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SUMMARY Y 

Chronicc leg and foot ulceration is a very common clinical problem in the 
elderly.. In Western countries, the incidence of ulceration is rising as a result of 
thee ageing population and increased risk factors for atherosclerotic occlusion 
likee smoking, obesity and diabetes. Among these leg and foot ulcers, diabetic 
neuropathicc ulcers are especially noted for their slow healing rates and 
complicationss such as infection and amputation. The underlying pathology 
consistss of a mixture of neuropathy, ischemia and infection. In this paper the 
pathophysiology,, diagnosis, established treatment options and new treatment 
modalitiess for chronic diabetic ulcers are discussed, with emphasis on recent 
advances. . 
Thee majority of diabetic ulcers respond to established treatment and dressing 
regimens.. The mainstays of therapy are: 1) off-loading, 2) ensuring appropriate 
bloodd flow, 3) treatment of infection, 4) glycemic control, 5) thorough 
debridement,, 6) maintaining a moist wound environment, and 7) patient 
education.. However, approximately 15% of patients with diabetic ulcers do not 
respondd to conventional therapy. A variety of new promising therapies have 
becomee available or are currently under investigation to specifically stimulate 
disturbedd wound healing; examples are advanced wound dressings, recombinant 
growthh factors, extracellular matrix derivatives, cultured skin substitutes and 
(possibly)) hyperbaric oxygen therapy. New modalities may significantly reduce 
healingg time, consequently reducing the risk of infection, hospitalization and 
amputationn while improving the quality of life. But, as with all newr therapies, 
theirr efficacy and cost-effectiveness needs to be further established in well 
controlledd clinical trials. 
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INTRODUCTION N 

Legg and foot ulcers are debilitating, painful, and greatly reduce the quality of 
lif ee of the patient. Andersson et al. studied 1377 patients with leg and foot 
ulcerationn and found that with increasing age the incidence was rising, from 
0.3%% at the age of 60 years to 5% at the age of 90 years.' Non healing foot 
ulcerss in patients with diabetes are especially noted for their slow healing rates 
andd resistance to traditional methods of treatment. If not treated properly, these 
ulcerss might easily become secondarily infected and osteomyelitis or gangrene 
mayy develop, finally resulting in amputation. The following overview will 
summarizee the pathophysiology, diagnosis and established treatment options of 
thee diabetic foot and discusses new treatment technologies for the healing of 
chronicc diabetic ulcers. For this purpose MEDLINE, EMBASE and the 
COCHRANEE Medical Database 2001 were searched for articles from 1966 to 
novemberr 2001. No language restrictions were applied. Key search words 
(includingg analogues and derivatives) included 'diabetes mellirus', 'wound 
healing',, diabetic foot', 'glucose', 'pathophysiology', 'diagnosis', 'treatment', 
'antibiotics',, 'debridement', 'off-loading', 'bandages1, 'skin, artificial', 'HBO', 
'extracellularr matrix', 'growth factors', 'fibroblasts', 'proliferation', 'cell 
culture',, 'immunophenotyping' and 'proteolytic enzymes'. In addition, abstract 
bookss of symposia and congresses, dissertations, textbooks, editorials and the 
referencee lists from all the articles retrieved were manually screened to optimize 
thee results of the search. Randomized and nonrandomized studies were selected 
forr review. Results of randomized, placebo-controlled studies were emphasized 
moree than nonrandomized results. 

Thee international consensus on the management and prevention of the diabetic 
foott describes the diabetic foot as an array of foot deformities that exist due to 
neuropathy,, macro-angiopathy, limited joint mobility and metabolic 
disturbancess which are usually present in combinations in patients with diabetes 
mellitus.2"11 Globally, the diabetic foot is a major medical, social, and economic 
problemm that is seen on every continent.5 Among persons with diabetes, 2% to 
3%% will develop a foot ulcer each year, and approximately 15% will develop a 
foott ulcer during their lifetime.6 The recurrence rate of foot ulcers over a five 
yearr follow up period is estimated to be approximately 70%.7 The overall risk 
forr amputation in diabetes is increased 15-fold beyond that for patients without 
diabetes.* * 
Theree is enormous variation in reported costs of foot ulcers depending on 
whetherr the figures comprise hospital costs alone, the involvement of surgery 
duringg the ulcer management, and the inclusion of rehabilitation (for 
amputation).. The most recent American data originate from a retrospective 
cohortt study of 8905 patients with diabetes in a large health maintenance 
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organization.1'' In a 3-year period during which 514 patients developed ulcers. 
thee attributable cost for a middle-aged man with a new foot ulcer for the 2 years 
afterr the diagnosis was $27,987. Tennvall and coworkers included all costs 
fromm ulcer presentation to complete resolution or death for 220 patients in a 
prospectivee study in Sweden.1" These costs included in-hospital care, surgery, 
investigations,, antibactenals. visits to the foot-care team, orthopaedic 
appliancess and topical treatment. The average total cost per case was $17,879 
whenn no amputation was required and $30,694 when a major amputation was 
performed. . 
Diabeticc ulcers are usually localized on pressure points, such as the metatarso-
phalangeall  joints (Fig. 1), ankles, or heel region. Several (actors contribute to 
thee development of these ulcers. Decreased pain sensation predisposes the 
patientt to thermal and mechanical injury. Motor neuropathy affecting the 
extensorr and flexor muscles of the leg and foot as well as the intrinsic muscles 
off  the foot causes muscle contractures and compromises normal joint protective 
mechanisms.. A consequence o( autonomic neuropathy is anhidrosis and 
vasodilatationn leading to increased blood flow by arteriovenous shunting. 
Althoughh the exact pathogenesis remains disputed, repetitive trauma due to 
sensory'' neuropathy and hyperemic bone resorption and osteoporosis due to 
autonomicc neuropathy can result in a Charcot foot (neuro-osteoarthropathy). 
Thesee conditions result in biomechanical imbalance and consequent foot 
deformitiess such as hallux valgus, hammertoes and a rocker bottom deformity 
predisposingg the patient to foot ulceration. Increased foot pressures lead to the 
formationn of callus. Continued walking induces tissue ischemia, especially in 
pre-ischemicc conditions, and the formation of a necrotic eschar. Infection of the 
escharr may lead to osteomyelitis and gangrene culminating in amputation. 
Thee underlying pathological factors, consisting of neuropathy, ischemia, foot 
relatedd problems as limited joint mobility, infection and trauma, are listed in 
Tablee 1 (adapted from Sumpio).1, An estimated 60% to 70% of patients with 
diabetess have foot ulcers caused by distal sensorimotor and autonomic 
neuropathy,, 15% to 20% is caused by arteriosclerotic occlusion of the 
tibioperoneall  arteries with sparing of the pedal arteries, and 15% to 20% is 
causedd by a mixture of both.^̂  Tight glycemic control is very important as it 
retardss the progression of neuropathy, which is the most important risk factor 
forr ulceration.1" 
Thee contribution of occlusive micro vascular disease in the etiology of diabetic 
foott ulcers has not been confirmed by histology, vascular casting, or vascular 
resistancee studies and therefore this phenomenon does not play a causative 
role.14 4 
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Figuree 1. Typical diabetic ulcer. The lesion started as callus formation over a bony pressure point 
(thee metatarsophalangeal joint) in a patient with diabetic neuropathy. Prolonged exposure to 
pressuree caused further tissue ischemia, and necrosis extending to the joint. Secondary infection 
causedd erythema, edema, calor, fever, and subcutaneous pus collection. 

Tablee 1. Risk factors for the development of diabetic ulcers 

Vascular r 
Arteriall  insufficiency (atherosclerosis, vasculitis) 

Transcutaneouss oxygen pressure <30 mm Hg 
Anklee pressure ^40 mm Hg, toe pressure <30 mm Hg 

Venouss hypertension 
Neurologic c 

Sensoryy neuropathy (insensate to Semmes-Weinstein 5.07 monofilament) 
Motorr neuropathy 
Autonomicc neuropathy 

Foot-related d 
Alteredd biomechanics, limited joint mobility, bony deformity (Charcot's foot, claw 
toes,, prominent metatarsal heads, other plantar bony prominences), severe 
pathologicc changes in nails 

Infections s 
Trauma a 

adaptedadapted from 'Foot ulcers', Sumpio BE, N Engl J Med 2000:343:787- 793. 
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Thee frequency and seventy of wound infection is increased in diabetes and 
playss an important role in the chronicity of diabetic ulcers. It may be related to 
highh glucose levels or impairment of granulocytic function and chemotaxis.1' in 
addition,, there seems to be prolonged inflammation, impaired neo-
vascularization,, decreased synthesis of collagen, an abnormal pattern of 
synthesiss of extracellular matrix proteins, and decreased fibroblast 
proliferation.1'1' ' 

Diagnosis s 
Routinee laboratory measurements should include serum glucose (and. if 
elevated.. HbA,.). cholesterol and triglycerides, hemoglobin, iron, erythrocyte 
sedimentationn rate and differential leukocyte counts. Neuropathy can be 
assessedd by, most importantly, measuring the presence or absence of protective 
sensationn (e.g. using a 10-g Semmcs-Weinstein monofilament)."*  Further 
neurologicall  examination includes the thresholds for perception of vibration 
(usingg a biothesiometer), the discrimination test (pin prick test on dorsum of the 
foot),, tactile sensation (by cotton wool on dorsum of foot) and reflexes 
(Achilless tendon reflexes).19 

Adequatee assessment of the lower limb circulation should be routinely 
performedd in case of non-healing diabetic ulcers. In addition to clinical 
examination,, the anklc/brachial pressure index should be measured (values 
beloww 0.8 indicate presence of arterial insufficiency, values below- 0.5 indicate 
ann (urgent) need for revascularisation). However, in up to 30% of diabetic 
patients,, mediasclerosis prevents accurate pressure measurements, as crural 
arteriess are strongly calcified and incompressible by the blood pressure cuff.20 

Thesee patients have pscudohypertensive ankle/brachial measurements (ABI> 
1.3)) and in this case toe systolic pressures and transcutaneous oxygen pressure 
measurementss may provide additional information. Duplex scanning and finally 
diagnosticc angiography, the golden standard for imaging blood vessels, 
completee the vascular work up.:i A new- method is the multichannel 
transcutaneouss oxygen tension measurement, this portable instrument provides 
upp to six simultaneous measurements of \cpO-, instead of the former one at a 
time. . 
AA number of imaging techniques can be used to assess infection of the wound 
bed,, subcutaneous tissue and bone. Plain films of the foot are relatively 
inexpensivee and can show- soft-tissue swelling and disruption of the bone 
cortex,, however often nearly 50% of the bone may be destroyed before the 
changess arc evident on radiographs. When bony abnormalities are apparent 
radiographically,, they may be indistinguishable from those seen with 
noninfectiouss destructive lesions that occur in neuropathic osteopathy (Charcot 
foot).. Nuclear scanning methods like bone scanning or leukocyte scans rely on 
thee use of specific isotopes, either alone or linked to white cells to localize areas 
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off  infection. Together with magnetic resonance imaging (MR1) they are the 
mostt effective diagnostic techniques to detect osteomyelitis. MRI has the 
highestt sensitivity for detecting inflammation in both medullary bone and soft 
tissue,, which can be further enhanced by the use of contrast.2"1 The disadvantage 
off  both methods are their cost. MRI is increasingly available in all hospitals, 
andd a small apparatus for the foot is under development. 
Thee results of superficial swab cultures are unreliable, only 20% of these 
sampless correlate with adequately obtained material." Culturing of bone 
specimens,, obtained by per cutaneous biopsy or surgical excision, while not 
traversingg the ulcer site, is the best method to detect relevant bacteria, but is not 
alwayss feasible in daily practice.l j A prospective trial found that probing 
palpablee bone at the base of the ulcer had a higher positive predictive value than 
imagingg findings, and correlated strongly with the presence of underlying 
osteomyelitis.24 4 

Establishedd treatment options 

Thee following approaches arc supported by clinical trials or well-established 
principless of wound healing.2' 

TreatmentTreatment of infection with systemic antibiotics 
Thee initial choice of antimicrobial therapy should take into account the severity 
off  the infection and the types of organisms commonly associated with diabetic 
foott infections. Table 2 lists the main organisms that can be cultured from tissue 
orr bone in patients with diabetic ulcers and osteomyelitis.26': When no specific 
pathogenn is cultured yet, a blind choice from several antibiotics can be 
prescribed.. In Table 3 different antibiotic blind regimens are described for mild, 
moderatee and severe diabetic foot infections.4i3,2:i3 Table 4 and 5 summarize 
thee susceptibility of the different pathogens to the oral and parenteral antibiotics 
listedd in table 3. 
Ideally,, the choice of antibiotics should be guided by cultures obtained from 
curettagee material or deep tissue biopsy or, in case of osteomyelitis, infected 
bonee obtained per cutaneously or at surgery.1031 Staphylococcus aureus and 
Streptococcuss species are the most common pathogens in superficial ulcers. 
Blindd oral antibiotic therapy with flucloxacillin or dicloxacillin is advocated, 
withh clindamycin as second choice. Other possibilities include amoxicillin-
clavulanatee or ciprofloxacin (Table 3). Deeper, limb threatening infections are 
usuallyy polymicrobial and caused by aerobic Gram positive cocci, Gram 
negativee bacilli (e.g. Escherichia coli, Klebsiella species and Proteus species) 
andd anaerobes (e.g. Bacteroides species and Peptostreptococcus). Empiric 
antibioticc therapy should be directed against these pathogens (cefuroxim or 
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ceftriaxonn in combination with metronidazol or clindamycine, amoxicilline-
clavulanate,, ciprofloxacin with clindamycine).4 Severe infections or life-
threateningthreatening infections should be treated with intravenous antimicrobial agents 
withh a spectrum broad enough to cover Gram-negative and Gram-positive 
aerobess and anaerobes. 13'23,J2 A choice can be made from the following 
antibiotics;; imipenem-cilastatine, ceftazidine with clindamycine and 
piperacilline-tazobactam.. Aminoglycosides should be avoided in favor of non-
nephrotoxicc antibiotics. However, for haemodynamically unstable patients a 
shortt term treatment during the first 3-5 days with aminoglycosides is advised. 
Oncee culture and sensitivity results are available, therapy should be targeted 
specificallyy on the pathogens present (Table 4. 5). 
Afterr adequate surgical removal of necrotic tissue, antimicrobial therapy should 
bee given parenterally for 7-10 days (maximum 14 days), and continued for at 
leastt 6 weeks orally. The optimal duration of antimicrobial therapy has not been 
established.. In case of acute osteomyelitis oral therapy of 6 weeks is advised, 
afterr the initial parenteral treatment, and for chronic osteomyelitis 3-6 months 
(upp to one year). 

Tablee 2. Organisms cultured from tissue or bone in diabetic foot infection 

Aerobic: Aerobic: 

Gram-positive Gram-positive 
Staphylococcuss aureus 
Streptococcuss species 
Enterococcuss species 
Corynebacterium m 
Bacilluss species 

Anaerobic: Anaerobic: 

Gram-positive Gram-positive 
Peptococcuss species 
Peptostreptococcuss species 
Clostridiumm species 

Gram-negative Gram-negative 
Proteuss species 
Enterobacterr species 
Escherichiaa coli 
Klebsiellaa species 
Pseudomonass aerugin. 
Morganellaa morganii 
Serratiaa marcescens 
Acinetobacter r 
Bacilluss species 

Gram-negative Gram-negative 
Bacteroidess fragilis 
Bacteroidess species 
Corynebacterium m 
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Tablee 3, Antibiotic blind treatment regimens in diabetic foot infection 

Mildd infection / superficial infection / non limb threatening References 
oral oral 

f1ucloxacillin(Floxapen)4ddd 500 mg 4,13,28,29 
clindamycinn (Dalacin) 4 dd 300 mg 4,13,29 
amoxicillin-clavulanatee (Augmentin) 3 dd 500/125 - 1000.200 mg 13,28,29 
cephalexinn (Kcforal) 4 dd 500 mg 13 
ciprofloxacinee (Ciproxin) 2 dd 500-750 mg 

parenteral parenteral 
cephazolinn (Kefzol) 3 dd 1-2 g or cefradine (Maxisporin) 4 dd 500-1000 mg 13,28 
clindamycinn (Dalacin) 4 dd 600 mg 13 

Moderatee infection / deep infection / limb threatening 
oral oral 

ciprofloxacinn (Ciproxin) 2 dd 750 mg + clindamycin (Dalacin) 4 dd 300 mg 4,13,28 
amoxicillin-clavulanatee (Augmenting dd 500/125 - 1000/200 mg 4,28,29 

parenteral parenteral 
cefuroximm (Zinacef) 3 dd 1.5 g or ceftriaxon (Rocephin) 2 d 1 g 4 

+  metronidazol 4 dd 500 mg or clindamycin (Dalacin) 4 dd 600 mg 
cephazolinn (Kefzol) 3 dd 1-2 g '  metronidazol 3 dd 500 mg 28,29 
amoxicillin-clavulanatee (Augmentin) 3-4 dd 2000200 mg 4,29 
cefoxitinn (Mefoxin) 2-3 dd lg or ccfotaxim (Claforan) 4 dd 1 g 13 
piperacillin-tazobactamm (Tazocin) 3 dd 4g./500 mg 13 
ceftazidimm (Fortum) 3 dd 500-1000 mg 

Severee infection / sepsis / life threatening 
parenteral parenteral 

ceftazidimm (Fortum) 3 dd 1000 mg 
imipenem-cilastatinn (Ticnam) 4 dd 500 mg* 4,1 3 
ceftazidimm (Fortum) 3 dd 500-1000 mg - clindamycin (Dalacin) 4 dd 600 mg* 4 
piperacillin-tazobactamm (Tazocin) 3 dd 4g/500 mg* 4,28 
vancomycinn 2 dd 1 g + metronidazol + aztreonam (A/actam) 2-3 dd 1 -2 g 13 
flucloxacillinn (Floxapen) 6 dd 1 g * gentamycin or tobramycin 1 dd 4 mgkg 

*tobramycinee or gentamycin 1 dd 240 mg may be added first 3-5 days 4 
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Tablee 4. Oral antibiotics in diabetic foot infection 

Staphylococcuss aureus MSSA 

Staphylococcuss aureus MRSA 

Staphylococcuss P-lactamase + 

Streptococcuss species 

Enterococcuss species 

Corynebacterium m 

Proteuss species 

Enterobacterr species 

Escherichiaa coli 

Klebsiellaa species 

Pseudomonass aeruginosa 

Serratiaa marcescens 

Acinetobacter r 

Peptococcuss species 

Peptostreptococcuss species 

Clostridiumm species 

Bacteroidess fragilis 

O O 

o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 

o o 

o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 

o o 

0 0 

o o 

o o 
o o 
o o 
o o 

0 0 

o o 

0 0 

o o 

o o 

o o 
o o 
o o 

o o 
o o 

o o 

o o 
o o 
o o 
o o 

o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 
o o 

MSSA:: methicillin sensitive Staphylococcus aureus 
MRSA:: methicillin resistant Staphylococcus aureus 
**  S. aureus may become resistant to clindamycin 

152 2 



DiabeticDiabetic wound care 

Tablee 5. Parenteral antibiotics in diabetic foot infection 

Staph,, aureus MSSA 

Staph,, aureus MRSA 

Staph.. P-lactamase + 

Streptococcuss species 

Enterococcuss species 

Corynebacterium m 

Proteuss species 

Enterobacterr species 

Escherichiaa coli 

Klebsiellaa species 

Pseudomonass aerugin. 

Serratiaa marcescens 

Acinetobacter r 

Peptococcuss species 

Peptostreptococcuss sp. 

Clostridiumm species 

Bacteroidess fragilis 

O O 

O O 

o o 
o o 

o o 
o o 
o o 

o o 

o o 

o o 
o o 
o o 

o o 
o o 
o o 

o o 

o o 
o o 
o o 
o o 

o o 
o o 
o o 

o o 

o o 
o o 

o o 

o o 
o o 
o o 

o o 

o o 

o o 

o o 
o o 

o o 

o o 

o o 

o o 

o o 
o o 

o o 

o o 

MSSA:: methicillin sensitive Staphylococcus aureus 
MRSA:: methicillin resistant Staphylococcus aureus 
**  cefotaxim effective against Serratia and some Enterobacter, Pseudomonas, and Acinetobacter 
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SurgicalSurgical revascularization 
Flow-limitingg arterial lesions must be reconstructed or bypassed. Endovascular 
reconstructivee techniques include balloon angioplasty, atherectomy, endo-
vascularr laser surgery and vascular stents. Prosthetic vascular grafts, such as 
thosee made of polytetrafluoroethylene or Dacron. are used as conduits for large-
caliber,, high flow arterial systems such as the aorta and iliac arteries. The small-
caliberr vessels below the inguinal ligament are treated with autologous grafts, 
preferablyy veins which continue to be the most durable for distal bypasses.11 

ControlControl of glucose levels 
Recentt research indicates thai the incidence of both vascular and neurological 
complicationss of diabetes can be significantly reduced when intensified insulin 
therapyy maintains blood glucose concentrations at near-normal levels.'1'1" New 
methodss of delivering insulin, notably inhaled insulin, will soon provide 
alternativess to painful injections.14 Significant steps are undertaken towards 
fullyy automatic control of glucose levels by an implantable pancreas,'' 
Managementt of dysiipidemia also deserves attention. 

SharpSharp wound debridement 
Agressivee removal of all devitalized tissue at frequent intervals has been shown 
too heal neuropathic ulcers more rapidly.16 Diabetic ulcers may be undermined, 
extensivee necrosis may be present under apparently healthy surrounding skin. 
Excisionn of wound margins until vital bleeding tissue is exposed, is in itself a 
triggerr for wound healing. There are littl e data to support the use of enzymatic 
orr other non-surgical debridement strategies.1 

Off-loading Off-loading 
Relieff  of pressure from the wound area is essential for proper wound healing. 
Repetitivee trauma from poorly fitting footwear is the major cause of initial and 
recurrentt diabetic ulcers. Also, abnormal biomechanics such as limited joint 
mobilityy and structural foot deformity contribute to abnormal pressures on the 
foot.. Bed rest may allow the ulcer to heal but is very expensive and time 
consuming.. So far, there is only one randomized controlled clinical trial 
investigatingg the efficacy of total contact casting for the treatment of plantar 
foott ulceration. Armstrong and coworkers compared the effectiveness of total 
contactt casts (TCCs), removable cast walkers (RCWs), and half-shoes to heal 
neuropathicc foot ulcerations in individuals with diabetes.lS They concluded that 
withh TCC a significantly higher proportion of wounds heated in a shorter period 
thann with the two other widely used off-loading modalities. The total contact 
castt consists of a below-knee cast applied with minimal padding and designed 
too fit the lower leg like a glove. The vertical forces are evenly distributed over 
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thee sole of the foot, shear forces are reduced and the ulcer heals while the 
patientt continues to walk. This method is however contraindicated in patients 
withh infected or ischemic wounds. Edmonds et al. have shown that protective 
foott wear can reduce the risk of re-ulceration in patients with previous foot 
ulcers.399 However, data on the efficacy of therapeutic shoes is still lacking to 
datee and so is a comprehensive concept of the medical, functional, and technical 
requirementss for this type of footwear.40 Recently, Dahmen et al. described an 
algorithmm for therapeutic foot wear for the neuropathic foot in an attempt to 
establishh a link between the requirements from a medical point of view and the 
technicall  possibilities of orthopedic shoe technology.41 Non-compliance 
remainss a significant problem and patients often wear non-prescribed unsuitable 
footwear. . 

WoundWound dressings 
AA plethora of dressings is available for chronic wounds.42,43 There is no 
evidencee that any specific dressing enhances the healing rate of chronic diabetic 
ulcers.22 In general, wounds benefit from dressings that create a moist or gel-like 
environment.44'455 Winter's study in 1962 was the first study that showed 
enhancedd wound reepithelialization under occlusive dressings. Although studies 
inn chronic ulcers tend to be plagued by patient and wound related variability, 
thee beneficial effect of a moist wound environment has been well established 
sincee the first report of Winter. Controlled clinical studies have shown that 
100%% of acute wounds dressed with hydrocolloids were healed after 2 weeks 
comparedd to 63% of wounds dressed with a topical antimicrobial or gauzes.46 

Painn is significantly reduced when wounds are covered with occlusive 
dressings. . 
Thee beneficial effect of occlusive dressings appears to be related to different 
mechanisms.477 The moist environment that is created by occluding a wound 
promotess autolytic debridement, by simple hydration of necrotic eschar, and by 
creatingg conditions that are optimal for leukocyte and macrophage function and 
forr enzymatic digestion. In addition, occlusive dressings are able to create an 
oxygenn gradient between the well vascularized wound margins and the 
anaerobicc center, which may be a trigger for fibroblast and capillary 
proliferation,, and the release of growth factors by macrophages. Several other 
propertiess have been attributed specifically to hydrocolloid dressings, such as 
increasedd breakdown of dead tissue, fibrinolytic activity, and enhancement of 
interactionss between growth factors and their target cells. And finally, 
epithelializationn is accelerated because kcratinocytes migrate faster if crust 
formationn is not taking place. 
Sincee occlusive dressings facilitate the growth of anaerobic bacteria, there is 
somee hesitation to use them in diabetic ulcers, were the risk of infection is 
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increasedd and anaerobic bacteria are known pathogens. As in decubitus ulcers, it 
iss not advisable to use hydrocolloids on deep undermined necrotic ulcers, or on 
ulcerss were tendons are exposed, to avoid that bacteria-loaden exudate is locked 
underneathh and is forced in the wrong directions, in between tissues, fascia or 
withinn tendon sheets. Hydrogels can be used safely, they allow the drainage of 
woundd fluid and still create a moist environment. 
Thee costs for nursing care and patient transportation are major financial factors 
inn outpatient wound care, therefor dressings that can be left on the wound for a 
longerr period, or that can be applied at home by the patient or family may yield 
substantiall  savings.J* 

Thee majority of diabetic ulcers respond to these established treatment and 
dressingg regimens. However, approximately 15% of all patients with diabetic 
ulcerss under good control do not respond to conventional therapy and require 
thee use of advanced technologies to stimulate wound repair.47 The delay in 
woundd repair may be due to endogenous wound factors including senescent 
fibroblasts,, absence or diminished response to growth factors and abnormalities 
inn the cellular infiltrate.161 

Recentt advances'^"' "' 

RecombinantRecombinant human growth factors 

LocalLocal application 
Severall  well-characterized growth factors arc available for clinical use. The 
reportedd in vitro effects of growth factors are stimulation of cell mitosis, cell 
migration,, celi division, and an increase in matrix synthesis."''' In fetal 
mesangiall  cells, insulin like growth factor I (IGF-I) stimulated protein and 
proteoglycann synthesis. This stimulation increased with high glucose 
concentration."44 Topical application of platclct-derived-growth factor AB 
(PDGF-AB)) and transforming growth factor a (TGF-OE) has been reported to be 
successfull  in accelerating healing of full-thickness wounds in normal mice; 
basicc fibroblast growth factor (bFGF) normalized the delayed wound healing 
responsee in diabetic mice.55'5f> 

Variouss growth factors have been studied but the results of clinical trials with 
recombinantt human growth factors still remain disappointing. The available 
randomizedd controlled trials of growth factors suggest only potentially benefit 
fromm CT-102, which is derived from platelet supernatant and contains a number 
off  platelet-derived factors, and rhPDGF, a recombinant platelet derived growth 
factor.. The use of CT-102 was more effective than placebo in healing wounds, 
thee volume reduction was significantly greater and the rate of healing was 
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significantlyy faster.57 Recombinant deoxyribonucleic acid (DNA) technology 
hass been used to produce large quantities of specific growth factors. So far the 
onlyy recombinant prescription formulation approved by the FDA is becaplermin 
(rh-PDGF-BBB or Regranexx, Janssen-Cilag). In a 20-week study reported by 
Steedd et al., PDGF-BB was compared to placebo in large study groups that 
receivedd standard wound care. PDGF-BB demonstrated a significant higher 
percentagee of patients that reached complete wound healing versus placebo 
(48%% in the treatment group versus 25% in the control group).>R The incidence 
off  recurrence in the PDGF-treated groups was 30%, the same as in the placebo 
group.599 On the basis of one small pilot study, there is no evidence for the use of 
rbFGF.60611 EGF has not been studied in a randomized controlled fashion for the 
treatmentt of diabetic ulcers. 
Woundss that appear chronic in time are more likely to have senescent 
fibroblasts.fibroblasts. These fibroblasts have lost their proliferative capacity and are not 
expectedd to respond normally to endogenous or exogenous growth factors in the 
woundd milieu. Therefore removing senescent cells, nonviable tissue and fibrotic 
tissuee is a vital step towards improved wound healing. The application of a 
singlee growlh factor may very likely not be able to accelerate healing of all 
typess of chronic wounds. In a preclinical study we showed that the addition of a 
combinationn of PDGF and IGF-I to diabetic ulcer derived fibroblasts induced 
higherr stimulatory effects than the addition of PDGF alone.62 Combinations of 
growthh factors or sequential use of growth factors may be the future solution to 
acceleratee the wound healing process. 

SystemicSystemic application 
Inn a randomized controlled trial the effect of 7 days treatment with 
subcutaneouss injections with G-CSF (granulocyte-colony-stimulating factor) 
wass compared to placebo in diabetic ulcer patients. There was a statistically 
significantt reduction in median time to hospital discharge (10 vs. 17.5 days), 
cellulitiss was resolved in 55% of patients receiving G-CSF, versus 20% in the 
placeboo group, and healing occurred in 21% of patients treated writh G-CSF 
versuss 0% in the placebo group.63 In a recently published randomized 
prospectivee controlled trial, the administration of recombinant G-CSF for 3 
weekss as an adjunctive therapy for limb-threatening diabetic foot infection was 
associatedd with a lowrer rate of amputation within 9 weeks after the start of 
standardd therapy/*4 
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ExtracellularExtracellular matrix molecules 
InIn a randomized placebo-controlled trial 65 diabetic patients with chronic 
neuropathicc foot ulcers were treated twice weekly for up to 10 weeks with an 
arginine-glyccrine-asparticc acid peptide matrix. This matrix promoted and 
acceleratedd the healing of diabetic ulcers to a significant degree compared to 
controls."'' Another single-blind randomized trial studied arginine-glyeerine-
asparticc acid peptide in combination with hyaluronic acid (Hyaff* ) and achieved 
healingg in 25 % of the ulcer patients versus 2% of the placebo patients/'6 

AA new development is the use of small intestinal submucosa (SIS), extracted 
fromm porcine small intestine, as a biomaterial dressing. This acellular 
collagenouss sheet, also used as a vascular graft, recently received clearance by 
thee FDA for temporary coverage of partial thickness skin wounds.(;,'l h 

Bio-engineeredBio-engineered skin substitutes 
Skinn substitutes are biodegradable structures which consist of an epidermal 
and/orr dermal component.69," In diabetic ulcers the dermis is partially or totally 
destroyed.. Graitskin or Apligraf*  is an allogeneic biiayered skin equivalent 
consistingg of an upper layer with keratinoeytes and a lower, dermal layer of 
collagenn seeded with fibroblasts. In a randomized prospective trial the weekly 
applicationn of Graftskin for a maximum of 4 weeks resulted in complete wound 
healingg at 12 weeks in 56% of the ulcer patients (n=l 12) and 38% in the control 
groupp (n=96). ' ; Gentzkow et al.'J studied Dermagraft\ a bioabsorbable 
polyglactinn mesh seeded with neonatal fibroblasts, and showed 50% healing in 
thee diabetic ulcer group versus 7,7% in the control group after 8 weeks of 
treatment.. There was no significant difference in recurrence rate of ulcers 
betweenn the two groups. The number ofpatients in this study is small (12 vs 13, 
resp.).. A subsequent randomized study with 281 patients failed to show a 
beneficiall  effect of Dermagraft. The investigators suggested that a production 
problemm resulting in mctabolically inactive skin substitutes explained the 
discrepancy."'' A future trial must reveal the answer. 
Inn cases were rapid epithelialization or a firm end result is required, e.g. in 
patientss with recurrent ulcers or ulcers over bony prominences, full thickness 
autologouss punch grafting can be considered. 5 

HyperbaricHyperbaric oxvgen, light therapy, ultrasound and electrical stimulation 
Accordingg to the AHCPR guidelines (Agency for Health Care and Research 
Pressuree Ulcer Treatment Guidelines) the therapeutic efficacy of hyperbaric 
oxygenoxygen (HBO), light therapies (infrared, ultraviolet and low energy laser 
irradiations^)irradiations^) and ultrasound has not been sufficiently established to permit 
recommendationn of these therapies for the treatment of pressure ulcers.42 In the 
currentt literature there is one well-designed prospective randomized clinical 
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triall  on the effect of systemic hyperbaric oxygen for the treatment of diabetic 
ulcers.. This study included 35 subjects with primarily ischemic ulcers in the 
HBOO group and 33 subjects in the control group. An amputation ratio of 2 out 
off  22 (9.1%) treated patients versus 11 out of 20 (55%) control patients was 
established.. '8 

Noo randomized controlled studies are known for infrared treatment, ultraviolet, 
laserr treatment or ultrasound therapy. 
Onee randomized controlled clinical trial of two different forms of electrical 
stimulationstimulation revealed that a pulsed asymmetric biphasic waveform increased 
healingg by nearly 60% of the diabetic ulcers over controls, whereas a square 
waveformm did not increase healing over controls. 9 Also Peter and coworkers 
showedd in a randomized controlled clinical trial that electric stimulation 
(high-voltage,, pulse-galvanic) enhances wound healing when used in 
conjunctionn with appropriate off-loading and local wound care.80 Electrical 
currentt applied to wounded tissue increases the migration of neutrophils and 
macrophagess and stimulates fibroblasts, thereby increasing collagen 
synthesis.81'8' ' 

TopicalTopical negative pressure 
Theree is an indication that topical negative pressure, using suction to drain 
excesss fluid from wounds, promotes wound healing. The constant controlled 
forcess supposedly cause cellular stretching and stimulate a mitotic response 
resultingg in fibroblast proliferation and angiogenesis. Topical negative pressure 
wass studied in two randomized controlled clinical trials (RCT).8iM The first trial 
byy Joseph et al. considered patients with any type of chronic wounds, the other 
RCTT studied patients with diabetic foot ulcers only. They reported a reduction 
inn the number of days until healing and in wound surface area at 2 weeks in 
favorr of topical negative pressure. 

PharmacotherapyPharmacotherapy for the treatment of peripheral vascular disease 
Pentoxifylline,, officially defined as a hemorrheological agent that improves 
deformabilityy of stiff red blood cells, has been used for peripheral vascular 
diseasee to improve distal flow, but no randomized controlled large-scale 
prospectivee trials show benefit in diabetic patients.s; Kctanserin, a selective 
serotoninn antagonist, was studied in 2 randomized controlled trials.*6-*7 The 
largestt trial by Martinez ct al/7 implied a clinically important benefit from 
topicallyy applied ketanserin for diabetic neurotrophic foot ulcers when used in 
additionn to comprehensive care. 
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GeneGene transfer therapy 
Margoliss et al.*8 recently presented a phase I clinical trial to evaluate the safety 
off  using an adenovirus vector for gene transfer of PDGF-BB into diabetic ulcers 
byy local injection. 
Thiss trial was designed to improve the disappointing clinical results of the 
efficacyy of growth factors for the treatment of diabetic ulcers. Further studies 
aree required to evaluate the efficacy and safety. 

OzonOzon and warming therapy 
Exposuree to ozon-enriched oxygen. 20 minutes a day. has been propagated as 
healing-inducingg in several subtypes of chronic wounds like diabetic ulcers, but 
clinicall  studies confirming this hypothesis are not yet available. Warming 
therapyy has not been fully evaluated with controlled clinical trials for chronic 
diabeticc wounds. 

PreventivePreventive measures 
Thee effectiveness of injecting liquid silicone in the diabetic foot to reduce risk 
factorss for ulceration was investigated in a randomized double-blind 
placebo-controlledd trial.M All patient were injected with either silicone or saline 
underr the metatarsal heads at sites of calluses or high pressures. Patients wrho 
receivedd silicone injections had a significantly increased plantar tissue thickness 
andd decreased plantar pressures. A trend was noted towards a reduction of 
calluss formation in the silicone-treated group compared with no change in the 
placeboo group. 
Finally,, patient education increases their awareness of potential hazards 
(pressure,, minor skin trauma) and reduces infection and ulcer recurrence. In a 
studyy wrere diabetic patients were given specific foot instructions by their 
physicians,, less than half the number of serious foot lesions over the ensuing 12 
monthss were reported in the intervention group compared to a control group 
thatt received no special instructions.90 
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