
Abstract

Diabetic foot ulceration represents a major medical,
social and economic problem all over the world.
While more than 5% of diabetic patients have a histo-
ry of foot ulceration, the cumulative lifetime incidence
may be as high as 15%. Ethnic differences exist in
both ulcer and amputation incidences, with both being
less common in patients of Indian subcontinent origin
living in the UK. Foot ulceration results from the in-
teraction of several contributory factors, the most im-
portant of which is neuropathy. With respect to the
management of acute Charcot neuroarthropathy in di-
abetes, recent studies suggest that bisphosphonates re-
duce disease activity as judged not only by differences

in skin temperature, but also by assessing markers of
bone turnover. The use of the total-contact cast is
demonstrated in the treatment of acute Charcot feet
and of plantar neuropathic ulcers. Histological evi-
dence suggests that pressure relief results in chronic
foot ulcers changing their morphological appearance
by displaying some features of an acute wound. Thus,
repetitive stresses on the insensate foot appear to play
a major role in maintaining ulcer chronicity. It is
hoped that increasing research activity in foot disease
will ultimately result in fewer ulcers and less amputa-
tion in diabetes.
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Introduction

It was over one hundred years ago that Pryce, a sur-
geon working in Nottingham, England, recognised the
connection between diabetes and foot ulceration: “Di-
abetes itself may play an active part in the causation
of perforating ulcers” he wrote in the Lancet, and fur-

ther “it is abundantly evident that the actual cause of
the perforating ulcers was a peripheral nerve degener-
ation” [1, 2]. However, it was Paul Brand
(1914–2003) who added science to the art of foot care
[3, 4, 5]. When he spoke at a US Department of
Health conference and was asked to make a recom-
mendation on reducing amputation in diabetes, most
listeners expected an answer promoting vascular sur-
gery or modern medications. They were surprised to
hear that his key recommendation was a national cam-
paign to encourage physicians to remove patients’
shoes and socks and to examine the feet [3]. Although
always emphasising the art of clinical medicine in his
work, Brand also performed pioneering research look-
ing at abnormal foot pressures during walking, and he
described the use of thermography in assessing areas
at risk of imminent breakdown [4, 5].

Progress in our understanding of the pathogenesis
and management of the diabetic foot has been made in
the last 20 years. This has been matched by an in-



creasing number of publications in peer-reviewed
journals. Taken as a percentage of all Pub-Med listed
papers on diabetes, papers on the diabetic foot have
increased from 0.7% in the 1980–88 period to more
than 2.7% in the last 6 years. During the same time
period, foot councils and study groups have been
formed in the EASD and the ADA, and the Interna-
tional Working Group has published an international
consensus booklet on the diabetic foot [6].

This review will discuss the epidemiology of foot
problems, causal pathways that result in ulceration,
the importance of foot pressures, Charcot neuroar-
thropathy, an update on wound healing, and finally a
description of international developments and efforts
to improve the management of the diabetic foot.

Epidemiology

The study of the epidemiology of diabetic foot disease
has been beset by numerous problems relating to diag-
nostic tests and population selection [7, 8]. Until prop-
er population-based registers of people with diabetes
are available, reliable data relating to accurate esti-
mates of the prevalence and incidence of these late
complications will be limited. It is clear, however, that
foot ulcers and amputations remain common and seri-
ous complications of both main types of diabetes,
which are associated with significant mortality [9, 10].
Useful definitions for these two conditions are as fol-
lows [9]: foot ulcers are lesions that involve a skin
break with loss of epithelium, and that may extend
into the dermis and deeper layers, sometimes involv-
ing bone and muscle; amputation is the removal of a
terminal, non-viable portion of the limb.

A selection of recent epidemiological data [11, 12,
13, 14, 15, 16, 17] on ulceration and amputation is
listed in Table 1. Two studies from northern European
countries reported the annual incidence of foot ulcers
in the general diabetes population to be just over 2%
[12, 13]. Ulceration is much more common in patients

with predisposing risk factors; annual incidence rates
in neuropathic individuals vary from 5% to over 7%
[18, 19]. It is likely that more than 5% of diabetic pa-
tients have a history of foot ulcers [11], whereas the
cumulative lifetime incidence may be as high as 15%
[9].

Up to 85% of amputations are preceded by foot ul-
cers. It can therefore be presumed that any successes
in reducing foot ulcer incidence will be followed by a
reduction in the number of amputations. To date, stud-
ies in Europe, with the exception of a study in Sweden
[20], have been disappointing in this respect. Studies
from Germany have shown no evidence of a decrease
in amputation in the last decade [21, 22], whereas one
report from the UK actually reported an increase [23].

Ethnicity and ulceration/amputation. Studies from the
UK suggest that foot ulcers and amputations are less
common in Asian patients of Indian subcontinent ori-
gin [24, 25], whereas Afro-Caribbean males, but not
females, have lower amputation rates [26]. Possible
explanations for the findings in Asian patients relate
to differences in limited joint mobility, and to better
foot care in certain religious groups such as Muslims.
In contrast, Resnick et al. [27] reported that amputa-
tion rates were more common amongst black subjects
with diabetes than in white Americans. Similarly, ul-
ceration was much more common in Hispanic Ameri-
cans and in native Americans than in non-Hispanic
whites [14].

Costs of ulceration/amputation. One of several rea-
sons that resulted in the American Diabetes Associa-
tion holding a consensus conference on diabetic
wound care in 1999 was the vast cost of diabetic foot
disease, and the real need to develop cost-effective
measures to treat and prevent ulcers [28]. More re-
cently, Shearer et al. [29] confirmed that diabetic pa-
tients with neuropathic risk factors (reduced vibration
perception) incur five times more direct medical costs
for ulcers and amputations, and live for 2 months less,
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Table 1. Epidemiology of diabetic foot ulceration

Author Year No. Ref. Country Prevalence Incidence

Ulcer Amputation Ulcer Amputation

Europe/N. America
Kumar et al. 1994 811 [11] UK 1.4 1.4
Abbott et al. 2002 9710 [12] UK 1.7 1.3 2.2
Mueller et al. 2002 665 [13] NL 2.1 0.6
Lavery et al. 2003 666 [14] USA 6.8 0.6

Global
Humphrey et al. 1996 1564 [15] Nauru, Pacific region 0.76
Belhadj* 1998 865 [16] Algeria 11.9 6.7
Pendsey* 1994 11,300 [17] India 3.6

Studies are population- or community-based, except * = clinic based; NL, The Netherlands



than individuals without neuropathy. Similarly, a
Swedish study reported that an intensified prevention
strategy involving education, foot care and footwear
would be cost-effective and even cost-saving if ap-
plied to patients with risk factors [30].

Average inpatient costs for lower limb complica-
tions in 1997 were: foot ulcers $16,580; toe or toe and
other distal amputations $25,241; major amputations
$31,436 [31]. The average outpatient cost for one dia-
betic foot ulcer episode has been estimated at $28,000
over a 2-year period [32].

Causal pathways to foot ulceration

Foot ulcers rarely result from a single pathology. It is
rather the interaction of two or more contributory
causes that lead to the breakdown of the high-risk foot
[33]. The neuropathic foot, for example, does not
spontaneously ulcerate; it is the combination of insen-
sitivity and either extrinsic factors (e.g. walking bare
foot and stepping on a sharp object, or simply wearing
ill-fitting shoes) or intrinsic factors (e.g. patient with
insensitivity and callus who walks and develops an ul-
cer) that ultimately results in ulceration. Neuropathy is
the most important contributory cause in the pathway
to ulceration [34], discussed below along with other
causes.

Neuropathy. The association between both somatic
and autonomic neuropathy and foot ulceration has
been recognised for many years [35]. It is only in the
last decade that prospective follow-up studies have
confirmed this causative role of somatic neuropathy
[12, 18, 19]. Patients with sensory loss appear to show
an increase in risk of developing foot ulcers of up to
seven-fold, compared with non-neuropathic diabetic
individuals. Poor balance and instability are increas-
ingly being recognised as troublesome symptoms of
peripheral neuropathy, presumably secondary to pro-
prioceptive loss. The relationship between sway, pos-
tural instability and foot ulceration has been con-
firmed [36, 37].

Peripheral autonomic (sympathetic) dysfunction re-
sults in dry skin and, in the absence of peripheral vas-
cular disease, a warm foot with distended dorsal foot
veins. This may pose problems in terms of patient ed-
ucation as there is a strong lay belief that all foot
problems result from vascular disease. Thus, patients
may find it difficult to accept that their warm but pain-
free feet are at significant risk of unperceived trauma
and subsequent ulceration [38].

In practice, peripheral neuropathy can easily be
documented by a simple clinical assessment of large
fibre function (e.g. loss of vibration perception using a
128-Hz tuning fork), small fibre function (e.g.
hot–cold rods and/or pin-prick sensation) in the feet,
together with assessment of ankle reflexes [12, 39]. A

composite score comprising these clinical measures,
the modified neuropathy disability score, has been
shown to be useful in the prediction of those at risk of
future ulceration [12]. The 10-g monofilament, used
to test pressure perception, is frequently employed to
assess diabetic patients’ foot ulcer risk status [40]. Al-
though simple to perform, care must be taken to en-
sure that the filaments used are accurate in delivering
a 10-g force when used [41]. Moreover, it has also
been suggested that the widespread use of filaments
needs to be reappraised as this may not be the most
sensitive test [42].

For clinical research, electrophysiology (e.g. pero-
neal nerve conduction velocity) has been shown to be
an excellent surrogate endpoint for foot ulceration in
trials of agents that might influence the natural history
of neuropathy [43].

Peripheral vascular disease. Peripheral ischaemia re-
sulting from proximal arterial disease was given as a
component cause in the pathway to ulceration in 35%
of cases in the two-centre study of causal pathways
[34]. A recent comparative study of peripheral arterial
disease in diabetic and non-diabetic patients con-
firmed that diabetic patients had more distal disease
and a poorer outcome with respect to amputation and
mortality [44]. The ischaemic foot is red, dry and of-
ten neuropathic. It is therefore susceptible to pressure
from, for example, footwear.

Other risk factors. The presence of foot deformity,
particularly claw toes and prominent metatarsal heads,
is a proven risk factor for ulceration [34, 45]. Similar-
ly, plantar callus accumulation was associated with a
77-fold increase in risk in one cross-sectional study.
However, in the follow-up of the same patients, plan-
tar ulcers only occurred at sites of callus in neuropath-
ic feet, representing an infinite increase in risk [46].

Other risk factors include the presence of the fol-
lowing: other microvascular complications, increasing
duration of diabetes, increases in plantar foot pres-
sures (see below), peripheral oedema, and most pre-
dictive of all, a past history of foot ulcers or amputa-
tion [33].

Prevention of foot ulcers amongst those identified
as having risk factors is pivotal if the high incidence
of ulcers is to be reduced, especially as more than
80% of amputations are preceded by ulcers. Unfortu-
nately, a systematic review of studies of preventative
foot care education was unable to confirm the useful-
ness of education [47]. There is, however, a sugges-
tion that education and regular podiatric care may re-
sult in earlier presentation when ulcers develop [48].

Most of the studies referred to in this section report
on physical factors that contribute to ulcer develop-
ment. As discussed by Vileikyte [38], there have been
very few studies of psychosocial factors in the path-
way to ulcers. It appears that patients’ behaviour is
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driven not by the abstract designation of being “at
risk”, but by the patients’ own perceptions of their
risks. Thus, if patients do not believe that a foot ulcer
lies on the path from neuropathy to amputation, are
they likely to follow educational advice on how to re-
duce ulcer risk? [49]. It is clear that research in this
area is urgently required. A pathway to foot ulceration
including areas where psychosocial factors are rele-
vant is presented in Figure 1.

Foot pressure studies in diabetes

Using the optical pedobarograph [50], a number of
studies were performed over a 10-year period to in-
vestigate the relationship between plantar foot pres-
sures, neuropathy and foot ulceration. After our initial
confirmation that plantar ulcers invariably occurred at
sites of high pressure [35], we demonstrated that foot
pressure abnormalities occur early in the natural histo-
ry of neuropathy [51]. In a longitudinal study it was
confirmed that sites of peak pressure change over
time, an observation with important implications for
orthotists [52]. The observation of a reduced hyper-

aemic response under high-pressure areas suggested
that skin breakdown resulted from repetitive pressure
(as in walking) under areas such as the metatarsal
heads, with a failure of blood flow recovery between
footsteps [53]. In a comparative study in patients with
rheumatoid feet [54], high foot pressures were com-
mon in both diabetic and rheumatoid groups, confirm-
ing that high pressures alone do not result in ulcer-
ation. It is the combination of pressure and insensitivi-
ty that completes the causal pathway.

Subsequently, a cross-sectional study confirmed the
need for adequate debridement in the management of
neuropathic ulcers; callus removal was demonstrated
to result in a significant reduction of foot pressure
[55]. Finally, a prospective study confirmed that high
foot pressures predict ulcer development in the insen-
sate foot [56].

However, subsequent studies have suggested that
other risk factors, such as callus, are more predictive
of future ulceration [46], and that foot pressure is a
poor tool when used alone to predict ulceration [57].

Alternatives to foot pressure measurement. Although
studies using the optical pedobarograph and other foot
pressure assessment devices [58] have helped in the
understanding of foot ulcer pathogenesis, they are not
suited to day-to-day clinical practice in busy diabetic
foot clinics. Thus, a simple inexpensive, but reliable,
method for screening feet could be helpful to both
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Fig. 1. Causal pathways to foot ulceration emphasising the key
role of the patient in ulcer prevention (spheres and arrows); 
t, temperature. Illustration courtesy of L. Vileikyte



physicians and patients. Such a semi-quantitative
method, the Podotrack footprint system, was devel-
oped in The Netherlands. The Podotrack footprint sys-
tem (PressureStat in the USA) is a semi-quantitative
footprint mat that quantifies plantar pressure by visual
comparison of the greyness of the footprint with the
calibration card [59]. In a comparative study with the
gold standard, the optical pedobarograph, van Schie et
al. confirmed that trained observers correctly identi-
fied high-pressure areas using the Podotrack, the re-
sults of which correlated well with those of the pedo-
barograph, suggesting that this system could be a use-
ful screening tool [59]. Moreover, the visual impact
on the patient (dark area = danger of ulceration) could
be used as an educational aid (Fig. 2).

The development of a new ultrasound technique for
the measurement of plantar tissue thickness provides a
potential surrogate measure of plantar foot pressures.
The Planscan platform [60] allows dynamic ultra-
sound measurement of plantar tissue thickness while
the patient is bearing weight. In a comparative study
using this technique and plantar pressures measured
using the pedobarograph [61], Abouaesha et al. dem-
onstrated that plantar tissue thickness under the meta-
tarsal heads is inversely correlated with dynamic foot

pressures. A follow-up study confirmed that high
plantar pressure can be predicted from plantar tissue
thickness with high sensitivity and specificity [62].
Thus, measurement of plantar tissue thickness by ul-
trasound provides an alternative means of assessing
risk of ulceration in neuropathic patients in clinics
without sophisticated foot pressure measurement sys-
tems.

Interventions to reduce foot pressures. A number of
interventions have been used to reduce or at least re-
distribute pressure under the feet, particularly on the
metatarsal heads. These include sport shoes, extra-
depth shoes and custom-moulded shoes, sometimes
with the addition of a rigid or Rocher sole, according
to the deformity [58]. A number of orthotic devices
inserted into specialist footwear have also been de-
scribed.

Two other approaches to reducing foot pressures,
special hosiery and injected liquid silicone, have also
been researched and will be described in greater de-
tail.

Special hosiery. The observation that the use of spe-
cial padded hosiery could reduce blister formation in
long-distance runners [63] suggested that similar
socks might be beneficial to diabetic neuropathic pa-
tients. Initial studies in high-risk diabetic neuropathic
patients with elevated foot pressures suggested that
the use of specially designed padded hosiery could re-
duce dynamic foot pressures by up to 33% [64]. The
potential usefulness of such hosiery was subsequently
confirmed in a longitudinal multi-centre study [65].
The clinical use of this and similar pressure-reducing
hosiery is currently under active investigation.

Injected liquid silicone. As noted above, previous
studies have confirmed that reduction of subcutaneous
tissue under the metatarsal heads of neuropathic pa-
tients is associated with increased dynamic foot pres-
sures and consequent increased risk of foot ulcer [61,
62]. Previous anecdotal reports had suggested that the
injection of liquid silicone under high-pressure areas
of neuropathic feet, thereby increasing the protective
“padding”, was associated with reduced ulcer forma-
tion [66]. A randomised, double-blind trial of injected
liquid silicone in the diabetic foot was later carried out
in an attempt to confirm these earlier observations.
Van Schie et al. [67] confirmed that silicone injections
were associated with increased sub-metatarsal head
soft-tissue thickness, decreases in foot pressures and
reduced callus formation. Thus, the use of an “inject-
able orthosis” might well be beneficial in high-risk pa-
tients. Subsequent follow-up studies confirmed that
the patients at greatest risk of ulceration (those with
the highest baseline foot pressures) were most likely
to benefit from silicone injections [68], but that after 2
years of follow-up, the benefits of injections, though
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Fig. 2. Two examples of footprints recorded using the
Podotrack (PressureStat System). A normal foot is depicted on
the left, with an abnormal example of a patient with Charcot
neuroarthropathy on the right, showing high pressures (darker
areas) under the hallux, first metatarsal head and the bony
prominence in the cuneiform–metatarsal region. The calibra-
tion card is shown at the top centre of the figure (reproduced,
with permission, from reference [59])



still demonstrable, were reduced in comparison with
baseline, suggesting that booster injection may be
needed periodically [69]. This too is an area of current
research.

Charcot neuroarthropathy

Originally described in patients with tabes dorsalis, a
Charcot joint can be defined as one in which there is
the simultaneous presence of bone and joint destruc-
tion, fragmentation and remodelling [70]. Today, dia-
betes is the commonest cause of Charcot neuroar-
thropathy (CN) in western countries. The initiating
event of the Charcot process is typically a seemingly
trivial injury, which may result in a minor peri-articu-
lar fracture, or even a major fracture. Both somatic
and autonomic peripheral neuropathy are believed to
be prerequisites for the development of CN. Somatic
neuropathy allows repeated insensate injury to go un-
noticed, and autonomic dysfunction, in the absence of
proximal arterial disease, results in increased periph-
eral blood flow with arterio-venous shunting, perhaps
even in bone. Although Young et al. demonstrated re-
duced bone mineral density in the involved limbs of
diabetic patients with CN [71], prospective studies are
required to see whether localised osteopaenia increas-
es the risk of developing CN.

The treatment of CN depends on the stage during
which it is diagnosed. Although up to 50% of patients
do experience pain or discomfort in the acute phase,
the diagnosis is often made too late to arrest the de-
structive changes in bones and joints [70]. The pres-
ence of unilateral heat and swelling in a neuropathic
diabetic patient should be presumed due to acute CN
until proven otherwise. The management was until
recently further hampered by the lack of any random-
ised trials at any stage of CN. The essence of treat-
ment in the acute phase remains non-weight-bearing
immobilisation in a total-contact or removable cast
walker.

We were impressed by observations of similarities
between acute CN and reflex sympathetic dystrophy.
The suggestion that treatment with bisphosphonates
might be useful in the management of this latter con-
dition resulted in a preliminary pilot study of
Pamidronate in acute CN [72]. Bisphosphonates are
potent inhibitors of osteoclast activation, and as such,
might reduce disease activity in the acute phase when
bone turnover markers are known to be increased [73,
74]. In this pilot study, the first to address the underly-
ing disease process, symptoms improved and there
was normalisation of the skin temperature differential
between acute and non-involved feet, as well as a fall
in bone turnover, as judged by alkaline phosphatase
[72]. These observations resulted in a randomised,
double-blind trial of intravenous Pamidronate versus
placebo in acute CN [75]. The confirmation by

McGill et al. [76] that skin temperature differential
closely mirrors CN disease activity as measured by
isotope bone scans, justified the use of skin tempera-
ture differential as a primary endpoint in this trial.
Other endpoints included bone-specific alkaline
phosphatase (BSAP) and urinary dehyroxypyridino-
line, markers of bone formation and resorption re-
spectively. Pamidronate resulted in a significant re-
duction in symptoms and bone turnover markers
compared with the placebo, but in both groups there
were significant reductions in skin temperature dif-
ferential compared with baseline. It was concluded
that Pamidronate was the first pharmacological treat-
ment with proven efficacy in acute CN. The im-
provement in skin temperature differential in the pla-
cebo group was deemed to be a result of effective of-
floading. Trials of oral bisphosphonates in acute CN
are currently in progress.

Thus, although the true pathogenetic mechanisms
that act together to result in CN remain to be clarified,
progress towards specific pharmacological treatments
for acute CN has been made.

Wound healing and the importance of offloading

Wound healing is a tissue response to injury and pass-
es through the phases of inflammation, chemotaxis,
cellular proliferation, extracellular matrix deposition,
and finally wound remodelling and scarring [77]. Dia-
betes may influence foot wound healing in many
ways, including an impairment of peripheral circula-
tion, altered leucocyte function, disturbed balance of
cytokines and proteases, and even chronic hypergly-
caemia itself [78, 79, 80]. However, until recently, the
role of offloading in impaired wound healing has not
been considered [81].

Rationale for assessment of role of offloading. A nor-
mal individual with a foot wound will limp to avoid
putting pressure on the wound as this is painful, hence
the early observation in leprosy that a patient who
walks on a plantar wound without limping must have
neuropathy [3]. The peripheral loss of sensation in pa-
tients with diabetes and leprosy was therefore be-
lieved to permit weight-bearing on an active plantar
ulcer, which in turn was believed to impair healing
and promote the chronicity of the ulcer [2, 3]. The
problem was summarised by Brand who said the fol-
lowing when referring to the neuropathic ulcer:
“Dressings and bandages deceive both the doctor and
the patient into thinking that by dressing the ulcer,
they were curing it”. Brand therefore promoted the
use of total-contact casts (TCC) in the management of
plantar neuropathic ulcers, a practice first described
for the management of foot ulcers in leprosy in India
and Ceylon (now Sri Lanka) prior to the introduction
of antibiotics [3].

1348 A. J. M. Boulton:



The principle of TCC management is that pressure is
mitigated, but in addition, as the device is irremovable,
compliance with the treatment is enforced and mobility
is reduced. Following a number of published case series
(e.g. [82]), the first randomised trial of casting was pub-
lished by Mueller et al. in 1989 [83]. This study, in
which the TCC was compared with accommodative
footwear, reported significantly faster healing in the
TCC, with an absolute risk reduction of 59%.

As a result of this randomised study and previous
case series, TCC was accepted as the gold standard by
the American Diabetes Association [28], although a
systematic review concluded that further confirmatory
studies were required [84].

A second randomised trial was performed, in which
the TCC was compared with a removable cast walker
(RCW) and a half shoe [85]. Again, the TCC proved to
be superior to the other two modalities in terms of time
needed to complete healing. Patients in the TCC were
also significantly less active as measured by steps per
day. However, as previous gait laboratory studies had
confirmed that the RCW reduces pressure to approxi-
mately the same degree as the TCC [86, 87], the ques-
tion remained as to why the TCC was superior in terms
of wound healing compared with the RCW. One strong
possibility relates to patient compliance. While the
TCC was irremovable, the RCW was removable by
definition. This hypothesis was therefore tested in a
study of 20 subjects with plantar ulcers provided with
removable cast walkers [88]. Total activity (measured
in activity steps per day) was recorded from a waist-
worn computerised accelerometer (pedometer). This
activity was subsequently correlated to activity record-
ed on an RCW-mounted accelerometer, which was nei-
ther visible nor accessible to the patient. Although pa-
tients were advised to wear the RCW whenever walk-
ing, this study showed that only 28% of daily activity
was taken whilst wearing the RCW. Thus, most of the
activity of neuropathic foot ulcer patients is undertaken
without offloading, which might partially explain the
poor outcome of many trials of proposed new agents
(e.g. [89]) that have not used effective offloading.

Problems with the TCC include the level of skill re-
quired to apply the device, the expense of time and
materials (the device should be removed and replaced
weekly) and the potential of a rigid cast to injure the
neuropathic foot [78, 82, 85]. Accordingly, an alterna-
tive to the TCC was proposed, by Armstrong et al.,
and named the “instant total-contact cast” [90]. This
technique involves taking an RCW and rendering it ir-
removable by wrapping it with one or two bands of
plaster of paris (Fig. 3), thereby addressing most of
the disadvantages of the TCC but preserving irremov-
ability. A preliminary randomised trial of the TCC
versus the instant TCC in the management of plantar
neuropathic foot ulcers has confirmed not only equiv-
alent efficacy of the two devices, but also that the in-
stant TCC is cheaper, quicker to apply and has fewer

adverse effects than the traditional TCC [91]. As this
device does not require a skilled technician to apply it,
it could revolutionise the future management of plan-
tar neuropathic ulcers.
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Fig. 3 a. A typical total-contact cast using the treatment of
neuropathic foot ulcers. b. A patient wearing a removable cast
walker (DH Walker, Royce Medical, Camarillo, Calif., USA).
c. “Instant total-contact cast”. The removable cast walker
shown in b has now been rendered irremovable by the applica-
tion of bands of casting



Offloading and wound healing. The effects of pressure
relief on the histopathological features of neuropathic
ulcers was recently assessed in a randomised study [92]
from Pisa, where ulcerectomy is routinely performed
for plantar ulcers. Patients with chronic neuropathic ul-
cers were randomised to ulcerectomy at presentation or
after 20 days of offloading in a TCC. While histological
features of chronic inflammation, with mononuclear
cell infiltration, cellular debris and scarce evidence of
angiogenesis or granulation, were seen in patients who
underwent ulcerectomy at presentation, granulation
neo-angiogenesis and a predominance of fibroblasts
were seen in the casted patients [92]. These important
observations strongly suggest that repetitive pressure on
a neuropathic wound contributes to the chronicity of the
wound, whereas pressure relief results in the wound ap-
pearing, in several respects, more like an acute wound
in the reparative phase.

Other factors in the chronicity of wounds. Recent
studies have also demonstrated other abnormalities
frequently seen in chronic neuropathic diabetic foot
ulcers. Jude et al. described the lack of up-regulation
of TGF-β1 in foot ulcers, and Lobmann and col-
leagues described increases in matrix metallopro-
teinases and decreased concentration of their in-
hibitors, both of which could explain impaired wound
healing [79, 80]. A lack of insulin-like growth factor-1
in the basal keratinocyte layer of biopsies from foot
ulcers [93], and increased nitric oxide synthase activi-
ty in foot ulcers [94] may also be contributory to re-
tarded wound healing in diabetes.

Recent studies suggest that psychological distress
(depression and anxiety) is common in diabetic pa-
tients with neuropathy and foot ulcers [38]. This could
impact on wound healing in two ways: (i) poor foot
care and reduced compliance with offloading is more
likely in depressed patients [38, 95]; (ii) there is sub-
stantial evidence that factors such as stress, negative
affect and/or lack of social support have adverse con-
sequences for the wound healing response. Stress has
been shown to delay wound healing, possibly by alter-
ing proinflammatory cytokine production [96, 97]. In
addition, depressive symptoms might, via the hypo-
thalamic pituitary adrenal and sympathetic adrenal
medullary axes, mediate matrix metalloproteinase lev-
els, thereby impacting on wound healing [98].

In summary, the area of wound healing and diabe-
tes is extremely complex, but recent research would
suggest that repetitive stresses on diabetic foot ulcers
play a major part in maintaining the chronicity of the
wound. In the near future, gene therapy for certain
chronic wounds is likely to become reality [99]. Simi-
larly, as pluripotential stem cells are capable of differ-
entiating into a variety of cell types including 
fibroblasts and keratinocytes, stem cell therapy may
be efficacious in chronic wounds. Preliminary data
have suggested that autologous bone marrow cells ap-

plied to chronic wounds might accelerate healing
[100].

International developments

Diabetic foot problems remain common all over the
world, but are particularly prone to result in amputa-
tion in developing countries [101, 102]. While risk
factors for ulceration appear to be similar among Eu-
ropean countries [103], differences do exist between
European and African and Asian countries, with vas-
cular disease being less common in developing coun-
tries [104]. In view of the global problem of diabetic
foot disease, the International Working Group on the
Diabetic Foot was created about 10 years ago, which
later became an official consultative section of the
International Diabetes Federation in 2001. This
group published an international consensus docu-
ment and practical guidelines on the management
and prevention of the diabetic foot in 1999
(http://www.diabetic-foot-consensus.com). A further
consensus document on diagnosing and treating dia-
betic foot infections was recently published [105]. It
is hoped that the continuing activities of groups such
as these, in combination with a better understanding
of the science of foot wounds and their healing, will
result in fewer ulcers and amputations as well as in
improved quality of life for our diabetic patients in
the 21st century.
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