidence and
quicker time to complete wound healing [29].

Recent research has also indicated that the administration of granulocyte colony-
stimulating factor can reduce the need for surgical procedures, as seen by a general
decline in the risk of amputation for diabetic foot ulcers. Granulocyte colony-stimu-
lating factor boosts neutrophil activity by increasing the release of neutrophil pro-
genitors from the bone marrow. More research is still needed to support these findings
and determine which patient populations may benefit from this therapy the most.

Analgesics

Mild to moderate pain:
* Paracetamol or non-steroidal anti-inflammatory drugs, Ibuprofen

Moderate pain:
* Mild opioids such as dihydrocodeine or tramadol

Moderate to severe pain:
* Morphine

Note: From Ref. [27].

Table 1.
Pain management in diabetic foot.
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Mild infection Moderate or Severe infection
First choice antibiotics: First choice antibiotics:
Flucloxacillin with:

* Quadruple therapy

* Oral: Flucloxacillin (1 g four times daily) with or without Gentamicin
(5 to 7 mg/kg once daily IV) and/or Metronidazole (400 mg three times
daily)

¢ (Amoxicillin, Flucloxacillin,
Metronidazole, and Ceftazidime
500 mg 1 g three times daily or
gentamicin) « IV: Flucloxacillin (1 to 2 g four times daily) with or without Gentamicin
(5 to 7 mg/kg once daily IV) and/or Metronidazole (500 mg three times
daily)

Co-trimoxazole with:

¢ Oral: Co-trimoxazole (960 mg twice daily) with or without Gentamicin
(5 to 7 mg/kg once daily) Metronidazole (400 mg three times daily)

* IV: Co-trimoxazole (960 mg twice daily) with or without Gentamicin
(5 to 7 mg/kg once daily) Metronidazole (500 mg three times daily)

Ceftriaxone with:

* Oral: Ceftriaxone (2 g once a day IV) with Metronidazole (400 mg
three times daily)

* IV: Ceftriaxone (2 g once a day IV) with Metronidazole (500 mg three
times daily

Alternative oral antibiotic for Additional antibiotics if Pseudomonas aeruginosa is detected or confirmed:

patients with Penicillin allergy: * Piperacillin with tazobactam (4.5 g three times a day IV)

* Clarithromycin (500 mg twice

Clindamycin with:
daily for 7 days)

¢ Oral: Clindamycin (150 to 300 mg four times daily) with Ciprofloxacin

* Doxycycline (200 mg on the first (500 mg twice daily) and/or Gentamicin 5 to 7 mg once daily IV

day then continued to 100 mg

once daily for 7 days) « IV: Clindamycin (600 mg to 2.7 g daily IV in two to four divided doses)
with Ciprofloxacin (400 mg twice or thrice daily) and/or Gentamicin 5
to 7 mg once daily IV
Alternative oral antibiotic for Additional antibiotics if MRSA is detected or confirmed:

plliegnant patients with Penicillin * Vancomycin (15 to 20 mg/kg twice or thrice daily IV)
allergy

¢ Teicoplanin (6 mg/kg 12 hourly for three doses then 6 mg/kg once

¢ Erythromycin (500 mg four daily)

times daily for 7 days)

Table 2.
Infection control with antibiotics in diabetic foot.

2.1.6 Glycaemic control

In patients with insulin-dependent diabetes mellitus, increasing evidence shows
that strict glycemic control prevents and slows the progression of diabetic retinopa-
thy, nephropathy, and neuropathy. It is important for diabetic patients to maintain a
proper glycemic index to avoid any further complications such as the diabetic foot.

2.1.7 Dressing
A dressing is a substance that is applied topically to the area to help the wound

heal and protect it. Plaster serves as a barrier between the dressing and the wound,
preventing direct dressing contact. Film, hydrogel, composite, alginate, hydrocolloid,
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foam, and other absorptive dressings including negative pressure wound therapy are
some of the several types of dressings (NPWT) [18].

The primary function of a closed-clean wound or granulated wound is to create
a moist healing environment that promotes cell migration and protects against dry
sores. The type and quantity of exudate present in the wound determine the appro-
priate dressing. Cuts with a little amount of exudate are ideally suited for hydrogel
dressing, film, and composite use. Hydrocolloids are utilized for wounds with exu-
date amounts, and alginate, foam, and NPWT are frequently used for wounds with
exudate amounts. Before applying a dressing, injuries with significant necrotic tissue
should be debrided [18].

A sponge which is put on the wound, covering it with a dressing which is airtight,
and then installing a vacuum is known as negative pressure wound therapy or closure
of wound with vacuum. Large lymphatic leaks and fistulas can be treated using
negative pressure wound therapy. The primary goal of NPWT is to reduce edema; by
removing lymphatic or interstitial fluid, it increases the passage of interstitial oxygen
into cells. The MMP enzymes and collagenase, in which of levels rise in chronic
wounds, are also eliminated by negative pressure wound therapy [18].

2.2 Prevention of diabetic foot
2.2.1 Primary prevention

Reduced cardiovascular risks make the foot less susceptible to ischemia caused by
macrovascular disease, while improved blood-glucose control reduces microvascular
consequences. Patients’ feet that are at risk will be identified by routine surveillance,
and they should undergo specialized care.

2.2.1.1 Metabolic control

Hyperglycemia enhances the macrovascular and microvascular problems in diabe-
tes. Foot ulcerations that can result in limb amputations are linked to this higher risk.

A systematic review comparing intense control (HbAlc (HbAlc) 6-7.5%) with less
intensive glycemic control found a lower risk of amputees (RR = 0.65, 95% CI 0.45
to 0.94) and a delayed decline in sensory vibration cutoff point (MD = -8.27, 95% CI
-9.75 to —6.79). Other neuropathic shifts (RR = 0.89, 95% CI 0.75 to 1.05) and ischemic
changes (RR = 0.92, 95% CI 0.67 t01.26), on the other hand, were unaffected [30].

In a Cochrane literature review on the prevention of diabetes-related neuropathy,
focused blood glucose control (HbAlc 7.0%) significantly reduced the risk of continu-
ing to develop neuropathy in TIDM however not in T2DM at 12 months follow-up.
However, including both TIDM and T2DM, this was associated with a higher risk of
severe hypoglycemia, excess weight, hospital admissions, and deaths [32] (Figure 2).

2.2.1.2 Preventive footcare

Walking or having to stand while structurally trying to load the feet exemplifies
stress on the plantar surface, exacerbating compression and shear stress. Foot abnor-
malities, such as hammer and claw toes, which are frequent in diabetic individuals,
add to the pressure and tension. A systematic review of apparel and off-loading
techniques throughout diabetics of neuropathy found that bespoke insoles reduced
recurring metatarsal head ulcers at 15 months (p = 0.007) [33].
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Figure 2.
Management of diabetic foot disease. Note: From Ref. [31].

* When worn more frequently than 80% of the time, made-to-order shoes with
the plantar pressure drop reduced the prevalence of foot ulcers markedly (25.7%
vs. 47.8%).

* When compared to ready-made footwear, intensive footwear therapy for diabetic
patients with neuropathy, deformity, prior ulceration, and mild amputation
dramatically reduced the first or recurrent ulcer.

2.2.2 Secondary prevention

A past lesion is a very good indicator of future ulceration. To prevent aberrant
pressure loading, efforts should be made. These efforts may include cushioning for
weak and immobile persons and specifically fitting footwear for mobile people, but
such interventions must be correctly targeted. Foot care, individualized examination,
routine podiatry, and the availability of emergency contact information should all be
emphasized in education. Education reduced recurrent ulceration and amputation by
three times in under 13 months for one trial, whilst McCabe and colleagues discovered a
decrease in amputees but no change in fresh ulceration. Education also increases knowl-
edge and behavior connected to sickness. These results need to be verified. If education
efforts were primarily directed at professionals, they might be more successful [34].

2.2.2.1 Patient education

Because their bodies do not respond to pain normally, patients with neuropathy
frequently overlook signals of harm. The patient’s adherence to self-care will be
impacted by this. In order to decrease diabetic foot issues, extensive education on
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adequate diabetic foot care is required. In preventing foot issues, knowledge of
patients needs to be planned out and repeated at regular intervals. A doctor, podia-
trist, or other trained healthcare professionals who dedicate time to explaining the
fundamental care of the foot, callus, and nail can give patient education. Every year,
this should be done [35].

The key to preventing ulcer formation is good foot care and management of
minor foot injuries. The patient’s overall foot inspection is the basis for good foot
care. Gentle washing with detergent and water, accompanied by the usage of topical
creams, aids in the preservation of healthy skin that is greater resistant to breakdown
and injury. Minimal foot injuries and infections, such as cuts, scrapes, ulcers, and ath-
lete’s foot, can be unintentionally aggravated by home remedies that impede healing.
Patients should be cautioned to avoid hot showers, heating pads, and harsh topical
medications such as betadine, hydrogen peroxide, and iodine. Ulcers can be avoided
by gently having to clean small cuts and applying a topical antibiotic to retain the site
moist. In addition, any slight wound that does not heal quickly should be evaluated
by a physician.

3. Conclusion

It takes careful coordination between numerous groups in primary care and hospi-
tal services to successfully manage diabetic foot ulcers, and this coordination may be
difficult to develop if conventional boundaries between healthcare providers are still
in place. When the patient is cared for by independent teams of professional caregiv-
ers, the frequent co-occurrence of social and medical issues complicates supervision.
When making management decisions, it is critical to consider the patient’s (or his or
her family’s) needs and preferences, and the patient should play an important role in
the process by making well-informed decisions. Every step of the way, patients and
caregivers should receive advice from qualified health care professionals and should
have easy access to a second opinion [36].
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Detection of Diabetic Foot Using
Statistical Features
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Abstract

Diabetes is a serious threat to universal health that respects neither socioeconomic
rank nor nationwide boundaries. Diabetic foot and lower extremities problems, which
affect 40 to 60 million people with diabetes universally, are a significant source of
morbidity in people with diabetes. Conducting regular screening and risk stratifica-
tion for at-risk feet can be greatly used for the management of blood glucose levels.
Recent studies revealed that qualitative evidence can be attained using temperature
variations from the thermogram of the plantar foot. The changes in temperature
distribution are vital in the investigation of diabetic foot, which assist in the early
detection of foot ulceration. The main objective of this work is to perform statistical
analysis of diabetic foot to draw reasonable and accurate inferences. Besides, there is
no gold standard method in classifying the plantar thermal images into any particular
group. This may be conquered by quantitatively analyzing the temperature distribu-
tions in each foot separately. Since, plantar thermal images are colored in nature,
certain color statistical features which are statistically more significant are added with
the quantitative temperature distribution to develop an efficient machine learning
method to prognosticate the likelihood of diabetes in patients with maximum
accuracy is explored.

Keywords: diabetic foot, statistical analysis, Thermogram, machine learning, kernel
mixer model

1. Introduction

Globally, diabetes is among the top ten causes of death in adults and was estimated
to have caused the 4.2 million deaths resulting from diabetes and its complications in
2019. India is ranked second with almost 77 million cases in the list of countries that
are most affected with diabetes while China leads the list with over 116.4 million
diabetics. An estimated 15.8% (20.4 million) of live births are affected by hypergly-
cemia in pregnancy in 2019. This represents 9.3% of the world’s population in this age
group. In the International Diabetes Federation (IDF) South-East Asia Region, 57% of
adults aged 20-79 years with diabetes are undiagnosed. An estimated 1.1 million
children and adolescents (aged under 20 years) have type 1 diabetes. The total number
is projected to rise to 578 million (10.2%) by 2030 and to 700 million (10.9%) by 2045.
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Annual worldwide health spending on diabetes is estimated to be USD 760 billion. It is
projected that expenditure will reach USD 825 billion by 2030 and USD 845 billion by
2045 [1].

Fifty percentage of patients with diabetes have some degree of neuropathy,
resulting in at least one-foot ulcer throughout the lifetime in 15% of the cases. Neuro-
pathic foot ulceration is a foremost cause of illness in patients with diabetes [2].
Diabetes patients have demonstrated that there are significantly increased skin tem-
peratures and recognizable thermal radiation patterns, which differentiate them from
healthy people. Thermometry of the diabetic foot is an impressive way to evaluate the
risks associated with foot ulceration [3]. It has been revealed that monitoring foot skin
temperature contributes to the clinical information before other medical signs of the
wound can be recognized [4]. Differences in plantar thermal patterns in normal
controls and non-ulcer diabetic patients were studied using thermometry [5]. Though,
it has not been abundantly clarified to what extent the individual inconsistency of the
plantar thermal patterns shows different trends between healthy and diabetes
patients. Thermal imaging technology is capable to measure insignificant temperature
irregularities to oversee some physiological circumstances [6]. Understanding of the
temperature profile of foot is quite important to evolve thermal imaging system for
detection of diabetic foot.

1.1 Temperature profile of foot

A healthy foot having healthy blood flow through healthy blood vessels whereas
the decreased blood flow in the diabetic foot cause damage to organs like the leg and
foot. The lack of blood flow caused by diabetes decreases the body’s ability to heal
from injuries. The assessment of raised temperature distribution with infrared ther-
mometry in the diabetic foot is employed to identify the varying metabolic activity.
Skin examination with an IR thermometer is flexible to repetitive wound care practice
and home health. Nevertheless, the IR thermometry method becomes difficult and
insufficient when measuring the temperature at many points on the foot [7, 8]. The
liquid crystal thermograph methodology provides the temperatures pattern of the foot
area as a colored foot imprint on a plate encompassed by layers of compressed
thermochromics liquid crystals. The imprint persists for few minutes and then gradu-
ally disappear away. A temperature profile cannot be obtained for non-contact areas
like an arch [9, 10].

Employing high-resolution and very sensitive thermal imaging cameras, the heat
radiation from the matter is acquired and processed into an image of the thermal map
which can then be stored and analyzed on screen and computer. Increased tempera-
ture investigation can be attained even for non-contact foot areas. Thermal images of
diabetic feet reveal that it is 2.2°C colder than the lower leg, and usually the toes are
not observable to the camera as they have become so hypothermic. Diabetic foot can
arise several years before repetitive blood glucose levels indicate diabetes, and as such,
can provide the patient time to treat the illness before everlasting nerve impairment
occurs to the foot [11-13].

Though thermal imaging system is a promising screening tool for diabetic foot,
diagnosis is usually done manually by skilled professionals. Hence, analyses made
from thermograms are greatly subjective in nature. In order to overcome issues such
as lack of proficient personnel, an efficient machine learning framework needs to be
developed. The developments made in thermography and pattern recognition tech-
niques are used to develop a competent system for detection of diabetic foot in plantar
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thermograms. Such a system can be used for screening of diabetes mellitus patients in
developing countries, specifically by primary health care specialists in rural areas
where health care expert is lacking.

2. Outline of the chapter

The main objective of this work is to perform statistical analysis in the thermal
images to achieve reasonable and accurate inferences to make decisions accurately
which aids in the prevention of numerous errors and biases. A Kernel Mixture Model
(KMM) with four components approximates the plantar temperature distributions of
the control group and DM group. Color texture features are extracted and analyzed to
find the important features. A competent classification model to investigate the like-
lihood of diabetes in patients with maximum accuracy using the statistically signifi-
cant temperature and color texture features is presented in Figure 1.

2.1 Thermal camera and dataset details

The camera specifications, dataset details, and image acquisition protocol used in
this study are presented in the following sections.

2.1.1 Thermal camera specifications

Most of the work in plantar foot thermography has been done on thermograms
acquired using an infrared thermal imaging camera. Thermal imaging cameras with a
high resolution made suitable for medical applications can measure subtle tempera-
ture changes and hence are capable of improved detection of diabetic foot complica-
tions. A FLIR E60 thermal imaging camera is used for the present study to acquire
plantar foot thermal images. It has a resolution of 320x240 pixels and covers a Field of
View (FOV) of 25°x19°. The range of operation of the camera is in the region of the
infrared spectrum from 7.5 pm to 13 pm wavelength. It can detect the temperature in
the range of —20-650°C with thermal sensitivity of less than 0.05°C at 30°C and has
an onboard digital camera with a resolution of 3.1 megapixels (MP). The onboard
digital camera covers the same FOV as that of the thermal imaging camera and
acquired images are of size 2048x1536 pixels. The temperature values are associated
with a color palette (Rainbow Color Scheme palette) to represent and distinguish
them graphically, where blue and green shades represent cooler regions. Warmer
regions are represented by yellow, orange, and red colors in the increasing order of
temperature respectively. Maximum temperature (intensity) is represented in white.

Temperature

distribution analysis
(Toes, metatarsal

heads, arch and heel

Extraction of color
features
Figure 1.

Statistical analysis-based system for detection of diabetic foot.

Statistical Classification
analysis using SVM and

KNN Classifier

Input Segmentation
image of foot region
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It is ensured that the thermal imaging camera is calibrated against a black body
reference as per the manufacturer’s recommendations [14].

2.1.2 Laboratory and patient preparation protocols

In order to acquire accurate and convenient outcomes for clinical practice, the
thermal images of the participants in the study were carried out in compliance with
the protocols and guidelines set by the International Academy of Clinical Thermology
Standards and Protocols [15-17] are listed below:

* The examination was performed in a steady-state 20 + 1°C environment.

* The thermal images were acquired when the subject is sitting in a podiatric chair
or comfortable and adequate position.

* The thermal imaging system emissivity is set to 0.98

* The thermal camera is calibrated prior to image acquisition by focusing lens on a

black body
* After socks have been removed, the foot regions are cleaned with a damp towel

¢ All the subjects/patients are requested to remain in bare foot for 10-20 minutes
before performing the actual measurements to eliminate the effect of external
aspects on the temperature distributions of the foot

* The camera should be placed at a distance of 1.1 m

* During the investigation, the patient should be able to be placed relatively middle
and sufficiently spaced from each wall

* Any IR radiation source is available in the investigational room that should be
shielded/covered

The schematic representation of the acquisition of plantar thermal image is
depicted in Figure 2.

2.1.3 Dataset details

The control subjects and Diabetes Mellitus (DM) patients were considered in this
study. A total of 35 control subjects and 35 DM patients were recruited from and
Hycare for Wounds, Chennai. Both control and DM groups comprise male and female
participants, aged between 30 and 65 years. The DM group thermal image collection
has been granted by Hycare for Wounds - Institutional Review Board. The partici-
pants were informed about the study beforehand and written informed consent forms
were obtained from the participants of the study. Sample color and thermal images of
the control group and DM group are acquired by the highly sensitive FLIR E60 IR
thermal imaging system and are shown in Figures 3 and 4 (a, b) respectively.

This study is carried out both on acquired and publicly available plantar thermo-
gram database [17-21] for the early detection of diabetic foot. The plantar
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1.1m

Figure 2.
Schematic arrangement for acquisition of thermal image.

(@) (b)

Figure 3.
Control group samples images. (a) Color image of the foot. (b) Thermal image of the foot.

(b)

Figure 4.
DM group samples images. (a) Color image of the foot. (b) Thermal image of the foot.

thermogram database was obtained in a controlled environment 20 + 1°C using FLIR
E60 and FLIR E6 IR thermal imaging system from 122 subjects diagnosed with diabe-
tes (DM group) and 45 healthy subjects (control group). During the thermogram
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(@) (b)

Figure 5.
(a) Database thermal image of the foot — Control group. (b) Database thermal image of the foot — DM group.

acquisition, the position of the camera is fixed by an adjustable vertical tripod to avoid
any undesirable movement. The tripod is placed one meter away from the feet. The
participants were asked to remove their shoes and socks and clean their feet with a
damp towel. After that, the subjects were invited to maintain a supine position for

15 minutes (Figure 5).

For each plantar thermogram, the left and right foot were extracted and was taken
as a separate thermogram, obtaining a database of 334 individual thermograms. The
subjects were recruited from the General Hospital of the North, the General Hospital
of the South, the BIOCARE clinic, and the National Institute of Astrophysics, Optics
and Electronics (INAOE) over 3 years (from 2012 to 2014). The sample thermal image
from the control group and DM group of the database is depicted in Figure 4(a) and
(b), respectively. The total number of images used in the study is tabulated in Table 1,
where the left foot and right foot is denoted by LF and RF respectively.

Since the database images are having only the foot region, the segmentation is
performed only for the acquired plantar thermal images. The left and right foot
regions are segmented from each color image using the region growing algorithm [22].
The red, green, and blue planes are extracted from thermal images and multiplied
with the corresponding segmented foot region to get the ROI as a thermal image. The
foot position of the left and right foot regions is corrected. Figure 6(a) and (b) show
the segmented plantar foot regions of the control group and DM group, respectively.
The raw temperature profiles of the acquired thermal images are exported as a.csv file
from FLIR Tools® thermal analysis and reporting software. The binary image of the
segmented foot regions is multiplied with the raw temperature profile of the
corresponding foot regions to obtain the temperature distribution for the foot regions.

Control Group DM Group
Acquired images 70 (35 LF & 35 RF) 70 (35 LF & 35 RF)
Plantar thermogram database 90 (45 LF & 45 RF) 244 (122 LF & 122 RF)
Total 160 (80 LF & 80 RF) 314 (157 LF & 157 RF)

Table 1.
Number of images in the dataset.

126



Detection of Diabetic Foot Using Statistical Features
DOI: http://dx.doi.org/10.5772 /intechopen.106457

Figure 6.
(a) Segmented LF and RF regions of the control group. (b) Segmented left and right foot regions of the DM group.

3. Temperature distribution analysis

The plantar foot region is divided into four regions covering the toe region, meta-
tarsal heads, medial arch and heel region to quantitatively analyze the temperature
distribution. Histogram plot of the temperature distributions is accomplished by
computing the mean temperature for each row of the plantar raw temperature profile
for both left and right foot. The temperature values which are greater than 0°C are
alone used to compute the mean temperature while those temperature values that are
equal to 0°C are related to background and hence eliminated in each row. The histo-
gram plot of the temperature distributions was offset corrected and normalized. The
balance of every single distribution is eliminated by deducting the smallest tempera-
ture value either at the start or termination of the distribution. Later it is normalized
by selecting a precision of three decimal figures to differentiate deviations in temper-
ature from one pixel to another pixel.

3.1 Kernel density estimation

Once the final histogram is obtained, an approximation of density function is
estimated using Kernel Density Estimation (KDE). A kernel distribution is a non-
parametric representation of the probability density function (pdf) of a random
variable. Let x,x,, ...,x, be observations drawn independently from a distribution P
with density p. The kernel density estimate g, (x) is defined as

860 = 53K (5 ®

Where K(-) denotes the smoothing kernel function, and h > 0 is the smoothing
bandwidth criterion which regulates the amount of smoothing. The kernel function
is balanced and unimodal about the origin. The Gaussian kernel with normal distri-
bution is utilized in this work. Bandwidth controls the smoothness of the density
estimation. A smaller value of & will result in a rough estimation, while a higher
value of & will result in a remarkably smooth estimate. The KDE smoothens every
observation into a smaller density and the summation of these smaller densities
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together is used to attain the ultimate density estimate. The KDE is used to smooth the
histogram plot of the temperature distribution and investigate the statistical signifi-
cance [23, 24]. The temperature distributions of the four ROI (toes, metatarsal heads,
medial arch and heel) in each foot are estimated using kernel density estimation. The
histogram of the mean temperature distribution was smoothened using kernel density
estimation which follows the non-parametric distribution. Figures 7 and 8 (a)-(d)

1200 01
1000
g
E 800
o
s 600
E -
" 20
s 5 10 15 20 25 30 [} 5 10 5 20 25 30
Temperature (*C) Temperature (*C)
(a) Histogram of Control Group Left Foot (b) Smoathened Histogram of Control Group Left Foot
1200 0.08
1000 - o
T o008
90 g 0.05
g 600 § 00e
a0l
- 4
£ « 002
= (1]
] 0
o 5 0 15 -] F-] 30 o 5 0 15 . -] 30
Temperature (*C) Temperature (*C)
{c) Mistogram of Contral Group Right Foot (d) Smoothened Histogram of Control Group Right Foot
Figure 7.

Smoothened temperature distribution - control group.

2000

8
Frequency(normalized)

Frequency of occurrence
g E

] 5 1 15 il 5 30 » 0 5 10 15 2 % k] B
Temparalure (*C) Temperalure (*C)
(a) Histogram of DM Group Left Foot (b) Smoothened Histogram of DM Group Left Foot

50 008
007
g Foosr
E N
g 1500 Euos
5 %ﬂﬂl
g‘“‘“ §omf
: :
500 i 00
001
o

0 5 10 15 20 b k1 35 0 5 1 15 2 5 30 B
Temperalure (°C) Temperalure (*C)
(c) Histogram of DM Group Right Foot (b) Smoothened Histogram of DM Group Right Foot
Figure 8.
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illustrates the histogram and smoothened histogram of the left and right foot for the
control and DM group.

The smoothening is repeated for all the four regions of each left and right foot of the
control and DM group. The region-wise smoothened temperature distribution is
superimposed on the whole foot smoothened output for the control and DM groups
depicted in Figures 9 and 10, respectively. From the mean temperature distribution
histogram plot it was observed that the control group have a larger mean temperature
around 21-22°C with a smaller number of occurrences of temperatures distribution
while the DM group have a larger mean temperature around 23-24°C with a larger
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Figure 9.

Region wise smoothened temperature distribution superimposed on the whole foot - control group.
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Figure 10.
Region wise smoothened temperature distribution superimposed on the whole foot output - DM group.
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Group Median (°C) Interquartile Range (°C)
Left Foot Right Foot Left Foot Right Foot
Control Group 27 +1.80 26.98 +1.77 1.92 +£ 0.60 1.94 + 0.49
DM Group 29.64 +2.85 29.84 +2.85 1.55 + 0.66 1.59 + 0.74
Table 2.

Median and interquartile range for whole foot.

Group Region of Interest Median (°C) Interquartile Range (°C)
Left Foot Right Foot Left Foot Right Foot
Control Group Toes 253 +2.17 25.33 £2.32 1.68 £ 0.69 1.68 £ 0.64
Metatarsals 26.9 +1.99 26.82 +£1.93 1.00 £ 0.38 1.03+0.35
Arch 28.23 + 1.63 28.19 + 1.61 179 £ 0.56 1.82+ 0.55
Heel 26.69 £ 1.76 26.68 +1.75 1.19 £ 0.42 118 + 0.41
DM Group Toes 29.50 + 3.66 29.72 £ 3.70 1.24 £ 0.79 1.32 £ 0.95
Metatarsals 29.89 £+ 3.15 30.12 +3.15 0.92 + 0.52 0.89 £ 0.47
Arch 29.86 +2.55 30.06 £+ 2.52 1.24 + 0.58 1.19 + 0.56
Heel 29.17 £2.73 29.45 £2.79 1.02 £ 0.42 1.08 £ 0.48

Table 3.

Region wise median and interquartile range.

number of occurrences of particular temperatures values. Similar kinds of deviations are
observed in all the four ROIs of the left foot and right foot in the control and DM groups.

Since the KDE, which is a non-parametric distribution utilized to smoothen the
temperature distribution, the central tendency among the control and DM groups was
calculated by arranging the temperature distribution in ascending order to determine
median and interquartile range for statistical analysis. Similarly, the median and
interquartile range are also obtained for all the four ROIs with the corresponding
smoothened temperature distribution for both control and DM groups. The computed
median and interquartile range extracted from whole foot and region-wise for both
groups are shown in Tables 2 and 3.

Thus, between Tables 2 and 3 it was observed that the control group has a lower
median temperature than the DM group. Since the mean temperature distribution is
having a higher value in the lower quartile and upper quartile for the whole foot and
region-wise, the interquartile range for the DM group is lesser than the control group.

The Chi-square goodness-of-fit [25] test was employed to assess the null hypothe-
sis statistically for all the smoothened temperature distribution of left foot and right
foot among control and DM group as shown in Table 4. This test is utilized to
determine whether the variables are attained from the particular group temperature
distribution or not and also to evaluate whether the sample data is representative of
the full population of the temperature distribution. For both control and DM groups,
the test returned an h value equivalent to one which specifies that chi-square
goodness-of-fit rejects the null hypothesis at 5% significance level. Hence, these
median and interquartile ranges are utilized to detect the diabetic foot in the classifi-
cation process.
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Group Null Hypothesis (h) Probability
Left Foot Right Foot Left Foot Right Foot
Control Group 1 1 0.00459 0.00290
DM Group 1 1 0.00477 0.00448
Table 4.

Chi-square goodness-of-fit test results.

4., Extraction of color texture features

Color is one of the better notable and striking visual aspects that is employed in
image retrieval and pattern recognition. Color moment (CM) is a computation
technique utilized to discriminate images based on their color distribution in the
image similar to the central tendency of the probability distribution. It is a potential
technique for the description of color features [26, 27]. Once determined, these
moments contribute a quantity for color resemblance among images. The red plane,
green plane and blue plane images are extracted from each of the segmented thermal
images for the control and DM groups. In this study, the mean (first moment),
standard deviation (second moment), skewness (third moment), kurtosis (fourth
moment), variance and entropy are extracted for all the four ROIs in each foot of all
three color planes of images. The mean represents the average color value existing in
the image. Variance is a measure of the color distribution of the image. Standard
deviation is attained by executing a square root of the variance of the color distribu-
tion. Skewness is a measure of the degree of symmetry distribution of the color. The
color textural features extracted from the green plane images of the left and right
foot are highly correlated and shows very few dissimilarities within the values for all
the four ROIs. Hence, the color texture features extracted from red and blue plane
images alone are used for further processing. The skewness is having negative values
for a few ROlIs is the representation of the tail at the smaller end of the textural
distribution is more pronounced than the tail at the larger end of the textural
distribution.

5. Classification using machine learning techniques
5.1 Support vector machine

Support Vector Machine (SVM) is a discriminative classifier algorithm, concerning
the patterns represented by the subset d; = +1 and the patterns represented by the

subset d; = —1 are linearly separable. The decision surface that is in the form of a
hyperplane that does the separation is given as follows.
wlx = Zwix,- 2)
wlx+b=0 (3)

where x is an input vector, w is an adjustable weight vector, and b is bias. The point
closest to the hyperplane is called the ‘support vector’. The SVM classifier maximizes
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the margin of separation between the classes and minimizes the classification
errors [28, 29]. The best hyperplane for SVM is the one with the largest margin
between the two classes.

5.2 K-nearest neighbors (KNN) classifier

The KNN classifier is a non-parametric, non-linear, and simple method that is used
to classify the features. In this algorithm, the classification of test data is executed by
finding a majority vote of the known class, and the input data will attain the class that
is most common among its k-nearest neighbors [30, 31]. It is obtained using a distance
metric such as Euclidean distance between the training and test data set which is
calculated by

D, (x1,%7) = Z;(xu —x3)° (4)

where, x1 = (%11, %125 > X1,) and X2 = (%21, X225 +v 5 X2 )-

The test data is assigned to a class based on closest k-datasets for training based on
resemblance measures, subsequently, the majority vote of the case neighbors is deter-
mined to categorize the case [32, 33].

The textural color features, median temperature and interquartile range forms the
feature sets for detection of the diabetic foot using SVM and KNN classifier. The
different grouping of feature sets which are extracted from the control and DM group
was investigated in this study as follows:

* Group 1 (RBT) contains 14 features as it is formed with the statistical measure of
the median, interquartile range with color textural features extracted from red
and blue plane images

* Group 2 (RB) consists of 12 features as it is formed with the color textural
features extracted from red and blue plane images

* Group 3 (RT) contains 8 features as it is formed with the statistical measure of
the median, interquartile range with color textural features extracted from red
plane images

* Group 4 (BT) consists of 8 features as it is formed with the statistical measure of
the median, interquartile range with color textural features extracted from blue
plane images

In all the combination, 80% of features are used to train and the remaining 20% of
features are used to test the performance of the classifier. In this study, the classifica-
tion is carried out using the SVM classifier and K-Nearest Neighbors (KNN) classifier
for automatic classification of the plantar thermal images into two classes. The per-
formance evaluation metrics of SVM and KNN classifiers for the detection of diabetic
foot are shown in Figure 11. It was realized that the SVM classifier has obtained a
higher classification accuracy of 92.86%, a sensitivity of 96.55%, specificity of 84.62%,
a precision of 93.33%, and an F1-score of 94.92% for Group 1 (RBT) features combi-
nation than other combinations of feature set.
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Figure 11.
Performance of SVM and KNN classifier in various combinations of feature set.

6. Conclusion

In this study, the statistical analysis of plantar temperature distribution based non-
parametric way was done by using kernel density estimation. This approach showed
the temperature distribution changes in different areas of the plantar region between
the control and DM groups. The median and interquartile ranges are obtained from
the statistical analysis. The extracted color features are grouped with the statistical
measures of temperature distribution to automatically classify the data using SVM and
KNN classifiers. Four different combinations of features sets were used to train and
test the performance of the classifier. The SVM classier obtained better accuracy with
Group 1 (RBT) feature sets.
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Assessment of Diabetic Foot
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Abstract

Diabetic Foot Complications are the main reason for hospitalization and amputation
in people with diabetes. Globally ~435 million people have diabetes, with ~83-148 million
of those estimated to develop foot ulcers in their lifetime. It is estimated that 16.8 million
YLDs resulted from diabetic foot complications. Once an ulcer has developed, there is an
increased risk of wound progression that may lead to amputation (~85% cases). In every
30 seconds, one lower limb amputation in diabetes patients occurs world-wide. The aver-
age cost for each amputation is over $70,000. American Podiatric Medical Association
says that diabetic foot complications can be prevented by periodical Assessment of foot,
which include visual inspection of bare foot; deformities, neurovascular abnormalities of
foot and assessment of footwear. Relevant assessment and proactive foot care can reduce
the burden of diabetic foot disease which will increase quality of life and reduce health
care costs.

Keywords: diabetic foot ulcer, assessment, diabetic peripheral neuropathy, quality of
life, prevention

1. Introduction

One of the most devastating consequences of diabetes mellitus is Diabetic Foot
Disease (DFD) which represents a significant global burden for individuals and
healthcare systems. It includes osseous degeneration, ulceration, and infection of the
diabetic person’s foot [1]. These are associated with neurologic abnormalities, various
degrees of peripheral arterial disease, and metabolic complications of diabetes in the
lower limb [2]. The signs of diabetic foot are changes in skin tone, skin temperature,
swelling of the foot or ankle, discomfort in the legs, open blisters on the feet that
are difficult to heal or are draining, corns or calluses, dry skin fissures, particularly
around the heel, and odd or persistent foot odors are all symptoms to observe [3].

Diabetic foot symptoms vary from person to person and can depend on the
particular problem the person is suffering at that moment. Symptoms include loss of
sensation, numbness and tingling, blisters and other painless injuries, skin irritation
and temperature changes, red streaks, injuries with or without discharge, painful
tingling, and stains on socks. However, a person may also experience some of the
following symptoms such as fever, feeling very sick, chills, uncontrollable blood
sugar, shaking, shock, redness [4].
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The first published diabetes-specific classification system, the Meggitt-Wagner
system, is a simple system consisting of only six grades (0-5, 0 means intact skin), the
first three is related to depth [5]. It’s actually easy to use and may explain its popular-
ity despite known limitations. For the sake of explanation, Peripheral Arterial Disease
(PAD) and Infectious Diseases are not considered individually for superficial lesions
and there is no mention of neuropathy. PAD is considered gangrene only at a later
stage. Therefore, in clinical practice, the score is most often 2 or 3. This means that it
is not accurate enough to isolate most lesions. Although its inaccuracies appear to be
inadequate for research protocols, a systematic review of continuous wound healing
by the International Working Group on Diabetic Foot shows that large works Meggitts
- Wagner grade indicates the classification the patient population. Some other scales
are used these are University of Texas wound classification system (UT), SAD system,
the wound ischemia and foot infection classification (WIFI).

2. Pathophysiology

Diabetic peripheral neuropathy (loss of sensation) occurs typically 8-12 years
after the onset of type 2 diabetes and is a tolerant factor for the development of ulcers.
Diabetic peripheral neuropathy is a disorder of normal nerve activity throughout
the body and can alter autonomic, motor, and sensory function [6]. Hyperglycemic
conditions increase the production of several enzymes such as aldose reductase and
sorbitol dehydrogenase. These enzymes convert glucose into sorbitol and fructose.
The accumulation of these sugar products interferes with the synthesis of myo-inosi-
tol in nerve cells and impairs nerve conduction. In addition, hyperglycemic-induced
microangiopathy results in reversible metabolic, motor and sensory nerve, immu-
nological and ischemic damage leads to the autonomic nervous system dysfunction.

It provokes low peripheral sensation and compensates for fine vasomotor control of
pedal circulation and innervation of the small foot muscles. If the nerve is damaged,
there is a risk of minor injuries, and when it is unnoticed an ulcer develops [7].

The microcirculation of the skin is controlled by the autonomic nervous system,
when disturbed in Diabetes causes dryness and cracking of the skin, making it more
susceptible to infections. These changes can help spread gangrene, ulcers, and loss
of limbs [8, 9]. Hyperglycemia causes endothelial cell dysfunction, and smooth cell
abnormalities in peripheral dysfunction include altered endothelial cell proliferation,
basal membrane thickening, decreased nitrogen monoxide synthesis, increased blood
density, altered microvascular tone, and blood flow. Clinically the case may have signs
of vascular insufficiency such as claudication, night pain or rest pain, absent periph-
eral pulses, thinning of the skin, loss of limb hair, etc. [6].

3. Importance of assessment

Foot disease affects almost 6% of diabetics and is associated with infections, ulcers,
or destruction of foot tissue. Most ulcers can be prevented with proper foot care and
screening of foot risk factors at risk of complications [9-11]. Uncontrolled diabetes
contributes to the development of neuropathy and peripheral arterial disease through
complex metabolic pathways. Loss of sensation due to peripheral neuropathy, ischemia
due to peripheral arterial disease, or a combination thereof can cause foot ulcers.
Thorough foot examination is important for early detection of the disease. Screening
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for peripheral neuropathy and peripheral arterial disease helps identify patients at
risk for foot ulcers. Assess the patient’s general condition for signs of toxicity or sepsis,
such as circulation or breathing, with or without malaise, poor appearance, abnormal
behavior, and fever. At each follow-up schedule, examine feet for ulcers/gangrene. The
purpose of screening is to identify patients who have lost foot protection [12, 13].

To identify diabetic patients at risk of ulcers, foot examinations are needed,
including nervous and vascular system, skin disorders, and foot structure. According
to age and length of diabetes, diabetic peripheral neuropathy, itself that affects up to
50% of diabetics and it is the most ubiquitous and crippling consequence of Diabetes
mellitus. Peripheral senses (small and large nerve fibers) and motor nerves are
affected by this condition, which is marked by significant axonal degeneration and
segmental demyelination [14-16].

4. Neurological assessment of diabetic foot

The clinical assessment of diabetic foot ulcer is currently subjective and limited,
hampering effective diagnosis, treatment and prevention. Population-based studies
report that the annual incidence of foot ulcers in diabetics is estimated to have DFU
throughout their lives [17-19]. Once onset, despite treatment, foot ulcers may take
weeks or months to heal, or may not heal at all. In addition, DFU is repeated fre-
quently. Approximately 40% of patients will relapse within 1 year and 60% of patients
will relapse within 3 years. The DFU not only reduces an individual’s quality of life, but
also has significant economic and social implications in the form of increased hospital-
ization rates, cost of care, and reduced patient mobility [20].

Most guidelines recommend 10 g of monofilament to assess neuropathy in dia-
betic patients. This test can be combined with another test to screen for neuropathy.
Biothesiometer or graduated tuning fork (Rydel Seiffer) to determine the vibration per-
ception threshold [21, 22]. The Modified Neuropathy Disorder Score (NDS) tests (Table1)
different sensory modalities of the foot and ankle - (i) vibration perception (using a 128 Hz
sound fork), (ii) temperature perception (warm/cold), (iii). Pain (sharp/dull) and (iv)
ankle jerk reflex- score range is 0 to 10, O for intact sensation and 10 for complete numb-
ness with DPN. The Vibration Perception Threshold (VPT) is a semi-quantitative measure
of sensory perception, usually placed at the tip of the toe and measured with a neuro or
biothesiometer. VPT displays 0-50 volt readings, where 50 volt indicates complete numb-
ness of DPN. Severe DPNs are usually stratified by VPTs with a modified NDS score of 6 or
higher (or) of 25 volts or higher [22-25].

Inadequate foot protection due to nerve injury (neuropathy) does not result in
compensatory mechanisms for painful stimuli such as dragging/gait changes to redis-
tribute foot pressure. Continued inflammation results in enzymatic autolysis with
tissue destruction and ulcers. The main goal of DFU clinical practice is to prevent
the formation of ulcers through early detection and intervention. This reflects the
challenges and medical costs associated with effective treatment after the onset of an
ulcer. Regular foot evaluation and training are recommended for people with diabe-
tes. This process is usually stratified by the risk of developing an ulcer. Current risk
assessments are clinical and subjective, assessing the presence of callus as a surrogate
marker for neuropathy, foot malformations, and high sole load, and for medium-risk
or high-risk individual therapeutic footwear is recommended [26, 27].

Clinical evaluation tools require special training of clinical examiners to make
accurate assessments based on patient outcomes. This assessment helps to efficiently
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Neuropathy Disability Score (NDS)

Right Left
Vibration perception Subject sitting, eyes closed, legs
threshold outstretched: demonstrate on clavicle or
128 Hz tuning fork; apex of dorsum of hand; in each case repeat three
big toe; trial pair = vibrating, pairs of trials (mix up stimulus order
nonvibrating (hit the wrong within trial pair, in each case maintain
end of the tuning fork); stimulus 2 seconds); in each case ask “do
normal = can distinguish you feel vibration / cold / sharp now or
vibrating / not vibrating now?”; abnormal is at least two of three

R trials wrong or “cannot tell”
Temperature perception

1=
Rest Tip-Therm rod on dorsum normal = 0

13} 1=1
of foot, trial pair = plastic abnorma

end (“not cold”), metal
end (“cold”); normal = can
distinguish cold / not cold

Pin-prick

Apply Neurotip on proximal
big toe just enough to deform
skin; trial pair = sharp end,
blunt end; normal = can
distinguish sharp / not sharp

Achilles reflex present = 0
Kneeling on a chair, upright present with reinforcement = 1
holding back of chair; stretch absent = 2

tendon to ankle neutral first;
reinforcement — hook fingers
together and pull when asked

NDS Total out of 10

Table 1.
NDS.

identify patients at risk and monitor whether they need intervention. The Assessment
should also be based on an assessment of diabetic foot ulcer and risk of amputation,
healing of diabetic foot ulcer, and assessment of diabetic foot ulcer infection [28].
Outcome measures for assessing diabetic neuropathy such as Utah Early Neuropathy
Scale (UNES), for Ulcer risk (Queensland high-risk foot form or QHRFF); Diabetic
foot ulcer assessment, scoring and amputation risk (Perfusion, Extent, Depth,
Infection and Sensory scale or PEDIS); Site, Ischemia, Neuropathy, Bacterial infec-
tion and Depth assessment (SINBAD); Diabetic foot ulcer measurement (Leg Ulcer
Measurement Tool LUMT) have been shown to be effective and valid.

An advanced home assessment tool for monitoring the feet of diabetics is desir-
able, and measuring the skin temperature of these feet is a promising modality.
Temperature assessment is based on the idea that skin heat as a predictor of diabetic
foot ulcer [29].

5. Vascular assessment of diabetic foot

Anatomical arterial disease can result in a more severe kind of perfusion deficit
in patients with Diabetes and it is due to the paucity of collateral vessels and also the
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influence of physiological factors like arteriolar shunting and neuropathy associated
with Diabetes [30]. A complete physical examination should be carried out in any
patient with Diabetic foot ulceration, particularly, a detailed medical history and
assessment of peripheral pulses — however, clinical examination alone cannot reliably
assess the severity of perfusion deficit [31]. In order to perform a detailed assessment
of the peripheral artery and its perfusion, more tests are indeed necessary.

Commonly used imaging techniques like Duplex ultrasound and Angiography
allow only the assessment of the morphological distribution of Peripheral artery
disease and also provide some information on the global perfusion deficit. Patients
with Ischaemic foot ulceration have compartmental perfusion deficit, in which the
degree of perfusion at the actual area of tissue loss cannot be identified. Therefore,
assessment of foot perfusion in a patient with diabetic foot ulcer should also include
the regional tissue perfusion deficit [30].

5.1 Assessment of disease severity

The patients with diabetic foot ulceration should be evaluated for the presence of
Peripheral artery disease during the time of presentation and they have to be man-
aged in a multi-disciplinary setting [32-34]. The assessment of disease severity can
be carried out using Ankle brachial pressure index, Toe pressures and Pulse volume
recordings.

5.1.1 Ankle brachial pressure index

Doppler measure Ankle brachial pressure index is most commonly used to screen
the presence of Peripheral artery disease. However, Ankle brachial pressure index
and other routinely performed non - invasive bedside tests otherwise useful in the
assessment of Peripheral artery disease may be unreliable in patients with Diabetes
[35]. Ankle brachial pressure index score of <0.9 is indicative of impaired blood
flow; however the finding of a normal Ankle brachial pressure index in a person with
diabetes is not reliable — increased arterial stiffness may reduce distal flow [36] and
medial arterial calcification, resulting in incompressible vessels which may in turn
causes falsely elevated pressures.

5.1.2 Toe pressures

Toe pressure and toe arm pressure index (TBI) may be a more useful measure of
perfusion due to the characteristic sparing of the foot arteries from vascular disease in
diabetics [30]. Toe pressure can be effectively measured using photoplethysmography
(which detects pulsating flow to generate pulse wave waveforms) or laser Doppler
(which detects wavelength changes when a laser hits blood cells).

5.1.3 Pulse volume recordings

Pulse rate records are also used to identify the presence of arterial disease. The
amount of pulse wave corresponds to the cardiac cycle-rapid upstrokes and sharp
spikes occur during systole, gradually slopes down during diastole, followed by
reflective waves (dicrotic notches). In the presence of arterial disease, the waveform
flattens and the pulse width widens. When pulse volume recordings are used in lower
limbs, the changes in the waveform denotes the general location of significant disease,
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whereas it assesses the total blood flow through the area and cannot give accurate
information regarding the exact location of the disease [30]. Pulse volume recordings
are useful in patients with Diabetes who have falsely elevated Ankle brachial pressure
index because of calcified vessels [37], as the effect of calcification on the waveform is
usually distinguishable from that because of obstructive arterial disease.

5.2 Assessment of morphological distribution

The anatomical distribution of the disease in patients with diabetic foot ulcer is to
determine if revascularization is necessary and, if necessary, which method (intra-
vascular or open surgery) is appropriate and useful. The main challenge in imaging
the arterial tree of diabetics is the characteristically complex anatomical distribution
of the disease [30].

5.2.1 Duplex ultrasound

Color duplex ultrasound is the first imaging technique used to examine patients
with peripheral arterial disease. The patients with Diabetes have a diffuse and distal
arterial disease; detailed imaging studies along with duplex ultrasound need to be
used for pre — operative investigation while planning for revascularization.

5.2.2 Angiography

Detailed morphological information can be provided by Angiography. Traditional
digital subtraction angiography (DSA) is the gold standard method cannot fully identify
patent distal vessels for which Magnetic resonance angiography (MRA) can be used [30].

5.3 Assessment of regional tissue perfusion

Assessment of local tissue perfusion is more useful in understanding the perfu-
sion deficit at the exact area and also helps to estimate the healing tendency. Diabetic
patients need this assessment, as global perfusion assessment measures usually do not
reflect the regional deficit, due to poor collateralization found in them.

5.3.1 Transcutaneous oxygen tension (Tcpo,)

Transcutaneous oxygen tension (TcPO,) measurement is an established method
of evaluating the cutaneous perfusion and it is also more sensitive in detecting
Peripheral artery disease than Ankle brachial pressure index in patients with Diabetes
[38]. TcPO, measures the transfer of oxygen molecules to the skin surface and a
reduction in transcutaneous oxygen tension is commonly in patients with Peripheral
artery disease [39]. TcPO, values may be paradoxically increased in patients with
Diabetes due to arteriolar shunting in the microcirculation and is also affected by the
metabolic demands of the tissue being assessed.

5.3.2 Skin perfusion pressure

Skin perfusion pressure has been used as a successful measure to assess the lower
limb ischaemia severity and also analyses the chances of wound healing and thereby
helps in selecting the appropriate level of amputation [40, 41].
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5.3.3 Fluovescence angiography

It commonly uses Indocyanine green dye (ICG) for measuring the fluorescence
intensity at various areas of the involved limb, thereby allows a semi — quantita-
tive measurement of regional perfusion and identifies the superficial collaterals
in patients with arterial occlusions [30]. It is also used in patients with critical
limb ischaemia to provide more rapid and quantitative information about foot
perfusion [42].

5.3.4 Laser Doppler techniques

Laser Doppler flowmetry is used to measure the local microcirculatory blood
perfusion by using a beam of Laser light which is partially absorbed when it hits
the tissue being evaluated, to a depth of up to 1 mm. The change in wavelength like
magnitude and frequency can be converted into a measurement thereby representing
the relative perfusion than absolute values. It has been used to identify poor perfusion
in lower extremity ulcers [43].

Hence a comprehensive assessment of foot perfusion in Diabetes patients should
therefore include anatomical assessments of structural arterial disease combined with
evaluation of regional tissue perfusion. The most commonly available techniques also
have certain limitations while relating to the complexity of Diabetes. Novel techniques
which are meant to assess muscle and deep tissue perfusion are under the process of
development, which are more likely to be used widely in the near future.

6. Biomechanical assessment of diabetic foot

Peripheral neuropathy causes changes in foot function as well as in structure (due to
prominent Metatarsal heads), dryness of the skin which in turn can end up in excessive
callus formation [44-46]. An important risk factor for the development of Diabetic
foot ulceration is high plantar foot pressure [47, 48]. In patients with Diabetes, limited
joint mobility in the ankle and foot complex also had suggested to increase plantar
pressure [49, 50] and also to be related with foot ulceration [51, 52]. The prevalence
of limited joint mobility varies between 49% and 58% in Type I Diabetes patients and
between 45% and 52% in Type II Diabetes patients [53, 54].

Most of the Diabetic foot ulcers occur in the forefoot, mainly under the metatarsal
heads and under the digits (hallux). When the metatarsal head makes contact with
the ground, it usually contacts at a single point because the inferior aspect of each
metatarsal head is usually round.

The main structure responsible for dissipating the pressure from the lowest point
of the metatarsal heads, to the sides of the metatarsal heads, then to the intermetatar-
sal spaces and to the points which are proximal and distal to the metatarsal heads is
Metatarsal fat pad [55]. Patients with diabetes with or without neuropathy generally
have decreased thickness in the metatarsal fat pads. The thinner the metatarsal fat
pad, the higher the risk of developing Diabetic foot ulcers [56, 57]. The easiest way to
measure fat pad thickness under the metatarsal heads is by using Ultrasound [58].

A softer metatarsal fat pad increases the shock absorption of the forefoot while
hitting the ground, whereas a stiffer metatarsal fat pad decreases shock absorption
thereby greater energy gets imparted to the soft tissues while landing on the forefoot
[59]. The stiffer metatarsal fat pad prevents the load from being distributed medially
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and laterally from the deepest point of the metatarsal head. Therefore, more stress is
applied to the soft tissue pad just below the metatarsophalangeal head, and less stress
is applied to the part of the fat pad between the metatarsophalangeal heads [60].

In Diabetes, the collagen in the plantar fat pad not only stiffness but also the col-
lagen tissues throughout the body stiffen. This stiffening of the entire collagen tissue
causes all ligaments to become stiff and all joints to lose mobility [61]. Thus it can be a
serious issue for most phase of the Gait cycle.

During the stance phase of gait, the hind foot begins with a slight inversion and
then eversion. The forefoot first lands on the fifth metatarsal head, then each metatar-
sal lands from lateral to medial. At the end of the stance phase, the hind foot is slightly
everted and the fore foot is slightly inverted. If a diabetic presents a normal amount
of hind foot eversion during contact, the forefoot may be difficult to compensate
by inverting at the mid tarsal joints. It can increase the pressure under the first and
second metatarsal heads. On the other hand, if the forefoot cannot be fully inverted
to pronate the sub talar joint, the pressure under the 4th and 5th metatarsal heads
will increase. Coronal and sagittal movements are also reduced in all metatarsals with
stiffer collagen tissue [62].

The glycation of the Achilles tendon increases the tendon’s thickness and stiffness
[63, 64]. It in turn causes several changes in the diabetic foot, including earlier forefoot
loading at contact as well as an increased load on the forefoot during the stance phase
of gait [65, 66]. The thickening of plantar fascia happens along with the thickening
of the Achilles tendon [67]. The thickened Achilles tendon decreases the effect of
windlass mechanism of the foot, which further decreases the dorsiflexion of the digits,
decreased time in the propulsive period of gait and a decrease in the supination of the
hind foot during foot propulsion [68, 69]. Diabetic neuropathy has a greater adverse
effect on the foot. Tissue glycation is the predicting factor of other diabetic complica-
tions including neuropathy. The joint mobility of the subtalar joint is significantly
reduced in the ulcerated foot than the contra lateral non ulcerated foot in Diabetic
neuropathic patients [47]. Hence, combination of neuropathy and trauma results in
breakdown of tissue. Increased plantar pressure can be contributed to the alterations in
the foot shape, presence of callus and limited joint mobility.

Kinematic analysis was performed on the knees and ankles using 3D SIMI
REALITY MOTION SYSTEM GmbH, Germany, two Basler high-speed cameras
(1394a/b, GigE, 100fps @ 1Megapixel). We used Kinetik I-Step software (Aetrex,
USA) and Wintrack Dynamic Scan Floor Mat (Medicapteure software, France, USA).
Significant differences in kinematic and kinematic variables such as toe-off knee
angle, static knee speed, heel strike, mid-stance and toe-off, static knee acceleration,
heel strike and mid-stance, and ankle joint angle, Mid stance, static ankle speed, heel
strike and mid stance, static ankle acceleration, heel strike, mid stance and toe off,
walk cycle duration, maximum average sole pressure and maximum ankle pressure
Was recognized. Therefore biomechanical analysis is an important tool and can be
used for early screening and prediction of altered kinematic and kinetics in diabetes
mellitus [70].

7. Conclusion

Patients may not receive the podiatry follow-up necessary to identify warning
signs of recurrence and provide appropriate management. To guide preventive
strategies, it is necessary to fully understand the factors that predict the recurrence of
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ulcers. The strongest predictor of diabetic foot ulcer is the previous foot ulcer. A study
of patients with healed foot ulcers has shown that early signs of skin damage such

as heavy calluses, blisters, and bleeding are one of the strongest predictors of ulcer
recurrence. If these pre-ulcer lesions are recognized early, their treatment can prob-
ably prevent the recurrence of many ulcers [21].

Low-risk individuals may progress to medium-risk or high-risk and should
continue their foot examinations annually. More frequent follow-up is recommended
for medium-risk or high-risk patients. Patients with foot malformations or patients
diagnosed with peripheral neuropathy or peripheral arterial disease at baseline.
Introducing prophylactic foot care services for basic nail and skin care including,
wound resection of callus, for patients with callus and deformed toe nail. Timely
referrals to foot protection services to manage risk factors for diabetics prevent infec-
tion, gangrene, amputation, or death, reducing hospitalization and costs [22].
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