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Abstract

Patients with diabetes mellitus have a lifetime risk of 15% to 25% of developing
diabetic foot ulcers (DFUs). DFU is associated with significant morbidity and
mortality. Wound imaging systems are useful adjuncts in monitoring of wound
progress. Our study aims to review existing literature on the available wound
assessment and monitoring systems for DFU. This is a systematic review of
articles from PubMed and Embase (1974 — March 2020). All studies related to
wound assessment or monitoring systems in DFUs were included. Articles on
other types of wounds, review articles, and non-English texts were excluded.
Outcomes include clinical use, wound measurement statistics, hospital system
integration, and other advantages and challenges. The search identified
531 articles. Seventeen full-text studies were eligible for the final analysis. Five
modalities were identified: (a) computer applications or hand-held devices
(n = 5), (b) mobile applications (n = 2), (c) optical imaging (n = 2), (d) spec-
troscopy or hyperspectral imaging (n = 4), and (e) artificial intelligence
(n = 4). Most studies (n = 16) reported on wound assessment or monitoring.
Only one study reported on data capturing. Two studies on the use of com-
puter applications reported low inter-observer variability in wound measure-
ment (inter-rater reliability >0.99, and inter-observer variability 15.9%
respectively). Hand-held commercial devices demonstrated high accuracy (rel-
ative error of 2.1%-6.8%). Use of spectroscopy or hyperspectral imaging in pre-
diction of wound healing has a sensitivity and specificity of 80% to 90% and
74%to 86%, respectively. Majority of the commercially available wound assess-
ment systems have not been reviewed in the literature on measurement accu-
racy. In conclusion, most imaging systems are superior to traditional wound
assessment. Wound imaging systems should be used as adjuncts in DFU

monitoring.
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1 | INTRODUCTION

Diabetes mellitus (DM) has plagued approximately
425 million people worldwide, with an annual incidence
of 6.7 to 7 per 1000 per year in developed countries."
Patients with DM are at risk of developing foot ulceration
with a lifetime risk of 15% to 25%.> Several risk factors
have been identified for the development of diabetic foot
ulcers (DFUs): vascular disease, neuropathy, and foot
deformity; all of which, are long-term sequelae of poorly
controlled DM.> DFU is associated with significant mor-
bidity and mortality, with a 2.5 times higher risk of
5-year mortality as compared to diabetic patients without
DFU.* Patients with DFU also have to bear the high
socioeconomic burden associated with the complications
and management of DFUs.’

Due to the high prevalence and associated morbidity
and mortality, it is prudent to ensure proper management
of DFUs. Wound care is an important aspect of DFU
management. It is a complex process involving a multi-
disciplinary team of doctors, nurses, and allied health
professionals, and is a spectrum ranging from' wound
assessment” documentation and monitoring, and’ inter-
communication different various healthcare profes-
sionals.*’ This unmet need for proper wound care gave
rise to the innovation of comprehensive wound assess-
ment or monitoring systems.

To date, there are several commercially available
wound assessment or monitoring systems available for
monitoring of chronic wounds.®* Wound assessments or
monitoring systems range from the use of traditional
computer applications and imaging devices to the use
of mobile applications for remote assessment; all of
which with potential for integration with artificial
intelligence to improve measurement outcomes. Fea-
tures of an ideal imaging system would include high
accuracy, portability, convenience, accessibility (inte-
gration into existing hospital records and ability for
remote assessment) data security, and low costs. How-
ever, to our knowledge, only a small proportion of
those products are assessed in existing literature. With
advancement in technology and rise in commercially
available product, a systematic review is ideal to sum-
marise existing evidence on various wound imaging
systems available for use in DFU. Our study aims to fill
in the gap and summarise various types of wound
assessment and monitoring systems in DFUs in exis-
ting literature. Our secondary aim is to identify the list
of commercially available systems used in DFU moni-
toring and examine available evidence on their use.

Key Messages

« wound imaging systems are useful adjuncts in
monitoring of diabetes foot ulcers (DFUs)

« majority of hand-held applications, computer
applications, spectroscopy, and artificial intelli-
gence report high accuracy in wound measure-
ment. however, majority of  the
commercially available wound assessment
systems have not been reviewed in the liter-
ature on measurement accuracy

2 | METHODS

2.1 | Data sources and searches

This is a systematic review on use of wound assessment,
imaging, and monitoring systems in DFU. A systematic
search of published articles in peer-reviewed journals was
performed on PubMed and Embase (1974-March 2020).
The last search was performed on March 30, 2020. A com-
bination of subject headings and text words on (a) diabetic
foot ulcer and (b) multimodal imaging, optical imaging,
spectral imaging, computer-assisted interpretation, artifi-
cial intelligence, or mobile applications were used in the
search. The complete search strategy is appended in the
Appendices (Supplementary Tables S1, S2). Studies
selected for the systematic review are in accordance to the
quality and standards set by the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA).’

2.2 | Study selection
Inclusion criteria were: (a) description, (b) measurement
accuracy, or (c) clinical use or challenges of imaging sys-
tems, technology, applications, or software in wound
assessment of diabetic foot ulcers. Exclusion criteria
were: (a) other types of wound such as pressure ulcers,
(b) conventional radiological imaging such as plain radio-
graph, ultrasound, computed tomography or magnetic
resonance imaging, (c) review articles, letter to editors or
editorials, (d) non-English articles or (e) articles without
full texts.

Two authors (KSC, ZJL) independently screened the
studies by title and abstract for potential inclusion in the
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study. Full-texts of all eligible articles were subsequently
reviewed and assessed for eligibility in the study. Dis-
agreement or conflicts between reviewers were resolved
by consensus. The entire study selection process is
reflected in the PRISMA flow diagram (Figure 1).

2.3 | Data extraction and quality
assessment

Two independent authors (KSC, ZJL) extracted the fol-
lowing information from each study separately: Author,

= Publications identified by search n=531
g PubMed n= 257
8 Embase (Ovid) n=274
£
S
- Duplicates removed n=67
— v
Articles screened
(title and abstract) n= 464
E’ Articles excluded
5 Not relevant to diabetic foot ulcer assessment n= 367
g Diagnosis of diabetic foot infections or osteomyelitis n=42
%] Study of bacterial load in wound only n=4
Prediction of diabetic foot ulcer risk n=10
Review articles n=6
Full-text articles
assessed for eligibility n= 35
Articles excluded
E About treatment comparison rather than monitoring of wound n=1
a Does not include diabetic ulcer n=1
= Prediction of ulcer risk instead of monitoring n=2
= Insufficient information on outcomes or technique n=4
Newer studies by same authors performed n= 3
Review articles n=4
No full-text articles n=2
Non-Englishn=1
Articles reporting wound assessment
or monitoring methods n=17

]

B v

=)

E ! | | | }
Computgr Mobile Optical Spectroscopy or| | Artificial
applications or interface n=2 Imaging n=2 hyperspectral intelligence n=4
hand-held ]maging n=4
devices n=5

FIGURE 1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) figure showing the study selection process
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year of study, type of wound assessed, name of system,
clinical use, parameters of wound assessed, measurement
statistics, ability to integrate into Electronic Health
Records (EHRs) or Electronic Medical Records (EMRs)
other advantages and challenges. Quality of the included
studies were assessed with the revised Methodological
Index for Non-Randomised Studies (MINORS) criteria'®
(Supplementary Table S3). Descriptive studies and tech-
nical reports on the use of artificial intelligence were not
included in the quality assessment as the use of MINORS
criteria is not validated for these types of studies.

2.4 | Secondary literature search

A secondary literature search was performed on
WoundSource,® a reference guide on wound care prod-
ucts, for a list of commercially available wound assess-
ment and monitoring tools available for DFU. The
following information was extracted: description, plat-
form, method of measurement, type of measurement,
ability for EHR or EMR integration, remote assessment,
and other features. The products were subsequently
searched on PubMed for available literature on the
respective products.

3 | RESULTS

Our systematic search yielded 531 articles. Titles and
abstracts were screened through 464 articles after
removal of duplicates (n = 67). Thirty-five full text arti-
cles were assessed for eligibility for the study and 17 arti-
cles were included in the final analysis."'"*’ The entire
process of systematic review is reported in accordance to
the PRISMA guidelines and flowchart (Figure 1).

There are five main categories of wound assessment or
monitoring techniques or methods: (a) computer applica-
tions or hand-held devices (n = 5),'319?22527 (b) mobile
applications (n = 2),">'” (c) optical imaging (n = 2),'**'
(d) spectroscopy or hyperspectral imaging (n = 4),2%**%
and (e) artificial intelligence (n = 4).'1>1%16

Uses of wound assessment or monitoring methods were
classified into: (a) wound assessment or monitoring and
(b) data capturing and storage of information. Sixteen stud-
ies reported on wound assessment or monitoring''*>*’; one
study reported on data capturing and storage of informa-
tion.” Of the 16 studies (94.1%) which reported on wound
assessment or monitoring, four assessed likelihood of
wound healing using spectroscopy or hyperspectral imag-
ing. Table 1 summarises the use of computer applications,
hand-held devices, mobile applications, optical imaging,
spectroscopy, or hyperspectral imaging in DFU.

3.1 | Computer applications

Three studies reported on the use of computer applications
on wound assessment or monitoring: Jeffcoate et al and
Rajbhandari et al reported low inter-observer variability in
the use of computer applications in digital measurements
of wound area (inter-rater reliability >0.99, and inter-
observer variability 15.9%, respectively).'®*” Laji et al
reported the use of an application for digital archiving of
wound images to track wound progression.*® Two studies
compared the use of hand-held commercial devices with
traditional method of wound measurement: Foltynski et al
reported high accuracy of TelaDiaFoS system (Nalecz
Institute of Biocybernetics and Biomedical Engineering,
Warsaw, Poland), and SilhouetteMobile device (ARANZ
Medical Ltd., Christchurch, New Zealand): relative error
2.1% and 2.3%, respectively, compared to standard method,
with relative error of 13.3%.'° Similarly, Rojers et al
reported standard wound measurement resulted in over-
estimation of wound area by 41%.>*

3.2 | Mobile interface

Yap et al described the use of an application (FootSnap)
in the standardisation of plantar foot images for easy
monitoring of wound, with high intra-operator reliability
(Jaccard similarity index [JSI] 0.89-0.91) and high inter-
operator reliability (JSI 0.89)."° Van Netten et al demon-
strated poor diagnostic accuracy of remote assessment of
DFUs using mobile phone images, with highly variable
sensitivity (32%-97%) and specificity (20%-87%), and
inter-observer reliability (0.09-0.71)."”

3.3 | Optical imaging

Raizman et al described high accuracy of >95.75% and
>94.62% in the determination of wound length and
width, and wound area, respectively, using fluorescence
imaging."® Bowling et al described the use of optical
imaging markers with low intra-operator variability of
3.3%,”' but with only >50% concordance across all ques-
tions on the standardised wound assessment form on all
questions. Table 1 summarises the use of various forms of
optical imaging used.

3.4 | Spectroscopy or hyperspectral
imaging

Three studies reported the wuse of near-infrared
spectroscopy,’>*>** and one study reported the use of
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hyperspectral imaging.”®> All of the studies used oxy-

S haemoglobin and deoxyhaemoglobin concentrations to
8 o E o § 8 assess wound healing and progression. The details are
a 5—:; g o g 'é E § g 2 summarised in Table 1.
5 cEfsg22ES
: FEE3552E%
o z z 3.5 | Artificial intelligence
‘ﬁ Table 2 summarises the various forms of artificial intelli-
g gence used in wound assessment or monitoring in DFU.
8 Four studies reported the use of artificial intelligence in
<3 wound assessment.'"'>1%1¢ Al] of the studies were tech-
% % nical reports on the construction of machine learning
E 5 methods to assess various aspects of wounds:
e (a) automated or accurate wound area detection
- I (n = 2),"*'° (b) wound segmentation (n = 1),'* and
g . § § 5 . . (c) recognition of ischemia or infection in wounds
2 - E 5 5 'E" ® 9 E (n = 1)." Three of the studies reported the need for a
2 5 %73 3 § 250 O & large database of wound images to increase the accuracy
g § §| § E: E E §n .é” E‘ %‘ § " of the machine learning model (Table 2).111216 Ohyra
§ E % it 2 z 2 § % % &2 et al described limited applicability to other populations
sQ S32°°! g-ga8" due to a limited database of wound images from the Japa-
nese population only."*
Q
=
Y
Eg55=2 3.6 | Wound assessment and monitoring
% ERCER - systems available commercially
SS9 8 g &
5 SESEES
E § SES8E % A total of 18 commercially available wound assessment
o o and monitoring systems were listed on WoundSource.®
Table 3 summarises the characteristics of these products.
0 Of these 18 products, only 6 of the products were
E: described on their efficacy or accuracy in wound mea-
T surements in PubMed indexed peer-reviewed articles. Sil-
3 2 houetteMobile was the only product which was described
= e in our systematic review, including articles by Foltynski
et al and Rogers et al.'®** The use of the remaining five
g § products described in peer-reviewed literature was on
general wound measurement without the inclusion of
= diabetic foot ulcers and were hence excluded from this
2 o -§ & systematic review. The relevant articles on measurement
é-g - & E accuracy of the products, are however, referenced and
3 gb S § g % %” listed in Table 3.25734
5 FE2%s
E é L8 & i’
< 3.7 | Quality of included studies
=]
£ .
g _ H’S The quality of included studies was analysed using the
~ 5 IS MINORS criteria (Supplementary Table S3). Of the six
a 2 = studies which were non-comparative, five obtained a score
g E EL of 12 or less, which reflects high risk of bias. Of the six
:‘ 5 § studies which were comparative, four studies obtained a
B score of 20 or less, which also reflects a high risk of bias.
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4 | DISCUSSION

Diabetic foot ulcer is an important complication of diabe-
tes and warrants close monitoring for prevention, pro-
moting wound healing, and preventing recurrence.>
Several classification systems have been developed to risk
stratify and predict the prognosis of DFUs, and its subse-
quent malnagement.36 However, it is prudent to perform
proper wound care on all patients with DFUs regardless
of its severity. Our study analysed the various modalities
of wound assessment to aid clinicians and allied health
professionals in the management of DFUs.

Wound care begins with wound assessment, which
involves the accurate measurement of parameters such as
wound area, depth, volume, stage, signs of infection, and
healing potential.*” Majority (94.1%) of the included stud-
ies centred around wound assessment and documented
the efficacy of various systems in the accuracy and preci-
sion of measurements in DFUs. The use of computer soft-
ware and hand-held devices has seen optimistic results.
Jeffcoate et al and Rajbhandari et al reported low inter-
observer variability in the use of computer applications in
digital measurements of wound area (inter-rater reliability
>0.99, and inter-observer variability 15.9%, respec-
tively).'®*” This is of special significance in the monitoring
of DFUs as the management of DFU involves a multi-
disciplinary team. It is paramount for low inter-observer
variability for precise documentation to track the wound
progression or healing and institute proper management.

Spectroscopy or hyperspectral imaging are alternative
methods of non-invasive monitoring which assess the
oxyhaemoglobin and deoxyhaemoglobin concentration in
the wound bed through the use of diffuse photon wave
density (650-850 nm) to differentiate healing wounds
from non-healing wounds.*® Of the four studies included
in this analysis, Weingarten et al and Nouvong et al dem-
onstrated a sensitivity and specificity of 80% to 90% and
74% to 86%, respectively.”*>* Prediction of wound healing
is an important aspect of DFU assessment: Sheehan et al
demonstrated that in patients with DFUs who did not
achieve a 50% reduction in wound area by 4 weeks were
unlikely to heal.*® Further treatment in this subgroup of
patients may be ineffective and may be discontinued.
Weingarten et al demonstrated an average cost saving of
about $12 600 per patient if ineffective treatment was dis-
continued for ulcers with low likelihood of healing.*

In the era of digitalisation, there is a transition from
traditional documentation on paper to digital documenta-
tion to improve patient care. Digital photographs of
DFUs are uploaded to hospital EHRs or EMRs for
(a) wound monitoring (b) comanagement in a multi-
disciplinary team. Laji et al first described the use of a rel-
atively inexpensive and easy to use software for the

1wy RV T S

creation of a digital imaging archive system to track
wound progression, with possible integration into EHRs
or EMRs (Table 1).2° To date, there are several commer-
cially available systems have an integrated system of
wound assessment, monitoring, and documentation for
easy use (Table 3). However, majority of those systems
(n = 12/18, 66.7%) have not been reviewed in the litera-
ture on its accuracy in wound measurement. It is prudent
for future studies to review these systems in terms of
(a) measurement accuracy (b) ease of use (c) data integra-
tion capabilities (d) remote assessment capabilities
(e) costs and (f) other challenges to guide clinicians and
allied health professionals on the choice of the better
“all-in-one” integrated system for wound care in DFU.

The role of artificial intelligence (AI) in medicine is a
rapidly growing field, especially in radiology and oncol-
ogy.*® However, there are an increasing number of studies
on the use of Al in other areas of medicine, such as vascu-
lar medicine or surgery. Four articles included in our study
examined the use of various Al systems in wound assess-
ment, all of which, were dated less than 5 years
ago.'"'>1*1% Wang et al and Ohura et al demonstrated
high specificity and sensitivity in wound recognition and
assessment.'>'* Goyal et al further demonstrated the use
of AI to recognise ischemia and infection in DFU
monitoring,'" a challenge which has been described in the
remote assessment of DFUs. Van Netten et al studied the
reliability of remote assessment of DFUs using mobile
phone images which failed to demonstrate strong validity
or adequate reliability in assessing ischemia and infection
in DFUs."” AI may be used to increase the reliability of
remote assessment of DFU images and will serve as a use-
ful adjunct in comanagement of DFUs.

Last, our study reflects the difficulty in conducting
studies to evaluate wound assessments and monitoring
systems. Majority of the studies analysed using the
MINORS criteria had high risk of bias, where studies did
not have a blind or double-blind evaluation of objective
or subjective endpoints, respectively. Sample size calcula-
tion was also not performed for majority of the studies,
contributing to bias. This observation may be explained
by the paucity of existing studies evaluating the efficacy
of wound assessment and imaging systems and its emerg-
ing role as clinical adjuncts. However, this review pro-
vides an extensive overview of the available evidence on
the various wound assessment and imaging systems to
guide future studies and their methodologies in the eval-
uation of new commercially available systems. Neverthe-
less, it is also prudent to note that the use of MINORS
criteria has its limitations'%; the criteria was originally
developed to assess the risk of bias in observational surgi-
cal studies and its validation in other types of studies is
limited.
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Our study has some limitations. Our search was lim-
ited to diabetic foot ulcers. We did not expand our search
to include other types of wounds such as pressure ulcers,
venous ulcers, or burns as the search would be too exten-
sive and would not be the aim of this study. Characteris-
tics of DFUs differ from other types of chronic wounds.
Nevertheless, we agree that the type of wound is unlikely
to affect the measurement accuracy of wound parame-
ters. Another limitation of this study is the restriction of
our literature search to two databases due to limited sub-
scription to research databases. Our literature search on
the types of commercially available wound care products
is also limited to WoundSource; however, WoundSource
has an extensive repository of wound care products
reviewed by an editorial board and hence, provides a
good overview on the list of commercially available prod-
ucts in wound assessment and monitoring. Our results
included a mixture of studies examining on DFUs specifi-
cally and chronic wounds in general. Majority of the
included articles were also centred around wound assess-
ment and accuracy, with only one article on data captur-
ing and information storage. In addition, we were only
able to provide a descriptive analysis of the studies as the
studies varied in intervention and outcome measures.

5 | CONCLUSION

This review identified the various modalities of wound
assessment and monitoring in diabetic foot ulcers includ-
ing computer software, hand-held and mobile devices,
optical imaging, spectroscopy, and artificial intelligence.
Rapid advancement in technology has resulted in the
development of various types of wound assessment and
monitoring systems which serve as useful adjuncts in
improving clinical care, with various products docu-
menting superior accuracy over traditional methods of
wound assessments. In line with this, it is prudent to
have ongoing studies to evaluate the evidence and out-
comes of the extensive list of commercially available
wound assessment and monitoring systems.
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