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Abstract

Chronic wounds are associated with significant clinical, economic and quality-

of-life burden. Despite the variety of wound imaging systems available in the

market for wound assessment and surveillance, few are clinically validated

among patients of Asian ethnicity. We aimed to clinically validate the accuracy

of a smartphone wound application (Tissue Analytics [TA], Net Health Sys-

tems Inc, Florida, USA), versus conventional wound measurements (visual

approximation and paper rulers), in patients of Asian ethnicity with venous

leg ulcers (VLU). A prospective cohort study of patients presenting with VLU

to a specialist wound nurse clinic over a 5-week duration was conducted. Each

patient received seven wound measurements: one by a trained wound nurse

clinician, and three separate wound measurements using TA on each of the

iOS and Android operating systems. Inter-rater and intra-rater reliability

between clinical and TA-based measurements were analysed using intra-class

correlation statistics, with values of <0.5, 0.5 to 0.75, 0.75 to 0.9, and >0.9 indi-

cating poor, moderate, good and excellent reliability, respectively. 82 patients

(51% males), with a mean age at 65.8 years, completed the 5-week study dura-

tion. 25 (30%) had underlying diabetes mellitus. Chinese, Malay and Indian

ethnicity comprised 68%, 12% and 11%, respectively. The VLU healed in

26 (32%) of patients within the study period. In total, 358 wound episodes with

2334 wound images were analysed. Inter-rater reliability for length, width and

area between wound nurse measurements and TA application measurements

was good (range 0.799-0.919, P < 0.001). Separate measurements of intra-rater

reliability for length, width and area within the iOS or Android systems were

excellent (range 0.967-0.985 and range 0.977-0.984 respectively, P < 0.001).

Inter-rater reliability between TA used on the iOS and Android systems was

also excellent (0.987-0.989, P < 0.001). Tissue Analytics, a smartphone wound
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application, is a useful adjunct for wound assessment and surveillance in VLU

patients of Asian ethnicity.

KEYWORD S

chronic venous insufficiency, machine learning, venous ulcers, wound imaging, wound
management

Key Messages
• this study aimed to clinically validate measurements of venous leg ulcers

(VLU) using the Tissue Analytics (TA) artificial-intelligence assisted imag-
ing system, by comparing them against traditional wound assessment mea-
surements by a trained wound nurse, through the use of intra-class
correlation statistics

• there was good inter-rater reliability for VLU length, width and area
between wound nurse measurements and measurements derived from TA
(range 0.799-0.919, P < 0.001)

• there was excellent intra-rater reliability for VLU length, width and area
across repeated measurements within each of the iOS or Android systems
(range 0.967-0.985 and range 0.977-0.984, respectively, P < 0.001)

• inter-rater reliability between the use of TA on iOS versus Android systems
was also excellent (0.987-0.989, P < 0.001)

1 | INTRODUCTION

Chronic venous insufficiency (CVI) is a serious but often
overlooked health care problem, with varicose veins
afflicting an estimated 5% to 30% of adults.1,2 A serious
downstream consequence of CVI is the development of
venous leg ulcers (VLUs), which occur in an estimated
20% of patients with CVI.3,4 VLUs create a notable socio-
economic impact, causing reduced quality of life, loss of
productive work hours and large financial burden on the
health care system.5-8 This is further exacerbated by their
high recurrence rate of 17% in 1 year.9

The management of VLUs is multidisciplinary; health
care professionals must address the active ulcer as well as
the background of CVI. Venous hypertension, the com-
monest aetiology of VLUs, is typically treated with com-
pression bandaging, but interventions may also extend to
surgical options such as endoluminal laser treatment,
radiofrequency ablation and sclerotherapy.10 In addres-
sing the ongoing ulcer, wound care is a crucial pillar of
VLU management and is typically overseen by specia-
lised wound care nurses.11 Continued assessment of heal-
ing progress is traditionally done via manual wound
measurements; however, technological advancements in
recent years have led to the development of numerous
digital wound imaging and assessment systems. Some of
these systems have been tested and validated in the clini-
cal setting.12-15 The advantages of such systems lie in
their contactless nature, which helps to reduce infection

risk; ease of use via smartphones and tablets; reduction
in time spent on wound measurement; remote monitor-
ing of wounds via patient-uploaded images; and seamless
integration into electronic health records services.16-18

Nevertheless, a systematic review in 2020 found that
the majority of commercially available wound assessment
systems have yet to be reviewed in the literature with
regards to measurement accuracy.19 Even fewer of these
systems have been clinically validated in patients of
Asian ethnicity. This study aims to bolster existing litera-
ture on commercially available wound imaging systems,
by clinically validating a 3-dimensional (3-D) enabled,
machine learning-based imaging system (Tissue Analyt-
ics [TA], Net Health Systems Inc, Florida, USA) against
traditional wound measurements in patients with VLUs.

2 | METHODS

This was a prospective cross-sectional study on patients
with VLUs from June 2020 to March 2021 in a single-cen-
tre, university-affiliated tertiary hospital in Singapore.
Inclusion criteria were all patients aged 21 years and
above with VLUs. Exclusion criteria were patients who
were pregnant, breastfeeding, had leg ulcers of non-
venous origin such as primarily arterial ulcer or neuro-
pathic ulcer, or did not have capacity to consent. Mixed
arterio-venous ulcers were also included. This study was
approved by a local institutional review board (National
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Healthcare Group Domain Specific Review Board Ref
No: 2020/00148). Written consent was obtained for all
patients included in the study with appropriate transla-
tions as required for non-English speakers.

2.1 | Study protocol

The study protocol is shown in Figure 1. Patients were iden-
tified and recruited from the outpatient wound clinic. Base-
line demographics and clinical profile were collected from
medical records prior to the study. All participants in this
study were subjected to a standardised VLU management
pathway with standardised follow-up. The approximate
study duration for each patient was five clinic visits or until
complete resolution of the ulcer, whichever was earlier. No
additional clinic visits were required for the purpose of this
study. During each clinic visit, wound measurements were
recorded traditionally by a trained specialised wound nurse
and electronically by a dedicated research coordinator using
the TA imaging system. Wound episode was defined as the
wound images taken at each clinic visit. In total, seven
wound images would be taken at each wound episode: one
with a digital camera by the specialised trained wound
nurse, and three on each of the Android and iOS platforms
by the research coordinator.

2.2 | Tissue analytics wound imaging
system

Tissue Analytics (TA) is a non-contact, digital wound
assessment and documentation tool that can be run as a
smartphone application on both iOS and Android
devices. Image capture is performed by placing a small
green dot next to the patient's wound. This dot allows the
study team to normalise for environmental conditions
such as irregular room lighting, distance from the wound
and camera skew angle. Approximately five seconds of
video footage of the wound is captured. The application
then uses machine learning and computer vision to gen-
erate a 3D rendering of the wound. Machine learning is
applied using trained algorithms which are used to auto-
matically define the borders between wounds and
healthy skin. Altogether, this allows measurements of the
ulcer volume and depth with sub-millimetre resolution.

2.3 | Standardisation of ulcer
measurement

If a patient had multiple VLUs, an index ulcer was identi-
fied for the purpose of this study during the first clinic

visit, and this was monitored during subsequent clinic
visits. When patients arrived at the clinic, they were
directed to a dedicated room with adequate lighting from
the ceiling prior to consultation with the doctor. Mea-
surement of the index ulcer was performed in this room.
All participants were positioned sitting on a chair with
their feet overhanging. Wound measurements were first
taken traditionally by a specialised trained wound nurse,
then using TA by a dedicated research coordinator.

Each instance of manual wound measurement was
performed by either of two trained specialised wound
nurses. Both nurses had more than 2 years of experience
in wound care and management. Standardisation of mea-
surements was performed prior to the conduct of the
study. Tracing paper was first placed over wound, then a
sterile marker pen was used to outline the wound. Using
this tracing, the length (defined as the longest axis) and
width (defined as longest axis perpendicular to the
length) of the wound were measured. The tracing paper
was placed over the graph paper with 1 cm � 1 cm
squares, and wound area was obtained by counting the
number of grids within the outlined boundary.

Outpatient wound clinic

Inclusion criteria: Venous leg ulcers, ≥21 years old

Informed consent taken

Prospective data collection of demographics and clinical profile

Index ulcer identified

Manual measurement of identified ulcer

Wound image capture using Tissue Analytics
(3 images on Android, 3 images on iOS)

Automated detection of wound boundaries

Automated calculation of wound 
parameters: length, breadth, area

Manual adjustment of 
wound boundaries

Identification of participants

Patient brought into dedicated room for measurements

If automated boundary 
detection is vastly different

First clinic visit

Subsequent 
clinic visits

Trained 
wound nurse

Dedicated 
research 

coordinator

Wound image capture with reference ruler 
using digital camera

FIGURE 1 Study protocol for participation recruitment and

standardisation of wound measurement process
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Following completion of the manual measurements, the
wound nurse left the dedicated treatment room and a dedi-
cated research coordinator would then enter the room to
perform the next set of measurements, to reduce inter-
investigator bias. Both the wound nurse and research coor-
dinator were blinded from each other's observations so as to
reduce bias. The research coordinator first took a photo-
graph of the wound using a digital camera (Canon Power-
Shot G7X), with a reference ruler laid over the wound.
Then, the research coordinator took three images of the
wound using TA running on an iOS device (iPhone 11, iOS
13) and three images using TA running on an Android
device (XiaoMi Mi Max 2, Android 7.0), for a total of seven
images per wound. An optical zoom of 1.0x was used to
capture images at approximately 40 cm from the wound,
and a green dot was included in the field of view as a refer-
ence for the software (Figure 2). Each repeat image of the
same wound involved repositioning of the research coordi-
nator and the patient. The wound length, width and area
were automatically calculated based on the image bound-
aries determined by the imaging system. Automated bound-
ary detection was difficult or vastly different from the actual
wound boundaries in a small select group of wound images
in view of (a) poor colour contrast with patients' skin tone
(with darker complexion posing a greater challenge to the
software artificial intelligence), (b) wounds being too small
(<1 cm), or (c) being located in areas where with large vari-
ation in skin contours (such as bony prominences on the
malleolus). Manual adjustments were made to the wound
boundary selection window in these circumstances.

2.4 | Sample size calculation

Sample size was calculated as per number of wound
images (defined as wound episode) rather than the num-
ber of subjects as due to the cross-sectional nature of this
study. Based on TA's internal validation, the baseline
mean accuracy is 90%. Hence, assuming baseline correc-
tion (R0) at 0 and alternative correlation (R1) at 0.2, the
sample size required for one correlation test with power
90% and alpha 0.05 is 258 wound images. For intra-rater
reliability between TA on iOS and Android platforms,
assuming baseline correlation (R0) at 0 with alterative
correction (R1) at 0.2, sample size required for intraclass
correlation with Power 90% and alpha 0.05 is 83. As such,
the overall sample size required was 341 wound images.

2.5 | Statistical analysis

All statistical analyses were performed with SPSS version
25.0 (SPSS Inc., Chicago, III., USA). Statistical significance
was determined by P < 0.05. Intra-class correlation statistics
(ICC) was used to analyse intra-rater and inter-rater reliabil-
ity.20 Inter-rater reliability for length, width and area of
VLU between the wound nurse measurements and mea-
surements from TA running on either iOS or Android was
analysed using two-way mixed effects model, absolute
agreement and single measure. Intra-rater reliability for
length, width and area between images taken by TA on the
same device (for both iOS and Android systems) was also
analysed using two-way mixed effects model, absolute
agreement and single measure. Inter-rater reliability
between the iOS and Android systems was analysed using
two-way random effects model, absolute agreement and sin-
gle measure. The two-way random effects model was used
for inter-rater reliability between TA running on different
devices, for generalising our results for all existing TA
devices in the market.21

There is no standard definition or cut-offs for ICC to
determine the extent of reliability. Hence, the following def-
initions were used in this study: ICC <0.5 indicates poor
reliability, 0.5 to 0.75 indicates moderate reliability, 0.75 to
0.9 indicates good reliability and > 0.9 indicates excellent
reliability.22

3 | RESULTS

3.1 | Patient demographics

A total of 82 patients were analysed. The mean age was
65.8 years, 42 (51%) were male, and the mean body mass
index (BMI) was 29.1. The VLU healed in 26 (32%) of

FIGURE 2 Venous leg ulcer on a patient, for measurement

using the Tissue Analytics application
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patients within the study period. Table 1 summarises the
relevant patient demographics.

3.2 | Wound episodes

A total of 358 wound episodes and 2334 wound images
were analysed. Although each patient was theoretically
expected to have seven images from each of five clinic
visits for a total of 2870 images, the missing data of
536 images was due to: (1) patients withdrew from the
study (140 images), (2) defaulted appointments
(140 images), (3) complete resolution of ulcer before the
end of the study period (256 images).

There was good inter-rater reliability between the
measurements made by the wound nurse and with the
TA running on both iOS and Android devices for ulcer
length, width and area (range 0.799-0.919, P < 0.001 for
iOS; range 0.803-0.914, P < 0.001 for Android)
(Tables 2, 3).

There was excellent intra-rater reliability for length,
width and area between three different images of the
same wound taken by the same iOS or Android device
running TA (range 0.967-0.985 for iOS and range
0.977-0.984 for Android, P < 0.001) (Table 4). Inter-rater
reliability between TA running on the iOS versus
Android was also excellent (range 0.987-0.989, P < 0.001)
(Table 5). When analysis was stratified by ethnicity,
inter-rater reliability between TA and wound nurse mea-
surements in Malay and Indian patients (who had darker
skin complexion) was numerically lower compared to
Chinese patients (who had lighter skin complexion)
(Table 6).

4 | DISCUSSION

Numerous wound imaging technologies are commer-
cially available and they are becoming increasingly

TABLE 1 Demographics of patients included in the study

Number of
patients (n = 82)

Age

Mean (SD) 65.8 (11.7)

Median (IQR) 66.5 (60.3-74.0)

Male gender, n (%) 42 (51%)

Ethnicity, n (%)

Chinese 56 (68%)

Malay 10 (12%)

Indian 9 (11%)

Others 7 (9%)

Comorbidities, n (%)

Diabetes mellitus 25 (30%)

Hypertension 49 (60%)

Heart disease 17 (21%)

Chronic kidney disease 7 (8.5%)

Cerebrovascular accident 6 (7.3%)

Peripheral vascular disease 77 (94%)

Varicose veins 39 (48%)

Previous venous surgery 28 (34%)

Previous skin/leg ulcers 75 (91%)

Location of ulcer, n (%)

Anterior 10 (12%)

Medial 40 (49%)

Lateral 26 (32%)

Gaiter 3 (3.7%)

Ankle area 56 (68%)

Others 23 (28%)

Wound parameters, median (IQR)

Length, cm 2.65 (1.53-4.65)

Width, cm 1.80 (1.00-3.45)

Area, cm2 3.55 (1.40-9.23)

Abbreviations: IQR, interquartile range; SD, standard deviation.

TABLE 2 Inter-rater reliability between wound nurse and Tissue Analytics (iOS device) for the corresponding image

Measurements, mean ± SD Inter-rater reliability (95%CI) p value

Length Width Area Length Width Area Length Width Area

TA on iOS 3.10 ± 2.21 2.27 ± 1.61 6.18 ± 7.99 0.919
(0.840-0.953)

0.846
(0.789-0.885)

0.799
(0.678-0.866)

<0.001 <0.001 <0.001

Wound
nurse

3.55 ± 2.55 2.62 ± 2.27 9.13 ± 12.89

Note: Length and width are expressed in cm; area is expressed in cm2.
Abbreviations: 95%CI, 95% confidence interval; SD, standard deviation; TA, Tissue Analytics.
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relevant in clinical care.23 Digital wound imaging systems
have been shown to provide rapid, accurate and consis-
tent measures of wound parameters.19,24 Images stored
on the electronic device can also be transferred to elec-
tronic medical records, enabling seamless monitoring of
wound healing.23

The present study demonstrates favourable intra-rater
reliability between images taken by the same device,
inter-rater reliability between the two devices, and inter-
rater reliability between TA and measurements by a
wound nurse. This provides proof of the real-world effi-
cacy of this imaging system, and its translatability to clin-
ical practice. Moreover, with good inter-rater reliability
between iOS and Android showing that the type of device
does not affect reliability of the application, TA can be
easily used by various institutions without need for spe-
cial customisation. TA is also an application which can
capitalise on developments in hardware technology. For
instance, the use of Light Detection and Ranging
(LiDAR) scanners in newer iPhone models, which allows
for accurate depth perception, may circumvent current
limitations in depth perception in the near future.25

The rapid capture of wound parameters (less than 5 s
per wound) using a no-touch technique is a favourable
alternative to conventional measurements by border trac-
ing, which are time-consuming and may unwittingly
introduce infection. These advantages may have wider
implications in the care of patients with VLUs. Studies
have observed a treatment period ranging from 80 to
117 days for VLUs, which necessitates multiple clinic
visits.26 Continued documentation of wound status, par-
ticularly the reduction in wound area, is helpful in deter-
mining the progress of healing and evaluating whether
changes in management are needed.27 Hence, reducing
the time taken for each wound measurement is likely to
translate into significant time savings, and a correspond-
ing reduction in the economic cost of longer waiting
times.28 Nonetheless, despite the time savings documen-
ted in other studies, this study did not capture such data
for comparison.18,29

Moreover, the digital nature of this system may aid in
remote assessment of wounds. The COVID-19 pandemic
was found to limit the ability to practice wound care
under normal conditions, with higher rates of missed
appointments and loss of contact with patients.30 This
could potentially worsens healing outcomes and may
lead to patients presenting at a later date with larger,
more serious, or infected ulcers.31 Under such situations
where physical attendance at the wound clinic is not
desired by the patient or delayed by administrative poli-
cies, a digital application that can be downloaded by
patients themselves may be helpful: patients can submit
images of their wounds and the accompanyingT
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parameters onto the digital app, health care professionals
can then evaluate the progress of healing remotely. For
instance, a study by Barakat-Johnson et al in Australian
patients during the COVID-19 pandemic, also using the
TA wound imaging application, noted improvements in
the areas of objective wound assessment, shared wound
plans and patient adherence.32 The completeness of
wound documentation was improved relative to standard
care (P < 0.001), and enhanced efficiency in providing
virtual care was observed via qualitative surveys of
patients and clinicians. Additionally, travel time savings
of 35.9 min by car and 14 min by public transport, along
with their corresponding cost savings, were observed in
metropolitan patients. Although our present study did
not perform such calculations, similar socioeconomic
benefits are theorised to be applicable to the local context
and may warrant investigation in future studies. The effi-
cacy of remote monitoring using this system may comple-
ment the increase in teleconsultations during the
COVID-19 pandemic for better wound care. The avail-
ability of images may also facilitate continuity of care
between community-based wound care nurses and home
care professionals.33

This study adds to the developing scene of the wound
imaging industry and also showcases the competitive
nature of the field. Previous studies have employed vari-
ous contactless wound imaging systems, most of which
were operated using a smartphone or tablet; these
showed good agreement between manual and software-
based measurements.12-15,34 Nonetheless, prospective
comparisons of the relative accuracies of these systems
have yet to be performed.

The main strength of this study is its large sample size
of 2334 wound images, which provides adequate data for
analysis of reliability of the software. Multiple parameters of
wound assessment (length, width and area) were also mea-
sured to provide a similarity to traditional clinical measure-
ments and allow easy comparison of accuracy. The
standardisation of wound measurements by specialised
wound nurses, as well as the capturing of digital images by
only one research coordinator, helped to reduce the risk of
bias in this study. In addition, this is the first study of TA in
patients of Asian ethnicity. As imaging systems tend to be
validated in predominantly Western populations, and artifi-
cial intelligence software trained using datasets from these
populations, it is imperative to verify the efficacy of the sys-
tem in Asian patients who may have different skin colours
and tones. The results of this study help to support the use
of this system in a more global context.

Nonetheless, several limitations of this study should be
mentioned. The study was limited to purely numerical mea-
surements of the VLU (length, width and area); other func-
tions such as wound depth and wound characterisation

were not studied. Due to the inclusion of all races in this
study, the inter-rater and intra-rater reliability was numeri-
cally lower in patients with darker skin tone. Qualitative
characteristics such as the presence of slough, exudates,
eschars and oedema were only assessable by the wound
nurse. Hence, although TA offers rapid imaging and param-
eter calculation, its capabilities must also be paired with
clinical assessment of wound status.

5 | CONCLUSION

This study of the TA mobile application in measuring the
dimensions of VLUs demonstrated good to excellent
intra-rater and inter-rater reliability when compared with
traditional wound assessment and between the iOS and
Android platforms. Hence, it is a suitable tool for moni-
toring of VLU healing progress when combined with
clinical assessment. Future prospective studies should
aim to measure other functions of the imaging software,
such as depth measurements and wound characterisa-
tion, as well as the wider socioeconomic impact of its use.
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