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Abstract: Background: chronic wounds are complex to manage and require an objective assessment
for diagnosis and prognosis purposes. Therefore, this article aims to provide an overview of available
noninvasive imaging techniques for chronic wound healing described in the literature. Methods:
a systematic literature review using electronic databases was performed with appropriate “Mesh”
terms. The primary outcome was the validity and reliability of the instrument, whilst the secondary
outcome was its feasibility, such as speed of assessment, ease of use and cost of the tool. All studies
underwent quality assessment of diagnostic accuracy studies (QUADAS) to ensure the quality of
the data. Results: 44 articles were identified evaluating six wound assessment modalities. Most
studies (n = 9) reported on a two-dimensional device with a mean error ranging from 1.9-5.1% and
an inter/intra rater correlation over 0.9 with a high ICC (>95%). The average QUADAS score was
13, with the lowest being 9 and the highest being 14. Conclusion: this review collectively evaluates
objective, reliable, quantitative, and innovative tools to assess wound healing objectively. The most
superior wound measuring device was two dimensional. However, hyperspectral imaging had strong
potential but required further development in its technology and future clinic validation studies.

Keywords: chronic wound healing; objective measurement; wound assessment; devices

1. Introduction

Chronic wounds are a significant and common cause of morbidity and mortality.
These wounds are often multifactorial and pose a challenge to manage [1]. There are
approximately 1,596,840 wounds in the U.K., costing the NHS £7.06 billion annually,
excluding the cost of associated comorbidities to manage [2].

To compound this, multi-morbidity prevalence is estimated to increase in the ageing
population. Over the next few years, individuals with four or more diseases will double
along with increased numbers of cancer, respiratory disease, and diabetes [3]. This would
result in higher rates of complex chronic wounds, significantly increasing the financial
burden on the National Health Service.

Despite this, Guest et al., 2015, found that 30% of wounds lacked a defined diagno-
sis [2]. Without an accurate diagnosis, a wound management plan would be difficult. This
leads to either wasting resources or worsening the disease, requiring more sophisticated
and expensive wound management techniques.

This shortcoming is partly due to the problem with wound assessment techniques.
Traditionally, wounds have been assessed visually [4] or with subjective methods such as
scales [5]. These techniques are quick to complete and easy to implement; however, the
evidence suggests that subjective assessments are operator dependent and have a degree
of unavoidable bias, limiting their reliability [5].

An alternative to subjective wound assessment is using objective measurement tools
that are quantified and not observer-dependent. There are several technologies available
in the market which can be subcategories based on several quantitative modalities. The
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wound assessment can include measuring the wound dimension over time which correlates
with healing potential [6]. Alternatively, several methods accurately calculate the changes
in light absorption by the various skin structures, such as collagen, melanin and inflam-
matory cells, during the healing phases [7]. Finally, some modalities directly visualise the
anatomical changes during wound healing, such as epithelisation and contraction of the
wound by myofibroblast in real-time [8].

Aim

An objective evaluation of wounds is necessary to determine the progression of heal-
ing, which guides treatment strategies by providing a standardised, comparable assessment
of wound characteristics.

The purpose of this review is to provide an overview of various noninvasive imaging

techniques for chronic wound healing assessment described in the literature, subcate-
gorised into anatomical, physiological, and wound dimension measurements.

2. Materials and Methods
2.1. Search Strategy

This systematic review was developed in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) checklist [9]. In April 2020,
we searched PubMed, Scottish Network, EMBASE and Cochrane library for all available

i i

publications using the search terms “Wound healing”, “Monitoring, physiologic”, “per-
fusion imaging or mapping”, “regional blood flow or oximetry” and “healing potential”.
Search terms were adapted for each database. All databases were searched from their date
of inception up to July 2019. Full mesh terms are documented in the appendix. References
for all papers were examined in detail, and additional relevant publications were included

in the review.

2.2. Inclusion and Exclusion Criteria

Two investigators independently reviewed articles for inclusion and exclusion criteria.
Disagreement was resolved after a discussion with the senior author. Studies must have
been written in English with a title, abstract and full manuscript available. All study types,
including case reports and case series, were included. Full publications were then reviewed
to confirm the use of a contactless wound assessment device which measures healing in
chronic wounds and does not need post imaging processing. All included articles must
have evaluated the validity, reliability and feasibility of the device on measuring chronic
wound healing.

2.3. Study Selection and Data Extraction

Titles and abstracts from the initial search from the various electronic databases were
first uploaded onto Rayyan QCRI (Available at: https://rayyan.qcri.org (accessed on
9 November 2020)) for initial analysis of titles and abstracts. From this, full papers were
retrieved, and studies to be included were identified. Data from the included studies were
extracted into Microsoft Excel 2013 (Microsoft Corp, Redmond, WA, USA www.microsoft.
com) for further analysis. Studies eligible for this review were defined using the population,
intervention, comparison and outcome (PICO) strategy. The study populations were
humans and animals with chronic wounds. Types of intervention were the instruments
used in the evaluation of the wound. The comparator was assessed by histopathological
analysis or clinical assessment where available. The primary outcome was the validity and
reliability of the instrument, whilst the secondary outcome was the instrument’s feasibility,
such as its speed of assessment, ease of use and the cost of the tool. Each article was
reviewed for the year of publication, type of device used, type of wound, the number
of cases, measurement statistics, wound healing outcomes and feasibility. Data were
summarised based on the technology used, and a sub-analysis was done per category
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Identification ]

Screening [

Screening

Included

when possible. The authors checked data extraction, and any discrepancies were resolved
by discussion. (Figure 1).

Records identified through Additional records identified
database searching through other sources
(n=773) (n=153)

l l

Records after duplicates removed

(n=926)
\L Records excluded
After evaluation of titles
and abstract
Records screened (n=723)
(n=203)
\l/ Full-text articles excluded,
with reasons
(n=115)
Full-text articles assessed
for eligibility 1. Not about objective
(n=134) measurement
2. Not focused on
1/ cutaneous wound
healing
3. Used ex vivo studies
Studies included in 4. non-biological studies
qualitative synthesis — 5. Instrumengts of
(n=20) 6. invasive/contact
nature
l 7. Acute Wounds
8. Burns/grafted
Studies included in wounds
quantitative synthesis
(meta-analysis)
(n=20)

Figure 1. Prisma Table.

2.4. Quality Assessment

The quality score was judged based on the Quality Assessment of Diagnostic Accuracy
Studies (QUADAS) tool. The QUADAS tool consists of 14 phrased questions, each with a
response category of “yes”, “no” or “unclear”. For each question, “yes” indicates adequate
information and that the risk of bias is considered unlikely, whereas “no” indicates sufficient
information but with a potential bias in the design. An “unclear” score indicates inadequate
information to determine the potential risk of bias. The maximum score is 14, where “yes”
is scored one and “no” or “unclear” are scored zero. A QUADAS score of 10 or greater was
considered high quality with a low risk of bias, whereas a score of less than 10 indicates

low quality with an increased risk of bias (Table 1).



Eur. Burn J. 2021, 2 197

Table 1. QUADAS Score.

Anatomical No. Study Average Range
Optical coherence tomography 1 13 13
Confocal microscopy 1 13 13
Multiphoton tomography 2 12 12
Physiological
Hyperspectral imaging 2 14 14
Wound size and volume
3D imaging 6 11 9-13
2D imaging 9 14 10-14

3. Results

Seven hundred seventy-three articles were produced from the initial search, and an
additional 153 were added when examining systematic reviews/metanalyses of a similar
nature. In combination, a total of 926 articles were generated after duplications were
removed. After filtering by reviewing titles and abstracts, 203 articles were chosen and
723 articles were excluded. Full articles were obtained, and a further 115 articles were
removed after evaluating the full text. Reasons for this include not being about objective
measurement, not being focused on cutaneous wound healing or that the study used ex
vivo studies or non-biological studies, instruments of invasive/contact, acute wounds,
burn wounds or grafted wounds. Thus, a total of 20 articles were selected in the final
review. The selection process is outlined in Figure 1.

There was a total of 636 wounds, 599 wounds on humans and 37 on animals. All
wounds categorised were chronic wounds. Six instruments were identified and subcate-
gorised into morphological studies, physiological studies and wound area/volume studies.

All studies were published from 1998 and onwards. The flow chart of inclusion and
exclusion studies is presented in Figure 1 below. Table 1 shows the QUADAS score for each
included study. Overall, the studies” were of high quality, with an average score ranging
from 11 to 14. Table 2 summarises the scores for each instrument, covering each of the
14 QUADAS criteria.
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Table 2. Morphological, physiological and wound size and volume measuring techniques.

First . Patient Statistical Feasibility and .
Paper Author Year Animal/Human NO Wound Type Method Comparator Outcome Resolution Companies
Optical coherence
tomography
Evaluation of optical
. Optovue,
coherence tomography as S Lateral: 8 pm . .
- . ; . . Visualisation of - NinePoint
a noninvasive diagnostic Kuck, h Chronic . istol . Axial: 5 pm di d
tool Monika 2014 uman 6 wound nil histology skin layers at each Scan depth: Medical, an
. stage of healing ' Thorlabs
in Cutaneous 1-2mm expensive
wound healing. p
Multiphoton tomography
Mpnltorlng Wpund karsten Acutre and . . . .
Healing by Multiphoton . 2016 human 20 . nil nill . Horizontal: 1 pm
Tomography /Endosco konig chronic Detects tissue Vertical: 2 um
grapny Py morpho.logy and Scan depth: Dermatinspectmost
Invivo multiphoton physiology 200 pm expensive
micrsotoopy detects jake 2018 animal 37 chronic and ANOVA normal changes 750 nm
logitudinal metabolic D.jones acute wound wound during healing waveleneth
changes associated with &
Confocal microscopy
Applicability of f:onfocal Detects tissue .
la.s er scanmng susanne acute morphology and Horlzonta.l ) .
microscopy for . . . . 1.25 um Vertical: Vivascope
: lange ass- 2015 human 15 woundchronic nil nil physiology )
evaluation and 5.0 um Scan less expensive
N chenfeldt wounds changes
monitoring of cutaneous during healing depth: 200 pm

wound healing

Hyperspectral imaging
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Table 2. Cont.
First . Patient Statistical Feasibility and .
Paper Author Year Animal/Human NO Wound Type Method Comparator Outcome Resolution Companies
Evaluation of Diabetic .
Foot Ulcer Healing HT 1'ndex.o
With Hyperspectral Aksone CHI sensitivity 80%,
P 2009 human 72 Foot ulcer square, nil Specificity 74%
Imaging of Nouvong o
. T test positive
Oxyhemoglobin and redictive:90°%
Deoxyhemoglobin P ' Lateral: Hyspex, Specim
The Use of Medical LT index: 0.4-1.0 pm Cheapest
Hyperspectral sens.iti'vit 93."/
Technology to Evaluate Lalita S eciﬁcity 8 6";,
Microcirculatory Changes . 2007 human 21 foot ulcer ANOVA nil pe yonTe
S Khaodhiar positive/negative
in Diabetic Foot Ulcers redictive:93%/
and to Predict Clinical P 689 e
Outcomes. ?
3D imaging
Three-dimensional
documentation of wound Precise 3d
healing: Andreas venous/arterial .\
. 2006 human 3 non non rendition of the 2-5s
First results of a new Korber ulcer wound
objective method for
measurement
STD deviation:
Planetary: 4%
Pearson (large
MAVIS: a noninvasive correlation manual wounds)-20%
instrument to Polassman 1998 human 50 variet coefficient planime- small wound non invasive fast
measure area and volume P y standard tryalginate mavis: 3-5% and accurate
of wounds deviation casts Wound volume
in %

Alginate: 5-40%
Mavis: 5% smaller

on average
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First

Patient

Statistical

Feasibility and

Paper Author Year Animal/Human NO Wound Type Method Comparator Outcome Resolution Companies
Assessment of chronic Measurement of a  Lateral resolution:
wounds by Percentage
. . . . known volume: 0.2 mm
three-dimensional optical difference . .
. . - Clinical 4-7% different on Area 200 mm x
imaging based on Barone 2011 human 7 leg ulcers to clinical .
. . . assessment colour images, 150 mm
integrating geometrical, assess- o o
. 5%-12% on 3D scanner
chromatic, and thermal ment . -
thermal images expensive
data
Measurement of venous
leg ulcers with a Precision of 3d
laser-based Kcelj Bland computer imaging area 100 x 100 x
three-dimensional J 2007 human 15 venous ulcer altman P Volume:7.5%
. leskovec . planetary . o 100 mm
method comparison to analysis Perimeter: 5.8%
computer planimetry Area: 9.7%
with photography.
Repeatability and clinical Inter class
utility in . AJ.Davis 2013 human 13 chronic corre}a'tlon clinical Int(?rclass wound <6 cm
stereophotogrammetric wound coefficient ~ assessment  correlation: 0.9867
measurements of wounds ANOVA
Volume Measures Using a inter rater inter rater
Digital Image A.snalyzjns Gardner 2012 human 34 foot ulcer . and nil rel}ablhty 0970 easy to use
System are Reliable in intrarater intra rater
Diabetic Foot Ulcers reliability reliability 0.981
2D Imaging
measurement
error measurement easy to use, more
santamaria 2002 human 100 multiple pearson nil error:5.1% effective
correlation ICC: 69.7 (p < 0.01) costly

coefficient
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Table 2. Cont.

First

Patient

Statistical

Feasibility and

Paper Author Year Animal/Human NO Wound Type Method Comparator Outcome Resolution Companies
interclass
A comparison of cofficient: Planetary: ICC
computer-assisted and thawar chronic ANOVA . 0.'9.9’ SEM 0'.18 digital imaging
. 2002 human 83 Standard nil Digital imaging:
manual wound size etal. wound + acute was costly
m re-ment error of ICC 0.94,
casure-ment. measure- SEM 0.94
ment
Digital photography and mean noe E;lgmflcant
transparency-based various values and difference
methods for measurin Bhedi 2013 human 40 wounds standard nil between manual n/a
& .. planimerty and
wound surface area. deviation digital imaging
Digital imaging: an Rcﬂée;})ilclilct?/ diCi\t];lli()nf;f?E digital imaging
accurate and easy method ~ S.M.Rajbhandar2001 human 30 foot ulcer nil & o sns: was faster and
of measuring foot ulcers net of CV:27% for graph easier.
& variation method ’
Mean errors for
WMD were 1.90%
at
Iterative design and Mean arror 0 degrees, 1° 76%
testing of a handheld, springle 2011 human 19 preassure %ntrer and nil at 5° and 4-28% at WMD, low cost
non-contact wound ulcer inter class 10 degrees
measurement device. coefficient Intra-rater ICC for
WMD > 0.975.
Inter-rater ICC
was 0.966
The reliability of a
handheld wound Hammond chronic inter and intra-rater: 97.4%
measurement and and Nixon 2011 human 5 wound intra-rater nil inter-rater: 96.8% n/a
documentation device in variation ICC: 99-76%.

clinical practice.
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Table 2. Cont.

First . Patient Statistical Feasibility and .
Paper Author Year Animal/Human NO Wound Type Method Comparator Outcome Resolution Companies
Inter rater: 0.985
interrater and Intrarater inter and (large), 0.624
reliability of silhouette miller 2012 human 14 Mix wounds intra-rater nil (small) n/a
wound imaging device. variation Intra rater: no
difference
Relative RE: Vistrak 6.3,
Accuracy and Precision of error TeleDiafos 2.1,
Selected Wound Area . diabetic - . Silhouette 2.3 System limited to
Measurement Methods in Foltynski 2013 human 16 wounds COfﬁCflent nil CV: Vistrak 6.3, foot wounds
Diabetic Foot Ulceration Variczjltion TeleDiafos 1.6,
Silhouette 3.1
Area of the diabetic ulcers linear ICC:
estimated applying a foot . . regression, TeleDiafos vs. o
scanner-based home Ladyzynski 2011 human 36 diabetic Bland nil Vistrak:0.985 System limited to
wounds . foot wounds
telecare system and three althman TeleDiafos vs.

reference methods.

analysis

Silhoutte: 0.987
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3.1. Morphological Assessment
3.1.1. Optical Coherence Tomography

Optical coherence tomography (OCT) is an imaging technique that uses reflected light
from tissue to create a three-dimensional cross-sectional construct of the skin structures.
OCTs most commonly use infrared illumination, which is superimposed on a referenced
light to generate a high resolution at a penetration depth of 2-3 mm. Thus, its use in
superficial structures such as the eye, vessels and oral cavity have been well established [9]
(Figure 2).
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Figure 2. OCT images and corresponding histology. Image taken at 3 days (a,b), 7 days (c—f), 12 days
(g,h) Michael J. Cobb et al., 2006. [9].

Monika Kuck et al., 2014, [8] looked at the chronic wounds of six patients to analyse
each stage of healing and the appearance of OCT. The results of this were compared to
archived histological sections. The author was able to identify and categorise findings
on OCT and the stage of healing compared to the histological section, and found the
differentiation of blood vessels to be difficult. They have concluded that OCT reduces the
number of invasive steps but is not enough to appreciate the complexity of the wound at
this stage.
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Summary

In summary, OCT provides axial sectioned images of 3D tissue mass comparable to
histological studies in humans and animals. In comparison to confocal microscopy, OCT
has a lower resolution but has comparatively higher penetration. It was reported that
OCT provides more detailed structural information than two-photon microscopies in large
mass [10]. Currently, OCT is commercially available from NinePoint Medical and Thorlabs
for $40,000.

3.1.2. Confocal Microscopy

Confocal microscopy (CLSM) is a noninvasive, real-time, near histological evaluation
of the skin using either excitation and fluorescence detection or endogenous chromophores.
It is based on the excitation of normal skin fluorophores such as NADH, FAD and collagen,
which emit a fluorescence. An optically conjugated focal plane detector collected this. The
data form a two-dimensional construct. Further acquired data from different depths are
combined to form a three-dimensional image [11]. Endogenous fluorophores are essential
markers of wound healing and can be used for diagnostic purposes [12].

Susanne Lange-Asschenfeldt et al., 2012, [11] studied 15 patients in three groups
(superficial epidermal wound, superficial dermal wound and deep dermal wounds). Using
the device, the authors could isolate and visualize each layer of the skin during healing,
including changes at the dermal papillae and superficial dermal vasculature. This enables
the investigator to observe the onset of inflammation, dynamics of wound closure and
complete repair of acute wounds. CLSM required pre-examination preparation of the
wound and was unable to differentiate inflammatory cells. The authors also noted low
penetration depth (200 pm) due to significant resolution decay.

Summary

In summary, CLSM allows for cellular and subcellular analysis of healing wounds.
However, it has a high cost and is limited to a small 8 x 8 mm imaging area. It is only
helpful in minor acute superficial wounds, as deep wounds are complicated by slough build
up, which detects underlying structures. CLSM is currently available through Vivascope
in Amsterdam.

3.1.3. Multiphoton Tomography (MPT)

Multiphoton tomography is a high-resolution in vivo skin imaging technique. It is
based on two-photon autofluorescence (A.F.) and second harmonic generation (SHG). The
image is achieved by focusing laser radiation into the skin, which illuminates intrinsic
fluorophores such as elastin and melanin, the photons released are then detected. The data
attained are introduced into the software, which produces a high-resolution image. This is
known as the post-processing technique.

Additionally, multiphoton tomography excites and detects electron carriers such as
nicotinamide and flavin adenine dinucleotide, which provide information on the metabolic
state. The high resolution and depth seen in multiphoton tomography are due to a combi-
nation of high tissue penetration due to low internal absorption and tight focusing of the
laser beam. Tight focusing of the laser beam means a reduction in areas of non-focus and
no photobleaching [13]. (Figures 3 and 4).

In a study of ten chronic wounds and ten acute wounds, Karsten Konig et al., 2015, [14]
demonstrated that MPT provided near-perfect information of skin architecture with two-
photon autofluorescence imaging and functional images through time-resolved fluores-
cence detection. The device revealed inflammation, cellular proliferation, regeneration of
the epidermal layer and reorganization of the dermal fibre net in acute wounds. In chronic
wounds, a shift in the subcellular distribution of keratinocytes autofluorescence patterns
was seen; thus, in combination with clinical observation and clinical scores, an evaluation
of the degree of underlying chronic insufficiency can be made. The study, however, does
not provide longitudinal readings.
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Jake D. Jones, 2018, [15] focused on the redox ratio of FAD/(NADH+FAD) autofluo-
rescence. Using the device, the authors provided in vivo quantitative, longitudinal mea-
surement of cell metabolism, critical in delayed wound healing [16]; the authors were
able to isolate the keratinocytes within the edge of the wound from the surrounding chro-
mophores such as haemoglobin and melanin with an optical redox ratio in vivo; thus
providing quantitative metrics relevant to different stages of healing or lack of healing.
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Figure 3. Comparison of in vivo MPM imaging with histological section; (a) hematoxylin and eosin-stained tissue sections
identify dermis, epithelial tongue and granulation tissue at five days post wound. (b) These same regions are visible through
MPM imaging of an adjacent unstained section, which highlights NADH (green), FAD and keratin (blue) and collagen SHG
(red). (c) Similar patterns of autofluorescence were detectable in the skin during in vivo acquisition of MPM z-stacks at the
wound edge (scale bar =200 um). (d) Depth-resolved optical sections taken 125 um deep into the wound edge demonstrate
an ability to monitor the wound edge at all in vivo time points (scale bar =100 um) Jake D. Jones et al., 2018. [15].

Summary

In conclusion, MPT is a high-resolution imaging device that can objectively define
tissue morphology and the physiological status of the wound. Using the optical redox ratio
autofluorescence, a detailed understanding of physiological status can be made, and this
can guide treatment in non-healing or hard to heal wounds.
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Figure 4. Morphological changes in acute wound healing; area of acute wound with crust and signs of inflammation

(A); wound after curettage (B); reduced collagen matrix on visit (C); tight plexiform connective tissue densely packed

collagen fiber bundles found in nearly regular arrangement in different orientations (D); minimal local connective tissue

cells, connective tissue cells and basic substance, Reprinted with permission from ref. [16]. Springer, S. et al., 2017.

3.2. Physiology
3.2.1. Hyperspectral Imaging

The hyperspectral tissue oxygenation mapping system (HOTM) is a diagnostic tool
based on the visible and near-infrared spectral range. Using a camera-like device, spectro-
scopic information for every pixel is captured and mapped. A single hyperspectral image
has two spatial dimensions and one wavelength dimension. In combination, this creates a
3D data cube. In the healing wound, there are differences in the absorption of spectra of
oxy- and deoxyhemoglobin and melanin. These are detected by the device and compared
to a known reference.

Lalita Khaodhiar et al., 2007, [7] studied its use in 37 patients over a four-six-month period.
In this study, the author measured oxyhaemoglobin (H.T. -OXY) and de-oxyhaemoglobin
(HT-Deoxy), which determined the H.T. healing index of ulcers. They demonstrated that
HT-index could be used to predict wound healing potential. In addition, HOTM accurately
differentiates between healthy and unhealthy tissue with a sensitivity of 93% and specificity
of 86% compared to clinical findings. The authors identified that the study was limited to
type 1 diabetic foot ulcers, and these findings may not be relevant in other types of wounds.

A similar study was conducted by Aksone Nouvond et al., 2009, [17]. Here, the authors
performed a prospective single-arm study with 66 patients. Using the exact measurements
and healing index, as in Lalita Khaodhiar et al., 2007 [7], they predicted healing with a
sensitivity of 80%, specificity of 74%, and a positive predictive value of 90%.

Summary

HOTM is a potentially helpful point of care for chronic wounds. It can accurately
predict wound healing by measuring the local microvascular perfusion and, thus, it has
a potential for good sensitivity and specificity [17]. Its limiting factor is the high cost
secondary to the expensive components within the imaging tool [18]. Optoprim currently
supplies HOTM in France to the European market.

3.3. Wound Size and Volume

Geometric measurement of wounds provides baseline measurement, healing rates
and differentiates between healing and non-healing wounds. Steed et al. and Sheehan P
et al. both indicated that a change in wound size after four weeks is a strong predictor
of healing. Failure to reduce the ulcer size after four weeks or more of therapy indicates
re-evaluation of management. Therefore, an accurate measurement of wound dimension
is crucial for the early recognition of unresponsive wounds [19-21]. Various wound
measurement techniques range from the simple ruler method, tracings, wound moulding
and complicated 3D photography. Here we explore the use of 2D stereophotogrammetry
techniques and 3D imaging.



Eur. Burn J. 2021, 2

207

3.3.1. 2D Imaging

2D optical measurements are based on stereophotogrammetry (SPG). The method
involves two or more photographs taken at different angles. The photos are then rendered
into models and dimensions taken by tracing the margins onscreen. The findings are then
automatically compared to a standard reference within the image to estimate the area.

Santamaria et al., 2002 [6] explored the AMWIS post image processing software on
100 wounds of various pathology over multiple sites. They reported high accuracy of
94.9% with a measurement error of 5.1% and with a correlation coefficient r of 69.7. In
addition, the authors performed a qualitative study on the user’s experience with AMWIS.
They found that the system was accurate, easy to use and had a shallow learning curve.
Despite the variation in complex wounds, they felt well informed to make better wound
care management choices. Many of the users noted that documentation with the system
was intuitive and reliable. The disadvantage was the significantly increased cost when the
AMWIS system was adopted.

Stephen Springle et al., 2012, [22] explored the accuracy and reliability of handheld
measuring devices (WMD) based on digital imaging with laser guidance. The authors
concluded that the devices were accurate at different angles and consistent. The limitation
was the effect of uneven ambient light or glare on the skin, which hinders laser detection,
resulting in an overestimation of the wound. In addition, the device was found to be
heavier than the standard camera, which sometimes made taking pictures cumbersome.
Hammons and Nixon et al., 2011, [23] and Miller et al., 2012, [24] both studied a similar
instrument (Silhouette Mobile). Both studies found overall reliability to be 0.99 and 0.985,
respectively, however, lower reliability was seen in more minor wounds: 0.624.

Foltynski et al., 2013, [25] and ladysynski et al., 2011, [26] looked at the TeleDiaFos
system, which is 2D imaging technology specific for wounds of the feet. In both studies,
the device was compared with the Silhouette Mobile method and Vistrak digital planetary
method. Both studies found the TeleDiafos system to be more accurate and of a higher
reliability in comparison, although it was specific to foot wounds.

Digital imaging was compared with other planimetry methods (manual and digi-
tal) and was equally reliable. Thawar et al., 2002, [27] demonstrated strong agreement
with excellent intra-rater (ICC 0.99) and inter-rater reliability (0.94) of digital imaging in
comparison to digital planimetry, and the standard error of measurement was 0.18 for
digital imaging. Bhedi et al., 2013, [28] concluded that there was no statistical difference in
measurement between digital imaging and digital planetary in smaller wounds < 10 cm;
however, digital imaging was more desirable, as it did not directly have contact with the
ulcer. Rajbhandari et al., 1999, [29] found that digital imaging was superior with lower
interobserver variability of 1.9% than the tracing method’s 26.7% in the measurement of
foot ulcers. However, underestimation was seen where the ulcer was over the curved area.

Summary

Wound measurement techniques (2D imaging) are a non-contact method that are easy
to use and accurate in measuring wound size and thus wound healing. The main drawback
for two-dimensional imaging is the lack of depth measurement weight, producing a
significant error in deep or undermined wounds.
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3.3.2. 3D Imaging

3D imaging employs a 3D range camera/texture camera, stripe projector and an
additional light source. The stripe projector produces a series of light and dark lines onto
the wound. Using the lines as a reference, the computer observes the intersection points of
the stripes with the wound surface and produces a three-dimensional representation of the
observed area. This is known as triangulation [19]. (Figures 5 and 6).

P. plassman et al., 1998, [19] conducted an extensive study with 50 patients comparing
3D imaging vs. manual planetary for wound area measurement and 3d imaging vs.
alginate cast for volume measurement. The authors found that 3D imaging reduced
standard deviation in wound area measurement from 4% in a large wound (>30 cm) and
20% in a small wound (<0.5 cm) to 3-5% in both when compared to planetary methods.
Furthermore, in another study, the system displayed high inter-rater reliability (0.745) and
intra-rater reliability (0.868).

Figure 5. 3D measurement of leg ulcer; (a) three-dimensionally measured surface; (b) approximation
of the NURBS surface over the ulcer region; (c) visualization of ulcer depth variation using a rainbow
color palette; (d) selection of the ulcer boundary. Reprinted with permission from ref. [30], Nada
Kecelj-Leskovec et al., 2007.

Both authors have identified that 3D imaging was unsuitable for undermined, very
deep or extensive wounds, as this may under or overestimate the wound.

Kecelj-Leskovec et al., 2007, [30] compared laser three-dimensional measuring devices
with 15 venous leg ulcers with computer planimetry assessment. Using bland Altman
statistical analysis, the authors found that the 3D imaging method had an average of 9.7%
area measurement and 7.5% for volume; comparatively, computer planetary assessment
had 13.0% area measurement and did not measure volume. These were significantly better
than the ruler method and mould method [31]. The discrepancy between the two systems
was mainly the ability to appreciate the convexity of the skin.
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Figure 6. AMWIS 3D imaging Calibrated wound image, demarcated wound areas and the associated
measurements expressed in mm and as percentages of the total wound surface area. Santamaria N.
et al., 2002. [6].

Andreas Korber et al., 2006, [32] explored 3D imaging as a helpful documentation tool
in chronic wounds. All three patients had venous/arterial ulcers and were being treated
with vacuum therapy or dressings (acticoat and mepilex); they found that 3D imaging can
capture changes in wound size, oedema and level of granulation over time. In addition,
3D imaging was able to detect minor substance defects despite complete epithelisation of
the wound.

A.]. Davis et al., 2013, [33] determined the reliability of three-dimensional imaging
in 13 chronic wounds over 18 months between multiple observers with varying expertise.
They found high interrater reliability for wound measurement (ICC = 0.9867; p < 0.001), and
there was no significant difference between non-expert and expert observers. In addition,
it could discriminate between improving and static wounds (p < 0.05).

The disadvantages were the inaccurate measurement of wounds more significant than
6 cm and that the system was dependent on a high-quality, readable image obtained from
the observer. Moist wounds affected the image quality by representing false peaks and
pits during wound reconstruction; thus, 3D imaging required rigorous wound preparation.
A further questionnaire describing the observer’s experience found that both expert and
non-expert groups indicated that the system would improve their job performance and
enhance their effectiveness.

Summary

In conclusion, 3D imaging is an accurate, reliable tool for wound healing. It has higher
accuracy and reliability when compared to the moulding method and manual planetary
method. As a long-term documentation tool, it identifies small changes that clinicians
could easily miss. 3D imaging was limited by the size and shape of the wound.
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4. Discussion

An objective evaluation of wounds is necessary to determine the progression of healing
which guides treatment strategies. Several instruments have been developed over the years
to meet the demands of the increasing burden of wounds. However, there has not been
any validation study on the ideal instrument for chronic wounds.

Chronic wounds can be classified into vascular ulcers, diabetic ulcers and pressure
ulcers. A common theme shared amongst these included a prolonged, extensive inflamma-
tory phase with or without recurrence of infection and microbial biofilm formation. There
is a failure of reparative stimuli for the dermal ecosystem and thus a failure to heal. In
addition, there are underlying pathologies that differ depending on the category of chronic
wounds. Therefore, by their nature alone, chronic wounds are complex and do not heal
similarly to acute wounds [1].

To surmount such a challenge, we employ the use of the medical devices discussed in
this article. Two dimensional devices are fast to use, accurate, reliable and entail a variety
of two-dimensional-based instruments. The central systems presented were the AMWIS,
Silhouette [23] and WMD [34], which measure all wounds, whilst the TeleDiafos was
specific to foot wounds. The devices benefit from high accuracy (mean error ranged from
1.90% [22] to 5.1% [6]) and inter/intra correlation reliability (0.9, ICC > 95%) due to the ease
of use. There is also a good body of evidence for its use in both acute [6,27,28,35,36] and
chronic wounds (Table 2), with over 300 wounds analysed in this study alone. Its crucial
disadvantage was the inability to account for undermined wounds and deep wounds,
as previously discussed. Whilst there was a good mix of chronic wound types studied,
there were no comparators in any of the articles included; hence, most of the studies were
focused on the instrument’s reliability.

Comparatively, three-dimensional wound technology is equally accurate and reliable
with the addition of depth measurement. It has a relatively low error of measurement
(3-5%) in comparison to planetary methods (4-20%) and high interclass correlation (0.98).
Inter and Intrarater reliability were also high (0.970, 0.981 respectively). Some 3D techniques
include assessing additional wound characteristics such as inflammation using thermal
imaging [19,37]. However, the feasibility of the current three-dimensional device is limiting.
It is often high in cost and complex to set up. More user-friendly 3D tools have been
developed, such as the Next Engine 3D system [38]; however, very little evidence supports
its use. Most of the comparisons were against two-dimensional measuring techniques,
which are not a fair comparison. Overall, the lack of a comparative gold standard weakens
the validity of these studies.

More complex modalities described in this study present a significant advantage of
two- or three-dimensional wound assessment, especially in chronic wounds. CLSM and
MPM can provide information o with the cellular and subcellular level with very high
precision. In addition, it includes information on the physiological properties of the wound
through the measurement of the activities of various endogenous fluorophores. This is
crucial in understanding the healing potential of chronic wounds. Both CLSM and MPM
are fundamentally similar; however, unlike CLSM, MPT is unaffected by the variable
pinhole in front of the detector, which determines the thickness of the optical section.
In combination with SHG, MPM penetrates further into living tissue and is less damaging
than the shorter wavelength photons in CLSM. Both MPM and CLSM suffer from resolution
decay with increasing depth and are limited to several hundred micrometres.

OCT has better penetration depth but at the cost of lower resolution; nevertheless,
it shows good potential as a tool for monitoring wound healing by direct visualisation
through the stages of epithelisation, considering the epithelial tissue and scar formation.
However, more studies are required for validation. Recent advances in OCT involve
using polarised light to provide high-resolution images of the skin structure, collagen
birefringence and blood flow, improving its image quality and functionality [39].

The Hyperspectral method was the most promising, as it provides information on
the wound’s morphology and physiology, including an assessment of the microvascular
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oxygenation status of the wound, which is predictive of ulcer healing. In addition, the
Hyperspectral method was easy to use, similar to a digital camera and with further de-
velopment to employ inexpensive LED illumination instead of the LCTF; it could be an
affordable tool [18]. The combination of portability and low-cost hyperspectral imaging
could be helpful as an accurate, reliable point of care wound assessment tool.

While these techniques were more advanced, unfortunately, the lack of articles, little
wounds and comparators make it difficult to suggest one instrument. Therefore, further
validation studies with comparative clinical studies are required.

Based on the available evidence, the recommendation of this article is to adopt 2D
imaging into clinical practice and to perform further validation studies. This would
include a quantitative study on the cost and comparison of 2D instruments provided by
each company, such as Silhouette mobile [23], Eykona Wound [40] or Mavis [19], and
a qualitative study on the personal experience of health care professionals using the
instrument on chronic wounds. The combination of these studies would improve on the
evidence available, further supporting its effectiveness in clinical care.

Methodological qualities in the reviewed studies varied. With inter/intra rater satistics,
the number of clinicians or the time interval between measurements was not always
reported. The reported data were heterogeneous. Each study had a different statistical
approach and did not present sufficient raw data. Therefore, a pooled analysis to determine
the overall accuracy or reliability was not possible. Outcome measures between the
categories differed. The two- and three-dimensional methods measured changes in size
or volume whilst the anatomy /physiological-based instruments analysed morphological
or physiological changes and, in some articles, H.T. healing index [7,17]. As there was no
gold standard or reference for validation, comparison between modalities was difficult.

The inclusion or exclusion of animal studies is often debated. There are anatomical and
physiological differences within the animal and human species, making reproducibility and
translation to clinical reality a challenge (Figure 7) [41]. Wound healing in mice is different
in that it is affected by hair cycles and dominated by myofibroblast-mediated contraction.
To counter this, some researchers utilised an outbred hairless mouse and actively splinted
the mouse skin to minimise contraction, thus allowing healing through granulation and
re-epithelisation [42]. There are considerable differences in skin anatomy in pigs—high
P.H., fatty sub cutus, predominant apocrine sweat gland and richer vasculature than in the
human dermis [42]. These differences could have relevant implications for physiological
studies. Despite this, wounds in all animals undergo the same stages of healing. The valid-
ity of the instruments explored here is fundamentally based on the accuracy of measuring
progress through the stages rather than wound response. Furthermore, consistency of
findings and interrater correlation was our focus and these unaffected by the physiological
differences between animals and humans. Therefore, we can assume that animal models
can be included in this study [25,26,31,42—44].
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ANIMAL MODEL

FEATURES

a Rabbit ear Ischemic ulcer model

4—Blood vessel

Clinically relevant to ischemic ulcers

Suturing of blood vessels generates an
ischemic zone within which wounds can
be made

Benefits: accessible/suitable for
pharmacological testing

Drawbacks: does not fully replicate human
hypoxic wounds and not genetically tractable

b Diabetic mouse model

Clinically relevant to diabetic ulcers

Diabetic mice are chemically or genetically
induced

Banefits: enable testing of pharmacological
agents/multiple wounds per animal

Drawbagcks: mouse diabetes does not fully
reflect human diabetic complicationsivariability
between different diabetic models

€ Excision wound splinting model in mouse
W Ring splint

._@ ———
@

Clinically relevant to acute and chronic wounds

Splinting ring tightly placed on the skin around
the excisional wound

it

cor

Drawbacks: anatomical differences between
rodent and human skin; splinting materials may
detach and move into the wound site

d Rat pressure ulcer model

I Magnet
" -~ Steel plate

[ ’/xl/'_ £ -

> ‘r-___\ﬁ
== o

z_;:?{&— —a ;-_é:.)

Clinically relevant to pressure ulcers

A steel plate is inserted beneath the dorsal skin

A magnet is applied over a number of cycles
to generate chronic skin wound

Benefits: can vary in degree of blocd perfusion
to skin and thus grade of ulcer

Drawbacks: anatomical differences between
rodent and hurnan skin

e Pig infected wound model
Infected wound

Clinically relevant to infected ulcers

Wounds inoculated with bacteria that
produce a biofilm

Benefits: skin anatomically and physiologically
similar to humans

Drawbacks: expensive and not genetically
tractable

f Pig ischemic ulcer model

Clinically relevant to ischemic ulcers

Surgical incisions sever blood flow to specific
regions of skin, creating hypoxic zones

Benefits: skin anatomically and physiclogically
similar to humans

Drawbacks: expensive and not genetically
tractable

g Mouse tail full-thickness wound model

Clinically relevant to delayed wound healing

Rectangular full-thickness excision on the
dorsum of the tail

Benefits: delayed healing (up to 21 days),
minimal contraction, and can be used in
wild-type animal.

Drawbacks: anatomical differences between
rodent and human skin

Figure 7. Animal models of wound healing clinical relevance, advantage and disadvantage. (a) Rabbit

ear model. (b) Chemically induced type 2 diabetic mouse model. (c) Excision wound splinting model

in mouse (dorsal view). (d) Rat magnet ischemiareperfusion model (profile view). (e) Pig wound

infection model (dorsal view). (f) Pig flap ischemia model (dorsal view). This method is also

applicable to rodents and rabbits. (g) Mouse tail fullthickness wound model (dorsal view). Nunan et

al., 2014. [45].

5. Conclusions

We have presented 11 devices measuring the biophysical parameters of chronic
wounds. These devices demonstrated objectivity, reliability and accuracy and were all fast
and noninvasive. From the available evidence, the most superior wound measuring device
was two-dimensional. However, hyperspectral imaging had strong potential but required

further development in its technology and future clinic validation studies.
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