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bstract
Foot ulcers are common complications of diabetes mellitus and substantially increase
the morbidity and mortality from the disease. Wound care by regular monitoring of the
progress of healing with clinical review of the ulcers, changes in dressing, appropriate
antibiotic therapy for infection and proper offloading of the ulcer are the cornerstones
of the management of foot ulcers. Assessing the progress of foot ulcers can be a
challenge for the clinician and patient because of logistic issues such as regular
attendance in the clinic. Foot clinics are often busy and because of manpower issues,
ulcer reviews can be delayed with detrimental effects of the healing from lack of
appropriate and timely changes in management. Wound photographs have been
historically useful to assess the progress of diabetic foot ulcers over the past few
decades. Mobile phones with digital cameras have recently revolutionized the capture
of foot ulcer photographs. Patients can send ulcer photographs to diabetes care
professionals electronically for remote monitoring, largely avoiding logistics of patient
transport to clinics with a reduction on clinic pressures. Artificial intelligence-based
technologies have been developed in recent years to improve this remote monitoring of
diabetic foot ulcers with the use of mobile apps. This is expected to make a huge impact
on diabetic foot ulcer care with further research and development of more accurate and
scientific technologies in future. This clinical update review is to compile evidence on

this hot topic to empower clinicians with the latest developments in the field.
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Core Tip: Diabetic foot clinics faced major challenges during the COVID-19 pandemic
due to lockdowns and social distancing measures as a significant proportion of patients
were unable to physically attend the clinics. This situation boosted up the attempts for
transition of face-to-face foot clinics to virtual clinics as in many other types of medical
care during the pandemic. Monitoring of diabetic foot ulcers (DFU) by digital
photographic technology and mobile phone-based photography are revolutionising this
area of clinical care in the recent years and mobile apps are expected to accelerate this
progress. This review is to update the past, the present and the future of artificial

intelligence technology in the care of DFU.

INTRODUCTION

Foot ulceration caused by micro- and/or macrovascular disease is a common
complication of diabetes mellitus (DM). The global prevalence of diabetic foot ulcers
(DFU) at any point in time is estimated to be 6.3%, [l with 25% of DM patients
developing a DFU in their lifetime [2I. DFU significantly increases morbidity (including
lower extremity amputations [LEA]) and mortality among sufferers, and the care of
DFU poses very high healthcare expenditure all over the world. Approximately 50% of
DFU are associated with infections [, and =20% of moderate to severe DFU infections
may lead on to minor or major amputations [4l. DFU-related LEA is associated with a
10-year survival rate as low as 24% which is lower than that of several forms of cancers
I5I. These alarming figures give us a broad outline of the health-related risks posed by
DFUs.

Appropriate care of DFU for ensuring rapid cure to avoid complications involve regular
monitoring of the progress of healing with periodic review of the ulcers, frequent
dressing changes, antibiotic therapy for infection control, optimal control of DM, and
adequate offloading of the ulcers to avoid ongoing damage from pressure on the
wound area. Diabetic foot clinics usually provide comprehensive DFU care by
multidisciplinary specialist teams involving podiatrists, orthotists (who make

appropriate footwear/devices for offloading the DFU), diabetes specialist nurses, and




diabetologists. However, insufficient manpower, long clinic waiting lists, and logistic
issues with patient transport to the clinics can all pose problems for timely review of
patients with DFU in the foot clinics. Manpower shortage resulting in longer waiting
periods prior to review by footcare team had been a major issue in ulcer care in diabetes
foot services across the world in recent years [®7l. Delays in presentation for foot ulcer
review had been identified as an important reason for wound healing [8].
Complications of foot ulcers including amputations can be the devastating sequel of
such delays in review by footcare team.

The COVID-19 pandemic posed major challenges in DFU across the globe due the
above reasons [*11l. Delays in ulcer reviews may be associated with detrimental effects
on the DFU healing that may even lead on to amputations ['%1l. Telephone and video
clinics during the pandemic period helped clinicians to address some of the issues
related to inability of patients to attend medical clinics during the COVID-19 Lock-
down period. Attempts for the development of artificial intelligence (Al) algorithms by
the scientific fraternity to enhance patient care through virtual clinics attained greater
momentum in relation to the pandemic [1213],

Monitoring the progress of DFU by comparison of serial ulcer photographs during the
follow up in foot clinics is practiced by many diabetologists over the past 2-3 decades.
Refinement of the photographic methods by sophisticated digital technology and
mobile phone camaras have revolutionized DFU care in the recent years [1+16]. Some
patients often use mobile phone cameras to capture their foot ulcer photographs for
self-monitoring wound progress and to help clinicians to understand the previous
status of their wound during clinic review.

However, much more multidisciplinary scientific research input and output are
necessary in this area. Further refinement of this rapidly advancing digital technology
for its optimal use in day-to-day clinical practice could result in better care of patients
with DFU. This review attempts to gather the up-to-date evidence to summarise the
past, present, and future dimensions of Al algorithms to empower clinicians across the

globe to appropriately utilize digital technology for DFU care.




Photographic monitoring of DFU progress

Diabetes care professionals often see several cases of DFU in their day-to-day clinical
practice and often forget the previous ulcer grade, character and even the site during
subsequent visits, weeks later when followed up in the foot clinic. Review of the
previous photographs during subsequent follow up visits should provide clinicians
good clinical assessment of the progress of the ulcer and help prognostication [17],
Photographic monitoring also enhances appropriate continuity of care by different
clinicians running the diabetic foot services during their review of the same case.
Important issues which can arise while comparing the photographs are the differences
in the distance from which photographs are captured (can be largely avoided by placing
a measuring tape on the ulcer while photographed), differences in the illumination of
pictures from brightness of background light when the photographs were taken, and
the likelihood of low-quality images without adequate focussing of cameras by
individuals taking the picture. Photographs are usually taken without flashlight to
avoid undue illumination that can reduce the picture quality. Clinical evidence suggests
that prediction of ulcer healing is possible by regular photographic monitoring ['7].
Figure 1 A, B, C & D shows the photographic monitoring of progress of a DFU at

various stages.

History of digital archiving of the DFU photographs

Use of digital cameras for photography became a common practice since early 1980s
after the invention of digital photographic technology in 1975. Digital archiving of foot
ulcer photographs in computer databases was a great leap forward in the technology
for the monitoring of DFU. Print outs of foot ulcer photographs are still used in the
remote settings where internet and computers are not freely available in clinical
practice. This is in fact more expensive (costs incurred with colour printing and use of
good quality photographic paper) and cumbersome in the modern era.

Fading out of the colour print outs over time makes the situation worse regarding DFU

monitoring in this method. Review of the serial images in the computer database of




digital photographs makes the work of diabetes foot care professionals much easier
wherever the facility is available [8]. Lack of degradation of image quality over time as
in printed photographs is another great advantage of digital archiving of DFU images.
Mobile phones became popular for telephone communications globally in the early
2000s and newer versions of these devices with cameras and video recording facilities
came into the market within next few years. With rapid advancements in technology,
smartphone devices using high resolution cameras are now widely available and
became an integral part of modern life in the 215t century. Diabetes care professionals
soon started using mobile phone cameras and video facilities for monitoring and
management of DFUs [1%21l. Some patients themselves were using mobile phones for
picturising their DFUs prior to their foot clinic visits so that they could show the status
of their ulcers earlier. Although the initial studies on use of mobile phones for
monitoring of DFU were not very promising,? subsequent studies show encouraging
results [23-25],

Integrating DFU photographs with computer-based digital technology for
diagnostics

Artificial Intelligence (Al) and its applications have been utilised in various branches of
modern science and technology including the medical field over the past few decades to
improve physical and intellectual human work output. Such technologies can also be
utilised for monitoring the progress DFU care. DFU datasets were utilised for training
and testing the machine learning processes. Collection of such datasets supports the
ongoing research for DFU academic Al challenges, such as those hosted by the Medical
Image Computing and Computer Assisted Interventions (MICCAI) conferences [2627].
These challenges are used to promote and advance ongoing research and to increase
exposure within the associated academic fields.

Machine learning algorithms have been found to be very useful in detecting DFUs with
high accuracy rates in previous studies ['830L. These algorithms are developed by using
large datasets of images captured from the foot clinics. The development of computer-

aided DFU diagnostic algorithms involves multiple stages such as pre-processing,




feature extraction, detection, classification, and segmentation of DFU wounds [*l. These
tasks can be challenging in real-world settings due to the low-quality of images from
inadequate focussing, motion artifacts, inadequate lighting, and backlight, deformities
in the foot/toes, size and shape of the ulcers (very small, very large and curved ulcers),
and newly formed or early ulcers which are easily missed during capture of
photographs from foot clinics ¢,

The first and foremost step in the development of machine learning algorithms is
detection of DFU from foot photographs. This task has been successfully done by
previous researchers as mentioned above [28-301. Further refinement of machine learning
is currently being undertaken by incorporating the classification systems for DFU, as in
the real-world settings, to promote Al-based diagnostics and prognostication. Several
manual DFU classification systems arﬁcurrenﬂy used by foot care professionals such as
Wagner, University of Texas, and SINBAD (Site, Ischaemia, Neuropathy, Bacterial
infection, Area, and Depth) for DFU monitoring and management [3. These manual
approaches may be able to benefit from the automated processes afforded by Al.
Incorporation of such complex features in the Al-technology for day-to-day clinical
practice to enhance diagnosis and prognostication can be challenging. These challenges
include: (1) the significant time-burden involved in the DFU image data collection and
appropriate labelling; (2) the inter- and intra-class variations depending on differences
in the classification of DFU; (3) lack of standardization of DFU datasets (caused by
camera distance from foot, image orientation and lighting conditions); (4) the
differences in ethnicity, age, sex, and foot size of the patients [3l. Development of deep
learning Al algorithms requires large-scale datasets for automated DFU analysis to
reproduce comparable results at par with those from experts. Researchers currently
working in isolation may not achieve reproducible research outputs. Large DFU
datasets used for training and validation by multiple professionals from different
institutions across the globe should help to refine these pitfalls in machine learning
algorithms for DEU classification and diagnosis. To enable innovation from clinicians

and researchers, Yap ef al proposed the diabetic foot ulcer challenges by providing the




publicly available datasets, for comprehensive evaluation of object detection

frameworks on DFU detection using convolutional neural networks trained on the
DFUC2020 dataset 51321, Examples of manually delineated DFU photographs from the
training set are shown in Figure 2 and Figure 3. Morphological classification of DFU into
different types (such as infection, ischemia, both, and none) is done in these datasets to

enable machine learning.

Serial demarcation of ulcer photographs to assess progress of DFU healing

At present monitoring the healing process of DFU is largely completed by regular
patient follow-up visits in the multidisciplinary foot clinics B33l Since 2020, the
COVID-19 pandemic has made a huge impact on DFU care across the world due to the
issues related to lockdowns and social distancing measures enforced by governments to
curtail the human devastation from the global health emergency. Foot clinic attendance
135 and hospitalisations from DFU B7] were significantly reduced during the pandemic.
Although worsening of DFU were comparatively less owing to reduced outdoor human
activity [¥], many patients were presented to clinicians late, increasing the risk of
complications from DFU B7.3]. The pandemic reinforced the urgent necessity to develop
Al-based wound care algorithms for remote monitoring of DFU.
To enable development of machine learning algorithms, serial demarcation of DFU
important to assess the progress of healing process along with the wound classification
based on one of the above-mentioned standard systems. Therefore, characterisation of
DFU requires demarcation of wounds at various stages in the datasets by experts in the
field after which the data can be used for training, validation, and testing. This task is
highly labour intensive and requires huge DFU training and validation datasets.
Photographs acquired by mobile phone cameras for DFU monitoring

New generation mobile phones can capture high resolution DFU photographs at par
with commercial digital cameras. Many patients already use mobile phone
photography for self-monitoring their DFU [1422]. Some patients serially document their

wound progress through these pictures and meticulously bring them to foot clinics




during their follow-up visits for DFU care. Occasionally, patients send their
photographs to footcare professionals electronically or as email attachments. Though
safety issues related to safe transfer of such clinical information without breach of
confidentiality can be challenging at present, wider use of mobile phone photography
for self-monitoring of DFU progress might revolutionise future foot care.

Development of mobile apps for DFU monitoring

Various mobile phone apps are currently used worldwide in many domains of daily
activities to improve the quality human life. Such mobile apps for DFU monitoring and
care are under development. Cassidy et al developed the first mobile app capable of
accurate DFU detection using Al and cloud-based technologies #041l. This system was
tested in a 6-month clinical evaluation at two UK National Health Service hospital sites
(Lancashire Teaching Hospitals and Salford Royal Hospital) and is currently being
further developed to improve functionality and accuracy. Additional app features, such
as automated classification of DFU wound pathologyl*?l and automated delineation of
wound / peri-wound regions are also being investigated [43] to provide a more clinically
relevant system.

These new technological advancements are expected to revolutionise remote wound
care by enabling patients to self-monitor their DFUs and contacting clinicians when
they find any concern or deterioration of their disease. This would also enhance
flexibility in the functioning of foot clinics by reviewing and triaging the most
appropriate DFU to be seen in the clinics by remote monitoring of patients.

Prediction of DFU progress by integration of clinical and biochemical parameters
and ulcer photographs

Although regular wound care by dressings, appropriate antibiotic therapy for
infections, offloading the ulcers to relieve pressure-related delay in healing and
revascularisation of ischemic foot are the cornerstones in management of DFU, several
other clinical (comorbid conditions such as renal disease, heart failure, and
immunosuppressed states) and biochemical parameters (such as hyperglycaemia,

anemia, and high HbA1lc) may impact DFU healing process 449, Integration of these




clinical and biochemical parameters into machine learning algorithms should help us to
develop prediction models using Al technology.

We note however that development of such algorithms is much more labour-intensive
as demarcation exercises to develop deep learning models require larger datasets with
clinical and biochemical parameters of individual patients incorporated within the
neural network. Hﬁvever, appropriate use of computer technology integrated with
digital applications can help to reduce the physical burden on researchers in developing
such models.

Future perspectives

Recent research has investigated the utilisation of patient data in the training of deep
neural networks in various medical imaging domains [*l. These studies indicate that
machine learning models trained on patient data can be used to boost the performance
of convolutional neural networks trained on wound / lesion images. Research of this
nature is ongoing and represents a way to incorporate a more integrated method of
wound analysis that considers multiple data points. Development of mobile apps
integrating such new advancements in technology is expected to revolutionise the

global scenario of DFU care in the near future.

CONCLUSION

Digital applications in the daily management of DFU have evolved rapidly in recent
years to a level of remote diagnosis and monitoring of wounds in the community
settings. The COVID-19 pandemic has accelerated research and development of such
innovative technological applications in the past two years. Photographic monitoring of
foot ulcers was practiced in many centres across the world in the past few decades
providing DFU care. Invention of digital photographic technology in 1975 further
boosted DFU care because of the ease of electronic archiving of ulcer pictures during
clinical follow-up. Photography using mobile phone cameras became a huge leap
forward in this direction in recent years empowering patients and clinicians to further

improve the DFU care.




Artificial intelligence-based digital algorithms are currently being developed rapidly
through collaborative global effort between AI experts and clinical teams. Mobile
camera-based digital technologic applications are under development to enhance
remote diagnosis, monitoring, and follow-up care of DFU. Prediction models of wound
healing are also under development now making use of linking the ulcer characteristics
DFU pictures to clinical and laboratory parameters of diabetic patients. These
collaborative efforts between clinicians and computer scientists across the world should
revolutionise such discoveries to empower diabetic foot patients to self-monitor and

manage their DFUs to a greater extent.
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