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Thesis outline

This thesis aims to expand the knowledge about the natural history, predictive

factors of key outcomes and management of diabetic patients with foot ulcers.

In Chapter 1 we present a broad review of the topic emphasising the
pathophysiology and principles of management of the diabetic foot. It has been
published as a chapter of the book “Mechanisms of Vascular Disease: A reference
book for Vascular Specialists”. This is a core text for Vascular Training in

Australasia.

The subsequent chapters are a series of published manuscripts covering different
topics associated with diabetes-related foot disease. In Chapter 2 we present a
review exploring the differences in presentation, anatomy of vascular disease and
outcomes of treatment of chronic lower limb threatening Ischaemia between diabetic
and non-diabetic patients. Chapter 3 describes both the burden of lower limb
amputation (minor and major) in Australia and New Zealand using the Australasia
Vascular Audit (AVA) database and the financial costs of diabetic patients

undergoing amputations in our institution.

The following research gaps were identified during the literature review process and

were factored into the research design:

(1) Lack of standardisation in assessment of foot wounds. Assessment of wounds
is an integral part of assessment of patients with diabetic foot disease. Having
a method of objective wound assessment is especially important when
performing research involving wound management. We were aware of a
prototype device (WoundVue® camera) that was developed by the machine

learning department at The University of Adelaide in collaboration with a local



technology company - LBT Innovations Limited (Adelaide, South Australia). We

proposed to validate the WoundVue® for assessment of diabetic foot wounds.

Research question: Is the WoundVue camera capable of reliably assessing

foot wounds in diabetic patients?

(2) Lack of information about prevalence of micronutrient deficiency in the diabetic
foot population. Anecdotal data from patients seen at the foot clinic at the
Queen Elizabeth hospital suggested that a high prevalence of mineral and
vitamin deficiency exists in this population.

Research question: What is the prevalence of micronutrient deficiency in
diabetic patients with foot ulcers?

(3) Paucity of prospective research assessing factors associated with key
outcomes in diabetic foot disease. A new classification system for threatened
limbs was proposed in 2014 by the Society for Vascular Surgery and provides
a comprehensive assessment of limb status. This classification, named WIfl, is
particularly applicable to diabetic patients with foot ulcers and therefore was
endorsed by the International Working Group on the Diabetic Foot. Despite
multiple researchers using this WIfl classification, there were a lack of
prospective trials assessing the value of this scoring system on assessment of
patients with diabetic foot ulcers. We decided to include the WIfl system in the
prospective trial assessing factors associated with negative outcomes in

diabetic foot disease.

Research question: What are the factors associated with risk of major
amputation, mortality, wound healing completion and amputation free survival

in diabetic foot disease?



Chapters 4 to 6 address the aforementioned specific research questions. Chapter 4
describes a study using the WoundVue® system, which is a prototype device that
uses the principles of stereophotogrammetry to provide a 3-dimensional assessment
of wounds. The study showed that the WoundVVue® camera is capable of providing
accurate and reproducible wound measurements and it has the potential to be a
valuable adjunct in diabetic foot wound care. We report in Chapter 5 the prevalence
of micronutrient deficiencies in diabetic patients with foot ulcers. It is well known that
micronutrients, such as vitamin C and zinc, have an important role in wound healing.
However, micronutrient deficiencies are not commonly assessed in clinical practice
for diabetic patients with foot ulcers. Knowing the prevalence of micronutrient
deficiency could reveal a potential target for intervention. In Chapter 6 we present
the results of a prospective observational study assessing factors associated with
key outcomes in diabetic foot disease: namely major amputation, mortality,
completion of wound healing and amputation-free survival. As part of this study, we

have prospectively validated the WIfl classification system.

Finally, in Chapter 7 we summarise the main findings of this thesis and discuss its

implications for clinical practice and scientific research.

The appendix chapters include the research baseline and follow up questionnaires;
data dictionary and two published manuscripts about diabetic-related foot disease

that G Pena contributed as co-author.



Statement of Authorship

Tile of Paper Pathophysiology and principles of
management of the diabetic foot

Publication Status X' Published ]m Accepted for Publication
Unpublished and Unsubmitted w ork w ritten in
r britted w otk written |
[ Submitted for Publication manuscript style
Publication Details Pena G., Armstrong D.G., Mills J.L., Fitridge R. (2020) Pathophysiology and

Principles of Management of the Diabetic Foot. In: Fitridge R. (eds)
Mechanisms of Vascular Disease. Springer, Cham.
{tps://doi.org/10.1007/9 78-3-030-43683-4 26

Principal Author

Mame of Principal Author {Candidate) Guilherme N Pena

Contribution to the Paper . . .
P Performed literature review about the topic and wrote book chapter on

evidence-based management of diabetic foot disease.

X
0,
Overall percentage (%) 80%
Certification: This paper reports on literature review | conducted during the period of my Higher Degree by

Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis, | am the primary author of this paper.

Signature ~7 Date
20/06/2021

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:
i. the candidate's stated contribution to the publication is accurate (as detailed above);
i, permission is granted for the candidate in include the publication in the thesis; and
ili. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author David G. Armstrong

Contribution to the Paper
P Helped to evaluate and edit the book chapter.

30/06/21
Signature - ‘ Dale |

Name of Go-Author Joseph L. Mills

Caontribution to the Paper .
Helped fo evaluate and edit the book chapter.

Signature l Date \ é% Z/l

vV J



Name of Co-Author Robert Fitridge

Contribution to the P . .
oniribution o fhe Faper Supervised development of work, helped in planning editing the

book chapter.

p i
Signature |Date | lvff Gl

Please cut and paste additional co-author pxanels here as required.




Chapter 1. Pathophysiology and Principles of Management
of the Diabetic Foot

Guilherme Penal?, David G. Armstrong?, Joseph L. Mills4, Robert Fitridge!?
The University of Adelaide, Adelaide, Australia

2Department of Vascular and Endovascular Surgery, Royal Adelaide Hospital, Adelaide. SA,
Australia

3Southwestern Academic Limb Salvage Alliance (SALSA) at Keck School of Medicine, USC,
California, USA

“Vascular and Endovascular Surgery, DeBakey Department of Surgery, Baylor College of
Medicine, Houston, Texas, USA

Pena G., Armstrong D.G., Mills J.L., Fitridge R. (2020) Pathophysiology and
Principles of Management of the Diabetic Foot. In: Fitridge R. (eds) Mechanisms
of Vascular Disease. Springer, Cham. doi: 10.1007/978-3-030-43683-4_26

Key Learning points

e Diabetic foot complications are the most common cause of “non-traumatic”
lower limb amputation. Eighty five percent of these amputations are preceded
by foot ulceration.

e Diabetic neuropathy is the most prevalent chronic complication of diabetes,
affecting at least half of all diabetic patients during their lifetime. The
pathogenesis of diabetic neuropathy is complex, multifactorial and not fully
understood. Metabolic abnormalities that are implicated in the pathogenesis of
diabetic neuropathy including non-enzymatic glycosylation of neural
structures, malfunction of polyol metabolism, activation of the hexosamine
pathway and protein kinase C (PKC) isoforms.

e Approximately 50% of patients with a diabetic foot ulcer have coexisting PAD.

PAD in diabetes tends to occur more distally than smoking-related PAD and is




particularly common below the knee. These atherosclerotic lesions tend to be
multilevel with a high prevalence of long occlusions.

Conventional methods of assessing tissue perfusion in the peripheral
circulation are frequently unreliable in patients with diabetes, and therefore it
is challenging to determine the perfusion deficit in patients with diabetic foot
ulceration.

WIfl classification should be used for limb staging in the diabetic foot and is
based on grading Wound, Ischaemia and foot Infection on a scale from 0 to 3.
WIfl can be used to assess the risk of major limb amputation at 1 year and
also the need for revascularisation.

The principles of management of diabetic patients with foot ulcers include
offloading, wound management, management of infection, assessment of
perfusion and revascularisation if required.

Negative pressure wound therapy should be considered in patients with
diabetes and a post-operative (surgical) wound on the foot. infection severity
guides the choice of the empiric antibiotic regimen and its route of
administration. The presence of osteomyelitis has important diagnostic,
therapeutic and prognostic implications. The current IWGDF guidelines
recommend treatment of diabetic foot osteomyelitis with antibiotic therapy for
no longer than 6 weeks.

Assessment of perfusion in the diabetic foot can be challenging. The level of
perfusion required to heal a foot ulcer depends on multiple factors such as
ulcer size and location, presence/extent of gangrene and infection. The Global

Vascular Guidelines on the management of chronic limb-threatening
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Ischaemia recommends an evidence-based approach to diabetic patients with
foot ulceration.

e Charcot neuroarthropathy is a serious but frequently missed condition in
people with diabetic neuropathy. The hallmark of this condition is a warm,
swollen and erythematous foot which can easily be misinterpreted as acute
infection, gout or osteomyelitis. Early treatment of Charcot requires
immobilization and non-weight- bearing in a cast until the acute inflammatory

process subsides.

Introduction

Diabetes is a major public health challenge worldwide, which is associated with a
variety of complications including cardiovascular, kidney, eye and foot disease. It is
an important cause of mortality, morbidity, cost (to health systems and the patient)
and disability worldwide. The number of adults living with diabetes worldwide has
guadrupled over the last 35 years and will continue to rise(1). In 2013, approximately
382 million people had diabetes and this number is expected to rise to 592 million by

2035(2).

Diabetic foot may be defined as infection, ulceration or destruction of tissues of the
foot associated with neuropathy and/or peripheral artery disease in the lower
extremity of people with diabetes(3). It is estimated that patients with diabetes have
a 34% lifetime risk of developing a foot ulcer with more than 50% of these ulcers
becoming infected and many of those requiring hospitalisation(4, 5). The cost of care
for diabetic patients with a lower extremity ulcer is a major economic burden for both

society and individual patients(6—10). These costs are significantly increased when
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ulcers became infected or when patients needed prolonged inpatient treatment or
amputation(11). Diabetic foot complications are the most common cause of non-
traumatic lower limb amputation internationally(5, 12). A history of foot ulcer is
significantly associated with negative outcomes. The risk of death at 5 years for a
patient with a diabetic foot ulcer is 2.5 times as high as the risk for a patient with
diabetes who does not have a foot ulcer(13). Of all amputations in diabetic patients,
85% are preceded by foot ulceration which subsequently deteriorates to gangrene or

infection(14, 15).

Mortality after diabetes-related amputation is notoriously high; 70% at 5 years for all
patients with diabetes and 74% at 2 years for those undergoing dialysis(5, 16). More
than three quarters of patients with diabetic foot ulcers can achieve primary healing
within 1 year(5, 17, 18). Unfortunately, patients with a DFU history have a high risk of
re-ulceration(17). Approximately 40% of patients have a recurrence within 1 year of
the ulcer healing, almost 60% within 3 years, and 65% within 5 years(5). Thus, it
may be more useful to think of patients who have achieved wound closure as being
in remission rather than being healed(5). Foot ulcers in people with DM have a
serious impact on health-related quality of life, particularly with respect to physical
functioning and role limitations due to physical and emotional issues(19, 20). They
also represent a major use of health resources, incurring costs not only for
dressings, but also staff costs, tests and investigations, antibiotics and specialist

footwear.

Pathophysiology of the Diabetic Foot

The pathogenesis of foot ulceration is complex and requires an appreciation of the
role of several contributory factors, including peripheral neuropathy, peripheral

12



arterial disease (PAD), biomechanical problems including limited joint mobility and

susceptibility to infection.

Neuropathy and biomechanical abnormality

Diabetic neuropathy is one of the most prevalent chronic complications of diabetes,
affecting at least half of all diabetic patients during their lifetime(21). It creates a
substantial burden on both the affected patients and the healthcare system(22, 23).
The pathogenesis of diabetic neuropathy is complex, multifactorial and not fully
understood. There are several metabolic abnormalities that are implicated in the
pathogenesis of diabetic neuropathy including non-enzymatic glycosylation of neural
structures, malfunction of polyol metabolism and activation of the hexosamine
pathway and protein kinase C (PKC) isoforms. Collectively these metabolic
abnormalities cause an imbalance in the mitochondrial redox state and lead to
excess formation of mitochondrial and cytosolic reactive oxygen species (ROS)
promoting neuronal damage(21, 24—-26). The polyol pathway is probably the most
studied of these metabolic abnormalities. Excess glucose is converted to sorbitol by
aldose reductase and results in osmotic imbalance in the cell. This activates a
compensatory efflux of myoinositol and taurine. Myoinositol is an essential
component of sodium/potassium (Na/K) ATPase and its loss impairs normal nerve
physiology.

The increase in aldose reductase activity, which also depletes cellular stores of
NADPH, is needed for nitric oxide generation and regeneration of the essential
antioxidant glutathione. This results in the generation of cytoplasmic ROS and

consequent cellular dysfunction(21).
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Another factor thought to contribute to the pathogenesis of diabetic neuropathy is
related to impaired insulin signalling. Although insulin is not involved in glucose
uptake into neurons, it has been demonstrated that it has important neurotrophic
effects promoting neuronal growth and survival. Reduction of this neurotrophic
signalling due to insulin deficiency in Type 1 diabetes promotes cellular injury. The
state of relative insulin deficiency (due to peripheral insulin resistance), could in part
also be contributing to the aetiology of DN in Type 2 diabetes(22, 27). Recently there
has been interest in understanding the bioenergetic profile of the peripheral nervous
system, especially the interaction between axons and Schwann cells (SC) and their
association with neuropathy. There is growing evidence the SCs are critical sensors
of axon activity and provide energy for axon activity(28, 29). It is speculated that in
diabetes SCs not only lose their ability to provide energy to myelinated and
unmyelinated axons but also transfer toxic lipid species to the axons they

contact(22).

The relative importance of the multiple pathways implicated in the pathogenesis of
diabetic neuropathy varies with cell type, disease profile and time. As a likely
consequence of differences in the underlying mechanisms, tight glucose control can
reduce neuropathy in type 1 diabetic patients but appears not to be as efficacious in

type 2 patients(30, 31).

Diabetic neuropathy affects the proximal and distal, somatic and autonomic nerves.
Most relevant to the pathophysiology of diabetic foot ulcers is sensory neuropathy
with loss of protective sensation (LOPS), motor neuropathy resulting in foot deformity
and autonomic neuropathy associated with sudomotor dysfunction contributing to dry
skin which is more prone to cracking and wound development. Peripheral

neuropathy must be severe before leading to LOPS and when present, increases
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vulnerability to physical and thermal trauma(4). With an inability to detect the pain
signals that warn of impending tissue trauma and impaired ability to distribute forces
that are applied to the plantar surface, the insensate foot is exposed to increased
pressures that hasten tissue damage leading to ulceration(32). Motor neuropathy is
believed to lead to weakness preferentially affecting the intrinsic muscles of the foot,
thus causing imbalance between flexors and extensors of the toes (intrinsic minus
foot). Atrophy of the small muscles responsible for metatarsophalangeal plantar
flexion is thought to lead to the development of hammer toes, claw toes, prominent
metatarsal heads, and pes cavus. These structural deformities and restriction of joint
mobility are commonly associated with areas of increased peak plantar

pressures(32—-34).

Assessment of gait and dynamic plantar pressures are valuable to help understand
the biomechanical abnormalities that contribute to the formation and persistence of
diabetic foot ulceration. Recent studies have shown that diabetic patients with foot
ulcers have distinguishing gait parameters including reduced range of movement of
joints; higher vertical and horizontal ground reaction forces and slower walking
speeds with smaller step lengths(35) and higher plantar pressures than diabetic
controls with no ulceration(36). This provides supportive evidence of the importance

of pressure-offloading in the management of diabetic foot ulcers.

Peripheral artery disease (PAD)

PAD is common in patients with diabetes(37—39), and approximately 50% of patients
with a diabetic foot ulcer have coexisting PAD(18, 40, 41). PAD in diabetes occurs
predominantly in the infra-inguinal vasculature and is dissimilar to PAD in patients

without diabetes in its characteristics, treatment and outcomes. The atherosclerotic
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lesions tend to be multilevel and particularly severe in the below knee vessels
(popliteal and tibial arteries), with a high prevalence of long occlusions(38, 42). The
predilection for multiple crural vessel involvement combined with extensive calf
arterial calcification increases the technical challenges associated with
revascularisation using either open bypass or endovascular techniques(41).
Furthermore, in patients with diabetes, a similar degree of anatomical arterial
disease can result in a more severe perfusion deficit because of paucity of collateral
vessels as well as the influence of physiological factors associated with diabetes,
such as arteriolar shunting(43). The presence of PAD amongst patients with foot
ulceration is associated with adverse outcomes such as poor wound healing and

higher rates of lower extremity amputation(17).

Assessing foot perfusion is particularly challenging in patients with diabetes. This
population commonly lacks typical symptoms of vascular insufficiency such as
claudication or rest pain(44). However, assessment of perfusion is an essential step
in the management of patients with diabetic foot ulceration, in order to estimate the
risk of amputation, likelihood of wound healing without vascular intervention, and

likely benefit of revascularisation.

Foot perfusion needs to be measured and then assessed in terms of global and
regional perfusion deficits rather than as an absolute measurement. Quantification of
blood flow required to heal a foot lesion depends on several factors including the
presence of infection, extent of tissue loss, abnormal mechanical loading of the foot
during walking, and co-morbidities such as renal failure(45-47). Conventional
methods of assessing tissue perfusion in the peripheral circulation are frequently
unreliable in patients with diabetes and it may therefore be difficult to determine the

perfusion deficit in patients with foot ulceration (see below).
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In summary, the combination of foot deformity, loss of protective sensation, dry skin,
inadequate off-loading, and repetitive minor trauma can lead to tissue damage and
ulceration. Once an ulcer has formed, healing may be delayed or not occur,

particularly if significant ischaemia is present.

Clinical assessment of the Diabetic Foot

History and Physical examination

A thorough history and physical examination of each patient presenting with diabetic
foot pathology should include a history of duration of diabetes and adequacy of
diabetic control, significant medical co-morbidities and a history of pedal wounds,
prior amputations, and lower extremity vascular interventions(48). A history of foot
tingling, burning and/or numbness, can help to identify those patients with
neuropathy. A history of claudication or other walking impairment, ischemic rest pain,
and nonhealing wounds are highly suggestive of periphery artery disease. Physical
examination should follow a systematic approach and the patient should be
examined including both feet. Foot deformities (e.g., claw toes, hammer toes), bony
prominences and limited joint mobility should be noted as they contribute to a high
risk of ulceration. It is important to examine between all of the toes. Footwear must
be inspected for appropriateness. Any wounds must be carefully assessed, and
accurate documentation made regarding wound location, size, depth, characteristic
of the wound base and margins, exudate (amount and type) and the presence and

severity of infection.

The possibility of peripheral neuropathy and vascular insufficiency must be

assessed. Sensory examination using the 10 g (5.07 Semmes-Weinstein)
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monofilament and/or tuning fork (128 Hz) is important for the assessment of
pressure perception, vibration perception and tactile sensation. Lower extremity
vascular examination should include palpation of lower extremity pulses (i.e.,
femoral, popliteal, dorsalis pedis, and posterior tibial), auscultation for femoral bruits,
and inspection of the legs and feet. Pulse palpation is necessary but not sufficient to

assess perfusion.

Assessment of foot perfusion

Ankle-Brachial Index (ABI)

ABI is the ratio of systolic pressure at the ankle to that in the arm; if the arm
pressures are disparate, the higher of the two should be used as the denominator. It
is a quick, simple and non-invasive test used to document PAD(49). In addition to
reflecting the presence of PAD, the ABI also is an indicator of generalized
atherosclerosis(50, 51). Patients with ABI <0.90 are diagnosed with PAD. Diabetic
patients with an ABI above 0.9 may possibly have PAD and should undergo further
assessment if clinical suspicion is present. Values >1.40 are abnormal and indicate
that the arteries are calcified and not able to be compressed, which is more common
among individuals with diabetes mellitus and/or advanced chronic kidney
disease(52, 53). In the setting of definite or suspected incompressible ABI values,
additional testing should be undertaken. Individuals with diabetes frequently have
calcium deposition in the arterial media; a condition known as medial arterial
calcification (MAC), which most commonly affect the calf arteries(54). This condition
causes arterial wall stiffness, which results in vessels that are more difficult to

occlude in the calf and ankle. The consequence is an artefactually high ankle
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pressure and ABI(55, 56). This should also be suspected even with near normal

pressures if the Doppler arterial waveforms are blunted.

Toe Pressure and Toe:Brachial Index

An alternative to ABI is to measure toe pressures (TPs) and the toe:brachial
pressure index (TBI). These may be more useful measures of perfusion in the
diabetic patient because MAC frequently spares the pedal arteries(57, 58). Toe
pressures are obtained by placing a cuff around the base of the toe, ideally the
hallux, with a digital flow sensor beyond the cuff. Toe pressures may be measured
by photoplethysmography (detecting pulsatile flow and producing a pulse wave
curve) or laser Doppler (detecting changes in wavelength when the laser encounters
red blood cells)(59). TBI is the ratio between toe pressure and the highest of the two
brachial pressures. A TBI 20.75 is generally considered within the normal range,
whilst a TBI <0.25 is consistent with severe PAD(60, 61). An absolute systolic toe
pressure of 30 mm Hg or greater has been correlated with a significantly higher

probability of foot ulcer healing in diabetic patients(45).

Doppler waveform assessment

Audio and visual analyses of Doppler waveforms are useful tools for assessment of
the presence of PAD. A normal Doppler waveform in the lower extremities has a
characteristic triphasic pattern, composed primarily of a systolic forward-flow phase,
a late-systolic reverse flow phase, and a smaller, diastolic forward-flow phase(21).
Detection of a triphasic pedal Doppler arterial waveform with a hand-held Doppler

provides strong evidence for the absence of PAD(62). The presence of monophasic
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flow with an isolated forward systolic waveform with diminished amplitude is usually

associated with significant PAD.

Transcutaneous oxygen pressure (TcPO2) and skin perfusion pressure (SPP)
Transcutaneous oxygen tension (TcPO2) measures the transfer of oxygen
molecules to the skin surface, allowing objective quantification of the degree of limb
perfusion(63). TcPO2 maps the actual oxygen supply available for the skin tissue
cells and it also responds to microcirculatory events. The measured PO2 in the
dermis is displayed in millimetres of mercury, with a normal healthy value in the foot
for an individual breathing normobaric air being >50 mmHg(63, 64). Skin perfusion
pressure (SPP) is the blood pressure that is required to restore flow to capillaries

following controlled occlusion and subsequent flow return.

TcPO2 and SPP values can be used to predict the presence of vascular disease and
the likely success of healing an ulcer and major/minor amputations with or without
revascularization. TcPO2 measurements with an oxygen challenge are also utilized
as an indicator of whether or not hyperbaric therapy will be likely to be beneficial in
wound healing(60). TcPO2 levels of less than 25 mmHg are indicative of severely
reduced blood flow to the area of evaluation and strongly suggest that
revascularization will be required to achieve healing. Patients with a TcPO2 = 25
mmHg and SPP =40 mmHg have a higher likelihood of wound healing compared to

wounds with evidence of a more severe perfusion deficit(45, 65, 66).
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Diagnosis of Osteomyelitis

The accurate diagnosis of foot sepsis and in particular osteomyelitis (OM) in the
diabetic foot is important for planning adequate treatment and affects prognosis. The
prevalence of bone involvement is variable, depending on the context. It is found in
approximately 60% of patients hospitalized for a DFI and 10-20% of apparently less
severe infections presenting in an outpatient setting(67, 68). The differentiation of
bone infection from soft tissue infection may be challenging, as can be the
differentiation of bone infection from non-infectious bone disorders such as acute
gout and acute Charcot neuroarthropathy. To further complicate foot assessment,
these conditions may co-exist with OM or foot sepsis, particularly when an adjacent

ulcer is present.

A definitive diagnosis of OM ideally requires both the presence of histological
findings consistent with bone infection (acute or chronic inflammatory cells, necrosis)
and the isolation of bacteria from an aseptically obtained bone sample(69). However,
bone biopsy is frequently not able to be performed, most commonly due to
commencement of antibiotics prior to review of the foot. The clinician may need to
rely on clinical, laboratory and imaging findings for diagnosis. The presence of
exposed bone, bone palpable with a probe (“probe to bone test”); erythematous and
indurated (“sausage”) toe, especially with an ulcer, an ulcer that is deep, failure to
heal despite offloading or wound location over a bony prominence and the presence

of a soft tissue sinus are highly suggestive of OM.

The probe to bone test (PBT) is a useful clinical diagnostic tool for diagnosing
osteomyelitis. PBT is performed by using a sterile probe to gently explore the wound.
If the probe encounters a hard or gritty substance that is presumed to be bone or
joint space, the test is considered positive and this greatly increases the likelihood of
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osteomyelitis in a high-risk population where there is a high pre-test probability to
diagnose OM(67). The test also useful to rule out OM, as a negative probe-to-bone
test in a patient at low risk strongly argues against the diagnosis of osteomyelitis(67,
68). Occasionally, a viscous exudate (joint fluid) may be found discharging from a
sinus, supporting a diagnosis of joint infection. Imaging diagnosis of osteomyelitis
usually begins with plain radiographs which provide an inexpensive, widely available
tool for initial evaluation and are often adequate for imaging the foot in patients with
suspected diabetic foot osteomyelitis (DFO). Radiographic signs of osteomyelitis
include decreased bone density, lytic changes and cortical erosion, trabecular
destruction, bone necrosis, Brodie abscess, sclerosis, and periosteal reaction. X-ray
has low sensitivity especially in the early stages of osteomyelitis as radiological
changes may be delayed for up to 4 weeks following infection. Comparison with
previous films or repeat radiographs at 2—6 weeks may be useful. If these studies
are negative and clinical suspicion remains high, the patient will need additional
imaging. MR is the preferred advanced imaging modality for diagnosing
osteomyelitis due to good sensitivity and specificity and good spatial resolution for
assessment of both soft tissues and bone. In situations where MRI is contraindicated
or unavailable, a nuclear medicine scan such as leukocyte scan preferably combined
with a bone scan is the best alternative. Other imaging modalities may also be

helpful in the diagnosis of OM(69, 70)(Table 1).
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Table 1: Imaging modalities for diagnosis of Osteomyelitis

Imaging modality

Advantages

Disadvantages

X Ray

Readily available and inexpensive

May be used to monitor response to
antibiotic treatment

Can also reveal presence of radio-
opaque foreign bodies, gas in soft
tissues, calcified arteries ,fractures or
bony abnormalities

Low sensitivity in early stages of
osteomyelitis

Specificity is limited by difficulty
differentiating infection from Charcot’s
arthropathy and other pathologies (eg
gout)

MRI

Preferred advanced imaging modality for
diagnosing osteomyelitis
Does not use radiation

Excellent spatial resolution and is very
useful for evaluation of bone marrow as
well as of soft tissue structures. Good for
detection of sinus tracts, deep tissue
necrosis, abscesses and other
inflammatory

changes

Reduced performance with severe
ischaemia

Not all patients are suitable for MRI

Nuclear medicine
scan

More sensitive than radiographs for
detecting osteomyelitis during early
stages of the disease

Labelled leucocyte scintigraphy with
either indium-111 (111In) or
technetium-99 (99mTc), improves
specificity

White blood cell-labelled single-photon
emission computed tomography can be
combined with computed tomography
(99mTc WBC labelled-SPECT/CT) imaging
provide good spatial resolution

Poor specificity and low resolution of
images

Includes a 24-hour waiting

period before imaging can begin as well as

low resolution of the images

Limited availability

PET (PET/CT)

Excellent spatial resolution

Does not require blood processing

Limited availability

High costs

Risk classification/ Staging of the diabetic foot

Based on a thorough history, physical examination and ABI/toe pressures, each

patient should be carefully assessed and assigned to a specific foot risk stage. Limb

staging is important to provide risk stratification of patients with respect to disease

natural history (risk of amputation, likelihood of wound healing, and likely benefit

from revascularisation). Staging also allows meaningful comparison of different

treatment strategies. Various classification systems are used to stratify diabetic

patients with foot complications in an attempt to predict the outcomes of likelihood of
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ulcer healing and risk of lower limb amputation and thus help plan treatment
strategies.

The Meggit-Wagner wound classification system was previously widely used, and it
is based on assessment of ulcer depth and the presence of osteomyelitis or
gangrene(71). The drawback of the Wagner classification system is that it does not
specifically address two critically important parameters in diabetic foot: ischaemia
and infection(72).

The University of Texas classification grades ulcers based on depth. Each grade is
then staged according to the presence of infection, ischaemia or both. However, this
classification lacks adequate assessment of infection and ischaemia as they are
included only as dichotomised variables(73, 74). The SINBAD system grades ulcer
site, area and depth, the presence of sepsis, arterial disease and neuropathy as
dichotomised variables(75). The IWGDF recommends the use of SINBAD as a
primary triage and audit tool for the diabetic foot(66). SINBAD unfortunately lacks

mandatory perfusion assessment.

WIfl Classification

In 2014 the Society for Vascular Surgery proposed a Lower Extremity Threatened
Limb Classification System which represents a synthesis of multiple previously
published classification schemes that focussed on diabetic foot ulcers and pure
ischaemia models. This classification is referred as WIfl and is based on grading
each of the three major factors (Wound, Ischaemia and foot Infection) on a scale

from O to 3, where O represents none, 1 mild, 2 moderate, and 3 severe(77).
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Wounds are classified from grade 0 through grade 3 based on size, depth, severity,
location and anticipated difficulty achieving wound healing (Table 2). Advanced

gangrene with an unsalvageable foot is classified as WIfl clinical stage 5.

Classification of ischaemia is based on ABI, Toe pressure (TP) or transcutaneous
oxygen saturation (TcPO2) (Table 3), with preference given to toe pressures,
especially in patients with diabetes. Diabetic patients may have falsely elevated ABIs
due to MAC and in this situation TP or TcPO2 measurements are preferred for
assessment of perfusion. Patients with TP < 30 mmHg have severe ischaemia and

are likely to require revascularization to achieve wound healing and limb salvage.

WIfl incorporates the classification used by the Infectious Diseases Society of
America (the “infection” part of the PEDIS classification) to assess severity of

infection (Table 4).

Table 2: WIfl wound grading

Grade Ulcer Gangrene

No ulcer
Ischaemic rest pain (requires typical symptoms + ischaemia
grade 3); no wound

No gangrene

Small, Shallow ulcer(s) on distal leg or foot; no exposed bone,
unless limited to distal phalanx

! Minor tissue loss. Salvageable with simple digital amputation (1 No gangrene
or 2 digits) or skin coverage
Deeper ulcer with exposed bone, joint or tendon: generally not
involving the heel; shallow heel ulcer, without calcaneal
5 involvement Gangrenous changes limited to
Major tissue loss salvageable with multiple (3) digital digits
amputations or standard transmetatarsal amputation (TMA) +/-
skin coverage
Extensive deep ulcer involving forefoot and/or midfoot; deep,
full thickness heel ulcer +/- calcaneal involvement Extensive gangrene involving
3 Extensive tissue loss salvageable only with complex foot forefoot and / or midfoot; full
reconstruction or nontraditional TMA (Chopart or Lisfranc); flap thickness heel necrosis +/-
coverage or complex management needed for large soft tissue calcaneal involvement
defect.
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Table 3: WIfl Ischaemia grading

Grade ABI Ankle systolic pressure  TP,TcP02

0 20.80 > 100 mmHg 260 mmHg

1 0.6-0.79 70-100 mmHg 40-59 mmHg
2 0.4-0.59 50-70 mmHg 30-39 mmHg
3 <0.39 <50 mmHg <30 mmHg

TP = Toe pressure, TcPO2 = Transcutaneous oxygen pressure. If TP and ABI measurements result in different grades,

TP will be the primary determinant of ischemia grade.

Table 4: WIfl infection grading

Grade Clinical manifestation of infection

0 No symptoms or signs of infection

Infection present, as defined by the presence of at least 2 of the following items: a) Local swelling
or induration b) Erythema > 0.5 to < 2cm around the ulcer c¢) Local tenderness or pain d) Local
warmth e) Purulent discharge (thick, opaque to white, or sanguineous secretion).

Local infection involving only skin and the subcutaneous tissue (without involvement
of deeper tissues and without systemic signs as described below). Exclude other

1 causes of inflammatory response of the skin (eg, trauma, gout, acute Charcot neuro-
osteoarthropathy, fracture, thrombosis,
venous stasis)

Local infection (as described above) with erythema >2 cm, or involving structures
2 deeper than skin and subcutaneous tissues (eg, abscess, osteomyelitis, septic
arthritis, fasciitis), and No systemic inflammatory response signs (SIRS)

Local infection (as described above) with the signs of SIRS, as manifested by two or
more of the following: a) Temperature >38°C or <36°C b) Heart rate > 90 beats/min c)
Respiratory rate >20 breaths/min or PaCO2 < 33 mmHg d) White cell count > 12,000
or < 4000cu/mm or 10% immature (band) forms.

Once the patient has been scored under the three categories, the appropriate
spectrum score is then derived to give an overall amputation risk. Spectrum scores
deemed low risk, moderate risk and high risk for limb amputation at 1 year are
categorized as clinical stage 2, stage 3 and stage 4 disease, respectively, although

the definitions of ‘low’, ‘moderate’ and ‘high’ risk are not given.

The three categories (wound, ischemia, and foot infection) with four grades of

severity produces a grid with 64 theoretically possible clinical combinations (WiIfl
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classes). A Delphi consensus of the members of the Society of Vascular Surgery
Lower Extremity Guidelines Committee assigned a risk category to each of the
combinations in regard to risk of limb amputation at 1 year (very low risk, low risk,
moderate risk or high risk) and benefit of revascularisation (very low benefit, low
benefit, moderate benefit or high benefit) for each of the possible combinations
(Table 5). Several reported series have been published with analysis of outcomes of
patients with threatened limb, including diabetic foot patients, based on WIfl clinical

stage validating this model(47, 77-83).

Table 5: WiIfl clinical stages

Estimate risk of amputation at 1 year

Ischaemia O Ischaemia 1 Ischaemia 2 Ischaemia 3

Ischaemia O Ischaemia 1 Ischaemia 2 Ischaemia 3

Wound 1
Wound 2
Wound 3

fl, foot Infection

L = Low = Clinical stage 2
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Principles of Management

The goals of treatment of the patient with a diabetic foot ulcer are to achieve wound
healing, avoid amputations (particularly major), improve quality of life and prevent
ulcer recurrence. In order to achieve these goals, establishment of a multidisciplinary
team to manage diabetic foot pathology is considered to be the best practice
strategy(14, 84, 85). This integrated approach acknowledges that no one specialist
possesses all the expertise and knowledge to optimally manage the patient. In
particular, the management of patients with chronic and complex wounds requires
input from a number of healthcare professionals. The multidisciplinary team may
include, but is not limited to, podiatrists, vascular surgeons, orthopaedic surgeons,
vascular interventionalists, endocrinologists, infectious disease specialists, diabetes

educators, wound care nurses, orthotists, radiologists and dieticians.

At initial clinical assessment of a patient with a diabetic foot, a decision needs to be
made whether the patient is suitable for outpatient management or if admission to
hospital is required for intravenous antibiotics, surgical debridement and/or
revascularisation. The principles of management of diabetic patients with foot ulcers
include offloading, wound management, management of infection and
revascularisation if required. Figure 1 summarizes an approach to patients with

diabetic foot ulcers.
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Figure 1: A systematic approach to the assessment and management of the diabetic foot.
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Offloading

People with diabetes should wear appropriate footwear that fits, protects and

accommodates the shape of their feet in order to prevent ulceration. For patients

with a plantar diabetic foot ulcer, prescription of appropriate offloading devices to

heal the ulcer is recommended. There are numerous products available to assist in

redistributing pressure over a larger weight bearing area thus providing offloading.

The gold standard for treatment of a heel or neuropathic plantar forefoot ulcer

3> IRevascuIarisation |

29



without ischemia or uncontrolled infection is a non-removable knee-high device. This
could be a total contact cast (TCC) or removable cast walker made irremovable(86,
87). There is strong evidence that pressure-relief devices that cannot be removed
are associated with faster healing of ulcers than are removable devices. However, in
situations where frequent wound care or wound review is required (such as
ischaemic or heavily exudative ulcers) or if active infection is present, non-removable
offloading device are not suitable and a removable walker needs to be

considered(66, 86, 88).

When knee-high devices are contraindicated or not tolerated by people with diabetic
foot ulcers, other offloading devices such as forefoot offloading shoe, cast shoe, or
custom-made temporary shoe should be considered. When removable offloading
devices are prescribed, potential issues with patient adherence must be anticipated

and strategies put in place to improve patient compliance(5).

Elective foot surgery such as Achilles tendon lengthening, digital flexor tenotomy and
joint arthroplasty may be considered for recalcitrant forefoot plantar ulcers and
prevention of ulcer recurrence in appropriate high risk patients(86). Once a plantar
ulcer is healed, the use of footwear that has a demonstrated plantar pressure-
relieving effect during walking is indicated to reduce the risk of re-ulceration.
Offloading for non-plantar ulcer depends on the type and location of the wound and
various modalities can be considered, including shoe modifications, temporary

footwear, toe spacers and orthoses(86).

Wound management
The basic principles of wound management include regular cleaning with sterile

water or saline, debridement if necessary to remove debris, slough, necrotic and
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infected matter from the wound surface, and dressing with a sterile, inert dressing
with the aim of controlling exudate and maintaining a warm, moist environment to
promote healing(66, 89, 90). Debridement may be undertaken using physical (e.g.,
surgical, sharp or hydro-debridement), biological (larvae), autolytic (hydrogels) or
biochemical (enzymes) methods. Depending upon the severity of the foot wound,
urgent surgical debridement may be required to drain necrotic tissue and pus. This
also permits adequate assessment of the extent of infection and enables deep
specimen(s) to be obtained for culture to determine the true causative organisms
and their antibiotic sensitivities. As a general rule, all necrotic and infected tissue
should be removed, ensuring that no bone is left exposed, while leaving part of the

wound open to allow drainage.

Bone resection and minor amputation is often necessary when there is osteomyelitis,
extensive soft tissue necrosis and/or deep abscess present. Minor amputation may
consist of simple removal of a toe, ray amputation (toe and metatarsal), or
transmetatarsal amputation. Once infection is under control and the necessary
surgical drainage/debridement has been performed, attention to the long-term
function of the foot is a key issue. Patients who have undergone previous surgeries
or amputations may have biomechanical consequences that can potentially result in

an unstable foot or lead to a foot prone to re-ulceration(70).

Wound care is an essential aspect in the management of diabetic foot ulcers and
post-operative wounds. There are several types of dressings available from basic
wound contact dressings to more advanced gels, films, and antimicrobial dressings.
Dressings aim to control exudate, maintain a warm and moist environment to
promote healing, control the growth of microorganisms and protect the wound(91). In

general, selection of dressings should principally be made on the basis of exudate
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control, comfort and cost(90, 92-94). However, in noninfected neuro-ischaemic
diabetic foot ulcers that are difficult to heal despite best standard care, sucrose-
octasulfate-impregnated dressings should be considered(95). It is recognised that
nutrition has important role in wound healing and that in individuals with DFUs and
chronic infection are high risk for macro and micronutrient deficiency. However there
is no robust evidence so far that intervention aimed at correcting the nutritional

status improves wound healing in diabetic patients with foot ulcers(90).

Negative pressure wound therapy (NPWT) assists in wound management by
physical and biological responses that influence wound healing(96, 97). An RCT
demonstrated benefit of NPWT compared to standard care in both the time to
healing and the proportion of wounds healed for complex post-operative diabetic foot

wounds(98, 99).

Hyperbaric oxygen therapy has theoretical benefit as an adjunct in wound healing in
the diabetic foot. Treatment involves placing the patient in a compression chamber,
increasing the environmental pressure within the chamber, and administering 100%
oxygen for respiration. While HBOT might be of benefit in nonhealing diabetic ulcers
there is insufficient evidence of a benefit in long term follow up and it does not
appear to reduce minor amputation rate in people with foot ulcers due to
diabetes(100, 101). The International Working Group in Diabetic Foot recommend
that HBOT might be considered as adjunct therapy, however stated that further
research is necessary to determine which patient group might benefit most from this

treatment and also to establish cost-effectiveness(66, 90).
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Management of infection

While most DFIs are relatively superficial at presentation, microorganisms can
spread contiguously to subcutaneous tissues, including fascia, tendons, muscle,
joints and bone, and infection can become limb- or life-threatening(70). The system
proposed by the Infectious Diseases Society of America (the “infection” part of the
PEDIS classification), which is also incorporated into the WIfl classification,
categorises the severity of infection in the diabetic foot. Infection severity guides the
choice of the empiric antibiotic regimen and its route of administration and helps the
clinician to determine the need for hospitalisation, the requirement and timing for
surgery and influence the likelihood of amputation. Table 6 describes features
associated with more serious foot infection and potential need for admission to
hospital. Mild infections are usually treated with oral antibiotics while limb and life-
threatening infections requires intravenous antibiotic therapy and may need surgical

debridement.
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Table 6: Characteristics suggesting a more serious diabetic foot infection and potential indications
for admission

Wound specific

Wound Penetrates to subcutaneous tissues (e.g, fascia, tendon, muscle, Joint, bone)
Cellulitis Extensive (>2cm), distant from ulceration or rapidly progressive
Local signs Severe inflammation or induration, crepitus, bullae, discoloration, necrosis, or

gangrene, ecchymoses or petechiae, new anaesthesia.

General

Presentation Acute onset/worsening or rapidly progressive

Systemic signs Leukocytosis, very high C-reactive protein or erythrocyte sedimentation rate,
severe/worsening hyperglycaemia, acidosis, deterioration of renal function,
electrolytes abnormalities.

Complicating Presence of a foreign body, puncture wound, deep abscess, arterial or venous

features insufficiency, lymphoedema, immunosuppressive illness or treatment, lack of
home support), and unable to comply with the required outpatient treatment
regimen

Current treatment Progression while on apparently appropriate antibiotic or supportive therapy

adapted from IWGDF—Guidelines (2019)(66).

The empirical antibiotic regimen should be based on the anticipated spectrum of
infecting organisms and local protocol. S. aureus and beta-haemolytic streptococci
are widely recognized as pathogens in acute DFIs. In chronic wounds, especially in
the setting of prior antimicrobial therapy, infections are more frequently polymicrobial
and the causative pathogens are more diverse, often including aerobic gram-
negative bacilli and obligate anaerobic bacteria(102). A major problem in treating
DFlIs has been the increased rate of isolation of antibiotic resistant pathogens,
particularly methicillin-resistant S. aureus (MRSA). Therefore, depending upon
patient risk and local prevalence of MRSA an antimicrobial agent active against

these bacteria should be added to the empirical regimen.
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It is of paramount importance to collect and process specimens for culture
appropriately. Superficial wound swabs are easy to obtain, however they frequently
grow contaminants and are less likely to yield the true pathogens. Specimens should
be obtained only after cleansing and debriding the wound and ideally should include

tissue obtained by curettage or biopsy(102).

In some chronic infections, such as osteomyelitis, if deemed safe, it is advisable to
discontinue antibiotic therapy for at least a few days before obtaining deep cultures

or bone biopsies because prior antibiotic therapy can cause false-negative results.

As stated previously, surgery remains a cornerstone of treatment for many deep
infections. Bone resection and minor amputations are often required when there is
osteomyelitis and/or extensive soft tissue infection present. A specimen of proximal
bone should be obtained at the time of surgery for analysis by culture and
histopathology. The wound should be washed, and a clean instrument used when
collecting these specimens to reduce the risk of contamination. These results have
clinical implications as patients with residual bone infection require a longer duration

of postoperative antibiotics and may carry an increased risk for re-amputation(103).

Table 7 summarises the Infectious Diseases Society of America and IWGDF
recommendations(66) for the duration of antibiotic treatment according to the clinical
presentation. Management of osteomyelitis has been an area of controversy
particularly in relation to selection of patients for non-operative management and

duration of antibiotic treatment if surgery is not performed.

Osteomyelitis has traditionally been treated with prolonged (=3 months) course of
antibiotics. However more recent trials have demonstrated that shorter period of

treatment (6 weeks) may be as effective(104—106) and associated with significantly
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fewer adverse effects related to antibiotics such as diarrhoea(105). As a result, the
most recent IWGDF guidelines in 2019 recommend 6 weeks of antibiotic therapy
for patients who do not undergo resection of infected bone(66). A key issue is to
appropriately select patients in whom non-operative management is safe and likely
to be successful. Patients with infection confined to a small, forefoot lesion; without
severe or necrotizing soft-tissue infections or significant peripheral arterial disease

are more likely to respond well to non-surgical treatment. Other factors such as

fitness for surgery, likely foot function if surgery is undertaken and patient preference

needs to be considered when deciding treatment(107).

Table 7: Suggested Route, Setting, and Duration of Antibiotic Therapy, by Clinical Presentation

Site of Infection, by Route of Settin Duration of
Severity or Extent Administration 8 therapy

Soft tissue only

1-2 wk; may
Mild Topical or oral Outpatient extend up to 4 wk
if slow to resolve
Oral initial Outpatient
Moderate ral (or initia 'u pa '|en 13wk
parenteral) /inpatient

Initial parenteral, Inpatient. then
Severe switch to oral P ! 2-4 wk

outpatient
when possible P

Bone or Joint

No residual infected .
Inpatient, then

tissue (eg, Parenteral or oral ’ 2-5d
. outpatient
postamputation)
Residual infected soft Inpatient, then
. Parenteral or oral P ’ 1-3 wk
tissue (but not bone) outpatient
. . Initial parenteral, .
Residual infected . Inpatient, then
. then consider ) 4-6 wk
(but viable) bone ) outpatient
oral switch
No surgery, or Initial parenteral, .
Inpatient, then
residual dead bone then consider P ) >3 mo
. . outpatient
postoperatively oral switch

From 2012 Infectious diseases society of America clinical practice guideline for the diagnosis and treatment of diabetic foot

infections(96)

* The IWGDF Guidance on the diagnosis and management of foot infections in persons with diabetes recommends 6 weeks

of antibiotic therapy for patients who do not undergo resection of infected bone and no more than a week of antibiotic
therapy if all infected bone is resected.
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Lower limb arterial revascularisation

All patients with diabetic foot ulceration should be evaluated for the presence of
peripheral artery disease at the time of presentation by clinical assessment and
basic non-invasive testing (most frequently, ABI and toe waveforms and pressures).
All diabetic patients with a foot ulcer and PAD should be considered for vascular
imaging and possibly revascularisation. Colour duplex ultrasound, CT-angiography,
MR-angiography or intra-arterial digital subtraction angiography can be used to
obtain anatomical information of the arterial system which is essential when planning

revascularisation(45).

The aim of revascularisation in the patient with DFU is to treat the perfusion deficit by
restoring direct flow to at least one of the foot arteries, preferably the artery that
supplies the anatomical region of the wound. The level of perfusion required to heal
a foot ulcer depends on multiple factors such as ulcer size and location,
presence/extent of gangrene and infection(108). A patient with a shallow, uninfected
toe ulcer is likely to need less perfusion to heal the foot compared to a patient with
extensive tissue necrosis who is likely to require much better perfusion to achieve
wound healing(108). As a general rule, a toe pressure 230 mmHg; or, a TcPO2 225

mmHg should be achieved post revascularisation(45).

The decision regarding the revascularisation technique is complex and the clinician
must take into consideration the morphology and length of the arterial lesion,
availability of autogenous venous conduit, patient comorbidities and available
expertise. Revascularisation is increasingly attempted by endovascular means in the
first instance. However open bypass remains an effective approach particularly for
patients with severe ischaemia, long segment disease and major tissue loss who

have available vein conduit and acceptable operative risk(108). Patients with more
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advanced tissue loss (higher WIfl stage) need significantly more reinterventions after
endovascular therapy to heal the foot(109). In addition to revascularisation,
aggressive medical therapy and cardiovascular risk management including support
for cessation of smoking, treatment of hypertension and prescription of a statin and
antiplatelets should be ensured in diabetic patients with PAD. A detailed evidence-
based assessment and treatment algorithm has recently been published as part of
the Global Vascular Guidelines for chronic limb threatening ischaemia document in

2019(110).

Charcot neuroarthropathy

Charcot arthropathy occurs in 1-2% patients with diabetes and peripheral
neuropathy. It is characterised by pathological fractures, joint dislocation, deformity
and severe destruction of the foot(111). It has serious implications for the patient as
it may result in significant foot deformity, ulceration, and subsequent limb loss. The
pathogenesis of Charcot arthropathy appears to be multifactorial with a genetic
predisposition, altered levels of neuropeptides (calcitonin gene-related peptide
[CGRP] and nitric oxide) in the foot, increased inflammatory cytokines and

disordered bone turnover contributing to the condition(112).

Acute Charcot arthropathy presents with a warm, swollen and erythematous foot
which can easily be misinterpreted as acute infection, gout or osteomyelitis. The
absence of ulceration, lack of other signs of infection and a WCC within normal
range favours the diagnosis of Charcot foot over an infective process. Plain
radiography is the initial imaging modality for assessment of Charcot foot. If such
imaging is normal and the clinical suspicion is high, MRI or nuclear imaging can be
useful as they are more sensitive for assessment of bone pathology.
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Typically, the affected individual has preserved blood flow in the foot with good pedal
pulses. Repetitive cumulative injuries to an insensate foot may progress into the
destructive stage of Charcot arthropathy and lead to gross foot deformity. The
hallmark deformity of this condition is midfoot collapse, described as a “rocker-
bottom” foot. The process leading to gross deformities of the foot and/or ankle is

relatively painless given the neuropathy.

The most important strategies for management of active Charcot foot are early
diagnosis, offloading and immobilisation. The use of total contact cast (TCC) is
considered the treatment of choice. The cast needs to be changed every 1-2 weeks
to accommodate the decreasing oedema. Patients presenting with a very swollen
foot may be immobilised in a backslab until the initial swelling subsides (with bed rest
and immobilisation). Opinion varies in relation to whether patients should be
weightbearing or not and regarding the length of time that the cast should be applied.
Casting should be continued until resolution of the erythema, swelling, warmth and
improvement in radiological signs which may take several months. Antiresorptive
therapy (bisphosphonates) and calcitonin have been used in the acute phase
however there is lack of conclusive evidence for the benefit of these adjunct
therapies. After the TCC has been removed, different offloading modalities can be

used, including the Charcot restraint orthotic walker (CROW).

Surgical procedures may be performed to correct bone alignment, excise exostoses
and relieve areas of high pressure. The goal for treatment for patient with chronic
Charcot changes is to maintain a stable foot free from ulceration and infection, which

frequently requires significant orthopaedic, podiatry and orthotics input(113).
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Prevention

Diabetic foot disease is potentially preventable, and every effort should be made to
ensure that high-risk patients are identified and receive early treatment of foot
complications. The International Working Group for the Diabetic Foot emphasizes
the importance of prevention of foot problems(66). Successful efforts to prevent and

treat diabetic foot complications depend upon a well-organised multidisciplinary
approach. Ideally a foot care programme should provide the following:

1. Education for people with diabetes, their caregivers and for healthcare staff.

2. A system to detect all high-risk patients.

3. Measures to reduce risk of foot ulceration, such as podiatric maintenance care
and appropriate footwear.

4. Prompt and effective treatment of any foot complication.

5. Focussed care of patients in diabetic foot remission to maximize ulcer-free,
hospital-free and activity-rich days.

6. Auditing all aspects of the diabetic foot to identify problems and ensure that local
practice meets accepted standards of care.

Diabetic foot ulcers should be seen as a chronic potentially limb-threatening
condition and strategies should be designed to meet the needs of patients requiring
chronic care, rather than simply responding to acute problems when they occur.
Aggressive preventive strategies should aim to provide an efficient and cost-effective

solution to a challenging and costly disease process.

40



Conclusion

Diabetic foot complications are a major public health challenge worldwide and one of
the ten major causes of disability worldwide. Unfortunately, the number of people
affected by diabetic foot pathology is likely to continue to rise due to the population

ageing and the globally increasing incidence of diabetes.

The prevention of diabetic foot ulcers is essential to reduce the risks to the patient
and the resultant economic burden to society. Once an ulcer has developed the
management is complex and requires a multidisciplinary team approach to optimise
outcomes. Treatment should be evidence-based and may include offloading, wound

management, management of infection and revascularisation.

Significant and exciting advances in the management of diabetic foot have occurred
in the past decades. There has been the development and implementation of
international treatment guidelines for the diabetic foot, such as the IWGDF
guidelines, and growing implementation of diabetic foot programs across the globe.
There is now a better understanding of the pathophysiology of the diabetic foot which

allows development of therapeutic interventions.

There are innovative technologies, such as negative pressure wound therapy and
endovascular interventions, that have been adopted and have changed the
management of diabetic foot. This is an evolving field and there are several new
technologies which have the potential to improve outcomes of patients with foot

complications.

Despite all the recent advances, much remains to be done. Continuous investment in
prevention, management and research of the diabetic foot syndrome is of paramount

importance.
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Abstract

Peripheral arterial disease (PAD) confers an elevated risk of major amputation and
delayed wound healing in diabetic patients with foot ulcers. The major international
vascular societies recently developed evidence-based guidelines for the assessment
and management of patients with chronic limb-threatening ischaemia (CLTI). CLTI
represents the cohort of diabetic and non-diabetic patients who have PAD which is of
sufficient severity to delay wound healing and increase amputation risk. Diabetic
patients with CLTI are more likely to present with tissue loss, infection and have less
favourable anatomy for revascularisation than those without diabetes. Although
diabetes is not consistently reported as a strong independent risk factor for limb loss,
major morbidity and mortality in CLTI patients, it is impossible in clinical practice to
isolate diabetes from comorbidities, such as end-stage renal disease and coronary
artery disease which occur more commonly in diabetic patients. Treatment of CLTI in

the diabetic patient is complex and should involve a multi-disciplinary team to
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optimize outcomes. Clinicians should use an integrated approach to management
based on patient risk assessment, an assessment of the severity of the foot
pathology and a structured anatomical assessment of arterial disease as suggested

by the Global Vascular Guidelines for CLTI.

Introduction

Peripheral arterial disease (PAD) is present in a significant proportion of patients
seen with diabetic foot ulcers (DFU). In the Eurodiale study, 49% of the subjects with
diabetic foot ulcers were diagnosed with PAD(1) and the presence of arterial disease
was significantly associated with delayed wound healing and major amputation.
Individuals who presented with PAD and infection had significantly increased risk of

non-healing of their wounds(1, 2).

Assessment of the severity of PAD in the patient with DFU and the perfusion
required to heal a foot ulcer in a timely way, remains a key challenge to clinicians

managing these patients.

The concept of critical limb ischaemia (CLI) was developed by an expert working
group in 1982, at which time the overwhelming majority of patients presented with
smoking-related arterial disease, and relatively few patients were diabetic. Patients
with diabetes were in fact excluded from this original definition of CLI. CLI was
defined as rest pain with an ankle pressure of <40 mmHg, or tissue loss with an
ankle pressure (AP) of <60mmHg(3). However, in 1993 Peter Bell’s group in
Leicester found that 49% of non-diabetic patients assessed as having CLI did not

meet this haemodynamic definition of CLI(4).
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Subsequently, the second European Consensus Document on Chronic Critical Leg

Ischaemia added a toe pressure (TP) of less than or equal to 30 mmHg(5).
TASC/ TASC I

In 2000, the TransAtlantic Inter-society Consensus (TASC) working group
recommended a more inclusive haemodynamic definition of chronic critical limb
ischaemia, with an AP<50-70 mmHg, Toe Pressure (TP)< 30-50 mmHg or TcPO2 <

30-50 mmHg(6).

TASC2 in 2007 stated that “ischemic rest pain most commonly occurs below an AP
<50 mmHg or a TP< 30 mmHg”. In patients with tissue loss, an AP<70 mmHg or
TP< 50 mmHg were described as the perfusion cut-offs for CLI. The authors
acknowledged that there is not complete consensus regarding haemodynamic

parameters required to confirm the diagnosis of CLI(7).

Definition and Rationale for Chronic Limb-threatening Ischaemia (CLTI)

Recently, all the major global Vascular Societies (European Society for Vascular
Surgery, Society for Vascular Surgery and the World Federation of Vascular
Societies) collaborated in the development of evidence-based guidelines for the
assessment and management of patients with critical limb ischaemia. The Writing
Group of the Global Vascular Guidelines on the Management of Chronic Limb
Threatening Ischemia (CLTI) includes experts from all the international Vascular
Societies and experts in other specialties managing patients with PAD and diabetic
foot pathology. The writing group have proposed the term CLTI to represent the
cohort of diabetic and non-diabetic patients who have PAD which was potentially of

sufficient severity as to delay wound healing and increase amputation risk.
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CLTI defines rest pain as foot pain of greater than 2 weeks duration with an ABI <
0.4, AP <50 mmHg, TP < 30 mmHg, TcPO2 < 30 mmHg or flat waveforms on pulse

volume recordings.

The concept of CLTI in patients with tissue loss (ulceration or gangrene) present for
at least 2 weeks recognises that there is a broad range of perfusion deficits which
are associated with delayed wound healing and also increased risk of major
amputation. This guideline has thus not used an absolute cut-off for perfusion, but
uses the WIfl system to assess risk of major amputation at 1 year and also the
likelihood of benefit from revascularisation (open or endovascular) for a particular
foot lesion, assuming that infection is able to be adequately treated. WIfl introduced
the concept that better perfusion was needed to heal more complex wounds and this
has been adopted in the definition of CLTI(8). The WIfl system is a limb-disease
burden classification, analogous to tumor, Nodes and Metastasis (TNM) for cancer
staging and does not take into account the severity of co-morbidities such as renal
failure/dialysis, heart failure etc. Patient co-morbidities/ patient risk and anatomical
complexities for revascularisation have also been incorporated into the Global
Vascular Guideline on the Management of CLTI, as they are needed for clinical

decision making in addition to limb staging(9).

Proposed approach to assessment and management of the patient with CLTI

The GVG guideline for CLTI proposes a three-step integrated approach to
assessment and management of the patient with rest pain or tissue loss based on
Patient risk estimation, Limb staging (limb Threat severity) and ANatomic pattern of

disease (GLASS-Global Limb Anatomic Staging System) [=PLAN].
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Patient Risk Estimation: How do we define the high-risk patient with CLTI?

The Global Guideline for CLTI has defined the high-risk patient as one in whom the
anticipated peri-procedural mortality is = 5% or estimated 2-year survival is < 50%.
Given comorbidities frequently associated with patients who present with diabetes
including ESRD and CAD, it is likely that a higher proportion of diabetic patients will

be included in this high-risk group.

The estimation of perioperative risks of revascularisation, life expectancy,
amputation-free survival and quality of life is of paramount importance in the
management of patients with CTLI. Several risk stratification tools have been
developed and can be used to assist clinicians to make decisions regarding the best

therapeutic approach for patients presenting with CTLI.
Limb Staging

The WIfI classification system is used for limb staging. This classification is based on
grading each of the three major factors (Wound, Ischaemia and Foot Infection) on a
scale from 0 to 3, where 0 represents none, 1 mild, 2 moderate, and 3 severe.(8)
Diabetic patients commonly present with more severe tissue loss and/or infection
and therefore are more likely to be included in more advanced WIfl stages (stage 3

and 4).
Anatomical Pattern of Disease

Patients with CLTI generally present with multilevel disease, although a proportion

do present with severe tibial artery disease in isolation.

The anatomic pattern of disease should be assessed using an integrated, limb-
based anatomical staging system, incorporating this multi-level disease profile. The

Global Guidelines have proposed an approach, “Global Limb Anatomical Staging
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System” (GLASS) which evaluates the complexity of a preferred target arterial
pathway from groin to foot for revascularisation. The target artery path (TAP) is

particularly relevant to endovascular approaches to revascularisation.

Diabetic patients in particular tend to have severe below knee atherosclerosis, often
associated with extensive calcification(10-14). This pattern of disease is likely to
represent a GLASS stage Il or High Complexity Disease stage, which would be
associated with an expected higher risk of early technical failure and lower mid-term

limb-based patency following revascularisation.

Whether open bypass or endovascular therapy is assessed as the best initial option
for patients with CTLI remains controversial. The decision regarding the
revascularisation technique is complex and the clinician must take into consideration
the morphology and length of lesion(s) in the target artery path (TAP), availability of
autogenous venous conduit (for bypass), patient risk/comorbidities, severity of limb
and foot pathology (WIfl stage) and the expertise of the clinicians managing the

patient.

Advances in endovascular therapies during the past decade have broadened the
options for treating peripheral vascular disease percutaneously and revascularisation
is increasingly attempted by endovascular means in the first instance. Results of
ongoing randomised controlled trials such as the BEST-CLI, BASIL-2 and BASIL-3
will provide powerful data that will help to shape a much-needed evidence-based

approach to CTLI.
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Anatomical Differences in atherosclerosis between diabetic and non-diabetic

patients

Patients presenting with CLTI generally have multi-level occlusive disease.
Compared to patients without diabetes, PAD occurs predominantly in the infra-
inguinal vasculature in diabetic patients. The atherosclerotic lesions tend to be
multilevel and particularly severe in the profunda femoris and the below knee
vessels, such as the below knee popliteal and tibial arteries, with a high prevalence
of long segment occlusions(10-15). The predilection for multiple infra-popliteal vessel
involvement combined with extensive arterial calcification increases the technical
challenges associated with revascularisation using either open bypass or

endovascular techniques(16, 17).

There are also difficulties in the diagnostic approach to PAD in diabetic patients. This
population commonly lacks typical symptoms of vascular insufficiency such as
claudication or rest pain(18). Not uncommonly diabetic patients present with de novo
tissue loss and no prior diagnosis of PAD. Conventional methods for assessing
tissue perfusion in the peripheral circulation are frequently unreliable in patients with
diabetes, most often due to medial calcinosis or the presence of foot wounds, and it
may therefore be difficult to determine the perfusion deficit in the foot (global and
regional) in patients with ulceration. As previously mentioned, the concept of
perfusion deficit has been incorporated into the WIfl classification and it is based on
the concept that the amount of blood flow required to heal a foot lesion likely
depends on several factors including the presence of infection, extent of tissue loss,
abnormal mechanical loading of the foot during walking and co-morbidities such as

renal failure(17, 19, 20).
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Microcirculation in Diabetes

Diabetic microangiopathy has historically been considered to be an important cause
of poor healing of a diabetic foot ulcer. However, the concept of preferential
occlusion of small vessels in diabetic patients rendering a poorer prognosis with
limited revascularisation options has been shown to be incorrect(17, 21, 22).
Although it has been shown that occlusive disease of the microcirculation is not a
complication of diabetes, it is known that there are structural and, most importantly,
functional changes in the microcirculation in diabetic patients. The structural changes
include a reduction of capillary size, thickening of the basement membrane, and
arteriolar hyalinosis (thickening of the walls of arterioles by deposition of hyaline
material)(23, 24). These changes are more pronounced in capillary beds exposed to
high hydrostatic load, such as the lower limbs. The functional microcirculatory
changes are related to dysfunction of vascular endothelial cells and vascular smooth
muscle cells, impaired nerve-axon reflex and the presence of arteriovenous shunts
that result in increased maldistribution of blood flow between the nutritional
capillaries and subpapillary vessels. These changes are more pronounced in the
presence of diabetic neuropathy and impact the ability of the microcirculation to
vasodilate in periods of stress or injury(22, 24, 25). Interestingly, it has been
demonstrated that microcirculatory dysfunction can improve considerably, but not
completely return to normal, with successful bypass surgery(26). The presence of
microcirculatory impairment in diabetic patients should not preclude revascularisation
and in general PAD should be considered the most important cause of impaired

perfusion to the foot(17).
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Wound healing in diabetic patients

Wound healing is a dynamic process consisting of continuous, overlapping phases:
haemostasis, inflammation, proliferation, and remodelling. This complex and
interactive process involves soluble mediators, blood cells, extracellular matrix, and
parenchymal cells(27). While acute wounds go through the linear progression of
overlapping biological and molecular stages, chronic non-healing wounds such as
DFU fail to proceed through the normal temporal sequence of tissue repair. These
chronic wounds are often characterized by disorganized healing phases within the
wound, excessive inflammation (including elevated levels of proteases, reactive
oxygen species (ROS), and inflammatory cytokines), the presence of senescent cell
populations with impaired proliferative and secretory capacities, and also by

defective mesenchymal stem cells(28).

Multiple factors can lead to impaired wound healing in diabetic patients with foot
wounds. These factors can be categorized into intrinsic factors (e.g. neuropathy,
ischaemia, other complicating systemic effects due to diabetes) and extrinsic factors

(e.g. wound infection, callus formation, and excessive pressure to the site)(23).

Among the intrinsic aspects there are several molecular and cellular factors that
contribute to wound healing deficiencies in individuals with diabetes including
decreased or impaired growth factor production, impaired angiogenesis,
macrophage function, collagen accumulation, epidermal barrier function, quantity of
granulation tissue, keratinocyte and fibroblast migration and proliferation, and
imbalance between the accumulation of extracellular matrix components and their

remodelling by matrix metalloproteinases (MMPs)(29).
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Excessive pressure (associated with neuropathy, foot deformity and callus), reduced
tissue oxygenation (secondary to PAD and microcirculatory changes) and the
presence and severity of infection are critical factors contributing to delayed wound
in DFU. Aggressive offloading, assessment and treatment of perfusion deficit and

attention to infection are imperative in the management of these ulcers.

Today there is an increasing recognition that the presence of a biofilm in diabetic foot
wounds significantly impacts and often stalls wound healing. A biofilm can be defined
as a coherent cluster of bacterial cells imbedded in a biopolymer matrix which shows
increased tolerance to antimicrobials and resists the antimicrobial properties of the

host defence compared with planktonic cells(30). As stated in this definition, bacteria
living in biofilms are well protected against antibiotics and host defences, and they

thereby become extremely difficult to eradicate(31, 32). Biofilms have been shown to
be ubiquitous in clinically infected and non-healing DFUs(33). There is evidence that
metabolic activities of the biofilm and the recruitment of cells that consume oxygen

establish and maintain localised low oxygen tensions in a wound and may contribute

to wound chronicity(34, 35).

In summary several pathogenic abnormalities, ranging from reduced tissue
perfusion; disease-specific intrinsic molecular and cellular flaws in the complex
healing process, to extrinsic factors due to infection/critical colonisation; and

continued trauma, may contribute to failure of healing in diabetic foot ulcers.

Outcomes of CLTI in contemporary practice

CLTI implies not only an increased risk of limb loss but also an increased risk of

cardiovascular morbidity and mortality. An observational cohort study using data
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from the Swedish National Quality Registry for Vascular surgery (10,617 cases of
CLTI treated between 2008 and 2013) found a mortality of 21% at one year and 41%
at 3 years. Amputation-free survival was 70% at one year and 51% at 3 years(36). A
study utilising Dutch National registries, for patients who were treated between 1998
and 2010 (13,470 with CLI) described mortality of 23.9 to 27.3% at one year and

57.1 to 60.3% at 5 years(37).

How does diabetes influence outcomes in patients presenting with chronic

limb-threatening ischaemia?

This is an important question which has been explored in a number of studies with
conflicting results. Several studies have identified lower rates of clinical success
(amputation free survival and clinical improvement)(38), higher rates of
amputation(10, 39-41), graft failure(41, 42), and even mortality(10, 39) for diabetic
patients after lower extremity revascularisation. These studies, however, are
heterogenous, have assessed different outcomes, and some have included patient

populations with claudication.

30 day outcomes following intervention for CLTI (Table 1):

Data from the Finland National Vascular Registry (Finnvasc registry) of 3,925
infrainguinal open surgical procedures performed for CLI from 1991 until 1999 were
analysed. 30-day post-operative outcomes included 3.1% mortality, 6.3% major
amputation and 9.2% death and/or amputation. These outcomes were associated
with(1) a patient history of diabetes,(2) coronary artery disease (CAD),(3) foot

gangrene and(4) urgent operation. Patients presenting with 3 or more of these
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factors had a greater than 5.5% 30-day mortality and >15% risk of major amputation

or death(43).

Data for 4,984 individuals from the 2007 to 2009 National Surgical Quality
Improvement Program (NSQIP) were used to assess factors associated with 30-day
perioperative mortality, major morbidity, and a composite end point of morbidity and
mortality following infra-inguinal bypass surgery for CTLI. In the derivation data set
(n = 3275), the 30-day mortality rate was 2.9% and the rate of any major morbidity
was 19.1%. Diabetes, which was present in 52% of the study population, was not an

independent predictor of morbidity and mortality(44).

A more recent study using The American College of Surgeons NSQIP vascular
module included 8,887 patients undergoing open or endovascular revascularisation
for CLTI between 2011 and 2014. Overall, 54% of patients were diabetic. Diabetic
patients were younger, more likely to present with sepsis, to have an open or
infected wound, to have baseline renal dysfunction or be dialysis-dependent. There
was no difference in 30-day mortality after open intervention (3.1% in diabetics
versus 2.8% in non-diabetic patients) or endovascular intervention (2.6 versus 2.1%)
and no difference in rate of major amputation (4.7% in both open groups and 5.4
versus 5.7% following endovascular treatment) in diabetic patients versus those

without diabetes(45).
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Table 1: 30-day outcome for CLTI

Maior Independent
Study Population (n) | Procedure % Diabetic | Mortality ) . predictor
Amputation
factor
FINNVASC 3925 sureical Open infrainguinal DM, CAD, foot
Biancari et al : surgical 50% 3.1% 6.3% gangrene, urgent
procedures
2007(43) revascularisation operation
age >75 years, prior
CRAB amputaltio.n otr
revascularisation
NSQIP B
3275 patients L tissue loss,
(2007-2009) (derivation set); Isr;frra;r;gtfjcl)r:aclﬁypass 52% 2.9% hemodialysis, severe
Meltzer et al 1619 (validation set) sery cardiac disease,
2013(44) emergent surgery,
functional
dependence
Diabetes not an
. . . . . . independent
NSQIP Opeon intervention 50% 3.1:/0 (dlabet.lc) . 4.7:/0 (dlabet.lc) | prediction factor of
N (65%) 2.8% (non-diabetic) | 4.7% (non-diabetic) 30-day outcomes for
dul CLTI patients with
ek 8887 patients undergoing
(2011'2()'14) revascularisation
Liang et a . . . . b
Endovascular 2.6% (diabetic) 5.4% (diabetic) (bypass or
2018(45) 62% endovascular

intervention (35%)

2.1% (non-diabetic)

5.7% (non-diabetic)

intervention)

Mid-term outcomes following intervention for CLTI (Table 2):

Schanzer and colleagues used the PREVENT Il dataset to develop an outcome

model for 1 year amputation-free survival following infrainguinal bypass. The model

assigned patients 4 points for dialysis dependence, 3 points for tissue loss, 2 points

for age = 75 years, 2 points for anaemia (Hematocrit < 30%) and 1 point for a history

of CAD. Diabetes was not included as a predictive factor for negative outcome. The

model was internally validated and externally validated with a multi-centre cohort.

Patients were stratified into three risk categories (low, medium and high-risk groups)

according to the scores. The 1-year AFS varied from 86% for the low-risk group to

45% for the high-risk category.

The BASIL trial (Bypass versus angioplasty in severe ischaemia of the leg)

compared the outcome of bypass surgery-first and balloon angioplasty-first in the

management of CTLI. 42% of the patients included in the trial were diabetic.
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Amputation-free survival at 1 and 3 years was 68% and 57% in those patients
assigned to surgery first and 71% and 52% respectively in those assigned to
angioplasty-first for management of CTLI(46). A predictive model of overall survival
at 2 years after randomisation was created using regression model of baseline
covariates. The predictive model failed to identify DM as a predictor of AFS following
revascularisation after correcting for renal function, severity of below-knee arterial

disease (Bollinger score) and other co-morbidities(47).

Simons et al described a predictive model for 1-year AFS after lower limb extremity
bypass using the USA Vascular Quality Initiative (VQI) database (2003—

2012).(48) The overall 1-year AFS was 74% and on Cox regression model diabetes
was considered an independent risk factor for amputation or death (HR, 1.2; 95% ClI,
1.1-1.4). However, bedbound status (HR, 4.4; 95% CI, 2.7-7.0), followed by dialysis
dependence (HR, 2.5; 95% ClI, 2.1-2.9) had the largest magnitude of effect on the
risk of amputation or death. Details of the described predictive models can be found

in table 2.

Hicks at al also used the VQI database (2008-2014) and compared outcomes
following lower extremity bypass and endovascular intervention at and below the
knee in patients with DM versus patients without DM with CTLI(49). 2566 patients
were included, including 500 patients (19%) undergoing bypass surgery (DM 355 vs
non-DM 145) and 2066 patients (81%) undergoing endovascular treatment (DM
1463 vs non-DM 603). On multivariate analysis, there were no significant
differences in 1-year major amputation or mortality comparing patients with DM

versus patients without DM for either bypass surgery or endovascular intervention.

A recent study examined Medicare records of 72,199 patients diagnosed with
primary CLTI in 2011 and the clinical outcomes over 4 years were assessed(50).
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54% of the patients were diabetic and 60% received revascularisation treatment

during follow up. 29% of the patients died or underwent major amputation in the first

year after diagnosis of severe ischaemia. In a multivariate model of the association

of baseline variables on outcomes, diabetes had a significant association with

mortality (HR 1.09 IC 1.06- 1.11) but not with major amputation. However, diabetes

was not included in a reduced multivariate model identifying the strongest predictors

of mortality and major amputation(50).

Table 2: Contemporary mid-term outcomes of patients presenting with CLTI

Amputation free

Independent predictor

Study Population (n) % Diabetic | Procedure survival factor
1year 3 years
953 patients (PIlI
PREVENT Il | derivation set); 451
Schanzer patients (PIII Infrainguinal vein Dialysis, Tissue loss, Age > 75,
2008(51) validation set); 716 (#5 bypass for CLI vesd2 Tl |5 HCT < 30%, CAD
patients (external
validation)
Age, presence of tissue loss,
serum creatinine, number of
BASIL 452 patients Surgery first (50%) 68% 57% ankle pressure measurements
Adam et al |randomised to bypass detectable, maximum ankle
2005(46) surgery first or 1% pressure measured, a history
Bradbury et | balloon angioplasty of Ml or angina, a history of
al 2010(52) | first revascularisation stroke or TIA, below knee
strategy Angioplasty first (50%) | 71% 52% Bollinger angiogram score,
body mass index, and
smoking status
7754 patients (VQI Age, '.ris.sue loss, CHF, DM,
val L Creatinine, Ambulatory
Simons et al derlvatlo.n dataset), o 'None.mer'gency o status, weight, bypass conduit
2016(48) 1404 patients 56% infrainguinal bypass 74% NR 5, (3 B I e

(external validation
dataset)

for CLI

antiplatelet agent on
discharge

NR = not reported

Conclusion

There is little doubt that diabetes affects the presentation, diagnosis, and

management of PAD in many ways. Although diabetes itself does not seem to

consistently be a strong independent risk factor for morbidity and mortality in CTLI

patients undergoing revascularisation, it is impossible in clinical practice to isolate

diabetes from the comorbidities frequently occurring in diabetes. Diabetes is a major
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risk factor for ESRD(53) and CAD(54). Diabetic patients are more likely to present
with tissue loss, non-healing wounds, and to have less favourable anatomy for
revascularisation(16, 18). The presence of diabetes however should not preclude
treatment of patients with CTLI and the three-step integrated PLAN approach

suggested by GVG guideline for CLTI should be implemented whenever possible.
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Diabetes is a major public health challenge worldwide, which is associated with a
variety of complications including cardiovascular, kidney, eye and foot disease. The
absolute number and the percentage of the population with diagnosed diabetes
continues to rise. It is projected that in 2035 there will be 592million people

worldwide with diabetes(1).

In Australia, the prevalence of diabetes has more than doubled over the past three
decades, with an estimate of 1.7 million people living with diabetes in 2013. It is
predicted that this number will increase by 40% in the next 20 years(1). Diabetes
imposes a substantial burden on Australian healthcare expenditure and
approximately 10% of all inpatient hospital episodes in Australia have diabetes as

either the principal or an additional diagnosis(2).

It is known that individuals with diabetes have an increased risk of foot ulceration
and lower limb amputations when compared to people without diabetes(3). Lazzarini
described the burden of diabetes-related foot disease faced by the Australian

population as the second largest of the four main diabetes complications in terms of
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burden of disease and numbers of people affected. In contrast, foot disease ranked
a distant last compared to the other diabetes complications with regard to

government funding(4).

Diabetic foot lesions are frequently the result of a patient having two or more risk
factors, with diabetic peripheral neuropathy and ischaemia playing vital roles.
Neuropathy leads to reduced sensation in the foot often foot deformity, which results
in an altered biomechanical pattern. This results in high risk of ulceration even
following minor trauma (e.g from ill-fitting shoes). Peripheral arterial disease is a risk
factor for impaired wound healing and subsequent lower extremity amputation(5)
This report describes amputation data from the Australian Vascular Audit (AVA) over
the 6-year period 2010-2015 and total admission and rehabilitation costs for patients
who underwent amputation at the Royal Adelaide Hospital. The AVA has been in
operation since January 2010 and is the official audit of the Australian and New
Zealand Society for Vascular Surgery(6). It is however self-reporting and voluntary
so only the procedures entered are amenable to data analysis. Data entry is known
to be incomplete especially in private hospitals.

A total of 20,669 amputations were recorded in the AVA between 2010-2015. Most of
those procedures (13,515) were minor amputations — toes or forefoot amputation;
12,115 procedures were performed in Australia and 1,400 in New Zealand. Amongst
patients who underwent minor amputations, 79% had diabetes and 62% had a
smoking history. The median length of hospital stay for patients undergoing minor
amputations was 11 days, one day longer than the average length of stay for stroke

patients in South Australia(7).

Approximately 35% of the recorded procedures (7154) were major amputations. 5,795

were performed in Australia with an above knee/below knee amputation (AKA/BKA)
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ratio of 0.74. 1,359 procedures were carried out in New Zealand with an AKA/BKA
ratio of 1.02. This ratio is important as there is an increased prosthetic rehabilitation
rate in patients undergoing BKA versus those undergoing an AKA. Sixty one percent
of patients who had a major amputation were diabetic and 67% had a smoking history.
The median length of hospital stay for a patient undergoing major amputation was 20

days.

The distribution of patients undergoing amputation for diabetes-related disease is
heterogeneous. Data from the Australia Commission of Safety and Quality in Health
Care shows that the average number of admissions varies across states and
territories, from 19 per 100,000 people aged 18 years and over in Tasmania, to 65 per
100,000 in the Northern Territory. This difference is related to risk factors for diabetes-
related amputations, including the incidence of diabetes, distribution of Indigenous

population, socioeconomic status and geographical remoteness(8).

Cost analysis of 325 amputations conducted at the Royal Adelaide Hospital in the
2015-2016 financial year revealed an average total admission cost of $A 18,153 for
minor amputations and $A 35,016 for major amputations. Fifty two percent of patients
who had a major amputation were discharged directly to a rehabilitation facility. The
average length of stay in rehabilitation across two Local Health Networks in Adelaide
was 27 days with an average cost of $A 1,233 per day. Therefore, the total direct cost
for a patient who had a major amputation and went to a rehabilitation facility was $A
68,307. These costs were obtained using the Power Performance Manager (PPM)
Patient Costing Database and included all direct and indirect costs associated the
acute patient admission and inpatient rehabilitation. It is important to mention that
acute inpatient stay and inpatient rehabilitation are only a small component of lifetime
health care costs after amputation. In addition to these, there are costs with outpatient
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visits, prosthetic charges and indirect costs from amputation-related work
absenteeism, reduced productivity, reduced labour force participation from chronic
disability, costs of a carer and premature mortality. There are few publications about
costs associated with lower limb amputation. Mackenzie reported that direct health-
care costs for the first two years after major amputation following injury was US$
91,106(9).

Diabetic foot disease is potentially preventable and every effort should be made to
ensure that high-risk patients are identified and receive early treatment of foot
complications. The International Working Group for the Diabetic Foot emphasizes
the importance of prevention of foot problems. Successful efforts to prevent and treat
diabetic foot complications depend upon a well-organised multidisciplinary team
comprised of general practitioners, nurses, podiatrists, vascular surgeons,
endocrinologists, infectious diseases specialists and orthopaedic surgeons. Ideally a
foot care programme should provide the following: 1 Education for people with
diabetes, their carers and for healthcare staff. 2 A system to detect all high-risk
patients. 3 Measures to reduce risk of foot ulceration, such as podiatric maintenance
care and appropriate footwear. 4 Prompt and effective treatment of any foot
complication. 5 Auditing of all aspects of the service to identify problems and ensure

that local practice meets accepted standards of care(5).

Diabetic foot ulcers should be seen as a chronic potentially limb-threatening
condition and strategies should be designed to meet the needs of patients requiring
chronic care, rather than simply responding to acute problems when they occur5.
Aggressive preventative medicine should aim to provide an efficient and cost-

effective solution to a challenging and costly disease process.
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Abstract

Objective

The initial wound measurement and regular monitoring of diabetic foot ulcers (DFU)
is critical to assess treatment response. There is no standardised, universally
accepted assessment method to characterise DFU. To address this need, a novel
topographic imaging system has been developed. Our study aims to assess the
reliability and practicality of the WoundVue® camera technology in the assessment

of DFU.
Approach

The WoundVue® system consists of two infrared cameras and an infrared projector,

and is able to produce a 3D reconstruction of the wound.

Fifty-seven diabetic foot wounds were photographed from two different angles and

distances using the WoundVue® camera. Wound area, volume and maximum depth
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were measured for assessment of reliability. Thirty-one of these wounds also had
area calculated using the Visitrak™ system and a correlation between the area

obtained using both systems was assessed.
Results

WoundVue® images analysis showed excellent intra and inter-rater agreement for
area, volume and maximum depth (all ICC > 0.970). Good agreement was found for
area measurement using the WoundVue® camera and Visitrak™ system (ICC
0.842). The average percentage difference between measures obtained using the
WoundVue from different angles for assessment of different sizes and shapes of
wounds were 2.9% (95 Cl 0.3%-5.4%), 12.9% (95% CI 9.6%-35.7%) and 6.2% (95%

Cl 2.3% - 14.7%) for area, maximum depth and volume respectively.
Innovation

This is the first human trial evaluating this novel 3-Dimensional wound measurement

device.
Conclusion

The WoundVue® system is capable of recreating a 3D model of DFU and produces

consistent data.
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Introduction

Foot problems in diabetes are common and carry a substantial physical,
physiological and financial burden for affected patients. It is estimated that patients
with diabetes have an almost 25% lifetime risk of developing a foot ulcer and
approximately 2% of patients develop new foot ulcers each year(1, 2). More than
50% of these ulcers become infected and many requiring hospitalisation(1). Diabetic
foot care accounts for a substantial proportion of healthcare expenditure and the
majority of this expenditure arises through prolonged and severe ulceration(3).
Diabetic foot complications are the most common cause of “non-traumatic” lower
limb amputation and it has been estimated that on a global scale a lower limb is lost

every 20 seconds as a consequence of diabetes(4).

The treatment of diabetic ulcers is complex and requires a multidisciplinary team.
The principles of management include wound care, management of infection,
revascularisation if required, and offloading, with the aim of achieving expeditious
wound healing, prevention of ulcer recurrence, and ultimately avoiding

amputations(5).

As part of wound management, it is essential to obtain accurate and reproducible
wound measurements. A thorough initial wound assessment provides baseline data

about the status of the wound and is important in developing a treatment plan(6).
Clinical Problem Addressed

Repeated wound measurements at clinical encounters is valuable for assessing the
effectiveness of treatment and can be a predictor of longer-term ulcer healing. In a
prospective study of patients with diabetic foot ulcers, the percent change in foot

ulcer area after 4 weeks of observation was a good predictor of healing at 12
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weeks(7). Recent recommendations from the International Working Group for the
Diabetic Foot recommend consideration of revascularisation if the wound in patients
who were initially assessed as having adequate perfusion has not significantly
improved within 6 weeks of optimal wound care(8).Thus accurate wound

assessment is an essential component of diabetic foot management.

The ideal method of wound measurement should be practical, comfortable for the
patient, accurate and most importantly reproducible. In clinical practice, it is
important to be able to reassess wounds regularly to track changes in size, depth
and appearance over time. The measurement methods most commonly used include
simple ruler assessment, acetate tracing, and digital imaging methods(9). Ruler-
based techniques to calculate area are simple and inexpensive but inconsistent and
are not very reliable for irregular or large wounds. Acetate tracing is performed by
placing a transparent film over the wound and tracing the outline with a permanent
marker, allowing more accurate area calculation when the wound is irregular. The
area can be obtained by placing the wound trace on a metric grid and counting the
number of squares of a known area. However, it is time consuming and inaccuracies
may arise when deciding the value of partial squares. Alternatively, the wound
outline can be retraced onto a digital tablet, which calculates the area(9). One
example of digital planimetry device that has been validated is the Visitrak™ system.
(Smith & Nephew Wound Management, Inc, Largo, Florida)(10). Digital photography
is also commonly used. The wound can be photographed with a ruler or a marker of
known dimensions placed at the skin near the wound edge and the image
transferred to a computer and planimetric software can be used to calculate the

area. However, inaccuracies due to parallax may occur(11).
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More recently new methods of wound measurement using laser scanners,
stereophotogrammetry and structured light technique have become available.
Eykona®, Silhouette® and the inSight® cameras are examples of these new
technologies with the potential to provide a more comprehensive evaluation of the
wound including assessment of volume(12-15). The WoundVue® system is a new
prototype device that uses the principle of stereophotogrammetry to provide a 3-

dimensional assessment of the wound (Figuresl and 2).

The purposes of this study were to determine reliability of the WoundVue® camera
for area, volume and maximum depth measurements and to assess the agreement
between area measurements obtained using the WoundVue® camera and the

Visitrak™ system.

Figure 1: WoundVue® camera.
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The system consists of a Microsoft Surface Pro Tablet, 3D-camera, a pair of LED lights and tailor-made software.
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Figure 2: 3D reconstruction of foot wound.

3D Reconstruction of the Wound

maximum depth = 14 mm
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volume = 4958 mm>
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The left panel is an image of the wound and the right panel shows the concomitant 3D reconstruction and metric
measurements.

Material and Methods

Ethical approval was granted from Central Adelaide Local Health Network Human
Research Ethics Committee and written informed consent was obtained from all

participants.

Patients with DFU were enrolled from multidisciplinary diabetic foot clinics at the
Queen Elizabeth Hospital and Lyell McEwin Health Service or admitted under the
Vascular Surgery service at the Royal Adelaide Hospital, all within the metropolitan

Adelaide region, South Australia, from June to November 2018.

Digital documentation of wounds was obtained by one of the clinicians involved in
the study (GP) using the WoundVue® camera. GP received a formal 30-minute
training session on the device prior to the research. The WoundVue® system is a
prototype device developed by the machine learning department at The University of
Adelaide in collaboration with LBT Innovations Limited (Adelaide, South Australia).
The camera system consists of two infrared cameras which image the wound from
two different vantage points and an infrared projector which casts a textured light
pattern onto the wound. The textured light pattern facilitates matching pixels in the
first image with corresponding pixels in the second image. Once corresponding

83



points have been established the process of triangulation determines the range of all
points in the image, thus producing a three-dimensional reconstruction of the wound
(Figure 3). The theoretical foundations and practical algorithms that underpin the 3D
reconstruction from a pair of images are well established and documented in the
computer vision and photogrammetry literature and can be found in Hartley &
Zisserman (2003) and Filko, Cupec & Nyarko (2018)(16, 17). After the user helps
delineate the wound bed in the input image, the wound bed in the 3-dimensional
model is closed with an artificial surface to facilitate the computation of the area,

volume and maximum depth of the wound.

Figure 3: Triangulation of a cube

[mage 1 Image 2

Camera 1 Camera 2

The cube is imaged from two different vantage points and pixels in the first image are matched with pixels in the second
image. For example, the corresponding corners of the cube in both images are identified and matched. To determine the
depth of the corner of the cube one casts a ray from the optical centre of each camera such that it passed through the
image at the location of the corner pixel. The two rays intersect in 3D space and the depth can then be determined from
the point of intersection. The same process can be applied for each pixel in the image to recover the depth of the entire
scene.
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Fifty-seven wounds were photographed with the WoundVue® camera from two
slightly different angles and distances for assessment of intra-rater reliability. All the
photos were taken by the same clinician (GP) from an appropriate position where the
target ulcer was placed close to the centre of the frame for both right and left
cameras. The objective was to assess consistency in measurements when the
photos were taken in satisfactory but not identical circumstances. Subsequently, two
clinicians (GP and BK) independently assessed all the images and outlined wound
edges. Thirty-one wounds that were photographed also had area measured using

Visitrak™ system by the same clinician involved in the study (GP).

Wound images were downloaded and processed by the Australian Institute for
Machine Learning (AIML - University of Adelaide) where area, volume and maximum

depth measurements were obtained.
Statistics

Intraclass correlation coefficient (ICC) estimates and their 95% confident intervals
were calculated. In accordance with Ko and Li (18) recommendations, ICC values
>0.90 were indicative of excellent agreement, whereas values between 0.75-0.90

and 0.50-0.75 portrayed good and moderate agreement, respectively.

A two-way mixed effects, absolute agreement, measurement model was used for
assessment of Woundvue® intra and inter-rater reliability and a one-way random
effect model was used to assess the agreement between the different instruments

(WoundVue® and Visitrak™).

One sample T test of the differences of measurements obtained using the

WoundVue® system was performed to assess average percentage difference
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between wound dimensions acquired from photos taken from slightly different

angles.

All statistical analysis was performed using SPSS statistical package version 25

(IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.).

Results

Fifty-seven diabetic foot wounds of different shapes and sizes were photographed
using the WoundVue® Camera. The average wound area obtaining was 5.7cm?,
ranging from 0.4cm? (small digital ulcer) to 30.0cm? (forefoot amputation wound).
Wound maximum depth and volume were on average 0.6cm (max 5.6cm and min

0.02cm) and 1.2cm?® (max 14.9cm? and min 0.003cm?3) respectively.

Excellent intra-rater (GP) reliability was found for area [ICC 0.995 (95% CI 0.991 —
0.997)], volume [ICC 0.988 (95%CI 0.979 — 0.993)] and maximum depth [ICC 0.984
(95% CI 0.975 — 0.990)] measurements obtained with the WoundVue® camera

between the 2 different images taken of the same wounds (Figure 4).
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Figure 4: Intra-rater reliability of the WoundVue®.
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Similarly, excellent inter-rater reliability for area [ICC 0.983 (95% CI 0.971 — 0.990)],
volume [ICC 0.978 (95%CI 0.962 — 0.988)] and maximum depth [ICC 0.975 (95% CI
0.956 — 0.986)] was achieved when images were analysed by two different

asSSessors.

The average percentage difference between measures obtained using the

WoundVue® from different angles for assessment of different sizes and shapes of
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wounds were 2.9% (95 Cl 0.3%-5.4%), 12.9% (95% CI 9.6%-35.7%) and 6.2% (95%

Cl 2.3% - 14.7%) for area, maximum depth and volume respectively.

Thirty-one wounds that were photographed also had areas measured using
Visitrak™. The reason for the fact that not all wounds photographed had areas
measured with Visitrak™ is that this device was only available in one of the clinics
initially and then became accessible to other settings during the research. A good
agreement was found for area measurement using the WoundVue® camera and

Visitrak™ system [ICC 0.842 (95% CI1 0.700 — 0.920)] (Figure 5).

Figure 5: Correlation between WoundVue® and Visitrak for area measurement.
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Discussion

An accurate and reliable measurement method of wound area and depth is important
for appropriate wound documentation, assessment of progress and determining the
efficacy of treatment. An ideal measurement method should be consistent, easy to

learn and use, cost efficient and comfortable for patients(19).
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With the advent of new technologies, 3D cameras have become available and they
have the potential to afford a more comprehensive assessment of wounds, providing

not only measures of surface area and circumference but also wound volume.

There are 3D measurement systems commercially available. However, they have
not yet had a major impact in clinical practice. A major limiting factor for their
widespread adoption remains the significant cost of purchase and maintenance of
such devices. Examples are the Eykona camera® (Fuel 3D, Oxford UK), Silhouette®
(Aranz, Christchurch, New Zealand) and inSight® (eKare Inc, Fairfax, USA)(12, 14).
These systems use different technologies to assess wound dimensions. The Eykona
®camera uses what is known as "photometric stereo" to construct a 3D model of the
wound. Photometric stereo involves taking a sequence of photographs of the wound
while holding the camera stationary but illuminating the wound from different
directions. It turns out that one can construct a 3D model of the wound by analyzing
the shading patterns in the series of wound bed images. The Eykona® device
requires the user to place a bespoke calibration target near the wound bed. The
Silhouette® device projects three red laser fan-beams onto the wound. One
positions the device such that the three red laser lines intersect and form a star
shape on the wound bed. Silhouette uses knowledge of the orientation and position
of the lasers’ beams to determine the depth of pixels in the image that the laser falls
on. That is, one obtains minimal depth information since one only has depth
corresponding to three thin lines that project onto the wound. Consequently, one can
expect a significant variance in depth and volume measurement since any three
lines of the wound-bed will lead to different reconstructions. The InSight® and
WoundVue® device are similar in that they both projecting an infrared structured

light pattern onto the wound to aid in constructing a 3D model and construct a
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volume measurement by taking into account the entire wound bed. However, the
devices use different camera lenses, dot patterns and algorithms to build the 3D
models and produce the measurements. The choice of lenses is crucial since it

influences the minimum wound size that a device handle.

This study describes an initial evaluation of the WoundVue® camera in human
subjects. The device proved to be practical and provides a reliable method of wound
assessment. It requires minimal training to operate the camera and software, and it

can be easily deployed in routine clinical practice.

Results demonstrated excellent intra-rater reliability for area, volume and maximum
depth assessment for a range of wound shapes and sizes. Photos taken in the same
clinical encounter but with the device positioned in different angles and distance from
the wound provided consistent results with ICC above 0.980 for all the parameters.
In addition, when the photos were analysed by two assessors there was excellent

correlation for all parameters.

Wound area measurements obtained with WoundVue® demonstrated a good
correlation with wound area obtained using the Visitrak™ system, with ICC 0.842. As
demonstrated in figure 5 the correlation between the two systems was less strong for
larger wounds. This was not surprising as the two systems use different methods to
assess surface area. The WoundVue® system evaluates surface area of the wound
taking into consideration all the irregularities of the wound bed while Visitrak™ film

grid, although malleable, is unable to conform precisely to the wound surface.

The proportional difference for area assessment using photos of real wounds with
different shapes and sizes was from different angles was very low (2.9%, 95 CI

0.3%-5.4%), demonstrating high value of the WoundVue® camera for area
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assessment. There was more variability for assessment of the other parameters. The
highest variability was for maximum depth, 12.9% (95% CI 9.6%-35.7%). This can
be explained by the fact that the study included several superficial wounds for which
any variance in depth measurement resulted in large proportional difference in this
parameter. Examples are wounds that were less than 3mm in depth for which 1mm
of difference between measurements, whilst not clinically important, resulted in more
than 30% variance. The proportional difference in volume between measurements
was 6.2% (95% CI 2.3% - 14.7%). This variance is viewed as acceptable considering
that images were taken from slightly different angles and the cohort comprised of
real diabetic foot wounds with different shapes and sizes. The considerable
variability in depth measurement, especially for superficial wounds, also affected

volume measurements.

Assessment of wound volume is challenging. Slight movements of the patient or
camera operator can change the appearance of a wound, especially if there is an
undermined segment of the wound. Localisation of the wound on a curved part of the
body (e.g. the heel) can make it difficult to correctly estimate wound size(15). The
commercially available 3D cameras have been shown to be accurate for area
assessment, however they have not been sufficiently validated in terms of accuracy
and reliability for volume assessment. Several validation studies were done in a
controlled environment using artificial or animal wound models(12, 14, 20, 21) which
are much less complex than real wounds in clinical settings. Therefore, these results
should be looked at with caution. A study using wound models compared volume
measurement by water displacement technique with measurement obtained using
Eykona® and Silhouette® devices. Both devices significantly overestimated wound

volume compared to water displacement.(14) More recently, Jgrgensen at al.
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assessed 48 real wounds using a novel 3D-WAM camera (prototype device) and
compared wound volume obtained with the 3D device with volume obtained by
injecting gel into wound cavity and a high agreement between methods was

reported(22).

There are many advantages associated with the use of a 3D camera system such as
WoundVue®. It is a practical, efficient and comprehensive way to assess wound
size. It is non-invasive and thus causes no discomfort to patients. As the wound bed
is not touched during assessment there is no risk of infection, and importantly, cross-
infection. The potential for using this system in Telemedicine is exciting(23). This is
particularly important in countries such as Australia where distance from expert
assessment can be a critical factor in providing good care. In Australia, the
prevalence of diabetic foot disease is high in remote geographic areas especially
among the indigenous population(24). Frequently, patients live hundreds of
kilometres from specialised multidisciplinary foot clinics. The use of a reliable 3D
camera system that provides high quality imaging and measurements would allow
enhanced communication between local teams (general practitioners and community
nurses) and wound care specialists (specialist nurses, podiatrists and vascular
surgeons). A 3D photo of a wound is able to transmit more nuanced information that
often cannot be easily captured in a wound description. As a result, routine follow-up
care could be performed in a remote area with close liason with a multi-disciplinary

service.

In addition to being able to provide wound dimensions, the WoundVue® core
machine learning algorithms have been adapted to interpret tissue types. This
innovative technology allows for an even more comprehensive wound assessment

measuring, for example, the percentage of wound area with non-viable tissue in the
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base. Further studies need to be undertaken to validate this feature currently offered

by the WoundVue® system.

Limitations of the current study include a small sample size, lack of visitrak™
assessment in all patients and the fact that we did not compare the volume and
maximum depth measurements obtained with WoundVue® camera with other
methods. Ideally wound depth should have been measured using ruler or a depth
probe and wound volume with saline or alginate cast. However, these methods can
cause patient discomfort, are impractical to be performed in a busy diabetic foot
clinic and lack reproducibility(25, 26). It would also be valuable to compare the
measurements obtained with other 3D wound camera systems available. However,
unfortunately the research team did not have access to other devices and none of
the 3D camera devices commercially available has been proven to be particularly

accurate for depth and volume assessment.

There are also limitations related to the device. As with all methods of digital wound
measurement, the WoundVue® camera is unable to assess undermined parts of a
wound, and the presence of debris and clot in a wound may affect volume
measurement. Furthermore, assessment of wounds at points of curvature of the
body represent significant challenges and some wounds may not be suitable for 3D
reconstruction. The WoundVue® Camera demonstrated restrictions for measuring
depth and volume of shallow, flat wounds. However, for this type of wound, area

assessment is clinically much more relevant.

Currently the WoundVue® camera does not provide the dimensions instantly and the
device needs to be connected to specific software on a desktop computer to

generate the 3D model of the wound and wound measurements. Future
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development of the system should allow for immediate wound assessment within the

device without the need to connect to external software.
Innovation

This was the first human study evaluating the WoundVue® system. This system is
capable of recreating a reliable 3D model of diabetic foot wounds, providing wound
measurements. It has the potential to be a valuable adjunct in diabetic foot wound
care as digital images are ideal for monitoring wounds over time and for telemedicine

application.

Key findings

o WoundVue® camera has demonstrated excellent consistency for wound
measurement in relation to area, maximum depth and volume.

o Good correlation for area assessment between WoundVue® and Visitrak™,
although this correlation was less strong for larger wounds.

o 3-Dimensional wound measurement devices, such as WoundVue® camera,

has the potential to be a valuable adjunct in diabetic foot wound care.
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Abstract

Objective: To explore the prevalence of micronutrient deficiencies in patients with
diabetic foot ulcers and correlate this with foot disease severity and other clinical

factors.

Approach: Prospective cohort study of diabetic patients with foot ulcers seen in
multidisciplinary foot clinics across Adelaide or admitted to the Vascular Surgery unit
at the Royal Adelaide Hospital between February 2017 and September 2018. A total
of 131 patients were included in the study. Plasma serumpvou levels of vitamin A, C,
D, E; copper, zinc and ferritin were measured. Demographic and clinical data
including BMI, smoking status, duration of diabetes, HbAlc and WIfl score were

obtained.

Results: The most prevalent nutritional deficiency found was Vitamin D affecting
55.7% of patients. Suboptimal levels of vitamin C affected 73% of patients

comprising of marginal levels in 22.2% and deficient levels in 50.8%. Zinc deficiency,
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vitamin A deficiency and low ferritin levels were present in 26.9%, 10.9% and 5.9%
of patients respectively. There was no correlation between BMI, grip strength,
duration of diabetes, HbAlc or smoking status with micronutrient deficiency.
Increased severity of diabetic foot disease was associated with lower vitamin C

levels (p = 0.02).

Innovation: This study has demonstrated that the deficiency of micronutrients,
especially Vitamin D, vitamin C, Zinc and Vitamin A, is common in diabetic patients

with foot ulcers.

Conclusions: The prevalence of micronutrient deficiency is high in diabetic
population with foot ulcers/wounds. Special concerns regarding the high prevalence
of vitamin C and zinc deficiency given their roles in wound healing. Although further
research needs to be performed to determine the clinical implications of our findings,

micronutrient deficiency should be considered in diabetic patients with foot wounds.

Introduction

Diabetic foot complications carry a substantial physical, psychological and financial
burden for the patients and community. People who suffer from diabetes have a
lifetime risk of nearly 25% of developing a foot ulcer and more than 50% of patients’
ulcer will develop infection(1). A history of foot ulcer is significantly associated with
negative outcomes. Approximately 85% of all amputations in diabetic patients are
preceded by foot ulceration which subsequently deteriorates to foot infection or

gangrene(2).

Diabetic foot complications are recognised as the most common cause of non-

traumatic lower limb amputation internationally. Worldwide it is estimated that every
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20 seconds a lower limb amputation is performed as a consequence of diabetes(3).
The challenge to heal a diabetic foot ulcer is compounded by the high rate of re-
ulceration once healed. Approximately 40% of patients have recurrence of an ulcer

within 1 year after healing, almost 60% within 3 years, and 65% within 5 years(3).

Multifactorial efforts should be made to give affected patients the best chance to heal
foot ulcers. Traditionally this has taken the form of local wound care, debridement,
offloading, attention to infection and revascularisation if required. However, there are
many other patient-related factors that are frequently overlooked that may influence
wound healing (Table 1). One of the factors most commonly neglected is patient

nutrition.

Table 8: Factors considered to affect wound healing

Poor or impaired perfusion

Infection

Smoking and alcoholism

Aging

Chronic diseases (e.g, diabetes, chronic kidney disease, AIDS)
Malnutrition

Medication (e.g. glucocorticoid steroids, non-steroidal anti-
inflammatory drugs, chemotherapy)

Obesity

Oedema

Presence of foreign body

Venous insufficiency

Clinical Problem Addressed

Wound healing is a complex, dynamic, interactive process involving soluble
mediators, blood cells, extracellular matrix and parenchymal cells. Wound healing
has three phases that overlap in time; inflammation, tissue formation, and tissue

remodelling(4). The relationship between nutrition and wound healing has been
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recognized for centuries. It is widely known that macronutrient malnutrition,
especially protein, adversely affects wound healing. Equally important are
micronutrients, which are critical components of cellular metabolism. A number of
vitamins and minerals play a significant role in the immune system and wound
healing, particularly important are Vitamin C, Vitamin A and Zinc(5). Despite their

roles, they are not routinely measured or monitored in clinical practice.

The primary goal of this study was to assess the prevalence of vitamin and
micronutrient deficiency in diabetic patients with foot ulcers seen either in an
outpatient setting within multidisciplinary foot clinics, or inpatients admitted to our
Vascular service. The secondary goal was to correlate micronutrient levels with
disease severity and other clinical factors, namely duration of diabetes, HbAlc

levels, grip strength and smoking status.

Material and Methods

This study is part of a major project assessing factors influencing outcomes in
patients with diabetic foot disease. Ethics has been obtained from Central Adelaide
Local Health Network ethics committee and written consent was obtained from all
participants. Subjects consisted patients seen at Multidisciplinary Foot Clinics at The
Queen Elizabeth Hospital and Lyell McEwin Hospital, or admitted under the Vascular
Surgery service at the Royal Adelaide Hospital, all within the Adelaide metropolitan
area of South Australia. Eligibility criteria included being diabetic, age = 18 years,

able to have follow ups in Adelaide and presence of foot ulcer(s).

A total of 131 patients were recruited for the study between February 2017 and
September 2018. Plasma levels of Vitamin A, C, D, E; copper, zinc and ferritin were

measured at recruitment. All the samples were of venous blood taken by a
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phlebologist in hospital or outpatient pathology collection centre. Specimens were
handled and transported as per collection guide and all processed by SA Pathology.
Table 2 shows reference levels used for analysis. Demographic information and
clinical data were prospectively obtained during patient assessment including age,
gender, weight, height, BMI and smoking status. In addition, grip strength and WIfl
score were also recorded. Grip strength is a measurement of muscle function as
indicator of functional as well as nutritional status(6). The WIfl is a validated
classification which stratifies patients with threatened lower extremity, including
patients with diabetic foot ulcers, based on three major factors that impact

amputation risk and clinical management: Wound, Ischemia, and foot Infection(7).

Table 9: Reference levels of micronutrients

Vitamin A <0.7 umol/L Def|C|en.t .
>0.7 umol/L Non-deficient
<11.4 umol/L Deficient

Vitamin C 11.4-22.7 umol/L  Marginal
>22.7 umol/L Adequate

Vitamin D < 60nmol/L Deﬂuentc .
> 60 nmol/L Non-deficient

Vitamin E <12 umol/L Deﬂuentc .
>12 umol/L Non-deficient

Zinc <9 umol/L Deficient
>9 umol/L Non-deficient
Copper < 10 umol/L Deﬂuenjc .
> 10 pmol/L Non-deficient
Ferritin <30 pg/L DeﬂuenF .
>30 pg/L Non-deficient*

*Ferritin is an acute phase reactant and significantly higher cut-off levels for ferritin are used to define iron-deficiency
accompanied by inflammation

The association between the nutrients most commonly cited as important for wound
healing, namely vitamin C, vitamin A and Zinc, and smoking status, grip strength,
duration of diabetes (since diagnosis), HbAlc levels and burden of diabetic foot

disease assessed by WIfl was assessed.
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Statistics

Continuous measures are summarised as means with standard deviations and
medians with interquartile range. Categorical measures are presented as counts and
percentages. Associations between nutrient deficiencies and continuous predictors
were determined using the Kruskal-Wallis test (Vitamin C deficiency) or Wilcoxon
test (remaining nutrients) as appropriate. The associations between nutrient
deficiency and categorical predictors were assessed using Pearson’s Chi square or
Fisher's Exact test as appropriate. There were no formal statistical assessments for
Vitamin E or Copper deficiencies as all patients were in the normal range for these

nutrients.

Results

One hundred and thirty-one patients were enrolled in the study. The characteristics
of the participants are shown in Table 3. Figure 1 summarizes the prevalence of
micronutrient deficiencies. The elements most frequently found to be deficient, in
descending order were: vitamin D, vitamin C, zinc, ferritin and vitamin A. None of the

patients had low levels of vitamin E or copper.
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Table 10: Summary of participant characteristics

Variable Level Number Percent
Gender Female 27 20.6
Male 104 79.4
. Current 31 23.7
Smoking status Ex-smoker 62 47.3
Never 38 29
1 25 19.1
WIfl category 2 32 24.4
3 33 25.2
4 41 31.3
Variable Mean sD
Age (years) 66.3 13.1
Duration of diabetes (years) 16.4 10.7
HbAlc (%) 8.8 4.4
BMI 29.4 6.1
Grip Strength (Kg) 29.1 9.6

Figure 1: Percentage of participants with vitamin and mineral deficiencies
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Twenty seven percent of patients had normal levels of vitamin C. The remainder had
suboptimum levels with just over half of all the patients having low or no measurable
plasma levels of this vitamin (Figure 2).
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Figure 2: Vitamin C levels
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There was no association between the duration of diabetes, HbAlc levels, grip
strength, smoking habits and BMI and levels of vitamin A, C and Zinc. Patients with a
higher burden of foot disease as assessed by the WIfl score had lower levels of
vitamin C (p = 0.02) and higher ferritin level (p = 0.004). Lower grip strength and
smoking habit were associated with lower vitamin D levels (p = 0.02 and 0.01

respectively) (Table 4).

Table 11: Association between micronutrients and clinical parameters

Smoking status Grip strength ~ Duration of HbA1C WIfl score*
(P value)? (P value) diabetes (P value) (P Value)
(P Value)
Vitamin C 0.13 0.77 0.21 0.70 0.02
Vitamin A 1.0 0.39 0.46 0.82 0.06
Zinc 0.30 0.87 0.98 0.41 0.05
Ferritin 0.34 0.63 0.78 0.47 0.004
Vitamin D 0.02 0.01 0.21 0.19 0.73

1 Assessed as Current smoker or non-smoker

*Fisher’s exact test (Pearson’s Chisquare test otherwise)

There were no formal statistical assessment for Vitamin E or Copper deficiencies as all patients were in the
normal range for these nutrients
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Discussion

Vitamins and minerals are required in small amounts, yet they are critical to cellular
metabolism, including the wound healing process. This study has demonstrated that
micronutrient deficiencies are very common in diabetic patients with foot

ulcers/wound.

Vitamin D deficiency was the most common deficiency detected, and its prevalence
is consistent with previous reports(8). This was expected as vitamin D deficiency is
recognised as a global public health problem, usually related to sunscreen use and
sun avoidance behaviours(9). Diabetic patients with foot ulcers may be at particular
risk of vitamin D deficiency due to reduced level of physical activity which is often
considered a surrogate for the amount of time spent outdoors and therefore sun
exposure. Vitamin D is well recognised for its role in the bone homeostasis.
However, vitamin D signalling has also many extra-skeletal effects. These include
regulation of cell proliferation, immune and muscle function, skin differentiation, and
reproduction, as well as vascular and metabolic properties(10). Despite the
abundance of preclinical data regarding vitamin D and skin cell interaction, there is
no good quality evidence to support a substantial role in wound healing. The
association between reduced levels of vitamin D and smoking habits is consistent
with previous reports, however the mechanism of this association is unclear(11, 12).
Vitamin D deficiency was associated with lower grip strength. This can be explained
by the fact that lower muscular strength is one of the aspects of sarcopenia and
frailty that commonly accompany aging. It is well known that geriatric patients are
higher risk of vitamin D deficiency due to a lower sunshine exposure and a reduced

capacity of the older skin to synthesize vitamin D under the influence of UV light(13).
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The prevalence of deficiencies in vitamin C, Zinc and Vitamin A were higher than
anticipated, and concerning given the pivotal roles these nutrients play in wound
healing. Iron status was assessed by ferritin levels which is a marker of iron stores in
the body. Six percent of the patients had ferritin less than 30 pg/l and were
considered deficient. However, the prevalence of iron deficiency is likely higher than
identified by our study. Ferritin is an acute phase reactant, and a significantly higher
cut-off level for ferritin is used to define iron-deficiency accompanied by
inflammation(14). This explain why there was a positive correlation between ferritin
levels and WIfl score, for which one of the components is presence and severity of
infection. None of the study patients had biochemical deficiency of copper or vitamin
E. Deficiency of copper and vitamin E in adults is extremely rare and generally
related to physiological abnormalities such as malabsorption syndrome. It is not
anticipated that deficiency of these elements will be a consequence of simple

reduced intake(15, 16).

Vitamin C (ascorbic acid) is an important water-soluble vitamin, essential for
collagen, carnitine and neurotransmitter biosynthesis(17). Vitamin C is a co-factor for
prolyl and lysyl hydroxylase, two essential enzymes in the collagen biosynthesis
pathway, and as such ensures the maintenance of normal mature collagen networks
in humans. Hydroxyproline serves to stabilize the triple helix and hydroxylysine is
necessary for formation of the intermolecular crosslinks in collagen which is critical to
the biological functions of this protein(18). This failure of collagen synthesis in
deficiency of vitamin C leads to the manifestations characteristic of scurvy(17, 18).
An interesting experiment that validates the role of vitamin C in skin haemostasis
was conducted in 1939 by John Crandon, a second-year surgical resident at Boston

City Hospital. Crandon commenced a vitamin C-free diet and published a detailed
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description of the dramatic changes he experienced during this period. Notably, at
about 6 months into the experiment, his appendectomy scar from years ago began
to disintegrate. In addition, a back incision, performed as part of the experiment,
failed to heal and a biopsy demonstrated lack of “intercellular substance”. Following
the administration of IV vitamin C, the wounds rapidly healed(19).

Only 27% of patients in the current study had optimum levels of vitamin C, 22% had
marginal levels and 51% were deficient. Approximately 1 in 5 patients had non-
measurable levels. These findings were surprising given this vitamin is found widely
in fruits and vegetables. Although low plasma ascorbic acid levels do not necessarily
indicate scurvy, serum levels have a linear relationship with vitamin C intake and
clinical cases of scurvy always have low or no measurable plasma ascorbic acid(20).
Many common conditions are thought to result in pro-oxidant states that contribute to
low vitamin C levels, including cigarette smoking, diabetes and acute illnesses(21,
22) In this study there was no correlation between Vitamin C levels and smoking
history, diabetic control (measured by HbA1c) or duration of diabetes. Patients with
more advanced foot disease burden assessed by WIfl classification had lower
vitamin C levels. This could be related to the effect of inflammation and acute iliness
on plasma vitamin C levels or could be related to lower vitamin intake in the group
with more advanced disease. It is known that diabetic foot disease has a profound
impact on patients’ quality of life. Diabetic foot ulceration is associated with restricted
mobility, social isolation and reduced self-esteem(23). It can be assumed that
patients with more severe disease burden assessed by the WIfl score would
experience more drastic impact on mobility and social life and therefore would be

less likely to have a diet rich in fresh fruit and vegetables.

109



It is well documented that patients with scurvy present with weakening of connective
tissues and poor wound healing(17, 18). However, there are no definitive data
showing that increasing the vitamin C concentration directly enhances its
biochemical or molecular function in human tissues, or that higher vitamin C levels
confer a wound-healing benefit in patients without scurvy. There is a lack of evidence
from well-designed studies to support the theory that vitamin C supplementation
above the recommended daily allowances improves wound healing. However, it
does make sense to treat patients with reduced levels, especially in the presence of
chronic ulcers or large wounds.

Zinc is the second most abundant trace element in the human body after iron(24)
and its main sources are animal products and seafood. It is an essential trace
element crucial for the function of more than 300 enzymes and it is important for
cellular processes such as cell division and apoptosis(25). Zinc plays an important
role in wound healing as it serves as a cofactor in numerous transcription factors and
enzyme systems including zinc-dependent matrix metalloproteinases. Matrix
metalloproteinases are a group of calcium-dependent zinc-containing enzymes that
are involved in the degradation of extra-cellular matrix (ECM). Metalloproteinases
and their inhibitors, are essential for the regulation of ECM degradation and
deposition during wound repair (26). In this study, 27% of diabetic patients with foot
ulcers had low levels of this mineral. There was no correlation of zinc levels with
diabetic duration and control, grip strength or smoking status. The patients with more
advanced foot disease tended to have lower zinc levels and this correlation nearly
reached statistical significance (p = 0.05). It is important to note that serum zinc
concentrations may not fully reflect the physiological zinc status in an individual and

factors such as inflammation may affect plasma levels.
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The role of oral supplementation of zinc in wound healing is controversial. A
frequently cited randomised controlled trial (RCT) from 1967 demonstrated
decreased wound healing time by 43% in patients with pilonidal sinus wounds
receiving oral zinc sulphate supplements (27). Serum zinc concentrations in
participants in this study were not measured. A more recent RCT with patients with
diabetic foot ulcers demonstrated a statistically significant improvement in wound
healing following 12 weeks supplementation of zinc(28). However, both studies had
small sample size and did not select patients based on zinc parameters.

Vitamin A is an essential, dietary, fat-soluble vitamin which has multiple functions
including an important role in wound healing. It is involved in epithelial
differentiation and proliferation, stimulation of angiogenesis, collagen synthesis,
and fibroplasia. Vitamin A also has a unique ability to reverse the inhibitory effects
of glucocorticosteroids on wound healing(29). Vitamin A is available in the human
diet in two forms: preformed vitamin A, found in food from animal sources, and
provitamin A carotenoids, such as beta-carotene present in fruit and vegetables.
Most of the vitamin A in the body is stored in the liver, and the plasma contains
only approximately 1% of the total body reserve. Levels can be reduced in the
setting of inflammation and liver disease. Vitamin A deficiency is a public health
problem in low-income countries, especially in Africa and South-East Asia, where
it is the leading cause of preventable blindness. Although vitamin A deficiency is
considered rare in developed countries, 11% of the diabetic patients with foot
ulcer included in this study had low retinol levels (<0.7umol/l) and 1 patient had
severe deficiency (<0.35umol/l).

The reason for low vitamin levels in the studied patients is likely multifactorial, with

poor intake playing a major role. To ensure adequate micronutrient intake, a diverse
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diet is required. Micronutrient-rich foods include fruit and vegetables, meat and dairy,
seafood, nuts and seeds. Maintaining a rich and diverse diet may be particularly
difficult for low-income households as it may be less affordable than a more energy-
dense diet. It is known that diabetic ulcers are associated with reduced quality of life,
decrease mobility and social isolation(23). This potentially impairs the ability of
affected patients to go shopping frequently for fresh food. This is particularly
important for vitamin C which is found in many fruits and vegetables. Vitamin C
levels in food depend on transport, storage and cooking practices(30). In addition,
there may be insufficient education about nutrition, poor cooking skills and a heathy
diet rich in vegetables and fruits may also be perceived as not palatable or boring.
This study’s primary aim was to assess the prevalence of micronutrient deficiency in
diabetic patients with foot ulcers. We acknowledge that there are many potential
confounders that may influence the micronutrient levels and would be ideal to have a
detailed nutritional history from the patients including history of malabsorption
syndromes, dietary intake, supplement use. It would be also interesting to compare
the results with control groups of individuals without diabetes and a group of diabetic
patients without history of foot ulcers. The sample size of this study was large and
selection criteria was broad to include whole heterogeneity of a diabetic population
with foot ulcers. Although further research needs to be performed to determine the
clinical implications of our findings, vitamin and mineral deficiency should be
considered in all diabetic patients with foot wounds. Foot ulcers are a common and
challenging complication of diabetes and constitute a substantial burden for these
patients. The management should based on intensive multi-modality therapy aiming

to achieve wound healing, reduce risk of re-ulceration an improved quality of life.

112



Innovation

This study has demonstrated that the prevalence of micronutrient deficiency,
especially vitamin D, vitamin C, Zinc and vitamin A, is high in diabetic patients with
foot ulcers. Currently there is no good quality evidence to support micronutrient
supplementation to improve wound healing and this study did not assess any
correlation with outcomes. However, in light of the physiological role of some
micronutrients, especially Vitamins C, A and Zinc, the complexity of the diabetic foot
disease and the high prevalence of micronutrient deficiency found in this study, we
suggest assessing the levels of these vitamins and minerals in patients with diabetic

foot ulcers and considering supplementary treatment if deficiency is found.

Key findings

e Suboptimal levels of vitamin C affected 73% of diabetic patients with foot
ulcers comprising of marginal levels in 22.2% and deficient levels in 50.8%.

e Zinc deficiency was found in approximately 27% of the patients

e Vitamin A deficiency was present in approximately 11% of the patients.

e Although further research needs to be performed to determine the clinical
implications of our findings, micronutrient deficiency should be considered in

diabetic patients with foot wounds.
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Abstract

Aims: Diabetic foot disease is a serious and common complication of diabetes
mellitus. The aim of this study was to assess limb and patient factors associated with

key clinical outcomes in diabetic patients with foot ulcers.

Methods: This was a prospective observational study of diabetic patients with foot
wounds admitted to a major tertiary teaching hospital in South Australia or seen at
associated multidisciplinary foot clinics between February 2017 and December 2018.
Patient demographic and clinical data were collected, including limb status severity
assessed by the WIfl system and grip strength. Participants were followed-up for 12
months. The primary outcomes were major amputation, mortality, amputation-free

survival and completion of healing of the index wound within 1 year.

Results: A total of 153 participants were recruited and outcome data was obtained for

152 subjects. Forty-two participants underwent revascularisation during the research
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period. Eighteen participants (11.8%) suffered major amputation of the index limb and
sixteen (10.5%) died during follow-up. Complete wound healing was achieved in 106
(70%) of participants. There was a statistically significant association between WIfl
stage and major amputation (Subdistribution Hazard Ratio (SHR) =2.75); mortality
(Hazard Ratio (HR)=2.60); amputation-free survival (Odds Ratio (OR)=0.32) and
wound healing (SHR=0.69). There was also a statistically significant association
between time to healing and grip strength (SHR=0.50), and previous amputations

(major or minor) (SHR=0.57).

Conclusions: This prospective study supports the ability of the WIfl classification
system to predict 1-year key clinical outcomes in diabetic population with foot ulcers.
It also demonstrated that grip strength may be a useful predictor of wound healing.

Key words: Diabetic foot; Chronic limb threatening ischemia; Amputation; Infection;
Wound

Introduction

Diabetic foot disease is common worldwide and it is an important cause of mortality,

morbidity and cost to health systems, patients and their families(1, 2).

It is estimated that people with diabetes have a 19-34% lifetime risk of developing a
foot ulcer, with an annual incidence of 2%(3, 4). Diabetic foot problems account for
more hospital admissions than any other long-term complications seen in patients with
diabetes mellitus and are the most common cause of ‘non-traumatic’ lower limb
amputation internationally. It has been estimated that every 30 seconds a lower limb

is amputated somewhere in the world as a consequence of diabetes, and the majority
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(up to 85%) of diabetic amputations are reported to be preceded by a foot ulcer(1, 5,

6).

Estimating key clinical outcomes, such as wound healing, major amputation and death
is important to help guide management and target interventions for diabetic foot
disease. There are several limb-specific factors (e.g. foot ischemia and infection) and
patient comorbidities (e.g. congestive heart failure and end-stage renal disease) that
have been shown to influence outcomes. Multiple classification systems exploring
these factors have been proposed for assessment of diabetic foot disease. The most
appropriate classification depends on the purpose of the assessment, the setting in

which it is being made and the availability of resources(7).

One of these classification systems is ‘WIfI’. This system was proposed in 2014 by the
Society for Vascular Surgery and provides a comprehensive description of limb-related
disease burden and is endorsed by the International Working Group on the Diabetic
Foot(8, 9). WIfl is also recommended by the Global Vascular Guidelines on the
management of Chronic Limb-Threatening Ischemia (CLTI)(10). The WIfl system is
based on assessment of three key factors: wound (W), ischemia (I), and foot
infection(fl). The three key components of WIfl, each with four grades of severity
(none, mild, moderate, and severe), result in 64 potential limb presentations that have
been assigned to one of four clinical stages (1 to 4) on the basis of anticipated

amputation risk and benefit of revascularisation (Figure 1)(11).

The aim of this study was to prospectively assess limb and patient factors associated
with major amputation, mortality, amputation-free survival and wound healing, in a

cohort of diabetic people with foot ulcers.
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Figure 1: WIfl classification system

, Foot
Wound Ischemia _
Infection

O: No ulcer or no gangrene Toe pressure/TCPo2 0: Not infected

1: Small ulcer and no 0: 260 mmHg 1: Mild ( < 2cm cellulitis)
gangrene 1: 40-59 mmHg 2: Moderate (> 2cm cellulitis

2: Deep ulcer or gangrene 2: 30-39 mmHg or involving structures
limited to toes 3: < 30 mmH deeper than skin and

3: Extensive ulcer or g subcutaneous tissues)
extensive gangrene 3: Severe (systemic response

/ SIRS)
Estimate amputation risk at 1 year for each combination
Ischaemia 0 Ischaemia 1 Ischaemia 2 Ischaemia 3

Wound 0
Wound 1
Wound 2
Wound 3

flo [fi1 [fi2 [fiI3 |fiO |[fi1 [fi2 A3 [fi0o [fil |[fi2 | i3 [fio |[fi1 |fiz |fI3

L = Low = Clinical stage 2

Summary of WIfl classification system. Adapted from Mills et al [11]

Methods

This was a prospective observational study. Diabetic people with foot wounds admitted
to the Royal Adelaide Hospital or seen at associated multidisciplinary foot (MDF)
clinics at Royal Adelaide Hospital, Queen Elizabeth Hospital or Lyell McEwin Hospital
in Adelaide, South Australia between February 2017 and December 2018 were eligible
to participate. The exclusion criteria was inability to participate in follow-up within
Adelaide. The study was approved by local institutional review boards and written

consent was obtained from all participants.
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At recruitment, participant demographic and clinical data were collected. Photography
of the index wound was taken using a WoundVue® 3D camera(12). Limb status
severity was assessed using the WIfl system. Toe pressure (TP, mmHg), measured
by a doppler technician using a manual PPG unit (Hadeco Smartdop 45™), was used

to determine the degree of ischaemia.

We assessed a component of physical frailty using grip strength, which was measured
at the baseline visit with an isometric dynamometer (TTM Advanced Hand
Dynamometer, Tokyo, Japan), according to a standardised protocol. Three
measurements were made from the participant's dominant hand and the mean of the
measurements obtained. Grip strength was stratified by gender and body mass index

(BMI) for analysis as per Fried phenotype criteria(13).

Data on index wound status, treatments administered, and outcomes (wound healing
or amputation) were collected during follow-up visits at MDF clinics for up to 12
months. The frequency of follow-up visits was determined by clinical need. The
multidisciplinary care given to participants followed the recommendations provided in
the guidelines published by the International Working Group in Diabetic Foot(9).
Offloading methods applied were usually determined by podiatrist and/or orthotist
assessing the patient and the device was provided by the health service. Decision
about the revascularisation was made by the treating Vascular Surgeon taking into
consideration the limb status, morphology and length of the arterial lesion, availability

of autogenous venous conduit, patient comorbidities and preference.

If patients had been discharged from our clinic at 1-year post recruitment, information
regarding survival and limb status was obtained by contacting patients, general

practitioners or by interrogation of medical notes and surgical databases.
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The outcomes of interest were major amputation, mortality, amputation-free survival
(defined as patient alive without amputation of index leg at trans-tibial level or above)

and completion of healing of the index wound within 1 year of recruitment.

Statistical analysis

There are four outcomes in this analysis: time to death, time to major amputation, time
to healing and amputation-free survival. A priori covariates included in all the adjusted
models in this analysis were: Age, Grip Strength by sex/BMI (low vs adequate),
estimated Glomerular Filtration Rate (eGFR) (eGFR < 30 ml/min vs eGFR = 30ml/min),

HbA1c value, previous arterial intervention, and previous amputation (minor or major).

Kaplan-Meier curves were created for time to death versus WIfl stage (then versus
Wound, Ischemia and Foot Infection). Cumulative Incidence Functions were created
for time to major amputation and time to healing versus WIfl stage (then versus
Wound, Ischemia and Foot Infection). Cox Proportional Hazards models were
performed for time to death versus WIfl stage (unadjusted and adjusted), accounting
for censoring. Models with predictors: Wound, Ischaemia and Foot infection for time
to death outcome were also performed. Unadjusted and final adjusted Cox

proportional hazards models were created.

Using a Fine and Gray approach(14), competing risks models were performed for time
to major amputation and time to healing, adjusting for the competing risk of death. The
same process was used as with the Cox proportional hazard models: an unadjusted
model with predictor WIfl stage (then Wound, Ischaemia and Foot Infection) and an

adjusted model with a priori confounders as above.
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Binary logistic models of amputation-free survival (Yes/No) versus WIfl stage (then
Wound, Ischemia and Foot Infection) were performed, firstly as unadjusted models

then as an adjusted model with the confounders listed previously.

Binary logistic regressions were performed for the above outcomes of interest versus
the predictors: revascularisation and Wifl stage (and ischaemia grade in a second

model).

The statistical software used were SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and

Stata Statistical Software: Release 15.1 College Station, TX: StataCorp LP.

Results

A total of 153 participants were recruited from February 2017 to December 2018. They
were followed up for up to 1 year and follow-up finished in December 2019. One

participant was lost to follow-up and outcome data was obtained for 152 subjects.

The baseline characteristics of participants are detailed on Table 1. The distribution
of participants according to WIfl stage was: 19.6% stage 1; 25.5% stage 2; 25.5%
stage 3; and 29.4% stage 4. A total of 42 participants underwent revascularisation
during the research period. Approximately % of the interventions were endovascular
and the femoropopliteal segment was the segment most frequently treated (Figure
2). Adjusting for degree of ischaemia, participants who did not have revascularisation
had odds of dying within the follow up period of 5.5 times that of patients who did
have revascularisation (Odds Ratio=5.5, 95% CI: 1.3, 24.0). No other statistically
significant differences in outcomes were found between revascularised and non
revascularised participants when adjusting for WIfl clinical stage or degree of

ischaemia.

124



Table 1: Baseline characteristics of participants

Variable Median (IQR) Mean (SD) n (%)
(N=152)
Age 65.5 (13.3)
Gender — Female 31 (20.4)
Distribution by WIfl stage: 1 30 (19.6)
2 39 (25.5)
3 39 (25.5)
4 45 (29.4)
Grip strength in dominant hand (kg) 29.9 (10.3)
Grip strength — poor for BMl/sex 63(47.4)
eGFR: =2 30 ml/min/1.73m? 136 (89.5)
< 30 ml/min/1.73m?2 16 (10.5)
Years since diagnosis of diabetes 15 (9.5, 20)
HbAlc (mmol/mol) 64 (52, 81)
HbAlc (%) 8 (6.9, 9.6)
Previous amputation (minor or major) 47 (30.9)
Previous arterial intervention 18 (11.8)
Smoking status - Previous 65 (43.1)
- Current 38 (25.2)
- Never 48 (31.8)

Figure 2: Distribution of revascularised participants according to ischemia grade, WIfl clinical stage,
general type of procedure and level of intervention

N of participants
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Major Amputation

Eighteen participants (11.8%) suffered a major amputation of the affected limb within
1 year from presentation. Fourteen of those were staged as WIfl 4 at initial
presentation, which represented 31.1% of the WIfl 4 cohort. Two patients WIfl 3
(5.3% of WIfl 3 cohort) and one patient WIfl 2 (2.6%) and one WIfl 1 (3.5%) lost the
index limb during follow-up. There was a statistically significant association between
time to major amputation and WIfl stage, adjusting for confounding factors and
accounting for the competing risk of death (P value=0.031). For every one unit
increase in WIfl stage, the subdistribution hazard of major amputation increases by
2.75 times (SHR =2.75, 95% confidence interval (Cl): 1.10, 6.88, global P value =
0.031). Patients with WIfl stage 4 had a disproportionally higher risk of amputation
within 1 year of recruitment compared with other stages (Figure 3). Using the
categorical model and adjusting for confounders, patients with WIfl=4 had a
subdistribution hazard of major amputation 8.74 times than that of patients with WIfl=

3 (SHR=8.74, 95% CI: 1.13, 67.33, comparison P value = 0.038).

The SHR of time to major amputation for individual components of WIfl classification
were 5.91 (95% CI: 2.64, 13.25, P value < 0.0001) for Wound; 1.37 (95% CI: 0.95,
1.96, P value = 0.089) for Ischemia and 1.23 (95% CI: 0.67, 2.25, P value = 0.497)

for Foot Infection.

No a priori confounders had a significant association with risk of major amputation.
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Figure 3: Cumulative Incidence Functions for time to major amputation by WIfl stage

CIF of major amputation, The Fine and Gray Approach
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Mortality

Sixteen participants (10.5%) died within 1 year of recruitment. There was a statistically
significant association between time to death and WIfl stage, adjusting for confounding
factors. For every one unit increase in WIfl stage, the hazard of dying increases by
2.60 times (HR=2.60, 95% CI: 1.19, 5.69, global P value = 0.0161) (Fig 4). Hazard
Ratio of death for individual components of WIfl classification were 1.68 (95% CI: 0.86,
3.29, P value = 0.1311) for Wound; 1.75 (95% CI: 1.21, 2.55, P value = 0.0033) for

Ischemia and 1.15 (95% CI: 0.72, 1.85, P value = 0.5612) for Foot Infection.

HbAlc percentage was also significantly associated with time to death (HR = 1.11,

95% CI: 1.03, 1.18, P value = 0.0040).
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Figure 4: Kaplan-Meir Estimator of overall Survival Function: by WIfl stage

Kaplan-Meier Estimator of overall Survival Function: by WIfl stage
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Amputation Free Survival
One hundred and nineteen participants (78.3%) were alive and had not undergone

major amputation of the index leg at 1 year.

There was a statistically significant association between amputation-free survival and
WIfl stage, adjusting for a priori confounders. For a one unit increase in WIfl stage,
the odds of having amputation-free survival decreases by 68% (OR = 0.32, 95% CI:
0.17, 0.61, global P value = 0.0005). Using the categorical model and adjusting for
confounders, patients with WIfl=1 had odds of having an amputation-free survival
22.40 times that of patients with WIifl=4 (OR = 22.40, 95% CI. 2.80, 179.2,

comparison P value=0.0034).

WIfl components Wound (OR = 0.28, 95% CI. 0.14, 0.49, P value < 0.0001) and

Ischemia (OR = 0.55, 95% CI: 0.40, 0.76, P value = 0.0002) had statistically significant
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association with amputation free survival. No confounders had a significant

association with amputation-free survival.

Wound healing

Complete wound healing occurred in 106 participants (69.7%). There was a
statistically significant association between time to healing and WIfl stage, adjusting
for other covariates and accounting for the competing risk of death. For every one
unit increase in WIfl stage, the subdistribution hazard of healing decreases by 31%
(SHR=0.69, 95% CI: 0.57, 0.84, global P value <0.0001) (Fig. 5). The SHRs of
healing for individual components of WIfl classification were 0.56 (95% CI: 0.42,
0.76, P value <0.0001) for Wound; 0.67 (95% CI: 0.56, 0.81, P value <0.0001) for

Ischemia and 0.97 (95% CI: 0.82, 1.15, P value = 0.732) for Foot Infection.

There was also a statistically significant association between time to healing and grip
strength (SHR=0.50, 95% CI: 0.32, 0.78, global P value=0.002) (Fig. 5) and previous

amputations (major or minor) (SHR=0.57, 95% CI: 0.35, 0.95, global P value=0.032).
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Figure 5: Cumulative Incidence Functions for time to healing by WIfl stage and grip strength
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Discussion

Foot ulcers in patients with diabetes are common, resulting in considerable suffering

and are associated with a high rate of amputation and mortality. Defining prognostic

factors for this condition is important to guide health care professionals, and patients,

on the management of diabetic foot disease. This prospective study has
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demonstrated that among diabetic patients with foot ulceration the WIfl stage is an
important prognostic factor associated with critical outcomes, namely major
amputation, mortality, amputation free survival and wound healing. It also revealed

an association between grip strength and wound healing.

The WIfl system was proposed as a risk stratification tool for assessment of the
threatened lower extremity and was aimed to be particularly applicable to patients
with diabetes. A compilation of published data containing 10 trials and nearly 3000
patients assessing 1-year amputation risk according to WIfl stage was included in
the 2019 Global guidelines on Chronic Limb Threatening Ischaemia(10). Overall WIfl
clinical stage 1 patients exhibited a very low amputation risk (median risk = 0%),
Stage 2 and stage 3 patients were at intermediate risk of amputation (median risk
9% and 9.4% respectively) and stage 4 patients had significant highest amputation
risk (Median 29%). All the studies were retrospective analyses of databases, and 7
out of 10 studies were centred on populations with CLTI (which includes patients
with diabetic foot ulcers and associated ischaemia(15-20). Only two studies included
any patients presenting with threatened limbs(21, 22) and a single study focused on

patients with diabetic foot ulcers (DFUSs) treated in a multidisciplinary setting(23).

Our study was designed to prospectively evaluate patients presenting specifically
with DFUs. Consistent with those prior reports, we demonstrated a significant
correlation between 1-year amputation risk and WIfl stage, with stage 4 patients
having significantly higher risk than patients with less advanced disease. However, in
our cohort, patients with stage 1 and 2 had a low risk of limb loss and patient with

WIfl 3 were at intermediate risk.

Eighteen out of 26 participants with ischemia grade 3 at recruitment, underwent
revascularisation. Those with grade 3 ischaemia that did not undergo
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revascularisation were not considered appropriate candidates for limb salvage
intervention, were not anatomically suitable for revascularisation, or refused
intervention. Five participants with ischemia grade O at recruitment had therapeutic
arterial intervention. Those participants failed to initially heal the wound despite
appropriate management of infection, wound care, and offloading and had significant
arterial disease on imaging of arterial anatomy. Patients that underwent
revascularisation had better outcomes in terms of mortality compared with patients
with similar ischaemia grades who were not revascularised. This was expected as
the patients who underwent therapeutic intervention were a selected group of
participants who were considered to be candidates for and to benefit from
intervention (selection bias). Some participants with limited life expectancy and
prohibitive periprocedural risks were not revascularised despite a high degree of
ischemia. The comparison between outcomes of revascularised and non
revascularised participants is merely illustrative. However, it is not possible to reach
any scientific conclusion about the value of revascularisation for the following
reasons: small sample size; patient selection bias and heterogeneity of participants
within the same WIfI clinical stage (some participants with ischaemia predominant

disease and some with wound or infection predominant disease).

Wound status was the individual component of the WIfl stage most strongly
associated with amputation risk (HR = 5.91). A possible explanation is that, in
general, the wound status is the least reversible of the three components of the WIAl.
Infection can be treated promptly with antibiotics and surgical debridement, and
ischemia can be managed with an endovascular or surgical revascularisation
procedure. Over the past few decades, there have been significant advancements in

endovascular techniques, allowing arterial intervention in patients considered not
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suitable for open repair. However, there is no quick intervention to reverse wound
status and its improvement usually depends on controlling the other aspects
assessed by WIfl (ischemia / Infection) as well as aggressive offloading and

evidence-based topical wound care.

WIfl stage was also associated with mortality. None of the participants who
presented with WIfl stage 1 died within 1 year of recruitment, while mortality
occurred in 17.8% of the participants with WIfl stage 4. It is well known that presence
of DFUs is significantly associated with mortality(24-26). The risk of death at 5 years
for a patient with a diabetic foot ulcer is 2.5 times as high as the risk for a patient with
diabetes who does not have a foot ulcer(25). Our study demonstrated that not only
the presence, but the severity of diabetic foot disease assessed by the WIfl stage, is
associated with all-cause mortality. Notably, the WIfl component ischemia had the
strongest association with mortality. This can partially be explained by the high
prevalence of cardiovascular and cerebrovascular disease in diabetic patients with
DFUs and peripheral arterial disease. However, previous studies have demonstrated
that even after adjusting for comorbidities such as ischaemic heart disease,
congestive heart failure, cerebrovascular disease, peripheral arterial disease and
chronic kidney disease, the presence of DFUs remained an independent risk factor

for death(25).

Due to the association of WIfl with major amputation and mortality, the WIfl stage
was also found to be a strong predictor of 1-year amputation free survival in the DFU
population. Patients with WIfl 4 were at particular high risk of dying or suffering limb

loss during follow-up.

The WIfl stage was not specifically designed to predict wound healing. However, it is
not surprising that a significant correlation between WIfl stage and healing was
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observed as the classification system assesses three major factors considered

important for healing.

Overall, 70% of the foot ulcers achieved primary healing within 1 year in our study
and this is consistent with published data(4). As shown in figure 3, the WIfl system
demonstrated a good ability to stratify patients according to likelihood of healing. As
the WIfl stage increased, patients had a uniform decrease in completion of wound
healing within 1 year of recruitment. This association had been demonstrated in
retrospective studies and overall there is an indication that patients with more
advanced WIfl stages (stages 3 and 4) have a significant delay in time to wound
healing(22, 23, 27). In contrast, wound healing was achieved equally well across
WIfl classes in a study published by Vartanian et al. assessing 91 threatened limbs
with neuroischemic ulcers (68% with diabetes)(28). However, in this study measures
of ischemia were not available for approximately 1/3 of patients and there was likely

significantly underestimation WIfl class for the overall cohort.

Participants who had previous amputations, both minor and major, were less likely to
achieve complete wound healing during follow-up. This is likely related to increased
pressure and contractures associated with biomechanical compensation following a
partial foot amputation(29) resulting in changes in gait and plantar pressure
distribution following contralateral major amputation(30). The increase in local
pressure and changes in foot shape make offloading (which is the most important

intervention for neuropathic DFUs) more challenging.

An interesting finding of this research was the association between grip strength and
wound healing. The authors are not aware of any published study examining this

correlation. Patients with low grip strength as measured by the Fried phenotype
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criteria(13) were 50% less likely to have their wounds healed compared with those
with adequate grip strength when corrected for other factors. Grip strength is a
measure of muscle function and its association with health outcomes including
mortality, disability, post-operative complications, and increased length of stay has
been extensively studied(31). A direct causal relationship between grip strength and
wound healing is unlikely. It is more likely that grip strength reflects other variables
that are potentially causal, such as nutritional status, sarcopenia and frailty(13, 32-

34).

Muscle weakness is one of the components of frailty. Frailty is a biological syndrome
more commonly seen with aging and represents a decrease in reserve and
resistance to stressors, resulting from cumulative declines across multiple
physiologic systems, and causing vulnerability to adverse outcomes(13, 32).
Alterations in the homeostatic balance in frailty include increased pro-inflammatory
markers, decreased antioxidants, and decreased anabolic hormones which may
contribute to impaired wound healing(35). Grip strength is only one of the tests to
assess physical performance in frailty. Other tests commonly used are chair stand
and gait speed assessment. However, the presence of foot wounds and use of
offloading devices precludes the appropriateness of these tests in this patient cohort.
The use of grip strength measurement as a predictor of wound healing is appealing.
It is a quick, inexpensive, and non-invasive test that can be easily performed in
outpatient and inpatient settings. Although a clear protocol for measurement is
required to ensure reliability of the method, minimal training and portable,
inexpensive equipment is necessary to conduct grip strength test.

Particular strengths of this study are the prospective design and the broad inclusion

criteria of “all comers” with diabetes and foot ulcers. There was good representation
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of patients with all stages of limb severity assessed by the WIfl classification.

Outcome data achieved was excellent with only for one subject lost to follow-up.

We recognise several limitations with this research. It represents data from a single
vascular service in Australia and therefore results may not be generalised to other
populations and institutions. However, our service treats a large population, and as
such, patients were recruited from wide geographical and socioeconomic groups.
Analyses were based on WIFI stage at initial assessment and limbs were not
systematically restaged after procedures or at follow-up encounters. WIfl stage is not
static and as the patient's clinical course evolves, with resolving cellulitis or improved
perfusion after revascularisation, the status of the limb and consequently the WIfl
stage might change. Previous reports suggest that WIfl restaging is an important tool
for predicting limb loss(36). In addition, we did not assess recurrence of ulceration.
Unfortunately, patients with a DFU history have a high risk of re-ulceration and
approximately 40% of patients have a recurrence within 1 year of the ulcer healing(4,
37). It would have been interesting to complement the WIfl classification by
assessing the anatomical pattern of arterial disease using the Global Anatomic
Staging System (GLASS) grades(10). However, to assess the outcome of
revascularisation considering WIfl and GLASS grades would require a much larger

sample size.

In summary, our data support the concept that the WIfl classification is associated
with important clinical outcomes in diabetic foot disease. It also demonstrated that
grip strength assessment by using an isometric hand dynamometer may be useful in

predicting wound healing.
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Chapter 7: General Discussion

Diabetic foot disease is a severe public health issue, and its incidence has increased
due to the worldwide prevalence of diabetes mellitus and the prolonged life
expectancy of diabetic patients(1, 2). Diabetic foot disease is associated with
negative outcomes such as decreased quality of life, major amputation and mortality.
Notably 85% of all amputations in diabetic patients are preceded by a foot ulceration

which subsequently deteriorates to a severe gangrene or infection(3, 4).

Australia currently has over 1.2 million people diagnosed with diabetes(5). Recent
reports suggest Australia has a high incidence of diabetic foot disease related
hospitalisation and amputation compared to international populations(6). In fact,
Australia has the second highest rate of diabetes related amputations in the

developed world(7).

Diabetes related lower limb complications (DRLECS) (i.e., neuropathy either alone or
with foot ulcers or amputations) are responsible for considerable global disability
burden. A study published in 2020 estimated that, in 2016, approximately 131 million
people (1.8% of the global population) had DRLECs. An estimated 16.8 million YLDs
(years lived with disability) (2.1% global YLDs) were caused by DRLECS, including,
2.5 million from foot ulcers and 1.5 million from amputation, which equates to 59% of
the diabetes YLDs (28.6 million). Interestingly, when compared with all 271 causes in
the GBD (Global Burden of Disease) 2016, DRLECs would rank between the 10th
leading cause (falls 2.35%) and the 11th leading cause (chronic obstructive pulmonary
disease 2.06%)(8). The unfortunate reality is that diabetic foot disease affects
disproportionately more people who are already vulnerable. Indigenous status, poor
socioeconomic condition and geographical remoteness are important risk factors for
diabetes-related amputations of the lower limb(9).
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Despite all the burden caused by diabetic foot disease, it is still an underestimated
problem. Compared to other major problems such as stroke, ischaemic heart
disease, breast cancer, diabetic foot disease attracts much less attention and it is
rarely in the spotlight. There is a need for more action and more research in this

area.

We established a diabetic foot research program in 2017. Initially we performed a
broad review of the topic, focusing on the pathophysiology and management of
diabetic foot disease(10) and the differences in presentation and treatment outcomes
between diabetic and non-diabetic patients presenting with chronic limb threatening
ischaemia(11). Different from what was anticipated, diabetes itself does not seem to
be a strong independent risk factor for morbidity and mortality in CTLI patients
undergoing revascularisation. However, it is impossible in clinical practice to isolate
diabetes from frequently associated comorbid conditions such as chronic kidney
disease and coronary artery disease. In addition, diabetic patients are more likely to
present with advanced tissue loss, non-healing wounds, and to have less favourable

anatomy for revascularisation which makes treatment more challenging.

We performed an analysis of the burden of amputations in Australia and New Zealand
using the Australasian Vascular Audit (AVA) database and the financial costs
associated admissions for diabetic-related foot disease in the Central Adelaide Local
Health Network(12). It was demonstrated that amputation cause a high burden to the
health care system with more than 20.000 amputation procedures entered in the AVA
database in the 6-year period (2010-2015). Approximately 2/3 of those procedures
were minor amputation (distal to ankle joint) and, as expected, most of the amputations
were performed in diabetic patients. An interesting finding was that a lower rate of

above knee amputation compared below knee amputation in Australian than in New
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Zealand. Unfortunately, there was not enough clinical information on the AVA
database to allow us to speculate the reasons for higher ratio of above knee
amputation in New Zealand. Notable data emerging from this paper that highlights the
burden of diabetic-foot related disease to the health system, is the fact that patients
that were admitted to hospital and underwent a “simple” toe amputation stayed longer

on average than patients who had a stroke.

Key gaps in assessment and management of diabetes related foot complications were
identified in our literature review and were factored into the research design. The

following research questions were addressed in this project.

e |s the WoundVue camera capable of reliably assessing foot wounds in

diabetic patients?

e What is the prevalence of micronutrient deficiency in the diabetic foot

population?

e What factors at presentation are associated with risk of major
amputation, mortality, wound healing, and amputation free survival in

diabetic foot disease?

This was a prospective observational study. We recruited 153 diabetic people with foot
wounds admitted to the Royal Adelaide Hospital or seen at associated multidisciplinary
foot clinics at Royal Adelaide Hospital, Queen Elizabeth Hospital or Lyell McEwin
Hospital in Adelaide. Patients were followed up at multidisciplinary foot (MDF) clinics
for up to 12 months. Details of the methodology and outcomes of the research and

results were given in the previous chapters.

Multiple challenges were faced during the research. Recruiting patients in a busy MDF

clinic, ensuring that datasets were completed and that participants had blood tests
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done; dealing with technical problems of the WoundVue® camera; and organising
follow ups are examples of the challenges faced. The most difficult task was obtaining
follow up and outcome information. Because patients were frequently discharged from
MDF clinics to the care of GP or podiatry before completion of wound healing, active
investigation for outcome data had to be done by contacting patients, general
practitioners or by interrogation of medical notes and surgical databases. This was

only possible with the help of the clinical research officer Ruth Battersby.

It would have been beneficial to establish a research clinic where we could see the
participants who were discharged from the regular MDF clinic. This would allow us to
assess not only completeness of wound healing but also the rate of healing and to
obtain objective documentation of the index wounds using the WoundVue® camera at
all stages of healing. However, this would require significant logistics and funding that

were not available at time.

Nevertheless, excellent follow up data was achieved, and outcome data was
unavailable for only a single participant. The research has provided interesting findings
that may translate in improved strategies in the management of the diabetic foot

disease.

We demonstrated that WoundVue® camera is capable of recreating a 3D model of
diabetic foot wounds and provide reliable wound measurements (Chapter 4).
Technological advances such as the WoundVue® device have the potential to be
valuable adjuncts in diabetic foot wound care as digital images are ideal for
monitoring wounds over time and for telemedicine application. We had a positive
experience with this particular device, and it has been shown to be a practical and
more objective way to assess wound size. LBT Innovation is currently looking for
suitable partners to commercialise this product for the market. Whether we are going
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to see the WoundVue camera on the market is still unknown. However, we believe
that for an imaging device to be broadly adopted for wound assessment it needs to
be low-cost, user-friendly and widely available to be utilised by nurses, podiatrist and
medical practitioners in both inpatient and outpatient settings. The relatively low cost,
universal availability, and the rapid evolution of smartphones in terms of computer
power, improved machine learning algorithms and imaging technology makes it the
ideal device for wound assessment. Multiple apps have been developed for this
purpose and Appendix 4 describe a related research project performed by our group
using one of those apps.

As a result of the WoundVue® project, we developed a positive relationship with
researchers from Australian Institute for Machine Learning (AIML). Recently our
group submitted a grant application to assess novel virtual/augmented reality
platform for telehealth diabetic foot assessment and treatment. This new technology
will allow a specialist team in a city hub to “see through the eyes” of rural health
workers while assessing and treating foot wounds. Creating a new model of patient
consultation allowing detailed clinical examination via telehealth is especially
relevant in these difficult times of the global COVID 19 pandemic.

We found an alarming rate of micronutrient deficiency in diabetic patients with foot
ulcers, especially concerning low levels of vitamin C, zinc and vitamin A (Chapter 5).
This finding has drawn considerable attention and different groups have contacted
us and some aim to replicate the project. Valuable feedback was received from
researchers from the Centre for Free Radical Research (University of Otago,
Christchurch, NZ)(13). They mentioned that vitamin C is an extremely labile
molecule, and blood samples need to be carefully handled to prevent its rapid

oxidation and degradation(14-16). They were concerned about the high prevalence
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of vitamin C deficiency found in our study and commented that in their experience
clinical laboratories may not use optimal methods to both collect blood and assay the
samples, which would interfere with results. In our cohort of patients, all the samples
were venous blood samples taken by phlebologists in hospital or in SA Pathology
outpatient collection centres. SA Pathology is the state-wide pathology provider for
the public health sector in South Australia and it is an institution recognised for the
highest standards of medical testing and research. All specimens were handled and
transported as per their collection guide which states: “Handle with urgency, must be
protected from light - wrap in aluminium foil. Place immediately on ice. Samples must
be centrifuged and frozen within two hours of collection”. Specimens not collected
and processed using this protocol were rejected by the laboratory (only one
laboratory performs this test). We thus believe that our results are an accurate
representation of vitamin C levels in this cohort of patients, and we strongly
encourage other groups to replicate our study and assess the prevalence of
micronutrient deficiency (including vitamin C). We recognise that the gold standard
assay to measure vitamin C is high pressure liquid chromatography (HPLC) with
electrochemical detection(16). The findings related to vitamin C deficiency would
benefit from validation, preferably using HPLC. However, this test in not available
routinely and it is associated with high costs. In addition, a randomised controlled
trial is needed to provide evidence on the effectiveness of micronutrient
supplementation, especially vitamin C, on healing of diabetic-related foot wounds.
Given the findings of this research, our group now routinely measures Vitamin C, A
and Zinc levels in all diabetic patients with non-healing foot wounds. Micronutrient
assays is relatively expensive particularly compared to the costs of micronutrient

supplements. Given the high prevalence of deficiency found in this research, one
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could argue that supplements should be routinely offered to the patients rather than
propose testing. However, we believe that optimal nutrient intakes are those that
promote health, while minimizing risk of excess. Micronutrient supplements should
be used to help individuals meet a nutrient requirement or to treat a diagnosed
deficiency. Ideally, a dietitian should be part of the multidisciplinary team looking

after diabetic patients with foot ulcers.

The main goal of this research was to prospectively assess limb and patient factors
associated with major amputation, mortality, amputation-free survival and wound
healing, in a cohort of diabetic people with foot ulcers. As detailed in chapter 6 we
demonstrated that the WIfl stage was a strong predictor of negative outcomes with
participants with initial limb stage WIfl 4 having disproportionally higher risk of dying
and having a major amputation within 1 year of recruitment compared to the other
stages. Unquestionably, identifying predictors factors is only the first step towards
improving patient care. We hope that the findings of this research will help to develop
targeted strategies and further research aiming to improve the care of diabetic patients
with foot ulcers. It seems that more timely identification and aggressive intervention is
required for patients with limb status WIfl 4, given the poor outcome noticed in this

group of patients.

Another interesting finding of this research was the association between grip strength
and wound healing. This opens the opportunity for a more broad, integrative approach
for these patients. It would be interesting to investigate if nutrition and exercise therapy

aiming to improve strength and muscle mass would have an impact in wound healing.

The recent release of the Global Guidelines for treatment of chronic limb threatening

ischaemia is a hallmark for evidence-based strategies in the management of CLTI
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including diabetic patients with tissue loss and associated PVD(17). Unfortunately, at
the time we designed the research project, this guideline which includes the Global
Anatomic Staging System (GLASS) had not yet been released. It would have been
valuable to use this scoring system prospectively to characterise the anatomy of
vascular disease of the participants who underwent revascularisation. We suggest
that future research assessing revascularisation strategies take into consideration
the limb status as assessed by the WIfl classification and arterial anatomy status as
assessed by the GLASS system. Currently our group is conducting a trial assessing
the value of the Siemens Syngo Parenchyma Blood Volume (PVB) as an adjunct in
endovascular revascularisation procedures for diabetic patients with foot tissue loss.
The PBV software indicates the distribution of blood in lesions and surrounding
tissue by means of color-coded cross-sectional blood volume maps. Based on this
blood volume information, physicians can evaluate changes in perfusion caused by
treatment. We are utilising the GLASS system to characterise the anatomy of
vascular disease and the WIfl system to assess the limb status. It is expected that
PBV assessment will enable us to assess how much perfusion is required to heal a

wound for different WIfl configurations.

Certainly, there have been great efforts in the past years in the field of diabetic-
related foot disease. Examples of new evidence-based interventions were mentioned
in this thesis and can be found in the most recent International Working Group on
Diabetic Foot guidelines(18-22). Locally, it is important to mention the release of the
Foot Forward program which is a new Australian program designed to help people
with diabetes understand the importance of getting their feet checked. This program
aims to prevent diabetes-related amputations by educating patients and health

professionals in the detection of foot problems early when they are treatable(23).
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Only with continuous investment in education and scientific tools we will move

towards ending diabetes-related amputation.
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Appendix 1: Baseline and Follow up Datasets

Diabetic Foot Database 2017
Page 1

Study A: Baseline Clinical Data

Record ID

Patient Initials

Date of Birth

Date of baseline data collection

Age(years)
Gender O Male
() Female
(O Not specified
Race (O Caucasian
(O Aboriginal and Torres Strait Islander
() Other

(O Not specified

Duration of Diabetes in years

Diabetes control strategy [] Diet
[] Tablets
1 Insulin
[1 None

HbA1C measured in the last 12 months O Yes

O No
(O Unknown

If YES, Date of most recent HbA1C test

If YES, Most Recent HbA1C measurement (%)

Height (cm)

Weight in kgs

BMI
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Page 2

Smoking status

O Current
(O Cease < 12 months ago
(O Cease > 12 months ago

O Never
Pack Years if current or past smoker
History of stroke or TIA O Yes

O No

O Unknown

Cardiac Disease (chose one category)

(O 1. Asymptomatic with normal ECG

(O 2. Asymptomatic, but with Ml >6months ago, occult
MI on ECG, fixed deficit on stress test
(tetrafosmin (TF) / dobutamine stress echo (DSE)

(O 3. Any one of: stable angina; no angina but
reversible perfusion defect on TF or DSE;
significant silent ischaemia (1% of time) on
Holter monitoring; ejection fraction (EF) 25-45%;
controlled ectopy or asymptomatic arrhythmia;
history of congestive heart failure (CHF) which is
now controlled

(O 4. Any one of: unstable angina; symptomatic or
poorly controlled arrhythmia; poorly controlled or
recurrent CHF; EF< 25%; MI within 6 months

(O 5. Unknown

Respiratory Disease (select one classification)

(O 1. Asymptomatic, normal CXR, pulmonary function
tests (PFTs) within 20% predicted

O 2. Asymptomatic or mild exertional dyspnoea, mild
parenchymal changes on CXR, PFTs 65-80% predicted

(O 3. Between 2 and 4

(O 4. Any of the following: dyspnoeic at rest of
minimal exercise; vital capacity less than 1.85
litres; FEV1< 1.2litres or < 35% of predicted
maximal; voluntary ventilation < 50% predicted;
pCO2>45mmHg; supplemental 02 use necessary;
pulmonary hypertension

(O 5. Unknown
Previous minor amputation? O Yes
O No
Details on previous minor amputation
Previous major amputation O Yes
O No
Details of previous major amputation
Antiplatelets O Yes
O No
(O Unknown
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Page 3

Name of antiplatelet/s

Statin

O Yes
O No
(O Unknown

Anti-hypertensive

O Yes
O No
O Unknown

Name of antihypertensive/s

Steroid/Immunosuppressants

O Yes
O No
O Unknown

Details of steroid/fimmunosuppressant

Other Medications
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Diabetic Foot Database 2017
Page 4

Study A: Baseline Wound-Specific Data

Affected foot (O Right
O Left
(O Both

WIFI classification

0 1 2 3

Wound O O O O
Ischaemia O O O O
Foot infection @] @] O O
WIFI Score
Wound depth (mm)
Wound area (cm2)
Wound photograph taken O Yes

O No
Upload Wound Photograph
Description of wound infection
Wound Biopsy Results
Chronicity of wound (in months) (O < 2weeks

(O = 2 weeks and < 1 month

(O = 1 month and < 3 months

(O = 3 months and < 6 months

(O = 6 months and < 1 year

(O =1 year

(O Not documented
Wound Swab Microbiology Taken O Yes

O No

Wound Swab Microbiology Results
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Page 5

Right lower limb Pulses

] Femoral

] Popliteal

[ Dorsalis Pedis
] Posterior Tibial
] Not Applicable
[] Non-palpable

Left Lower Limb Pulses

] Femoral

[] Popliteal

] Dorsalis Pedis
[] Posterior Tibial
1 Not applicable
[] Non-palpable

ABI Performed? O Yes
O No

ABI Right Foot

ABI Left Foot

Toe Pressure Performed? O Yes
O No

Toe Pressure Right Foot

Toe Pressure Left Foot
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Study A: Frailty

Page 6

Unintentional weight loss of > 10Ibs (= 4.5kg) or
= 5% of body mass in the last 12months

O Yes

O No
(O Not Reported

Amount of weight loss in the last 12 months

Dominant hand

O Right
O Left
(O Not Reported

Grip strength (Kg) dominant hand

Total Psoas muscle area (if CT angiography available)

Self-reported fitness - walk 1km at 5km/h

O Yes

O No
(O Not Reported

Self-reported fitness - climb 2 flights of stairs

O Yes

O No
(O Not reported

Exhaustion; How often in the last week did you feel this way?

Rarely or none of some or a little moderate most of the time Not reported
the time amount of the
time
| felt that everything | did was an O O O O
effort
| could not get going O @) O O
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Diabetic Foot Database 2017

Study A: Investigation and initial management e

Date of blood collection

Glucose (mmol/L)

Total Cholesterol (mmol/L)

Triglycerides (mmol/L)

HDL (mmol/L)

LDL (mmol/L)

CRP (ma/L)

Creatinine (mmol/L)

HbAlc (%)

Vitamin A (pmol/L)

Vitamin B6 (nmol/L)

Vitamin B12 (pmol/L)

Vitamin C (umol/L))

Vitamin D (pmol/L)

Vitamin E (umol/L)

Copper (ug/dL)

Zinc (umol/L)
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Page 8

Serum Iron (umol/L)

Ferritin (ug/L)

Transferrin (g/L)

Transferrin saturation (%)

Folate (nmol/L)

Imaging Ordered O Yes
O No
Imaging ordered/Recent imaging [] Foot X-ray
1 MRI

[] Bone Scan

[] Diagnostic arterial imaging if performed (Duplex
scan, CT angiography, MR Angiography)

[] Other

Osteomyelitis on Imaging test?

O Yes

O No

O Equivocal

(O Not applicable

Comments on Imaging test

Off-loading strategy prescribed?

O Yes
O No

Details of off-loading strategy

(O Custom made shoes
(O Orthotic insole

(O Post op shoe

O PRAFQ

() Moonboot

(O TCC

(O Other

Detail of offloading if "other" on previous question

Antibiotics prescribed/currently on antibiotics?

O Yes
O No

Route of antibiotics administration

O Oral
(O Intravenous
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Page 9

Details on antibiotics treatment (name of antibiotics
and duration)

Other medication changes

Admission to hospital O Yes
O No
Arterial intervention O Yes
(O No

Type of arterial intervention

[] Endovascular (angioplasty / stent)
[] Endarterectomy
[ Bypass

Details of arterial intervention

Wound management

[] Dressings

] Debridement of wound in OPD/Ward
[] Surgery

[] Other

Negative pressure wound therapy applied?

O Yes
O No

Wound management details

Surgical procedure

[1 Surgical debridement

] Minor amputation - Toe/s

[] Minor amputation - Forefoot

] Major amputation - Guillotine above ankle
[] Major amputation - BKA

[] Major amputation - AKA

Details of Surgical procedure

Duration of hospital stay (days)

Discharge destination

() Home

O Respite

(O Rehab facility
(O Nursing Home
(O Another hospital
(O Died in hospital
(O Other
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Study A: Follow up visit

Diabetic Foot Database 2017
Page 10

Date of follow up data collection

Patient Deceased O Yes
O No

Date of Death

Cause of Death

Patient seen for follow-up O Yes
O No

Weeks post recruitment

Admission/Readmission to hospital since recruitment O Yes
O No

Description of Admission(s) since recruitment

Days in hospital

Discharge Destination () Home
(O Respite

(O Rehab Facility
(O Nursing Home
(O Another Hospital
(O Died in Hospital
(O Other

Surgical procedure since last assessment

O Yes
O No

Type of surgical procedure since last assessment

[] Surgical debridement

[] Minor amputation - Toe/s

[J Minor amputation - Forefoot

[1 Major amputation - Guillotine above anke
[] Major amputation - BKA

[] Major amputation - AKA

Details of surgical procedure

Arterial intervention since last assessment

O Yes
O No
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Appendix 2: Data Dictionary

The following fields should be completed by the treating surgeon. Most fields are mandatory. Those that are not
have been assigned an asterisk; however, where possible this information should also be provided.

Baseline Clinical Data

Date of Birth

Identifying and definitional attributes

Definition: The day, month and year of a person’s birth
Context: To accurately calculate age

Guide for use

Obligation: Mandatory

How to answer on form: Enter day, month and year (dd/mm/yyyy)
Gender

Identifying and definitional attributes

Definition: Whether patient is male or female

The patient’s gender is an important demographic indicator; generally men

Context: outnumber women

Guide for use
Obligation: Mandatory

How to answer on form: Tick appropriate box

Race

Identifying and definitional attributes

Definition: Ethnic group of the patient, as selected by the patient

The patient’s race is an important demographic indicator as the prevalence of

Context: Diabetes varies according to race/ethnic background

Guide for use
Obligation: Mandatory

How to answer on form: Tick appropriate box

Duration of diabetes
Identifying and definitional attributes

Definition: How many years since participant was diagnosed with diabetes

Context: Duration of diabetes is an important prognostic indicator

Guide for use
Obligation: Mandatory

How to answer on form: Enter number of years since the diagnosis of diabetes
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Diabetes control strategy

Identifying and definitional attributes

S Treatment strategy for diabetes at baseline — may include no treatment, diet; oral
Definition: S .
medications or Insulin
Management strategy for diabetes is an important indicator of severity of the
Context: Disease
Guide for use
Obligation: Mandatory
How to answer on form: Tick appropriate box

Most recent HbA1C measurement
Identifying and definitional attributes

_— HbA1c is glycosylated haemoglobin and reflects the average blood glucose over the

Definition: . S
lifespan of the red blood cells containing it

Context: HbA1c test shows an average of your blood glucose level over the past 10 -12
weeks

Guide for use

Obligation: Optional

How to answer on form: Enter value of HbA1C (%)

Date of most recent HbA1C test
Identifying and definitional attributes

Definition: Date when the most recent HbAlc test was performed

Context: To assess need for repeat HbA1C test

Guide for use

Obligation: Optional
How to answer on form: Enter date of the most recent HbA1C test
Height
Identifying and definitional attributes
Definition: Height of person measured in centimetres

. Patient height will be used to calculate BMI and to help calculate
Context: . .

glomerular filtration rate

Guide for use
Obligation: Mandatory

How to answer on form: Enter height of patient in whole centimetres (cm)

Weight

Identifying and definitional attributes

Definition: Weight of person measured in kilograms

Patient height will be used to calculate BMI and to help calculate

Context: . .
glomerular filtration rate

Guide for use

Obligation: Mandatory
How to answer on form: Enter weight of patient in whole kilograms (KG)
Smoking status
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Identifying and definitional attributes

Definition: Whether or not the patient smokes, or has ever smoked. Divided into following
categories: never, ceased >12 months ago, ceased within last 12 months or current
Context: Smoking status is a strong predictor of wound healing and presence of peripheral

vascular disease

Guide for use
Obligation:
How to answer on form:

Mandatory
Tick appropriate box

Pack years if current or past smoker
Identifying and definitional attributes

Pack year describes the number of cigarettes a person has smoked over time.

Definition: One pack year is defined as 20 manufactured cigarettes (one pack) smoked
per day for one year
Context: To help determine how predictive smoking is for outcome

Guide for use
Obligation:

How to answer on form:

Optional
Example:
If patient smoked 1.5 packs per day for 26 years, this would equal 39 pack years:

1 pack per day x 26 years = 26 pack years

0.5 pack per day x 26 years = 13 pack years
26 pack years + 13 pack years = 39 pack years
Enter calculated number

History of Stroke/TIA

Identifying and definitional attributes

Definition:

If patient has previously had a stroke/TIA

Context:

Positive history for Stroke/TIA may be a marker for arterial disease and influence
wound healing

Guide for use
Obligation:
How to answer on form:

Mandatory
Tick appropriate box
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Cardiac assessment

Identifying and definitional attributes

Definition:

Series of symptoms associated with cardiac fitness:
Asymptomatic with normal ECG
2. Asymptomatic but with MI>6months ago
Occult Ml on ECG
Fixed deficit on stress test (tetrafosmin (TF) / dobutamine stress echo (DSE)
3.  Anyoneof:
Stable angina
No angina but reversible perfusion defect on TF or DSE
Significant silent ischaemia (1% of time) on Holter monitoring
Ejection fraction (EF) 25-45%
Controlled ectopy or asymptomatic arrhythmia
History of congestive heart failure (CHF) which is now controlled
4. Anyof:
Unstable angina
Symptomatic or poorly controlled arrhythmia
Poorly controlled or recurrent CHF
EF<25%; MI within 6 months
5. Unknown

Context:

To determine whether cardiac status is correlated with outcomes in
Patients with diabetic foot ulcers

Guide for use
Obligation:
How to answer on form:

Mandatory
Tick one box
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Respiratory assessment

Identifying and definitional attributes

Series of symptoms associated with respiratory fitness:
1. Asymptomatic
Normal CXR
Pulmonary function test (PFTs) more than 80% predicted
2. Asymptomatic or mild exertional dyspnoea
Mild parenchymal changes
PFTs 65-80% predicted
3. Between2and4
Definition: 4. Anyof:
Dyspnoeic at rest of minimal exercise
Vital capacity less than 1.85 litres
FEV1<1.2litres or <35% of predicted maximal
Voluntary ventilation <50% predicted
pCO2>45mmHg
Supplemental O2 use necessary
Pulmonary hypertension
5. Unknown

To determine whether respiratory status is correlated with outcomes in
Context:

Patients with diabetic foot ulcers

Guide for use
Obligation: Mandatory
How to answer on form: Tick one box

Previous minor amputation
Identifying and definitional attributes

Definition: If patient has previously had toes/forefoot amputation

Minor amputation alters the biomechanics of the foot and is a prognostic

Context: factor for further amputation

Guide for use
Obligation: Mandatory

How to answer on form: Tick one box
If answer is yes, enter details about previous minor amputation (date; which side
and which toes)

Previous major amputation
Identifying and definitional attributes

If patient has previously had amputation above the ankle level. (this includes below
Definition: knee amputation; through knee amputation; above knee amputation or hip
disarticulation

Context: Major amputation is a prognostic factor for further amputation
Guide for use

Obligation: Mandatory

How to answer on form: Tick appropriate box

If answer is yes, enter details about previous major amputation (date; which side
and which operation was performed)
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Antiplatelet

Identifying and definitional attributes

Whether the patient has been prescribed a type of medication generically

Definition:
f referred to as antiplatelet
Diabetic patients, especially when associated with vascular disease, have
Context: increased cardiovascular risk and antiplatelets are known to reduce overall

cardiovascular mortality

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box
If answer is yes, enter details about antiplatelet/s prescribed

Statin
Identifying and definitional attributes
. Whether the patient has been prescribed medication known as statins to lower
Definition:
Blood cholesterol level
Context: Patients with peripheral vascular disease have reduced overall mortality
' If they are on statin

Guide for use
Obligation:
How to answer on form:

Anti-hypertensive

Mandatory
Tick appropriate box

Identifying and definitional attributes

Definition: Whether the patient has been prescribed medication/s to control high blood
Context: The combination of diabetes and hypertension places patients at significantly
' increased risk of cardiovascular disease.

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box
If answer is yes, enter details about anti-hypertensive/s prescribed

Steroid/lmmunosuppressant
Identifying and definitional attributes

Definition:

Whether the patient has been prescribed steroid and/or immunosuppressant

Context:

Steroid and immunosuppressant medications can significantly impair wound
healing.

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box
If answer is yes, enter details about steroid/immunosuppressant prescribed
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Other medications

Identifying and definitional attributes

List of regular medications the patient has been prescribed for treatment of

Definition: of a range of conditions including various heart disease, respiratory
conditions and diabetes
Medication history is an important data for patients with diabetic foot ulcers
Context

as some medications may affect wound healing and affect overall mortality.

Guide for use
Obligation:
How to answer on form:

Optional
Enter list of regular medications and dosages
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Baseline wound specific data

Affected foot

Identifying and definitional attributes

Definition: A record of in which foot an ulcer is present

Context: Determining which foot is affected is essential for data analysis

Guide for use
Obligation:
How to answer on form:

Wlﬂ classification

Mandatory
Thick appropriated box

Identifying and definitional attributes

Definition:

The WiFl is new classification system created by Society for Vascular Surgery that
focuses on threatened limb, including patients with PAD and diabetes.

In the WISl classification system three clinical entities are evaluated and
stratified/graded from O to 3 These include (1) Wound (2) Ischaemia and (3) Foot
Infection.

Wounds are given a severity grade based on size, depth, and anticipated difficult
achieving wound healing. In regards to ischaemia patients are graded based on their
perfusion (preferably using toe pressure). Infection is graded based on severity.

The overall WiFl score estimate patient risk of major amputation at 1 year and also
the likelihood of benefit of/requirement for revascularisation

Context:

The WIfI classification is an important prognostic factor in patients with diabetic
foot ulcers as it can provide an estimate risk of amputation and possibly aid in
determining whether a patient would benefit from revascularisation

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick one box for each of the clinical entities assessed (Wound / Ischaemia / Foot
infection)
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Wlﬂ score

Identifying and definitional attributes

The WiFl is new classification system created by Society for Vascular Surgery that focuses

on threatened limb, including patients with PAD and diabetes.

In the WIfI classification system three clinical entities are evaluated and stratified/graded
Definition: from 0 to 3 These include (1) Wound (2) Ischaemia and (3) Foot Infection. The overall

WiFI score is a combination of the scores for each of the clinical entities evaluated

The WIfI classification is an important prognostic factor in patients with diabetic foot
Context: ulcers as it can provide an estimate risk of amputation and possibly aid in determining
whether a patient would benefit from revascularisation

Guide for use

Obligation: Mandatory
How to answer on form: Enter the overall WIfl score
Example:

A patient with dry gangrene of 2 toes and a <2cm rim of cellulitis at the base of the toes,
but without systemic or metabolic toxicity and toe pressure of 35mmHg would be
classified as Wound 2; Ischaemia 2; Foot Infection 1. The overall WIfl score is 221

Wound depth

Identifying and definitional attributes

Definition: Measurement of deepest part of visible wound bed to skin level

Context: Wound depth and area are prognostic factor for wound healing

Guide for use

Obligation: Mandatory

How to answer on form: Enter wound depth of the wound in mm

Wound area

Identifying and definitional attributes

Definition: Measurement of the area of the visible wound bed

Context: Wound depth and area are prognostic factor for wound healing

Guide for use

Obligation: Mandatory

How to answer on form: Enter wound area of the wound bed in cm?

Wound photograph

Identifying and definitional attributes

Definition: Photo of the wound

Context: Ehotos of the wound allows for objective assessment of progress of the wound over
time

Guide for use

Obligation: Optional

How to answer on form: Attach photo of the wound

169



Wound description

Identifying and definitional attributes

Definition:

Open documentation of wound characteristics including description of exsudate
type (e.g.: serous, serosanguineous, purulent) and amount; characteristics of wound
bed (e.g: slough, eschar, granulation tissue, epithelization); description of wound
edges (defined or undefined edges, macerated, fibrotic, callused) and ad
surrounding tissues

Context:

Wound characteristics are important predictor of wound healing

Guide for use
Obligation:
How to answer on form:

Optional
Enter open description of the wound

Wound swab microbiology results
Identifying and definitional attributes

Collection of exudate for pathology laboratory culture, identification and sensitivity

Definition: of infecting microorganisms.
Microbiological assessment is important in the management of infected wounds.
Context: Results of wound swab is useful for determining antibiotic choice and predicting

response to treatment. Deep swab that avoid collection of surface contaminants is
preferred.

Guide for use
Obligation:
How to answer on form:

Chronicity of wound

Optional
Enter results of recent significant results from wound swab.

Identifying and definitional attributes

Definition: Time from establishment of foot ulcer until patient recruitment
Time from establishment of foot ulcer is an important prognostic factor.
An acute wound is expected to progress through the phases of normal healing,
resulting in closure of the wound. A chronic wound fails to progress or respond to
Context: treatment over normal expected healing time frame (4 weeks) and becomes “stuck”

in the inflammatory phase. Wound chronicity is attributed to the presence of
intrinsic and extrinsic factors including medications, poor nutrition, comorbidities
and inappropriate dressings

Guide for use
Obligation:
How to answer on form:

Foot pulse palpable

Mandatory
Thick appropriate box

Identifying and definitional attributes

Definition:

A record of whether the foot pulses are present or absent

Context:

The presence or absence of pulses can be indicative of arterial
Impairment and it is an important prognostic factor for wound healing.

Guide for use
Obligation:
How to answer on form:

Mandatory
Tick whether right foot pulse and left foot pulses are individually palpable
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Ankle brachial index (ABI)

Identifying and definitional attributes

Ratio of blood pressure in the lower legs to blood pressure in arms. Lower blood
pressure in the leg is symptomatic of blocked arteries. It is calculated by dividing

Definition: . . . . .
efinition the systolic blood pressure in the arteries at the ankle by the highest systolic blood
pressure reading for the arm. An ABI of 1.0-1.3 is normal.
Low ABI can be indicative of arterial impairment and may be an important
Context:

Prognostic factor for wound healing

Guide for use
Obligation:

How to answer on form:

Toe pressure

Optional
Enter ABI for both right and left ankles

Identifying and definitional attributes

Toe pressures use an infrared photoplethysmography sensor to determine the
assessment where falsely high ankle pressures can occur due to calcification. small

Definition: vessel vascular condition distal to the ankle. Toe pressures may be useful in cases of
suspected vascular disease and in baseline diabetic foot assessment where falsely
high ankle pressures can occur due to calcification. Healing unlikely if toe pressure
below 45mmHg.

Low toe pressure is indicative of arterial impairment and may be an important

Context:

Prognostic factor for wound healing

Guide for use
Obligation:

How to answer on form:

Optional

Enter toe pressure both right and left foot
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Frailty

Unintended weigh loss in the last 6months
Identifying and definitional attributes

Definition: A record of whether patient had unintended weigh loss in the previous six months

Frailty as a biologic syndrome of decreased reserve and resistance to stressors,
resulting from cumulative declines across multiple physiologic systems, and causing
vulnerability to adverse outcomes. Frailty is considered to be a high-risk state
predictive of a range of adverse health outcomes and it may be an important factor
in wound healing. Unintended weight loss is one the components of frailty

Context:

phenotype.
Guide for use
Obligation: Mandatory
How to answer on form: Tick appropriate box and enter the amount of weight loss in the last 6 months.

Dominant hand

Identifying and definitional attributes

Definition: Preference for using one hand over the other to perform fine and gross motor tasks
Context: To determine in which hand grip strength should be performed

Guide for use

Obligation: Mandatory

How to answer on form: Thick appropriate box

Grip strength

Identifying and definitional attributes

Grip strength is an anthropometric measurement that indicates muscle health in
Definition: the hands and forearms. Hand grip strength is measured by a hand-held
dynamometer

Grip strength is a reliable surrogate for overall muscle strength and predicts

Context: functional decline. Muscle weakness is one of the components of frailty phenotype.

Guide for use

Obligation: Mandatory
How to answer on form: Enter the average of three grip strength measurement for right and left hand and
indicate which hand is dominant.

T otal muscle psoas area
Identifying and definitional attributes

Cross sectional area of the right and left psoas muscle measured using CT scan
Definition: image at the bottom of L3 vertebra level.

Low total psoas normalise by patient height is a surrogate for muscle depletion

Context: (sarcopenia). Sarcopenia is one of the components of frailty phenotype

Guide for use
Obligation: Optional (if CT available)

How to answer on form: Enter the value of total psoas area in mm?

Self—report fitness — Distance
Identifying and definitional attributes

|Definition: Whether the patient can walk briskly (5 or more kilometres per hour) for 1km
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Question aims to provide additional information about physical condition of
Context:

patient Low physical activity and exhaustion are components of frailty phenotype

Guide for use
Obligation: Optional
How to answer on form: Tick appropriate box

Self—report fitness — Climb
Identifying and definitional attributes

Definition: Whether the patient can climb 2 flight of stairs without stopping

Question aims to provide additional information about physical condition of
Context:

patient Low physical activity and exhaustion are components of frailty phenotype

Guide for use
Obligation: Optional

How to answer on form: Tick appropriate box
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Investigation and initial management

Glucose
Identifying and definitional attributes
Definition: . . . . - .
i The concentration of glucose in the fasting blood, represented in millimole per litre
Context: To provide additional information about diabetes control

Guide for use
Obligation:

How to answer on form:

Mandatory

Enter number to one decimal place

T otal Cholesterol
Identifying and definitional attributes
. The concentration of total cholesterol in the fasting blood, represented in millimole
Definition: .
per litre
Context: To provide additional information about risk factors for cardiovascular disease

Guide for use
Obligation:

How to answer on form:

Triglycerides

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

L The concentration of triglycerides in the fasting blood, represented in millimole per
Definition: . ey & P P
litre
Context: To provide additional information about risk factors for cardiovascular disease

Guide for use
Obligation:

How to answer on form:

HpL

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

Definition:

The concentration of high-density lipoproteins (HDL) in the fasting blood,
represented in millimole per litre

Context:

To provide additional information about risk factors for cardiovascular disease

Guide for use
Obligation:

How to answer on form:

Mandatory

Enter number to one decimal place
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LbL

Identifying and definitional attributes

Definition: The concentration of low-density lipoproteins (LDL) in the fasting blood,
’ represented in millimole per litre
Context: To provide additional information about risk factors for cardiovascular disease

Guide for use
Obligation:

How to answer on form:

Crp

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

The concentration of C-reactive protein (CRP), represented in miligram per litre. It is
Definition: an acute-phase protein of hepatic origin and it is used mainly as a marker of
inflammation
Context: To provide additional information about the severity of infection in the foot ulcer

Guide for use
Obligation:

How to answer on form:

Creatinine

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

Definition: A person’s blood serum creatinine level measured in micromoles per litre
Creatinine is a break down product of creatinine phosphate from muscle and
Context: is produced at a constant rate in the body. Measurements of serum creatinine

are used as a common indicator of renal function. Poor renal function is related
impaired wound healing

Guide for use
Obligation:

How to answer on form:

Hboa1c

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

Definition:

HbA1c is glycosylated haemoglobin and reflects the average blood glucose over the
lifespan of the red blood cells containing it

Context:

HbA1c test shows an average of your blood glucose level over the past 10-12
weeks

Guide for use
Obligation:

How to answer on form:

Mandatory
Enter value of HbA1C (%)
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Vitamin A

Identifying and definitional attributes

The concentration of vitamin A in the blood, represented in micromole per litre.
Definition: Vitamin A is an essential nutrient required for healthy vision, skin growth and
integrity, bone formation, immune function

Context: To provide information about nutritional status
Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place
Vitamin B6

Identifying and definitional attributes

L The concentration of vitamin B6 in the blood, represented in nanograms per
Definition: -
millilitre
Context: To provide information about nutritional status
Guide for use
Obligation: Mandatory
How to answer on form: Enter number to one decimal place

Vitamin B12

Identifying and definitional attributes

Definition: The concentration of vitamin B12 in the blood, represented in picomoles per litre
Context: To provide information about nutritional status

Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place

Vitamin ¢

Identifying and definitional attributes

Definition: The concentration of vitamin Cin the blood, represented in milligrams per decilitre
Context: To provide information about nutritional status

Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place

Vitamin D

Identifying and definitional attributes

Definition: The concentration of vitamin D in the blood, represented in nanograms per millilitre
Context: To provide information about nutritional status

Guide for use
Obligation: Mandatory

How to answer on form: Enter number to one decimal place
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Vitamin E

Identifying and definitional attributes

Definition: The concentration of vitamin E in the blood, represented in nanograms per millilitre
Context: To provide information about nutritional status

Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place

Cooper

Identifying and definitional attributes

Definition: The concentration of cooper in the blood, represented in micrograms per decilitre
Context: To provide information about nutritional status

Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place

Zinc

Identifying and definitional attributes

Definition: The concentration of vitamin B6 in the blood, represented in micromole per litre
Context: To provide information about nutritional status

Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place

Serum iron
Identifying and definitional attributes

Definition: The concentration of iron in the blood, represented in micromole per litre
Context: To provide information about nutritional status

Guide for use

Obligation: Mandatory

How to answer on form: Enter number to one decimal place
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Ferritin

Identifying and definitional attributes

Definition:

The concentration of ferritin in the blood, represented in micrograms per litre

Context:

To provide information about nutritional status

Guide for use
Obligation:

How to answer on form:

Mandatory

Enter number to one decimal place

T ransferrin

Identifying and definitional attributes

Definition: The concentration of transferrin in the blood, represented in micromoles per litre.
Context: To provide information about nutritional status

Guide for use
Obligation:

How to answer on form:

Mandatory

Enter number to one decimal place

Transferrin saturation
Identifying and definitional attributes

Definition:

The transferrin saturation in the blood, represented in percentage.

Context:

To provide information about nutritional status

Guide for use
Obligation:

How to answer on form:

Folate

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

Definition:

The concentration of folate in the blood, represented in micrograms per litre

Context:

To provide information about nutritional status

Guide for use
Obligation:

How to answer on form:

Imaging ordered

Mandatory

Enter number to one decimal place

Identifying and definitional attributes

The modality of imaging test ordered for assessment of the patient with diabetic

Definition:
f foot ulcer

To provide important prognostic information as imaging test is used to assess for
Context: presence of deep infection (including osteomyelitis) and presence of peripheral

vascular disease

Guide for use
Obligation:

How to answer on form:

Mandatory
Tick appropriate box
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Osteomyelitis on imaging test
Identifying and definitional attributes

Definition:

Presence or absence of features of osteomyelitis on imaging test

Context:

To provide important prognostic information. Presence of osteomyelitis is related
to poor wound healing.

Guide for use
Obligation:

How to answer on form:

Mandatory
Tick appropriate box

Comment on imaging test
Identifying and definitional attributes

Open description of the results of the imaging test ordered for assessment of the

Definition: . . . .
f patient with diabetic foot ulcer
To provide important prognostic information as imaging test is used to assess for
Context: presence of deep infection (including osteomyelitis) and presence of peripheral

vascular disease.

Guide for use
Obligation:

How to answer on form:

Optional

Enter details about results of the imaging tests ordered

Off—loading strategy prescribed

Identifying and definitional attributes

Definition: Whether off-loading strategy was prescribed for management
Context: Effective offloading of diabetic feet is important for ulcer healing and the
’ prevention of ulcer recurrence

Guide for use
Obligation:

How to answer on form:

Mandatory
Tick appropriate box

Details of off-loading strategy
Identifying and definitional attributes

Definition: Modality of off-loading strategy employed

Effective offloading of diabetic feet is important for ulcer healing and the
Context: -

prevention of ulcer recurrence

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box
If answer is ‘other’, enter details about off-loading strategy employed
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Antibiotics prescribed

Identifying and definitional attributes

Definition:

Whether antibiotic was prescribed for management of diabetic foot ulcer infection

Context:

Foot infections are common in patients with diabetes and are associated with high
morbidity and risk of lower extremity amputation. Optimal management of foot
infection includes antibiotic therapy

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box

Route of antibiotics administration
Identifying and definitional attributes

Definition: Whether antibiotic was prescribed orally or via intravenous
Foot infections are common in patients with diabetes and are associated with high
Context: morbidity and risk of lower extremity amputation. Optimal management of foot
’ infection includes antibiotic therapy. Route of administration of antibiotics is
related to severity of the infection

Guide for use

Obligation:
How to answer on form:

Optional
Tick appropriate box

Details of antibiotic treatment
Identifying and definitional attributes

Definition:

Open description of details of antibiotic treatment including name of antibiotic and
duration of therapy

Context:

Foot infections are common in patients with diabetes and are associated with high
morbidity and risk of lower extremity amputation. Optimal management of foot
infection includes antibiotic therapy. Appropriate antibiotic choice that cover the
most common pathogens is essential

Guide for use

Obligation:
How to answer on form:

Optional
Enter name of antibiotic/s prescribed and duration of therapy

Other medication changes
Identifying and definitional attributes

Definition:

Open description of medication changes

Context:

Medication history is an important data for patients with diabetic foot ulcers
as some medications may affect wound healing and affect overall mortality.

Guide for use

Obligation:
How to answer on form:

Optional
Enter medication changes made
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Admission to hospital
Identifying and definitional attributes

Definition: Whether the patient was admitted to hospital as part of initial management
Admission to hospital is related with severity if the condition. Patient with diabetic

Context: foot ulcers and severe infection often required surgical interventions and
intravenous antibiotic therapy.

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Arterial intervention
Identifying and definitional attributes

Whether the patient underwent arterial intervention to improve blood flow to the

Definition: -,
f affected foot for management of the current condition.
Diabetic foot ulcers are typically multifactorial in origin. Neuropathy of the foot and
Context: impaired wound healing are frequently associated with peripheral arterial disease.

When significant ischemia is present, diabetic foot ulcers require arterial
revascularisation to achieve wound healing

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Type of arterial intervention
Identifying and definitional attributes

Definition: The modality of arterial intervention that the patient underwent
Diabetic foot ulcers are typically multifactorial in origin. Neuropathy of the foot and
impaired wound healing are frequently associated with peripheral arterial disease.
Context: When significant ischemia is present, diabetic foot ulcers require arterial

revascularisation to achieve wound healing. The modality of arterial intervention is
related with severity and pattern of arterial disease.

Guide for use

Obligation:
How to answer on form:

Optional
Thick appropriate box

Details of arterial intervention
Identifying and definitional attributes

Definition: Open description of arterial intervention
Diabetic foot ulcers are typically multifactorial in origin. Neuropathy of the foot and
impaired wound healing are frequently associated with peripheral arterial disease.
Context: When significant ischemia is present, diabetic foot ulcers require arterial

revascularisation to achieve wound healing. The modality of arterial intervention is
related with severity and pattern of arterial disease.

Guide for use

Obligation:
How to answer on form:

Optional
Enter name of the revascularisation procedure
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Wound management
Identifying and definitional attributes

Definition: Strategy employed for wound management
Optimising local wound care with wound bed preparation is important component
Context: of management of diabetic foot ulcer, Wound bed preparation can be achieved via

regular dressing, sharp debridement in ward/OPD or sharp debridement in surgical
theatre. .

Guide for use

Obligation:
How to answer on form:

Optional
Thick appropriate box

Negative pressure wound therapy applied
Identifying and definitional attributes

Whether negative pressure wound therapy (NPWT) was applied as part of wound

Definition:

management

To provide additional information about wound management. The NPWT wound
Context: dressing assists in healing open wounds. The effects of NPWT that accelerate

wound healing are reported as increased local blood flow, formation of granulation
tissue, and decreased bacterial colonization.

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Wound management details
Identifying and definitional attributes

Definition:

Open description of wound management strategy

Context:

To provide additional information about wound management.

Guide for use

Obligation:
How to answer on form:

Surgical procedure

Optional
Enter details about wound management strategy

Identifying and definitional attributes

Surgical procedure performed. Divided into following categories: Surgical
debridement; Minor amputation — toe/s; Minor amputation — forefoot; Major

Definition: . - . . . .
fini amputation — guillotine above ankle; Major amputation — BKA; Major amputation —
AKA.
Surgical therapy is an important aspect of patients with diabetic foot. The main goal
is to control the deep infection and preserve life, with the hope of salvaging the
Context: limb. This is accomplished by drainage of any pus, removal of all necrotic or

infected tissues. Surgical procedure may be an indication of severity of the infection
and also has prognostic value. Residual foot deformities may lead to abnormal
pressure points and, thus, reulceration.

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box
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Details of surgical procedure
Identifying and definitional attributes

Definition: Open description of surgical procedure performed.
Context: To provide further information about management of the foot ulcer and it also has
’ prognostic value

Guide for use

Obligation:
How to answer on form:

Optional
Enter details about surgical procedure

Duration of hospital stay

Identifying and definitional attributes

The period of time (in days) that the patient remained in the hospital as an
Definition: . p. ( vs) P P

inpatient.

This is an important information about the burden of diabetic foot ulcers imposes
Context:

on the healthcare system.

Guide for use

Obligation:
How to answer on form:

Optional
Enter hospital stay in days

Discharge destination
Identifying and definitional attributes

Definition:

Destination after discharge from the hospital. Patient can either returns home or be
transferred to another facility such as one for rehabilitation or to a nursing home

Context:

This is an important information about the burden of diabetic foot ulcers imposes
on patients and the healthcare system.

Guide for use

Obligation:
How to answer on form:

Optional
Thick appropriate box

183




Follow up data

Date of follow up data collection
Identifying and definitional attributes

Definition: The day, month and year of follow up data collection

Context: To accurately store follow up data

Guide for use

Obligation: Mandatory

How to answer on form: Enter day, month and year (dd/mm/yyyy)

Patient deceased

Identifying and definitional attributes

Definition: Whether patient is alive or not at the time of

Context: Mortality is one of the outcome of interest in the research

Guide for use
Obligation: Mandatory

How to answer on form: Tick appropriate box

Cause of death

Identifying and definitional attributes

Definition: Open description of the cause of death

Context:

Mortality is one of the outcomes of interest. Assessing cause of death is important
to determine is death was directly related to diabetic foot disease

Guide for use
Obligation: Optional

How to answer on form: Enter details about cause of death

Patient seen for follow up
Identifying and definitional attributes

Definition: Weather participant was seen in person for follow up

Context: To provide information on how follow up data was obtained

Guide for use
Obligation: Mandatory

How to answer on form: Tick appropriate box
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Weeks post recruitment
Identifying and definitional attributes

Definition: Time from recruitment until follow up in weeks
This is important information because the findings of this study will be extracted
Context: from the time frame in which most of the subjects have had the event or have
remained under observation

Guide for use

Obligation:
How to answer on form:

Mandatory
Enter number of weeks since recruitment

Admission /Readmission to hospital since recruitment
Identifying and definitional attributes

Definition: Whether the patient was admitted to hospital since recruitment
Admission to hospital is related with severity if the condition. Patient with diabetic
Context: foot ulcers and severe infection often required surgical interventions and
intravenous antibiotic therapy.

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Description of Admission(s) since description
Identifying and definitional attributes

Definition: Open description of the admissions to hospital since recruitment

Description of the admission allow to assess if the admission is related to diabetif
Context: b

foot disease

Guide for use

Obligation:
How to answer on form:

Days in hospital

Optional
Enter reason for the patient to be admitted to the hospital and relevant dates

Identifying and definitional attributes

Definition:

The period of time (in days) that the patient remained in the hospital as an
inpatient.

Context:

This is an important information about the burden of diabetic foot ulcers imposes
on the healthcare system.

Guide for use

Obligation:
How to answer on form:

Optional
Enter hospital stay in days
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Discharge destination
Identifying and definitional attributes

Definition:

Destination after discharge from the hospital. Patient can either returns home or be
transferred to another facility such as one for rehabilitation or to a nursing home

Context:

This is an important information about the burden of diabetic foot ulcers imposes
on patients and the healthcare system.

Guide for use

Obligation:
How to answer on form:

Optional
Thick appropriate box

Surgical procedure since last assessment
Identifying and definitional attributes

Whether the patient underwent local surgical intervention for management of

Definition: . . .
efinition diabetic foot disease.
Surgical therapy is an important aspect of patients with diabetic foot. The main goal
is to control the deep infection and preserve life, with the hope of salvaging the
Context: limb. This is accomplished by drainage of any pus, removal of all necrotic or

infected tissues. Surgical procedure may be an indication of severity of the infection
and also has prognostic value. Residual foot deformities may lead to abnormal
pressure points and, thus, reulceration.

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Type of surgical procedure since last assessment
Identifying and definitional attributes

Surgical procedure performed. Divided into following categories: Surgical
debridement; Minor amputation — toe/s; Minor amputation — forefoot; Major

Definition: . - . . . .
i amputation — guillotine above ankle; Major amputation — BKA; Major amputation —
AKA.
Surgical therapy is an important aspect of patients with diabetic foot. The main goal
is to control the deep infection and preserve life, with the hope of salvaging the
Context: limb. This is accomplished by drainage of any pus, removal of all necrotic or

infected tissues. Surgical procedure may be an indication of severity of the infection
and also has prognostic value. Residual foot deformities may lead to abnormal
pressure points and, thus, reulceration.

Guide for use

Obligation:
How to answer on form:

Optional
Thick appropriate box
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Details of surgical procedure
Identifying and definitional attributes

Definition: Open description of surgical procedure performed.
Context: To provide further information about management of the foot ulcer and it also has
’ prognostic value

Guide for use

Obligation:
How to answer on form:

Optional
Enter details about surgical procedure

Arterial intervention since last assessment
Identifying and definitional attributes

Whether the patient underwent arterial intervention to improve blood flow to the

Definition: .
i affected foot for management of the current condition.
Diabetic foot ulcers are typically multifactorial in origin. Neuropathy of the foot and
Context: impaired wound healing are frequently associated with peripheral arterial disease.

When significant ischemia is present, diabetic foot ulcers require arterial
revascularisation to achieve wound healing

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Type of arterial intervention
Identifying and definitional attributes

Definition: The modality of arterial intervention that the patient underwent
Diabetic foot ulcers are typically multifactorial in origin. Neuropathy of the foot and
impaired wound healing are frequently associated with peripheral arterial disease.
Context: When significant ischemia is present, diabetic foot ulcers require arterial

revascularisation to achieve wound healing. The modality of arterial intervention is
related with severity and pattern of arterial disease.

Guide for use

Obligation:
How to answer on form:

Optional
Thick appropriate box

Has the original ulcer healed
Identifying and definitional attributes

Definition:

Weather the target foot ulcer/wound has healed

Context:

Wound healing is one of the outcomes of interest of the research

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box
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Wound depth

Identifying and definitional attributes

Definition:

Measurement of deepest part of visible wound bed to skin level in mm

Context:

Wound depth and area are prognostic factor for wound healing

Guide for use
Obligation:
How to answer on form:

Mandatory
Enter wound depth of the wound in mm

Wound area

Identifying and definitional attributes

Definition: Measurement of the area of the visible wound bed

Context: Wound depth and area are prognostic factor for wound healing

Guide for use
Obligation:
How to answer on form:

Wound photograph

Mandatory
Enter wound area of the wound bed in cm?

Identifying and definitional attributes

Definition: Photo of the wound
Photos of the wound allows for objective assessment of progress of the wound over
Context: time

Guide for use
Obligation:
How to answer on form:

Optional
Attach photo of the wound

Presence of wound infection?
Identifying and definitional attributes

o Whether there are signs and symptoms of infection related to the target
Definition:
ulcer/wound
To provide additional information about status of the target ulcer/wound. Wound
Context: . L . .
infection impairs wound healing.

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Severity of wound infection (as per WIfI)
Identifying and definitional attributes

Definition: Description of the severity of wound infection according to the WIfl criteria.

Context: Wound infection is an important prognostic factor in patients with diabetic foot ulcers

Guide for use

Obligation: Optional
How to answer on form: Thick appropriate box
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Wound swab microbiology

Identifying and definitional attributes

Collection of exudate for pathology laboratory culture, identification and sensitivity

Definition: of infecting microorganisms.
Microbiological assessment is important in the management of infected wounds.
Context: Results of wound swab is useful for determining antibiotic choice and predicting

response to treatment. Deep swab that avoid collection of surface contaminants is
preferred.

Guide for use
Obligation:
How to answer on form:

Optional
Enter results of recent significant results from wound swab.

Change in off-loading strategy

Identifying and definitional attributes

Definition: Weather there has been any changes in off-loading strategy since last assessment
Context: Effective offloading of diabetic feet is important for ulcer healing and the
’ prevention of ulcer recurrence

Guide for use

Obligation:
How to answer on form:

Mandatory
Thick appropriate box

Details of off-loading strategy
Identifying and definitional attributes

Definition: Modality of off-loading strategy employed

Effective offloading of diabetic feet is important for ulcer healing and the
Context: .

prevention of ulcer recurrence

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box
If answer is ‘other’, enter details about off-loading strategy employed

Antibiotics prescribed/currently on antibiotics?
Identifying and definitional attributes

Whether participant is on antibiotic therapy or weather antibiotic was prescribed

Definition: . . . .
i for management of diabetic foot ulcer infection
Foot infections are common in patients with diabetes and are associated with high
Context: morbidity and risk of lower extremity amputation. Optimal management of foot

infection includes antibiotic therapy

Guide for use

Obligation:
How to answer on form:

Mandatory
Tick appropriate box
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Details of antibiotic treatment
Identifying and definitional attributes

Definition:

Open description of details of antibiotic treatment including name of antibiotic and
duration of therapy

Context:

Foot infections are common in patients with diabetes and are associated with high
morbidity and risk of lower extremity amputation. Optimal management of foot
infection includes antibiotic therapy. Appropriate antibiotic choice that cover the
most common pathogens is essential

Guide for use

Obligation:
How to answer on form:

Optional
Enter name of antibiotic/s prescribed and duration of therapy

Imaging ordered/Recent imaging
Identifying and definitional attributes

. The modality of imaging test ordered or recently performed for assessment of the
Definition: . . . .
patient with diabetic foot ulcer
To provide important prognostic information as imaging test is used to assess for
Context: presence of deep infection (including osteomyelitis) and presence of peripheral
vascular disease

Guide for use
Obligation:

How to answer on form:

Mandatory
Tick appropriate box

Osteomyelitis on imaging test
Identifying and definitional attributes

Definition:

Presence or absence of features of osteomyelitis on imaging test

Context:

To provide important prognostic information. Presence of osteomyelitis is related
to poor wound healing.

Guide for use
Obligation:

How to answer on form:

Mandatory
Tick appropriate box

Comment on imaging test
Identifying and definitional attributes

Open description of the results of the imaging test ordered for assessment of the

Definition: . . . .
i patient with diabetic foot ulcer
To provide important prognostic information as imaging test is used to assess for
Context: presence of deep infection (including osteomyelitis) and presence of peripheral

vascular disease.

Guide for use
Obligation:

How to answer on form:

Optional

Enter details about results of the imaging tests ordered
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ABsi performed

Identifying and definitional attributes

Definition: Wheater ankle-brachial index has been performed since last assessment

Low ABI can be indicative of arterial impairment and may be an important

Context: Prognostic factor for wound healing

Guide for use
Obligation: Mandatory
How to answer on form: Tick appropriate box

ABI (right and left foot)

Identifying and definitional attributes

Ratio of blood pressure in the lower legs to blood pressure in arms. Lower blood
pressure in the leg is symptomatic of blocked arteries. It is calculated by dividing

Definition: the systolic blood pressure in the arteries at the ankle by the highest systolic blood
pressure reading for the arm. An ABI of 1.0-1.3 is normal.
Low ABI can be indicative of arterial impairment and may be an important
Context:

Prognostic factor for wound healing

Guide for use
Obligation: Optional

How to answer on form: Enter ABI for both right and left ankles

Toe pressure performed
Identifying and definitional attributes

Definition: Wheater ankle-brachial index has been performed since last assessment

Low toe pressure is indicative of arterial impairment and may be an important

Context: . .
Prognostic factor for wound healing

Guide for use
Obligation: Mandatory

How to answer on form: Tick appropriate box
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Toe pressure (right and left foot)
Identifying and definitional attributes

Definition:

Toe pressures use an infrared photoplethysmography sensor to determine the
assessment where falsely high ankle pressures can occur due to calcification. small
vessel vascular condition distal to the ankle. Toe pressures may be useful in cases of
suspected vascular disease and in baseline diabetic foot assessment where falsely

high ankle pressures can occur due to calcification. Healing unlikely if toe pressure
below 45mmHg.

Context:

Low toe pressure is indicative of arterial impairment and may be an important
Prognostic factor for wound healing

Guide for use
Obligation:

How to answer on form:

Optional

Enter toe pressure both right and left foot
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Appendix 3: The Diabetic Foot. From Ulcer to Infection
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S Rajendran, Pena G, Fitridge R. The diabetic foot. From ulcer to infection. Medicine Today
2020: 9(11): 623-31.

Introduction

Diabetic foot disease is a serious and common complication of diabetes mellitus. It is
a source of major suffering for the patient and family and financial costs for the
health care system. It is estimated that patients with diabetes have a 34% lifetime
risk of developing a foot ulcer with more than 50% of these ulcers becoming
infected(1, 2). Of all amputations in diabetic patients, 85% are preceded by foot
ulceration. Diabetic foot disease is Australia’s leading cause of amputations and is
among the top 20 causes of all hospitalisations(3, 4). More than three quarters of
patients with diabetic foot ulcers can achieve primary healing within 1 year(2, 5, 6).
Unfortunately, after a wound heals, 40% of people with diabetes will re-ulcerate
within 1 year, and nearly 60% within 3 years (2). Thus, it is important to consider that
patients who have achieved wound closure are actually in remission rather than
cured(2). As a consequence, the Australian government has recently provided new
funding for a “Foot Forward program” - a new diabetes-related amputations

prevention initiative which aims at preventing ulcer formation in the first place.
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Pathophysiology

The pathogenesis of foot ulceration is complex and requires an awareness of the
role of several contributory factors, including peripheral neuropathy, peripheral
arterial disease (PAD), biomechanical abnormalities of the foot and susceptibility to

infection.

Diabetic peripheral neuropathy has sensory, motor and autonomic components
which result in loss of protective sensation, foot deformity and sudomotor dysfunction
respectively(7). Foot deformity and limited joint mobility cause abnormal foot
pressure points and subsequent callus formation. The callus then leads to a further
increase in the loading of the foot, often with subcutaneous haemorrhage and
eventually skin ulceration. In people with neuropathy even minor trauma (e.g., from
ill- fitting shoes) can precipitate ulceration of the foot. Without “the gift of pain”,
patients often underappreciate the severity of foot disease and delay presentation to

health care (Figure 1).
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Figure 1: Pathophysiology of Diabetic foot ulceration

r Diabetes mellitus ﬂ

Motor neuropathy

Foot deformity

Sensory neuropathy

Loss of protective
sensation

Biomechanical
abnormalities

ey

Repetitive
external or
minor trauma

y

Callus formation

Autonomic neuropathy
Decreased sweating

Dry skin

Peripheral
artery
disease

From: Armstrong DG, Boulton AJ, Bus SA. Diabetic foot ulcers and their recurrence. N Engl J Med. 2017;376(24):2367-75)
PAD is also common in individuals with diabetes and approximately 50% of patients
with a diabetic foot ulcer have coexisting PAD(6, 8, 9). The presence of PAD is
significantly associated with delayed wound healing and increased risk of major

amputation(6, 8).
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The presence of concurrent infection has significant therapeutic and prognostic
implications in patients with diabetic foot ulcers. It is the most common precipitating
event leading to hospitalisation and lower extremity amputation(10, 11). Diabetic foot
infection (DFI) nearly always occurs in open wounds and is clinically identified by the
presence of manifestations of an inflammatory process in any tissue below the

malleoli in a person with diabetes mellitus.

Pathophysiology Summary Box

The combination of foot deformity, loss of protective sensation, dry skin, inadequate off-
loading, and repetitive minor trauma can lead to tissue damage and ulceration. Once an
ulcer has formed, healing may be delayed or not occur, particularly if significant

ischaemia is present (Figure 1).

Classification of DFU

In 2019 the Global Vascular Guidelines (GVG) on the Management of Chronic Limb
Threatening Ischemia (CLTI) was released. The new term CLTI represents the
spectrum of PAD that affect diabetic and non-diabetic patients and is of sufficient
severity to delay wound healing and increase amputation risk.(12) The “WIfl”
classification is recommended for assessment of limb status in patients with CLTI,
including diabetic patients with foot ulcers. The WIfl system assesses three key
components of a threatened limb (Wound, Ischemia, and Foot Infection), each with
four grades of severity (none, mild, moderate, and severe) to predict the 1-year risk

of amputation and benefit of revascularisation.

Wounds are stratified or graded from grade 0 through grade 3 based on size, depth,

severity, and anticipated difficulty achieving wound healing. Ischaemia is classified
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based on Ankle:Brachial index (ABI), Toe pressure (TP) or transcutaneous oxygen
saturation (TCPO2). TP or TcPO2 measurements are preferred in patients with
diabetes mellitus or the elderly when ABI measurements may be falsely elevated
because of medial arterial calcinosis. Infection is classified according to severity and
the WIfI classification incorporates the schemes proposed by the Infectious Diseases
Society of America (the “infection” part of the PEDIS classification) to assess severity

of infection(13).

The three key components (wound, ischemia, and foot infection), each with four
grades of severity (none, mild, moderate, and severe), results in 64 potential limb
presentations that were each assigned to one of four clinical stages on the basis of
anticipated amputation risk and benefit of revascularisation. An important concept of
the WIfI classification system is that the amount of perfusion required to heal a foot
wound depends on wound complexity and presence of infection(14). As an example,
a patient with a superficial, uninfected toe ulcer is likely to need less perfusion to

heal the foot compared to a patient with forefoot gangrene.

PAD in diabetes

PAD is common in patient with diabetes and associated with an increased risk of
non-healing ulcers, infection, major limb amputation and death(15). PAD may
remain undiagnosed in diabetic patients until they present with gangrene or non-
healing ulcers. It is common for diabetic patients to lack typical symptoms of arterial
insufficiency such as claudication or rest pain(16). Furthermore, diagnostic tests

such as ABI may be less reliable due to the presence of medial arterial calcification.
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Diabetic patients are more prone to have severe below knee atherosclerosis, often
associated with extensive calcification and long segment occlusions(17, 18). The
predilection for multiple tibial vessel involvement combined with extensive calf
arterial calcification increases the technical challenges associated with
revascularisation using either open bypass or endovascular techniques(41).
Furthermore, in patients with diabetes, a similar degree of anatomical arterial
disease can result in a more severe perfusion deficit because of a paucity of
collateral vessels, as well as the influence of physiological factors associated with
diabetes, such as arteriolar shunting(43). The presence of PAD amongst patients
with foot ulceration is associated with adverse outcomes such as poor wound

healing and higher rates of lower extremity amputation(17).

Advances in endovascular therapy have widened the options for treating PAD
percutaneously and revascularisation is increasingly attempted initially by
endovascular means. However, decisions regarding revascularisation indication and
technique are complex and involve assessing patient risk/comorbidities, limb status
(using WIfl), anatomy of the limb arterial disease and availability of autogenous
venous conduit (for bypass)(12, 15) Treatment of this condition is technically
challenging and is often associated with a higher risk of early technical failure and

lower patency rate following revascularisation in patients with diabetes(12).

Prevention of DFU and Identification of the at-risk foot

Careful inspection and examination of the foot is an integral part of the medical
review of all patients with diabetes. The physician should ask about a history of foot

ulceration or amputation (minor and major) and diagnosis of end-stage renal disease
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and should examine for presence foot deformity; limited joint mobility; abundant
callus; ingrown or thickened toenails; fungal infections and any pre-ulcerative signs
on the foot. Pre-ulcerative signs include presence of blisters, fissures or

haemorrhage and are strong predictors of ulceration(11).

Table 1 shows the risk stratification and foot screening and examination frequency

recommended by the International Working Group on Diabetic Foot(11) .

Table 1: The IWGDF Risk Stratification System and corresponding foot screening and examination
frequency

Category Ulcer Risk Characteristics Frequency

0 Very Low No LOPS and No PAD Once a year

1 Low LOPS or PAD Once every 6-12
months

2 Moderate LOPS + PAD, or Once every 3-6
months

LOPS + foot deformity or
PAD + foot deformity

3 High LOPS or PAD, and one or more of Once every 1-3

the following: months
e History of foot ulcer

e A lower-extremity amputation

(minor or major)

e End-stage renal disease

LOPS = loss of protective sensation; PAD = peripheral artery disease.

From: Bus et al. Guidelines on the prevention of foot ulcers in persons with diabetes (IWGDF 2019 update). Diab Metab Res
Rev. 2020. e3269
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Aboriginal and Torres Strait Islander people with diabetes are considered to be at
high risk of developing foot complications and therefore will require foot checks at

every clinical encounter and require active follow-up(19).

Educating the patient and family members about the importance of foot care is
essential. As a basic principle the feet needs to be protected against trauma.
Patients must be advised not to walk barefoot, in socks without shoes, or in thin-
soled slippers. All footwear needs to be checked and diabetic patients need to wear
footwear that fits, protects and accommodates the shape of their feet. Podiatry

review is a central component of a foot protection program.

For people with a foot deformity or pre-ulcerative lesion, prescription medical grade

shoes, such as custom-made shoes or insoles, should be considered.

Management of patients with diabetic foot ulcers

Treatment of diabetic foot ulcers is complex and should involve a multidisciplinary
team that may include, but is not limited to, GPs, podiatrists, vascular surgeons,
orthopaedic surgeons, endocrinologists, infectious disease specialists, diabetes
educators, wound care nurses, orthotists, radiologists and dieticians. The goals of
therapy are to achieve wound healing and consequently avoid amputations
(particularly major) and improve quality of life. Once the wound is healed, every effort

should be made to prevent recurrence and maintain the patient in foot remission.

The principles of management of diabetic patients with foot ulcers includes offloading
(reducing pressure on the affected area of the foot and redistributing pressure on.

The weight-bearing areas of the foot), wound management, management of infection
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and revascularisation if required. The IWGDF has specific guidelines for each of

those elements(11, 15, 20, 21).

Prinicipals of Mangement Box

e Wound management
¢ Infection management
e Offloading

e Revascularisation if required

At clinical assessment of a patient with a diabetic foot, the GP faces the difficult
decision whether the patient is suitable for outpatient management or if admission to
hospital is required for intravenous antibiotics, surgical debridement and/or
revascularisation. The recently developed “Foot forward” integrated diabetes foot
care pathway provides useful guidance for assessment and management. Figure 2

illustrates a simplified management algorithm.
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Figure 2: Management algorithm
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Wound Management and Infection

Infection plays an important role in the initial decision. In general, patients with no
infection or mild infection can be managed initially in an outpatient setting and timely
referral to appropriate clinics/specialist should made. Patients with severe infection
should be referred to hospital for admission for parenteral antibiotic therapy, fluid
resuscitation and prompt access to surgical consultation. Patients requiring urgent
surgical intervention (such as presence of deep abscess); with significant
comorbidities (e.g severe PAD, end stage renal failure, immunosuppression) or

social vulnerability may also require admission(11). The presence of bone infection
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does not necessarily require emergent hospitalization unless associated with

systemic symptoms or considerable soft tissue infection.

Diagnosis of osteomyelitis (OM) is challenging. A combination probe-to-bone test,
inflammatory test (CRP) and plain X-rays is reasonable as initial assessment. If
diagnosis of OM remains in question, advanced images (e.g MRI; Bone scan) are
recommended. Surgical resection of infected bone has long been the standard
treatment of osteomyelitis, however conservative therapy with 6 weeks of antibiotics

had demonstrated to be effective in selected patients(22).

Microbiology studies of infected ulcers provide useful information on the causative
pathogen(s) and their antibiotic susceptibility, allowing appropriate selection of
antibiotic therapy. Specimens of wound tissue (obtained by curettage or biopsy after
cleansing the ulcer) are clinically more useful than specimens obtained by superficial

swabs(23, 24).

All patients with diabetic foot ulceration should be evaluated for the presence of
PAD. Taking relevant vascular history and palpating peripheral pulses is mandatory
in all patients with diabetes and foot ulceration. However, clinical examination does
not reliably exclude PAD and objective basic non-invasive testing (most frequently,

ABI and Toe Pressures) should be performed(15).

PAD evaluation and Revascularisation

Patient with foot ulceration and evidence of PAD should be referred to a vascular
surgeon for assessment of the benefit of revascularisation. The aim of
revascularisation is to treat the perfusion deficit and improve wound healing by

restoring direct flow to at least one of the foot arteries, preferably the artery that
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supplies the anatomical region affected.(12) Unfortunately, in patients with a diabetic
foot ulcer and PAD, no specific symptoms or signs of PAD reliably predict healing of
the ulcer. Simple bedside tests such as a skin perfusion pressure 240mmHg; a toe
pressure 230mmHg; or a TcPO2 225mmHg increase the probability of healing
without revascularisation. Ulcers that do not improve within 6 weeks despite optimal
management require secondary vascular imaging and appropriate

revascularisation(15).

Vascular imaging includes duplex ultrasonography, CT angiography, MR
angiography and digital subtraction angiography. Each modality has its own
advantages and disadvantages. As highlighted earlier, it is important to visualise the
entire lower extremity arterial circulation, especially the below-the-knee and pedal

arteries.

Offloading

Offloading is of paramount importance in the management of diabetic patient with
foot ulceration. For people with plantar ulcers, the use of non-removable knee-high
devices, such as a total contact cast or removable cast walker made irremovable is
the first line of offloading therapy. If a non-removable knee-high offloading device is
contraindicated or not tolerated, a removable device (preferably knee high) can be

considered(25, 26).

It is important to encourage offloading treatment adherence as these devices are

only effective when worn consistently.

204



Conclusion

Diabetic foot complications are a major public health challenges in Australia and one
of the ten major causes of disability worldwide. The prevention of diabetic foot ulcers
is essential to reduce the risks to the patient and the resultant economic burden to
society. Once an ulcer has developed, the management is complex and requires a
multidisciplinary team approach to optimise outcomes. Treatment should be
evidence-based and may include offloading, wound management, management of

infection and revascularisation.

Clinical Assessment Box

Vascular Assessment

Manual palpation of pulses

Capillary fill time

Skin quality

Lower extremity venous skin changes

Neurological assessment

e Protective sensation - monofilament testing

e Vibration sensation

Musculoskeletal examination

Presence of deformities

Foot type with weight bearing (ie. High arch)

Previous amputations

e Shoe evaluation
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Key Learning points box

o Diabetic foot complications are the most common cause of “non-traumatic” lower

limb amputation.

e PAD in diabetes tends to occur more distally than smoking-related PAD and is
particularly common below the knee. These atherosclerotic lesions tend to be

multilevel with a high prevalence of long occlusions.

o Conventional methods of assessing tissue perfusion in the peripheral circulation

are frequently unreliable in patients with diabetes

o WIfl classification should be used for assessment of limb staging in the diabetic

foot

e The principles of management of diabetic patients with foot ulcers include
offloading, wound management, management of infection, assessment of

perfusion and revascularisation if required
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Abstract

Objective

The accurate measurement of diabetic foot ulcer (DFU) wound size is essential as
the rate of wound healing is a significant prognostic indicator of the likelihood of
complete wound healing. Mobile phone photography is often used for surveillance
and to aid in telemedicine consultations. However, there remains no accurate and
objective measurement of wound size integrated into these photos. The NDKare™
mobile phone application has been developed to address this need and our study

evaluates its accuracy and practicality for DFU wound size assessment.

Approach
The NDKare™ mobile phone application was evaluated for its accuracy in two- (2D)
and three-dimensional (3D) wound measurement. 115 diabetic foot wounds were

assessed for wound surface area, depth and volume accuracy in comparison to
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Visitrak™ and the WoundVue™ camera. 35 wounds had two assessors with different
mobiles phones utilise the application to assess the reproducibility of the

measurements.
Results

The 2D surface area measurements by NDKare™ showed excellent concordance
with Visitrak™ and WoundVue™ measurements (ICC: 0.991 [95% CI: 0.988, 0.993])
and between different users (ICC: 0.98 [95% CI: 0.96, 0.99)]. The 3D NDKare™
measurements had good agreement for depth and fair agreement for volume with

the WoundVue™ camera.

Conclusion

The NDKare™ phone application can consistently and accurately obtain 2D
measurements of diabetic foot wounds with mobile phone photography. This is a
quick and readily accessible tool which can be integrated into comprehensive

diabetic foot wound care.

Introduction

The incidence of diabetic foot ulceration (DFU) continues to rise due to the
increasing prevalence of diabetes mellitus and broadening life expectancy of these
patients. The worldwide prevalence of foot ulceration amongst diabetics is
approximately 6.3%(1). An estimated 25% of patients with diabetes will develop foot
ulceration during their lifetime(2). Due to biomechanical changes, neuropathy,
peripheral vascular disease and an immunocompromised state, wound healing is
often slow and difficult to manage. Despite the high costs of DFU care, which

accounts for up to 33% of all diabetes-related healthcare costs, approximately 25%
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of DFU remain unhealed at 1 year(3, 4). More than 50% of DFUs become infected
and approximately 28% of these patients progress to an amputation.(2, 5) The
overall prognosis for DFU patients is very poor with 5% mortality within the first 12

months and 42% mortality within 5 years(6).

Clinical Problem Addressed

Best practice dictates that DFU management is coordinated in a multidisciplinary
diabetic foot service involving evidence-based wound dressings, offloading, vascular
and endocrine assessment and infection control(7). At each review, the objective
documentation of a reproducible assessment of wounds should include the key
components of photography and wound measurements(7). Accurate assessment is
required in order to monitor wounds over time and allow for early identification of
deterioration or indolence as optimal tissue and limb salvage can be obtained by
prompt intervention. Failure to achieve >50% reduction in wound area by four weeks
for a DFU has been associated with a significantly decreased probability of
healing(8, 9). The Wound Healing Society advises to consider such ulcers as
refractory to the current treatment plan and that the management plan and/or
aetiology should be re-evaluated(10).

The current techniques for wound assessment in clinical practice remain rudimentary
and cumbersome. The most common technique is measurement by a disposable
ruler which is quick and inexpensive. However, the measurement is subjective to the
reference points for length and width selected by the individual, with overestimation
in wound area size by up to 44%(11, 12). In comparison to acetate and digital

planimetry, ruler-based measurements are unreliable and their use in clinical
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practice has been discouraged(13, 14). Planimetry measures the perimeter of the
wound with good wound surface area accuracy(14). However, it requires contact
tracing of the wound which can be painful(15, 16). Digital planimetry, a non-contact
form of planimetry uses digital photographs and computer software to obtain two
dimensional measurements(17). However, this requires specialised computer
software which is relatively labour intensive to obtain the measurements(18).

A decrease in wound depth is the first stage of wound healing, followed by
circumference reduction(19). The inSight® (eKare Inc., Fairfax, VA, USA),
Silhouette® (Aranz, Christchurch, NZ) and WoundVue™ (LBT Innovations Limited,
Adelaide, Australia) cameras are examples of three-dimensional (3D) wound
cameras which provide accurate measurements with good inter-rater reliability(20,
21). However, 3D cameras can be prohibitively expensive for non-specialist clinics,
may be bulky, and as a result are more often used in research rather than the clinical
environment.

The NDKare™ application, available on mobile phone platforms, performs wound
photography with integrated measurement software providing measurements of DFU
to attempt to addresses the issues with current measurement techniques. The aim of
this study was to assess the accuracy of the 2-dimensional (2D) and 3D wound
measurements in comparison to the Visitrak™ planimetry system (Smith & Nephew
Wound Management, Inc., Largo, FL, USA) and the WoundVue™ 3D camera. The
inter-rater measurement accuracy between different users of NDKare™ was also

assessed.
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Methods

Ethics approval was granted from Central Adelaide Local Health Network Human
Research. Ethics Committee and documented informed consent was obtained from

all participants.

Patients with DFU were enrolled from multidisciplinary diabetic foot clinics at the
Royal Adelaide Hospital, Queen Elizabeth Hospital and Lyell McEwin Hospital, or
whilst they were admitted under the Vascular Surgery unit at the Royal Adelaide
Hospital. Patients were recruited from May 2019 to October 2019. A clinician and a
research officer undertook a formal training session on the NDKare™ phone

application provided by LBT Innovations prior to patient recruitment.

NDKare™ is a software application available on mobile phones developed by
Nucleus Dynamics Pty Ltd (Singapore, Singapore). To measure a wound, an
adhesive marking sticker is placed adjacent to the wound which acts as a scale for
wound size. Within the application, a rectangular box will appear, and the wound and
marker should be contained within these boundaries for calibration. This guides the
recommended distance for photography between the wound and the phone camera.
The in-built flashlight for the photo can be activated within the program for
standardised lighting. A photograph is taken at a perpendicular angle to the wound

(Figure 1).
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Figure 1. NDKareTM application. The marking sticker is placed in the same plane of the wound for
orientation and size reference, then photo taken at a perpendicular angle to the wound.

The software automatically distinguishes the pixels that constitute the ulcer, from
normal tissue. The user may finesse the wound boundary outline on the phone if
required, by zooming in on the wound in the app and manually tracing the wound

edge using their finger.

From this, the 2D measurements including length, width, area and perimeter are
generated (Figure 2). For serial wound imaging, a ‘ghost image’ of the previous

image of the wound will appear which will guide a consistent angle and distance for

215



image capture. A timeline of each patient’s wounds with photographs and

measurements is generated to allow for monitoring wound progression over time.

Figure 2: NDKareTM wound assessment.

Length (cm) 1.3 Granulation (%) 99.6

Width (cm) 1.2 Slough (%) 0
Perimeter (cm) 4.9 Bone (%) 0.2
Area (cm?) 1.1 Necrosis (%) 0.2

The top panel is the photographed image of the wound, bottom left panel is the generated 2D metric measurements and the bottom right
panel is the wound bed composition analysis.

NDKare also requires a 20 second video panning over the wound to generate a 3D
model of the wound utilising the concept of ‘structure from motion’ (Figure 3). This
video is segmented into a smooth sequence of images of the wound taken from

different vantage points. Image processing algorithms identify a small set of highly
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distinguishable pixels in the image set, ‘keypoints’. As keypoints are distinct, an
image processing algorithm can match corresponding keypoints across multiple
images. Triangulating the matched correspondences yields a ‘sparse 3D
reconstruction’ of the wound. More sophisticated algorithms attempt to substantially
increase the set of corresponding points beyond the initial set of matched keypoints
and triangulating the expanded set of matched points results in a ‘dense’ 3D point
cloud. To facilitate the computation of various metric properties of the wound, such
as its depth and volume, the 3D point cloud is converted into a smooth 3D ‘surface
reconstruction’. Finally, the pixel colours of the wound are combined for ‘surface
texturing’ which is mapped onto a 3D model(22). From the mobile phone, this video
is directly uploaded onto an online Health Insurance Portability and Accountability
Act (HIPAA) compliant cloud dashboard. HIPAA has established the standard for the
protection of sensitive patient data with security measures required for physical and
network data. On the dashboard, a total of 8 points are made outlining the wound,
the maximal depth and the marking sticker to generate the 3D measurements of

depth and volume.
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Figure 3: Structure from motion pipeline. NDKareTM 3D reconstruction software processing for

converting the video of the wound to the 3D model.
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115 wounds were assessed using the NDKare™ application by a single clinician
(B.K.). During the same wound review, Visitrak™ and WoundVue™ camera
measurements of the wound were also obtained. The Visitrak™ planimetry system
was used as the traditional gold standard for the 2D measurements. Our group has
previously demonstrated the validity of the WoundVue™ camera as a 3D
measurement device for diabetic foot wounds(21). We aimed to assess if the 2D
measurements on the NDKare™ application were comparable to the Visitrak™ and
WoundVue™ camera, and if the NDKare™ application 3D measurements were
consistent with the WoundVue™ camera. Subsequently, the clinician (B.K.) using a
Samsung Galaxy® S8+ smartphone (Version 9, Seoul, KR, Samsung Electronics Co.
Ltd.) and research officer (R.B.) using an Apple iPhone® 5 (Version 10.3.4,
Cupertino, CA, Apple Inc.) used the NDKare™ application to measure the same

wound for a total of 35 2D and wound measurements for inter-rater reliability. The
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research officer had limited time availability, and as a result they were unable to

measure all 115 wounds which had been assessed by the clinician.

Statistical Analysis

Intraclass correlation coefficient (ICC) estimates and 95% confidence intervals (CIs)
were calculated. Cicchetti’'s guidelines for interpretation of ICC inter-rater agreement
measures were used with ICC values 20.75 indicating excellent agreement, 0.60-
0.74 as good agreement and 0.40-0.59 as fair agreement(23).

A two-way mixed-effect model with consistency of agreement statistical model was
used for comparison of NDKare™, Visitrak™ and WoundVue™ measurements, and
between different users for inter-rater reliability.

The statistical analysis was performed using Stata Statistical Software (Release

15.1, College Station, TX: StataCorp LP).

Results

115 diabetic foot wounds were assessed using the NDKare ™ application, Visitrak™
and WoundVue™ camera for 2D and 3D measurements. Wounds included in this
study were digital ulcers (49.6%), forefoot ulcers (19.1%), toe amputation sites
(10.4%), midfoot ulcers (7.8%), heel ulcers (5.2%), multiple digit ulcers (4.3%),
malleolar wounds (2.6%) and a forefoot guillotine amputation (0.9%). Diabetic foot
wounds measuring <10cm? comprised 80.9% of the cohort, 10.4% of wounds
measured 10.1-19.9cm? and 8.7% of wounds 20-66cm?. The median wound surface

area measurement was 2.91 cm? (IQR: 1.05 to 8.53). The median maximum depth
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and volume of the wounds was 0.25 cm? (IQR: 0.04-0.86) and 1.15 cm? (IQR: 0.07-

10.13) respectively.

There was excellent inter-rater reliability between all three measurement devices for
surface area (ICC: 0.99 [95% CI: 0.99, 0.99]). For maximum depth there was good
agreement (ICC: 0.70 [95% CI: 0.56, 0.79]) and fair agreement for volume (ICC: 0.51
[95% CI: 0.29, 0.67]) between the WoundVue™ camera and NDKare™ application

measurements.

35 diabetic foot wounds were assessed by two different assessors using the
NDKare™ on different mobile phone devices for the 2D and 3D measurements.
There was excellent inter-rater reliability for surface area (ICC: 0.98 [95% CI: 0.96,
0.99)]. For maximum depth there was good agreement (ICC: 0.63 [95% CI: 0.27,

0.81]) and good agreement for volume (ICC: 0.64 [95% CI: 0.28, 0.82]) (Figure 4).

Figure 4. The inter-rater reliability of the NDKareTM application surface area measurements between
two different users and smartphones.
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Discussion

Over the last 20 years, the use of mobile devices has significantly increased due to a
reduction in price and increase in processing and memory capabilities. Due to the
widespread availability of smartphones, the subjective use of mobile phone images
for telemedicine and serial wound imaging has become a frequent addition to
modern wound care management. Whilst this is an improvement on wound
descriptions and diagrams, we know that objective measurements of wounds are
essential in order to be able to direct patient care. The NDKare™ application utilises
the pre-existing smartphone camera hardware and the NDKare™ image processing
and interpretation software to generate the 2D and 3D wound measurements. This
design allows the NDKare™ system to be accessible to anyone owning a

smartphone without the need for specialised equipment.

From our results, the NDKare™ system accurately measures the surface area of
diabetic foot wounds in comparison to the gold standard Visitrak™ and recently
validated WoundVue™ camera. Two different smartphone platforms (Samsung
Galaxy® S8+ and Apple iPhone® 5) were used to compare the accuracy and
reproducibility of the NDKare™ application. These phones have different cameras,
flash, colour and video processing software. In addition to these variables, two
different users used each phone. Despite these multiple variables, our results
highlights that different users with different smartphones can use this software and
still obtain similar results. Although the clinician and research officer have varying
levels of wound care experience, there were no noted significant differences in the
use of the NDKare™ system to take wound photos. This is likely attributable to the
same training session both individuals attended, but it may also reflect the ease of

use of the NDKare™ interface.
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The availability of a point-of-care, accurate, reproducible and readily available
software to measure the surface area of the wound and photographically monitor a
wound is a useful adjunct to aid clinical assessment in the multidisciplinary foot

clinic(24).

This benefit may extend to patient use as many already use mobile phone photos to
inspect and monitor their ulcers. However, patients along with health professionals
often cannot detect subtle wound healing or deterioration based on wound
photography alone. Phone applications which can provide detailed objective wound
measurement data have been shown to increase patient’s trust in health provider’s
assessment and may increase patient motivation during the wound healing
process(25). In addition, the “ghost images” may help patients with accuracy of
wound image capture as they may be elderly or have visual impairment secondary to

diabetes(26).

For patients living in remote areas who are unable to attend multidisciplinary foot
clinics, the Australian National Evidence-Based Guidelines for the Prevention,
Identification and Management of Foot Complications in Diabetes recommends
utilising remote expert consultation with digital imaging. A randomised controlled trial
showed this resulted in a reduction in ulcer size each week and a reduction in
amputation rates in comparison to local physician care with digital imaging(27).
Digital images as the sole diagnostic modality for assessing DFU has been shown to
have limited validity and reliability in assessment with the recommendation that
systems needed to develop with better diagnostic accuracy(28). Using this software,
photos of the wound and measurements can be uploaded remotely onto the cloud-
based system via the mobile phone for availability to health care professionals to aid

telemedicine consultation.
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The NDKare™ system adapts similar technical principals as digital planimetry, with
two key factors that affect the area measurement accuracy of their device. Firstly,
the marker must lie on the same plane as the wound, and secondly, the angle of the
camera to the wound and marker (it should be perpendicular to the wound)(29).
Figure 4 demonstrates at larger wound sizes, there was increased discrepancy in
wound surface area measurements between different raters. For small wounds is it
generally easier to identify the correct plane of the wound and the perpendicular
angle. However, for large wounds, the correct plane can be difficult to identify with
loss of normal foot contours, varying depth and determining a perpendicular camera
angle is also less straightforward. On reviewing our raw data, the most significant
outlier from the trendline in Figure 4 was a large guillotine forefoot amputation with
varying depth. There was no epithelised tissue to place the marking sticker, so the
marking sticker was placed on paper adjacent to the wound held by the other rater. It
is highly likely there is a degree of human error in maintaining the marking sticker in
the same plane between raters’ photo capture that has resulted in the large
difference in surface area measurement. This was a limitation that was recognised at
the time of the photo capture, however, we deemed it suitable to include as we were
unsure if an accurate measurement would still be captured despite our potential

human error.

As mobile phone camera technology and image quality continues to develop rapidly,
the ability to accurately obtain 3D wound measurements may become feasible. Pre-
existing 3D wound cameras have specialised hardware and software which use the
concepts of stereophotogrammetry, laser and structured light scanning(30). These
techniques require bulky hardware with multiple cameras or lasers to image or scan

the wound simultaneously at different angles. Although the NDKare™ application
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does not accurately obtain depth and volume measurements, there is already
interest amongst mobile phone companies in the development of depth estimation
hardware. Apple® acquired PrimeSense®, the company which developed the
Microsoft Kinect® structured light sensor in 2013(31). Using this technology, Apple®
has subsequently developed the iPad Pro® which has an in-built rear 3D camera and
the iPhone® X and later models which have the TrueDepth® front-facing 3D
camera(32, 33). The TrueDepth® application programming interface (API) for depth
data is available to iOS devices running iOS™ 11 or later(34) Intel® has also
developed RealSense™, which aims to integrate depth sensors into their mobile

phones(35)

A limitation of our study is that the feasibility of the diabetic foot ulcer patient
population to use the NDKare™ application for self-monitoring was not evaluated. A
participatory healthcare approach has been shown to increase patient engagement
with an improvement in the shared decision-making process. There is the potential to
decrease medical errors and increase staff adherence to optimal treatment practices,
particularly for chronic diseases(36). However, the adoption and consistent use of
this technology needs to be assessed. Depending on the location of the wound,
some patients will not be able to take photos of the wound and will require a carer to
take the photos for them. Future studies examining the impact on patient self-care,

compliance and limitations to patient utilisation would be useful to evaluate.
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