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Abstract: A prospective, single-center, non-randomized, pre-marketing clinical investigation was con-
ducted with a single group of subjects to collect skin lesion images. These images were subsequently
utilized to compare the results obtained from a traditional method of wound size measurement with
two novel methods developed using Machine Learning (ML) approaches. Both proposed methods
automatically calculate the wound area from an image. One method employs a two-dimensional
system with the assistance of an external calibrator, while the other utilizes an Augmented Reality
(AR) system, eliminating the need for a physical calibration object. To validate the correlation between
these methods, a gold standard measurement with digital planimetry was employed. A total of
67 wound images were obtained from 41 patients between 22 November 2022 and 10 February 2023.
The conducted pre-marketing clinical investigation demonstrated that the ML algorithms are safe
for both the intended user and the intended target population. They exhibit a high correlation with
the gold standard method and are more accurate than traditional methods. Additionally, they meet
the manufacturer’s expected use. The study validated the performance, safety, and usability of the
implemented methods as a valuable tool in the measurement of skin lesions.

Keywords: wounds and injuries; body surface area; machine learning

1. Introduction

A wound occurs when the skin tissue undergoes damage or breaks down. This
initiates a process of regeneration known as cicatrization, which can range from hours
to years or may not occur at all. A wound is deemed chronic when the repair process is
significantly prolonged or lacks orderly progression. Conversely, acute wounds typically
heal gradually, in accordance with the size and type of wound, usually within a short
timeframe [1]. Among the most commonly treated lesions are vascular ulcers (both venous
and arterial), diabetic foot ulcers, and pressure ulcers [2].

In Europe, an estimated 1.5 to 2 million people suffer from acute or chronic wounds.
These types of skin injuries are typically managed in hospitals or community settings, such
as primary health centers or private homes with the assistance of visiting nurses. Wounds
present a pressing clinical challenge due to their significant impact on both patients and
the healthcare system. Patients experience a marked decrease in quality of life as a result of
the physical, cognitive, and social effects of skin injuries and their treatment [3]. Moreover,
skin injuries have a substantial impact on healthcare costs due to their high prevalence,
recurrence, and diversity [4]; the time invested by nurses and other healthcare professionals;
and the healthcare expenses incurred from frequent dressing changes and potential wound

Electronics 2024, 13, 2390. https://doi.org/10.3390/ electronics13122390

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics13122390
https://doi.org/10.3390/electronics13122390
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-6279-7455
https://orcid.org/0000-0003-2945-9803
https://orcid.org/0000-0002-0363-3327
https://orcid.org/0000-0002-7648-4502
https://orcid.org/0000-0003-1927-0476
https://doi.org/10.3390/electronics13122390
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13122390?type=check_update&version=2

Electronics 2024, 13, 2390

20f 18

complications [3]. Furthermore, influenced by factors such as population aging, diabetes,
obesity, and bacterial resistance to antibiotics (resulting in persistent infections), wounds
are expected to remain a significant clinical, social, and economic concern in the years

ahead [5].

1.1. Clinical Significance of Calculating the Area of Skin Lesions

Measurement of wound size is integral to managing individuals with skin lesions,
spanning from the initial assessment and classification of the wound to the selection of
therapeutic strategies and evaluation of wound progression [6]. According to Gethin, G.
and Nicholas, E. [7,8], skin injury measurement holds clinical significance in understanding
the healing status. Moreover, measuring the surface area of a skin lesion is recommended
in national and international clinical guidelines for wound care and management [9,10].

The framework for wound assessment in clinical practice is the “Wound Assessment
Triangle”, endorsed by the World Union of Wound Healing Societies [11]. This triangle
focuses on three aspects: the wound bed, the wound edge, and the perilesional skin, with
wound size measurement being a component of the wound bed assessment. Consequently,
wound size is among the parameters that should be documented during wound assessment,
whether utilizing the “Wound Assessment Triangle” framework or other validated wound
evolution assessment scales, such as the PUSH 3.0 (Pressure Ulcer Scale for Healing) or
the RESVECH 2.0 (Expected Results of the Assessment and Evolution of Chronic Wound
Healing Index 2.0) [12].

Therefore, achieving a standardized, accurate, and straightforward measurement of
wounds is crucial for the optimal management of individuals with this pathology.

1.2. Previous Work

To determine area measurement, some solutions are already available on the market.
Some of these are based on manual methodologies, such as Visitrak™ (Smith & Nephew,
Watford, UK), a tool that involves tracing the wound'’s outline on a transparent sheet to
obtain its measurement. This process is typically time-consuming, inconvenient for the
patient, and often less accurate.

Other methods utilize more advanced technologies, such as 3D imaging [13], found
in commercial products like SilhouetteMobile (Aranz Medical Ltd., Christchurch, New
Zealand), WoundZoom (WoundZoom, Inc., Stevens Point, WI, USA), InSight (eKare, Fairfax,
VA, USA), or WoundVue [14], which employs infrared technology. These solutions often
require external hardware that must be integrated, increasing their cost.

Additionally, several studies have evaluated the efficacy of some existing techniques
and products. Kuang B. et al. [15] used 150 images of diabetic foot ulcers to calculate the
area, depth, and volume with a mobile application called NDKare, comparing its accuracy
with Visitrak and WoundVue. NDKare demonstrated a very high correlation with the
other methods. Foltynski, P. et al. [16], compared the AreaMe software with Visitrak and
SilhouetteMobile in 108 wounds measured five times with each device. The results showed
that AreaMe was more accurate than Visitrak but less accurate than SilhouetteMobile.

Considering that time is also an important factor when measuring a wound, Mo-
hammed H.T. et al. [17] demonstrated that the response time in 91 patients and 115 wounds
using Swift Medical Inc., a mobile application for wound area measurement, was shorter
than with traditional methods.

Previous solutions have demonstrated area calculation using economically costly
tools or those requiring patient contact. This study introduces a cost-effective alternative,
validating area measurement using a calibration system with a biocompatible marker
suitable for clinical use and an AR system capable of measuring the area without patient
contact. By leveraging Apple’s ARKit [18], a cutting-edge tool in the field of AR, we provide
a powerful platform that enables the manipulation and adaptation of existing code to meet
specific functional requirements. Utilizing the sophisticated camera technology integrated
into iPhone and iPad devices, ARKit demonstrates its ability to detect and track various
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planes within the real physical environment. The technical foundation of ARKit lies in two
key features: the ability to position the camera in three-dimensional space and the detection
of horizontal and vertical planes on non-flat surfaces. To achieve this, ARKit employed a
technique known as inertial visual odometry (VIO). This technique was essentially a way to
track the device’s location in 3D space by combining motion sensor data with information
from camera-captured frames.

2. Materials and Methods
2.1. Study Design

The pre-marketing clinical research design was prospective, single-center, and non-
randomized, with a single arm of subjects. The objective of the clinical investigation was to
collect skin lesion area data by the clinicians to validate the performance and safety of the
developed research software by comparing the results obtained between four measurement
methods on a total of 65 subjects. The four measurement methods used were the traditional
Kundin method of calculation [19,20], digital planimetry with Adobe Photoshop [21], and
the developed research software with two different modalities.

2.1.1. Traditional Method

The Kundin method involved using a ruler or a similar measuring device to determine
the length and the width in centimeters of a wound at its longest and widest points,
respectively (Figure 1). The wound’s surface area was calculated by clinicians in square
centimeters and adjusted using Kundin’s constant (0.785) (Equation (1)).

Area = Width x Height x 0.785, (1)

0

-

Figure 1. Area measurement with a conventional ruler and Kundin's formula.

2.1.2. Digital Planimetry

Digital planimetry [22] involved capturing an image of the skin lesion and transferring
it to a computer. The outline of the skin lesion was traced on the screen by the clinician,
using a pointing device and referencing the image to accurately outline the contour. Then, a
computer program called Adobe Photoshop [21] was used to compute the number of pixels
within the skin lesion outline (Figure 2). To perform this technique, it was necessary to
(a) include in the captured image an external calibrator of known measurements, which
was located in the same plane as the skin lesion, to serve as a reference; (b) draw the
outline of the skin lesion and the external calibrator; (c) calculate the number of pixels
within the skin lesion; (d) calculate the number of pixels within the external calibrator; and
(e) calculate the area of the skin lesion using the known area of the external calibrator as
a reference.

This is an accurate and highly reliable method that does not require contact with
the skin lesion, and in this research, it was used as a gold standard for verifying the
results obtained with the research software. However, digital planimetry is not used in
conventional practice because it is more time-consuming than ruler measurement and other
traditional methods [22,23].



Electronics 2024, 13, 2390

40f18

Figure 2. Measuring the area of a skin lesion by digital planimetry with Adobe Photoshop.

2.1.3. Measurement Algorithm Solution

The proposed method for automatically calculating the wound area involved using a

software application that was utilized in combination with mobile computing platforms
(iPad and iPhone). Software algorithms allowed for the automatic measurement of the
wound area when a picture was taken with the mobile application [24].

The software supported two measurement methods. The first method (Figure 3)

required the use of an external calibrator consisting of a biocompatible plastic adhesive
with known dimensions. The methodology consisted of several steps:

Image Preprocessing: Initially, the image was converted from RGB to HSV color space.
A filter was applied to isolate a range of colors containing various shades of blue,
producing a mask with only the pixels within the specified range.

Contour Detection: All object contours within the mask were identified. Only those with
a square shape—meaning twice as long as wide, like our calibrator—were selected.
Shape Approximation: An artificial vision function was used to approximate all contours
to square shapes. For the marker, which had a fairly regular shape, the function searched
for the regular shapes that most closely matched the real contour by comparing the areas.
Shape Selection: If multiple square shapes were detected, the function retained the one
with the shape closest to a rectangle. This was determined by the smallest difference
between the object’s area after applying the function and the actual area initially
detected with the mask.

Calibrator Segmentation and Pixel Calculation: Using the previously detected and
approximated shapes, the calibrator was segmented. The number of pixels comprising
the calibrator was then calculated. This calibrator served as a scale in the image to
compare its proportions with those of the wound.

Wound Delineation: The outline of the skin lesion was traced on the screen by the
clinician, using a pointing device and referencing the image to accurately outline the
contour. Once the wound was manually delineated by the specialist, the number of
pixels comprising the wound bed was calculated.
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Figure 3. Placement of the adhesive calibrator (2D) and image capture for automatic calculation of
the area by the software.

The second method (Figure 4) did not require the use of any physical calibrator;
instead, it utilized AR as the calibration method through a specific application developed
with Apple technology and leveraging ARKit functionality.

In our research, we utilized this functionality to accurately project two virtual points
onto the scene captured by the camera. This projection allowed us to precisely calculate
the real distance in centimeters between these virtual points, providing crucial reference
markers for subsequent area calculation.

Subsequently, the application allowed the delineation of the wound contour to be
calculated, taking into account the reference points, which provided the actual calculation in
square centimeters (cm?). The reference points were identified in the image using computer
vision techniques similar to those used for detecting the adhesive calibrator. In this case,
the points were white and round, and since there were two dots of the same size in each
image, we searched for pairs of dots with identical sizes. Once identified, the shortest
distance between them was measured to establish a reference in equivalent pixels.
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Figure 4. Selection of two points using AR capabilities (3D) and image capture.

In both methods, wound segmentation was performed manually by having the clini-
cian draw the contour. To ensure measurement repeatability, it was necessary to account
for the variability in the clinician’s manual delineation across different images.

2.2. Patients

The target population consisted of adult patients (>=18 years old) with one or more skin
wounds meeting certain criteria: the wound had to be measurable with a 15-centimeter ruler
and had to be located in an area that was visible and not obscured. Additionally, it could
not have been a carcinoma or other skin lesion presenting malignancy, and it must not have
had excessive exudate that could obscure part of the lesion and its contour. The patient was
required to hold still for at least 10 seconds in order to take a picture of the lesion.

Patients were excluded if they were currently participating in another clinical investiga-
tion, pregnant, or breastfeeding. Additionally, those with medical, social, or psychological
conditions that could have limited the subject’s ability to participate in the research study
were also excluded.

The patients signed an informed consent form. Subsequently, patient screening was
performed to determine whether the subject was included or not included in the study.
Pictures were taken and no research follow-up was required for any of the patients in the
study (Figure 5).
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[ Potential subject comes for consulting ]
[ Obtaining the informed consent ]

T

[ Screening: Inclusion and exclusion criteria ]

Meets  ALL the
inclusion  criteria - No
and NON of the Exclusion
excusion criteria? !

Yes

Inelusion

Calculation of skin lesion area with ruler using
the Kundin method

[ Placement of the external calibrator ]

¥

[ Photographic images of the skin lesion ]

B

Calculation of the area of the skin lesion with
ML Software 2D and 3D

2

‘ Calculation of the area of the skin lesion with J

digital planimetry with Adobe Photoshop

Figure 5. Protocol of the study.

2.3. Sample Collection

The study required a single visit to the center by the subject. The visit consisted of
preparing the subject by placing him/her in a suitable and comfortable position, covering
the sensitive areas with a cloth, and cleaning the skin lesion with physiological saline
solution. The room was conditioned with adequate lighting. Since the position of the light
was a key factor in the quality of the image, in order to eliminate shadows in the area to be
photographed, the image was not taken under a direct light source. The flash was avoided,
and a frontal focus of the light was achieved.

Once the patient had given informed consent, a trained nurse measured the wound
area of patients using an application installed on two different iPhone models and an iPad,
resulting in three images: one taken with an iPhone (photo A), another with a different
iPhone (photo B), and the last with an iPad (photo C). This approach was used to assess
not only the agreement of the area measurement results with the software but also the
reproducibility and repeatability.

The procedure was as follows (Figure 6): first, the wound’s area was measured by
the researcher using a ruler and the Kundin method. Following, the researcher placed an
external calibrator in the same plane as the skin lesion on intact skin at a minimum distance
of 2 cm from the patient’s skin lesion and, prior to taking the photograph, the researcher
selected two reference points on the screen of the mobile device so that both the 2D and
3D versions of the software would have a reference for calculation. Then, three images of
the same wound were taken with the devices using the application, which automatically
calculated the area. The calculation of the area with the digital planimetry was performed
once the patient left the consultation room. The principal investigator loaded image A
of the patient’s wound into a computer and, using Adobe Photoshop, manually selected
both the adhesive caliper and the wound. The program calculated the pixels of each of the
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objects, and the principal investigator noted the results to make the subsequent calculation
of the wound area.

Different nurses, trained in the use of the software, participated in the study. They in-
dependently took the photos and performed the measurements on their respective patients
under the supervision of the principal investigator. Subsequently, the principal investigator
calculated the gold standard measurements for all samples using digital planimetry.

D S 6’&1\— - 0
A B CH E F

Figure 6. From left to right: (A) area measurement with Kundin method, (B) placement of adhesive
calibrator, (C) selection of two virtual points, (D) image capture with two iPhones and an iPad,
(E) delineation of the wound contour, (F) area measurement with digital planimetry.

2.4. Sample Size

The main parameter was the calculation of the skin lesion area, measured in square
centimeters. According to the study protocol, up to a maximum of 65 patients could have
been recruited. Additionally, the study allowed up to 3 skin lesions located in the same
patient, so the number of patients recruited was lower because in certain subjects, more
than one skin lesion was included. This sample size was calculated based on the primary
objective of the study, which was to compare the concordance of skin lesion area calculation
in patients in a standard hospital care setting, with two standard practice methods (ruler
measurement and digital planimetry), and calculation with the research software.

According to statistical rationale, a sample size of 55 subjects or evaluable skin lesions
was defined because a subject could have had more than one evaluable skin lesion; the
maximum is to measure 3 skin lesions per subject, with 3 methods of calculating area
per skin lesion with a power (1-8) of 90% to detect an intraclass correlation coefficient of
0.90 under the alternative hypothesis with a 95% confidence Interval when the intraclass
correlation coefficient under the null hypothesis is 0.8 using an F-test with an « significance
level of 0.05 [25]. Anticipating a 15% rate of non-assessable measurements (e.g., due to
patients with incomplete records), a sample size of 65 skin lesions was needed.

2.5. Statistics

All relevant statistical analyses were conducted on the variables collected in the study’s
e-CREF (Electronic Case Report Form) to fulfill the study objectives. Descriptive statistics
were utilized to summarize all the data collected, including mean, standard deviation,
median, quartiles, minimum, and maximum for continuous variables, as well as absolute
and relative frequencies for categorical variables. Valid and missing cases were accounted
for in each analysis.

Confidence intervals for the means were computed using the standard normal distri-
bution, while the binomial distribution was employed for proportions.

Data analysis was performed using the SAS statistical package (version 9.4 or higher),
with confidence intervals of the intraclass correlation coefficients calculated using R. The
statistical method employed for the primary objectives was the Intraclass Correlation
Coefficient (ICC), a widely accepted statistical measure for concordance studies involving
continuous variables [26].

The ICC has been extensively utilized in the literature for evaluating reliability, intra-
operator precision (repeatability), and inter-operator precision (reproducibility) of medical
devices [26-28]. Notably, it has been frequently employed in accuracy studies, particularly
in assessing the performance of skin lesion area calculation applications similar to the one
utilized in this study [22,29,30].
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Thus, the ICC was utilized to evaluate the agreement between different methods
of skin lesion area measurement, as well as the repeatability and reproducibility of the
application across different mobile devices in our research.

3. Results

In accordance with the statistical analysis plan, the unit of analysis was the skin lesion,
except for the analysis of usability and also for protocol deviations and reported device
deficiencies, where the unit of analysis was the investigator and the patient, respectively.
Three populations of analysis were considered:

¢  Eligible population: Lesions belonging to patients who have signed the informed
consent and meet the selection criteria.

¢ Evaluable population: Eligible lesions that have been measured by the three methods
of the study (Kundin, software research measurement, and digital planimetry).

e Population by protocol: Evaluable lesions belonging to patients without major protocol
deviations and who have not had deficiencies in the measurement devices. A product
deficiency is considered as any inadequacy in the identity, quality, durability, reliability,
safety, or efficacy of an investigational product, including its malfunction, errors in
use, or the inadequacy of the information provided by the manufacturer according to
MDR Regulation 2017 /745 [31].

The number of skin lesions measured during the study was 67 (Figure 7). Subsequently,
two skin lesions were withdrawn because they were neoplastic skin lesions and the fourth
lesion measured from a patient. Therefore, the total number of skin lesions measured,
excluding the subjects withdrawn from the study, was 65. The number of patients in whom
more than one skin lesion was measured was 17. Thus, the number of patients meeting the
eligibility criteria recruited was 41.

There was no follow-up period for patients within the clinical research. Considering
that the software application is not an implantable medical device, the risks were deemed
acceptable, and the investigator did not use the results of the software for the diagnosis or
management of the patients. The usual clinical practice treatment was sufficient for the care
of the subjects after the clinical investigation, and no specific medical care was required after
the skin lesion area measurement activities performed on the subjects. Subjects participating
in the study continued to be treated according to their pathology, in accordance with
standard clinical practice.

During the study monitoring visits, 21 minor deviations from the protocol were
detected. The corresponding forms were filled out with the reason for the deviation along
with corrective actions. No major deviations were reported throughout the study.

Seven device deficiencies were reported under investigation. All of them were related
to errors in the use of the device. The research team did not correctly follow the Instructions
for Use of the device in relation to the conditioning of the brightness in the room to avoid
the appearance of glare, shadows, or flashes in the photograph from which the software
must calculate the area of the skin lesion. In these cases, it was observed that the luminosity
of the photograph was low. As a consequence, the values obtained for the areas calculated
from the poorly illuminated photographs did not correspond to the real values and were
often 0.

The analysis of the evaluable population and the correct protocol population, which
excludes skin lesions associated with major protocol deviations and device deficiencies, was
performed. Considering the exclusion of the 7 lesions associated with device deficiencies,
the study includes a total of 58 skin lesions corresponding to 38 patients. Considering that
no major protocol deviations were reported, no skin lesions were excluded for this reason.
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; . Eligible Injuries (n = 67)
[ Potentially elegibles ] Eligible Subjects (n = 42)

Excluded lesions (n = 2)
- Lesion of neoplastic origin {n = 1)
- 4th lesion of a subject (n=1)

Excluded subjects (n= 1)
- Lesion of neoplastic origin (n = 1)

| - 4th lesion of a subject (n = 0)
Elegibles Evaluable Injuries (n = 65)
(Meet criteria) Evaluable Subjects (n = 41)

Excluded lesions (n = 0)
Excluded subjects {n = 0)

(Meet measurements) Evaluated Subjects (n = 41)

[ Analysis ]

Analysis of evaluables (ITT)
Injuries (n = 65)
Subjects (n = 41)
Analysis by correct protocol (PPC)
Injuries (n= 58)
o Excluded (n=7)
=  For deficiencies (n=7)
*  For major deviations (n=0)
Subjects (n = 38)
Excluded (n = 3)
=  For deficiencies (n = 3)
= For major deviations (n = 0]

[ Evaluable J Evaluated Injuries (n = 65)

Sub-study of researchers
Researchers (n = 5)

Figure 7. Flow of the resulting sample.

3.1. Demographic Results

The demographic data of the 41 patients included in this clinical study are summarized
in Table 1. The mean age of the patients was 78.39 years, ranging from 46 to 96 years. The
proportion of females and males was similar, 46.34% and 53.66%, respectively, totaling
19 females and 22 males. The average weight of the patients was 70.93 kg, ranging between
48 and 91 kg.

Regarding mobility, 41.46% of the patients had good mobility, while approximately
29.27% had reduced mobility, and another 29.27% had no mobility or were bedridden.
Most patients did not smoke or consume alcohol; only 14.63% (6/41 patients) smoked and
17.07% (7 /41 patients) consumed alcohol.

In terms of skin type, 92.68% of the patients had class III skin type, characterized as
darker white. 4.88% had skin type II, described as white skin with red or blond hair and
blue, hazel, or green eyes. Finally, 2.44% had skin type VI, characterized by dark brown or
black skin.
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Table 1. Descriptive table of the demographic data of the evaluable population.
Parameter Feature Patient
Average Standard Deviation (SD) 78.39 (+£11.65)
Age (years) Median [P25, P75] 81.00 [72.00, 85.00]
[Min, Max] [46.00, 96.00]
Sex Man 22 (53.66%)
Woman 19 (46.34%)
Good mobility 17 (41.46%)
Mobility Status Reduced mobility 12 (29.27%)
No mobility /bedridden 12 (29.27%)
Yes 6 (14.63%)
Smoker No 35 (85.37%)
. . Yes 7 (17.07%)
Alcohol consumption habit No 34 (82.93%)
I: Pale white skin; red or blond hair; 0
blue/green eyes; freckling
| ’ | o II: Pale white skin; red }?:Zk;llo;dgl;:;z 2;1:;, 2 (4.88%)
Skin type (Fitzpatrick Classification) III: Darker white; any eye or hair color 38 (92.68%)
IV: Light brown skin color 0
V: Brown skin color 0
VI: Dark brown or black skin color 1(2.44%)

3.2. Measurement Results

Below is a box plot illustrating the distributions of the area values obtained with each
method of the study (Figure 8). It can be observed that most of the calculated areas were
distributed within similar ranges. The interquartile ranges of the areas measured with the
Kundin method (KUNDIN) and with the software methods from photo C (EU3DFC and
EU2DFC) and photo B (EU3DFB and EU2DFB) were slightly larger than those obtained
with the software methods from photo A (EU3DFA and EU2DFA). Smaller interquartile
ranges were associated with area data calculated with digital planimetry (PLADIG).

The means obtained, represented by different color symbols in each box, ranged from
9.72 (EU2DFC) to 11.04 (EU3DFB) among all methods. On the other hand, the medians,
corresponding to the horizontal line within each box, ranged between 3.40 (KUNDIN)
and 4.76 (EU3DFB). The upper and lower horizontal lines extending the boxes represent
the maximum and minimum values that are within limits defined by +1.5 x P75 and
—1.5 x P25, respectively. Several methods had minimum values of 0 or close to 0. In the
case of software methods, this was due to device deficiencies associated with operating
errors resulting from low luminosity at the time of taking the photographs.
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Areas according to different measurement methods

Values in cm®

B KUNDIN EU3DFA W EU2DFA EU3DFB
B EUZDFB EU3DFC EUZDFC W PLADIG

* Area value has been clipped to range [0-20]

Figure 8. Box plot showing the area values (cm?) obtained with the different study methods in the
evaluable population. For research software, the area values obtained from the different photographs
of the skin lesions are also included. The outliers are represented as geometric shapes outside the
boxes. The mean is represented as a solid line inside the box.

3.3. Concordance Analysis

The Intraclass Correlation Coefficient (ICC) obtained when assessing the agreement
between the methods used to calculate the area of skin lesions in the study is presented in
Table 2. According to the protocol, the values of the skin lesion areas were calculated from
the same photograph (photo A), corresponding to the first photograph of the lesion taken
with the study’s iPhone.

The ICC obtained between the software 2D method and the digital planimetry refer-
ence method was 0.997, indicating a high degree of agreement. Similarly, the agreement
between the software 3D method and digital planimetry was also very high, with an ICC of
0.990. It is noteworthy that the two modes of operation of the software under investigation
showed a high degree of agreement, obtaining an ICC of 0.998.

Furthermore, the Kundin method by itself was associated with limitations such as
overestimation of the area or lower accuracy for irregular surfaces. Therefore, the agreement
between digital planimetry and the Kundin method was also calculated, resulting in an
ICC of 0.875. Considering this, it was observed that the agreement between the software
3D and 2D methods and the Kundin method is reflected by ICC values of 0.900 and 0.893,
respectively. Once again, it was noted that the agreement between the software 2D and 3D
methods and the Kundin method was high.

Table 2. Intraclass correlation coefficients between the different area calculation methods used in the
study for the evaluable population. Total of lesions (N): 58.

Parameter Concordance between Methods ICC *! (1C95% *2)

3D software method iPhone A photo vs. Planimetry 0.990 (0.965, 0.996)

2D software method iPhone A photo vs. Planimetry 0.997 (0.990, 0.999)

3D software method iPhone A photo vs. Kundin Method 0.900 (0.836, 0.939)

2D software method iPhone A photo vs. Kundin Method 0.893 (0.826, 0.935)

3D software method iPhone A photo vs. 2D S(?ftware method 0.998 (0.993, 0.999)
iPhone A photo

Digital Planimetry vs. Kundin Method 0.875 (0.798, 0.924)

*I Intraclass Correlation Coefficient: The closer to 1, the greater the degree of agreement. *2 A 95% confidence
interval of the ICC indicates that there is a 95% chance that the true ICC value lies anywhere between the lower
and upper limit.
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Differences (M1-M2)

In addition, an analysis of the difference between the measurements was performed
using Bland—-Altman plots [32]. This graph provides a visual representation of the difference
between two measurements on the y-axis and the average of the two measurements on the
x-axis. Bland-Altman plots (Figure 9) include the mean difference (red solid line), limits of
agreement (red dotted lines) with an approximate 95% CI of the limits of agreement, and
the maximum tolerated difference (green dotted lines).

Between photo A measurements from software methods and digital planimetry mea-
surements (Figure 9), the software methods tended to yield slightly higher average mea-
surements of the area of the same lesion (solid red line above the solid blue line), and
the larger the lesions to be measured, the slightly higher the software measurements over
digital planimetry (linear increasing pattern of the point cloud).

aa-w

Differences (M1-M2)

Méans (M1 +M2)/2)

a0 60 0 0 40 a0

Means (M1 + M2) /2)

M1: software (2D) photo A; M2: Digital planimetry MI1: software (3D) photo A; M2: Digital planimetry

Figure 9. Bland—Altman plots between software 2D method in photo A and digital planimetry (left)
and between software 3D method in photo A and digital planimetry (right). It includes the mean
difference (red solid line), limits of agreement (red dotted lines) with an approximate 95% CI of the
limits of agreement, and the maximum tolerated difference (green dotted lines).

Between photo A measurements from software methods and Kundin’s method
(Figure 10), both methods provided similar average area measurements (overlapping
solid red and blue lines); although, as the lesion area increased, the differences increased

randomly for both methods (the point cloud became similarly distributed above and
below zero).

Differences (M1-M2)

o 20

Means (M1 +M2) /2) Means (M1 +M2)/2)
M1: software (2D) photo A; M2: Kundin

-1IEI &0 u::l UI :IIJ I.U rIEl
MI1: software (3D) photo A; M2: Kundin

Figure 10. Bland—Altman plots between software 2D method in photo A and Kundin’s method (left),
and between software 3D method in photo A and Kundin’s method (right). It includes the mean
difference (red solid line), limits of agreement (red dotted lines) with an approximate 95% CI of the
limits of agreement, and the maximum tolerated difference (green dotted lines).
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Differences (M1-M2)

Between digital planimetry and Kundin, both methods provided similar average area
measurements (overlapping solid red and blue lines); although, as the lesion area increased,
the differences increased randomly for both methods (the point cloud became similarly
distributed above and below zero). Finally, between 3D software photo A measurements
and 2D software photo A measurements, both methods offered similar average area mea-
surements (very close solid red and blue lines), with larger measurements in larger lesions
(increasing and linear pattern) (Figure 11). In this case, the linear slope indicated the pres-
ence of a proportional bias, suggesting that the methods did not agree consistently across
the range of measurements in most cases. The two outliers would disprove the hypothesis
of a proportional constant error, which could be caused by issues such as a calibration error
in a method or a problem with certain constants in an equation when calculating the final
results. This increasing linear trend was also slightly noticeable in the plot comparing 3D
measurement and digital planimetry (Figure 9).
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MI1: software (3D) photo A; M2: software (2D) photo A

Figure 11. Bland-Altman plots between digital planimetry and Kundin’s method (left) and between
software 3D method in photo A and software 2D method in photo A (right). It includes the mean
difference (red solid line), limits of agreement (red dotted lines) with an approximate 95% CI of the
limits of agreement, and the maximum tolerated difference (green dotted lines).

3.4. Repeatability Analysis

The intra-operator accuracy and repeatability of the area values calculated with the
research software from consecutive photographs A and B, taken with the study iPhone,
were evaluated. Table 3 presents the obtained results, showing an ICC of 0.996 for the
areas calculated with the 3D method of the research software. This indicated a high level of
intra-operator repeatability for the 3D method. Similarly, the area values calculated with
the 2D method exhibit an ICC of 0.996, signifying an even higher degree of intra-operator
repeatability. These findings suggested that both the 3D and 2D methods consistently
provide accurate skin lesion area values when calculated from photographs captured by
the same mobile device and user at consecutive time points. Thus, the repeatability of both
the 3D and 2D research software methods has been demonstrated.

Table 3. Intraclass correlation coefficients obtained to evaluate the repeatability of research software
in the evaluable population. Total of lesions (N): 58.

Repeatability with Research Software ICC

Parameter (1C95%)

3D software method iPhone photograph A vs.
3D software method iPhone photo B 0.996 (0.993, 0.97)
2D software method iPhone photograph A vs. 0.996 (0.993, 0.997)

2D software method iPhone photo B
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3.5. Reproducibility Analysis

To investigate the inter-device accuracy and reproducibility of the area values cal-
culated with the research software, photographs A taken with the study iPhone and
photograph C taken with the iPad were evaluated. Table 4 illustrates the obtained results,
indicating an ICC of 0.980 between the areas calculated from photographs A (iPhone) and
C (iPad) using both the 3D and 2D software methods. These findings demonstrated a very
high degree of inter-device reproducibility for both modes of operation of the software.
Thus, it is observed that the 3D and 2D methods consistently provide accurate skin lesion
area values regardless of the mobile device used for photography, whether they are de-
rived from photographs taken by an iPhone or an iPad. Consequently, the inter-device
reproducibility of the research software’s 3D and 2D methods has been established.

Table 4. Intraclass correlation coefficients obtained to evaluate the reproducibility of research software
using two different mobile devices: iPhone and iPad in the evaluable population. Total of lesions
(N): 58.

Reproducibility between Devices ICC

Parameter (IC95%)

3D software method iPhone photograph A vs.
3D software method iPad photo C
2D software method iPhone photograph A vs.
2D software method iPad photo C

0.980 (0.967, 0.988)

0.980 (0.967, 0.988)

4. Discussion

As observed in the literature, measuring the area of a wound is a crucial parameter
for monitoring wound healing progress [6-10]. Currently, new technologies and mobile
applications have simplified wound monitoring through image recording. Traditional
measurement methods, such as using a ruler, are functional due to their low cost and avail-
ability in any hospital. However, these methods are often inaccurate and time-consuming.
An optimized approach leverages technology to automatically calculate wound area during
imaging for follow-up.

In this study, we proposed two methods for calculating wound area: a 2D method
utilizing an adhesive calibrator, which the clinician places near the wound without contact,
followed by image capture, and a 3D method employing AR technology, allowing the
clinician to capture an image and select two reference points on the mobile device screen
without patient contact. Both methods are integrated into a single application functional
on iOS devices.

The clinical study demonstrated the accuracy, repeatability, and reproducibility of the
2D and 3D methods for area measurement, compared to the traditional Kundin and digital
planimetry methods.

Box plot analysis revealed consistent distributions of area values across different
methods. The correlation indices were higher when comparing the 2D and 3D methods with
digital planimetry (ICC = 0.997 for 2D and ICC = 0.990 for 3D) than with the Kundin method
(ICC =0.893 in 2D and ICC = 0.900 in 3D). Consistent with previous research emphasizing
the accuracy of digital planimetry in wound measurement [33], our developed 2D and 3D
methods show higher reliability in wound area calculation than traditional methods.

Bland—Altman plots confirmed the correlation between both methods and digital
planimetry and Kundin, although slight proportional biases were observed in measure-
ments, particularly for larger lesions.

Repeatability analysis demonstrated high correlation for the 2D and 3D methods
(ICC = 0.996 for both), indicating consistent performance in consecutive photographs using
the same method.

Reproducibility analysis confirmed the high accuracy and inter-device reproducibility
of the two software methods, with ICC values indicating strong agreement between mea-



Electronics 2024, 13, 2390

16 of 18

surements made with different devices (ICC = 0.980 for both methods comparing photo A
with photo C).

Comparative analysis with other market-available methods indicated a higher corre-
lation index with the gold standard in our study. For instance, NDKare, when compared
with Visitrak and WoundVue, achieved a maximum ICC of 0.991 [15], which is lower
than the ICC between our 2D method and digital planimetry. However, the ICC values
between our 2D method and Kundin were lower, while the 3D method demonstrated
higher ICC values compared to Kundin (ICC = 0.998). In another study comparing AreaMe
and SilhouetteMobile with Visitrak, box plot analysis showed that the distribution ranges
of the AreaMe and SilhouetteMobile methods were more distant from traditional methods
compared to our study’s software methods versus digital planimetry and Kundin [16].

Therefore, it could be stated that our study provided a solid validation of a novel tool
that provides two ways to measure wound area with high accuracy, whereas other studies
only present one method with one particular technology. Furthermore, comparisons with
the results of other studies underlined the reliability and performance of the methods in
our study, which places them as valuable tools for wound assessment and monitoring in
clinical practice.

However, as a point to improve, the methods developed in our study are functional
and tested only on iOS devices. In future developments, it is intended to deploy and test it
on Android devices.

5. Conclusions

The conducted pre-market clinical investigation validated the performance, safety, and
usability of the ML method as an effective tool for measuring skin lesions. These findings
underscore the potential of the software to enhance clinical practice by providing accurate
and efficient measurement of skin lesions.

Overall, the software-based methods for calculating skin lesion area proved to be
accurate, reliable, and safe for clinical use, suggesting their potential to enhance patient
care and clinical decision-making in skin lesion management.
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