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Abstract

Objective

Accurate determination of wound size and healing supports decision making regarding
treatment and is essential to successful outcomes. The aim of this study was to develop a
generalizable and accurate method for automatically analyzing wound images captured in

clinical practice and extracting key wound characteristics such as surface area measurement.

Methods

We employed image processing techniques to create a robust algorithm for segmenting pressure
ulcers/injuries from digital images captured by nurses during clinical practice. The algorithm
also measured the real-world wound surface area. We utilized the Hue-Saturation-Value color
space to analyze red color values and to detect and segment the wound region within the entire
image. To assess the accuracy of the algorithm's wound segmentation, we compared the results

against wound image annotations.
Results

The algorithm performed impressively, achieving an Intersection over Union score of up to
0.85 and 100% intersection with the annotations. The algorithm effectively analyzed wound
images obtained during clinical practice and accurately extracted the surface area of the
documented pressure ulcers/injuries. These results suggest the feasibility and applicability of

our methodology.

Conclusions

Our innovative approach for visual assessment of chronic wounds highlights the potential of
computerized wound analysis in clinical practice. By leveraging advanced computational
techniques, healthcare providers can gain valuable insights into wound progression, enabling

more accurate assessments to support their decision making.

Keywords: Artificial intelligence, Chronic wounds, Image processing, Pressure ulcer/injury
prevention., Visual assessment, Wound evaluation.
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Introduction

Chronic wounds, such as pressure ulcers/injuries (PUs/PIs), venous leg ulcers and diabetes-
related foot ulcers are wounds that fail to progress through an orderly and timely reparation,
often due to a stall in the inflammatory phase of healing.! Such wounds affect the health and
quality of life of 1-2% of the population worldwide.* Approximately 6.7 million people in the
US are affected at an annual cost of 20$ billion, and the amount of cases is expected to grow

more than 2%, according to the Mission Regional Medical Center.*>

Focusing on PUs/PlIs, initial cell and tissue damage is escalated by inflammatory edema which
raises the interstitial tissue pressures in tissue regions sandwiched between rigid skeletal
structures and a support surface (or a medical device), thus progressively worsening the state
of cell deformations and lowering the available vascular supply and lymphatic function.” When
edema, characterized by tissue swelling and inflammation, persists longer than usual (as in an
acute wound), this might indicate that the wound has transitioned into a chronic state.’
Therefore, the detection and consistent documentation of edema or visible redness in the
affected area and the surrounding tissue over time is an important indicator for assessing the

development and status of chronic wounds.*®

A key feature of chronic wound evaluation is tracking the progress of the wound toward
healing.’ To do so, tracking the changes in wound surface area over time and calculating healing

8 and

rate is essential.” According to the Guidelines for the Treatment of Diabetic Ulcers
Pressure Ulcers,'? the wound should undergo an ongoing assessment to evaluate wound healing
and to determine whether the treatment is optimal. As evidenced in previously published
studies and as pointed out by the aforementioned guideline, percent change in ulcer area over
four weeks of treatment is a good indicator of the effectiveness of the therapy and the healing
potential of the wound.®!%!2 The presence of infection and biofilm is known to delay healing
and there is emerging evidence that slough may be a biomarker for the healing potential'?

Nonetheless, an accurate, consistent measurement of the wound surface area over time is a

critical component of evaluation of wound status.

The traditional assessment of wound surface area is accomplished by manual measurement of
the wound width and length using a simple tape measure or by taking an acetate tracing of the

wound perimeter and tissue types within.® Although these measurements can be performed
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rapidly, they are subject to inaccuracies and measuring errors, especially in the case of irregular

shaped wounds.'#!®

An emerging methodology for improving wound care is the implementation of computerized
machine learning algorithms to support the diagnosis of acute and chronic wounds. Adopting
artificial intelligence (AI) technologies has the potential to enable nurses and other healthcare
professionals to deliver advanced and improved wound assessment to their patients and allocate

their time more efficiently.

Most of the previously published methodologies regarding the implementation of Al in wound
care were applied on datasets acquired under controlled laboratory conditions or by a research
group.'? In practice, healthcare providers struggle to systematically collect such image data 2°
and most of these methodologies do not apply or do not perform adequately when implemented

in real-world conditions.?'

The goal of this research was to establish feasibility for developing a generalizable, robust,
sufficiently accurate methodology implemented in software to detect and segment chronic
wounds from images captured by nurses in a clinical setting, by utilizing red color values as
indicators of edema. Furthermore, we sought to automatically extract the wound surface area
measurement from the segmented images, facilitating faster calculation. The role of Al in our
current work was to develop a robust, generalizable method for automatically analyzing and
extracting key wound characteristics, in particular surface area measurements, from wound
images captured routinely in clinical practice, using common smartphones or tablets, based on
advanced image processing techniques and a computational algorithm. The method described
here improves the efficiency of chronic wound assessments without requiring any special
hardware, i.e., dedicated, commercial wound assessment cameras (which are typically costly
and necessitate maintenance, potential repairs and technical support). An important
contribution of this study is therefore in increasing the accessibility to advanced wound care
technology for healthcare professionals, including those who work in remote settings,

supporting them in making informed clinical decisions.
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Methods

The wound images used in this project arose from aged care residents who had PIs and who
were participants of the current research project. The project involved the nurses who usually
cared for residents taking wound images at weekly intervals. This occurred within a feasibility
study and a pilot RCT, which evaluated remote expert wound nurse consultations for PI
management. Ethics approval to conduct the project, and this study specifically, was obtained
from the Office of Research Ethics and Integrity of the [[REDACTED FOR PEER REVIEW]]
(Reference Number: 2021-22205-22028-3).

Nurses were trained to take quality wound images according to an imaging protocol which was
developed by the research team to meet local requirements as detailed in Appendix Al (and
depicted in Figure 1). The protocol reinforced key messages regarding focus, lighting, angle
of the camera with respect to the wound surface, distance of the camera from the wound as
well as privacy and confidentiality requirements. Images included a green dot sticker (placed
next to the wound by the nurses) serving as a known dimensional scale reference.! This was

the only part of the imaging process that was not usual practice.

All images were taken by the nurses who provided the wound treatment. Images were taken
with either a digital camera, iPad, or other mobile computing device. A subset of 22 images
was selected from the database by the research group to form a representative image group for
segmentation evaluation. The selected images underwent manual annotation by an advanced
practice wound nurse who worked on the project, was experienced in wound imaging and
measurement, and who had consulted with the treating nurses and participants regarding their
PU/PI management. The annotator marked the location and perimeter of the wound (or areas
of the wound) in each image. A senior clinical expert in wound care (author SK) conducted a
cross-check of all image annotations to confirm the accuracy and quality of the annotations.
Annotating wound edges is a commonly employed process in clinical settings, for example,

using a tracing sheet printed with 1 cm grid lines®*. With this approach, a clinician can

! The green dot sticker serves as a known scale reference to facilitate accurate measurement of the surface area of
examined wounds. By placing the sticker next to the wound, it provides a consistent size reference for the camera
of the smartphone or tablet, enabling the conversion from image scale (pixels) to real-world scale (centimetres)
during the image analysis process. Using either a physical item (such as stickers) or projected laser light dots to
dimensionally scale measurements in a wound image processing is usual practice (of note, the objective here was
to use common smartphones or tablets which do not project laser). In principle, it does not matter what the specific
object is as long as it has a known size, be that a ruler with measurements noted or a circle with a known diameter.

-4.-
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(manually) quickly sum the 1 cm grid boxes to evaluate the surface area of the examined
wound. Inter- and intra-rater reliability of wound annotations are known to be high among
expert clinicians and the accuracy of annotations is greater for relatively large wounds®’; both
of these conditions were met in our study and we therefore expect any discrepancy in
annotation to have been minimized. All images were securely transferred to the research team
for use in the study. We excluded exceptionally poor images judged to be useless in clinical

practice and we would select not to use them for evaluation in usual care.

Patient characteristics and the image database

Participant information was provided with the images, specifically the participants age, gender,
ethnicity, skin tone (Fitzpatrick Scale), 2° PI stage in accordance to the Pressure Injury Staging
System of the National Pressure Injury Advisory Panel (NPIAP),?” anatomical location and PI
start date.

Image processing and data analysis

Due to a wide range of factors affecting image quality (such as acquisition conditions, distance
from the target, and other parameters) initial processing steps were applied to all images to
create a more consistent and uniform image database. Firstly, the image size was adjusted to
240x240 pixels to ensure consistency and optimize disk memory usage. Secondly, glare was
eliminated from the images using an inpainting technique, where the value of the glared pixels
was replaced with the value of their neighboring pixels.?® This feature was applied only locally
and to small numbers of pixels (with respect to the wound image sizes of 240%240= 57600
pixels) that were genuinely affected by high-intensity glare, and the results were visually
reviewed and verified by experienced practitioners as per relevant guidelines and practice of
medical image processing? 2. Thirdly, image contrast was improved by stretching the
intensity range through the application of Histogram Equalization, which was used while
carefully avoiding bias towards specific hues associated with the wounds.*®> Finally, noise
reduction was performed using a Gaussian blur filter, without compromising the segmentation
accuracy.>* These additional preprocessing steps were again carefully supervised by the clinical

experts in our team to eliminate any potential artificial skewing of the wound image data.
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To further analyze and extract relevant features and measurements of the Pls, each image
underwent a segmentation process to isolate the wound pixels from the rest of the image. This
segmentation process, illustrated in Figure 2 and described in detail in Appendix A2, follows

a classic approach of using image processing methodologies.

The next step, after segmenting the wound out of the entire image, is to extract meaningful
real-world characteristics and measurements of the wounds out of the given images. To extract
the real-world ulcer surface area from the image, a wound size in pixels was calculated by
summing the number of pixels representing the wound location in a binary mask generated in
the wound segmentation algorithm. After obtaining the wound size in pixels, a conversion from
image scale (pixels) to real-world scale (centimeters) was performed. By localizing and
segmenting the sticker pixels captured in the image, using a similar method as the
aforementioned wound segmentation but with thresholding based on green hue values instead
of red, the sticker size in pixels was determined. Assuming a round shape for the sticker, the
contour detection algorithm was applied using a built-in OpenCV function to pinpoint its
location and calculate its size in pixels.®> With the sticker size in pixels determined, it
functioned as the scaling factor for converting between the image scale in pixels and the real-
world scale in centimeters. This conversion enabled the calculation of the real-world wound

surface area in centimeters, using the following equation:

wound sizegy, = sticker sizegy, * (Wound Sizeymage/sticker sizeimage) Eq. 1

Where wound sizegy, represents the real-world wound size in centimeters, sticker sizegy,
represents the real-world sticker size in centimeters, wound size;p 4 and sticker sizejpage

are the wound and sticker size in pixels, respectively.

Accuracy evaluations of the wound segmentation algorithm

After obtaining the wound segmentation and the calculation of the real-world wound surface
area out of the digital images, it was necessary to authenticate and evaluate the accuracy of the
resulting measurements in comparison to the actual wound segmentation and size determined
by the nurses. The manual annotations, indicated by blue line markings, were segmented by
detecting pixels with high blue HSV values through thresholding. Subsequently, the Canny

edge detection algorithm was employed using a built-in OpenCV function.*® To ensure the
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closure of any gaps in the edges, a morphological dilation operation was applied with a 5x5
elliptic kernel. The contours of the closed edges were then detected using OpenCV's contour
detection method. Finally, morphological erosion with a 5x5 elliptic kernel was utilized to
remove noise, resulting in the final wound segmentation based on the blue' annotations, defined
as the ‘ground-truth’ wound segmentation determined by the healthcare professionals. The
ground-truth wound surface area was also calculated from the annotated images to evaluate the
accuracy of the automatic wound surface area calculation, as generated by the suggested
method. The ground-truth value of the wound surface area was calculated using Eq. 1, using

the sticker segmentation as the scaling reference.

The evaluation of the proposed segmentation method involved comparing the segmentation
generated by the suggested method with the ground-truth segmentation. To assess the similarity
between the two, the Intersection over Union (IoU) score was employed. The IoU score is a
widely used metric for evaluating segmentation tasks,>’ and it was calculated using the

following equation:

_|AnB|

JoU = ——
Y = 1aUB|

Eq. 2
where A N B is the intersecting area of the shapes A and B, and |A U B| is the area of the union
of the shapes A and B.

The generated segmentation was also evaluated by calculating the percentage of intersection
of it with the ground-truth wound segmentation to measure the degree of overlap between the
two segmentations and to examine the ability of the suggested method to correctly detect the

wound location in the entire image.

Results

Patient characteristics and the wound image database

A total of 45 patients were recruited for this research, where 35 of them were females. The
patients were aged between 67-98 years and stages 1-3 (including erythema for stage 1),
suspected deep tissue injury and unstageable PIs were in the dataset. Skin tone varied between
Fitzpatrick Scale 1-5 and the PIs were in three main anatomical areas — bottoms (n=24),

heels/ankles (n=15) and toes (n=6).
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In total, 221 PI images were received for use in the study. The number of images per patient
ranged from 1 to 13 (average 4.8). Certain images were excluded from the database due to their
poor quality, expressed by blurring, poor image contrast and brightness, bad imaging angle or
distance from the target, as well as images in which the green sticker was not captured. In total,

214 images were included in the analysis.

Image processing and data analysis

An example of wound segmentation based on the reported method, as applied on an image of
a 98-year-old female patient with PI in the sacrum area, is presented in Figure 3. The original
image underwent preprocessing to scale the image size, remove glare and noise and to improve
image contrast. Then the hue values of the preprocessed image were extracted after converting
the RGB image to HSV scale. The thresholding process resulted in a binary mask, where pixels
with hue values within the desired range obtain the value of 1, otherwise 0. Subsequently, the
resulting binary mask underwent noise reduction and once the final mask was obtained, it was
multiplied with the preprocessed image to create a focused segmentation of the wound out of

the entire image.

Accuracy evaluations of the wound segmentation algorithm

The blue annotations were successfully detected and segmented out from the entire annotated
images based on the method mentioned in section 2.3 and were further determined as the
ground-truth wound segmentations. Figure 4 showcases both the manual wound annotations,
indicated by blue markings, and the corresponding successful segmentations derived from

these annotations for three different patients with PIs in the sacrum area.

A comparison between the ground-truth wound segmentation and the generated segmentation
based on the proposed methodology is illustrated in Figure 5. The ground-truth segmentation
is presented alongside the generated segmentation over time of a 98-year-old with a stage 2 PI
in the sacral area, as of the first documentation of the PI (baseline) and 0-3 weeks afterwards.
The 10U score and the intersection percentage of the corresponding segmentations are
displayed above each comparison at each time point. In addition, the blue and gray bars
represent the wound size in real-world scale (centimeters) as calculated from the ground-truth

and the generated wound segmentations respectively.
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The proposed segmentation method accurately identified the wound location in all but one of
the annotated images (21 of 22). The one failure occurred where the acquisition process did not
adhere to the provided guideline. In this instance, the background of the image was not blank

and another object in the background was mistakenly detected as a wound.

The minimum, maximum and average values of the intersection percentages and the IoU scores

between the generated and the ground-truth segmentations are presented in Table 1.

Table 1 - Minimum, maximum and average values of the intersections in percentages and the IoU scores
calculated based on the ground-truth and the generated segmentations (21 images)

Minimum Maximum Average
Intersection 61.9% 100% 93.9%
IoU score 0.01 0.85 0.34

The high intersection percentages demonstrate that the proposed segmentation succeeded in
accurately identifying and segmenting the wound in the images. The calculated IoU scores
between the generated and annotated segmentations varied across a wide range of 0.01 to 0.85,
where lower scores were observed for very small wounds, while higher scores were obtained
for larger wounds. This trend can be attributed to the relative nature of the IoU score. As the
size of the wound decreases, any discrepancy or error has a relatively larger impact. For
example, an error of 20 pixels in a 50-pixel wound corresponds to a 40% error in terms of

percentage, but the absolute error size remains small in relation to the real-world scale.

Discussion

We employed image processing techniques and created an innovative and robust algorithm for
segmenting PIs from digital images captured by nurses in clinical practice and extracting the
wound surface area in real-world scale. The HSV color space was utilized to analyze the red
color values within the image, allowing for the unsupervised detection and segmentation of the
wound region from the entire image. To assess the accuracy of the generated wound

segmentation, a comparison was made against the ground-truth segmentation.

The proposed methodology, as depicted in Figure 3, effectively identifies the wound location
in the entire image using established image processing techniques based on HSV color space.

By adopting a classic approach to image processing methodologies, the algorithm has the

-9.-
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potential to be implemented in healthcare facilities without the need for complex systems or,

we believe, extensive staff training. This may ensure the practicality and usability of the

methodology in real-world conditions during the health care providers’ day-to-day work.

Furthermore, as illustrated in Figure 5 and detailed in Table 1, the algorithm-generated wound
segmentation exhibits significant intersection percentages with the ground-truth segmentation.
This result highlights the algorithm's accuracy in correctly identifying the wound location
within the image, further underscoring the potential for the usefulness of this approach in
clinical settings. The development of the current algorithm based on real-world images
collected by nurses in a healthcare facility reinforces the potential value of it in real-life
scenarios, in contrast to previously published methods which utilized images collected by the

research group and/or under controlled laboratory conditions.***

In addition, the suggested methodology incorporates the surrounding area of the PIs in the
segmented wound region which led to a big union area reducing the loU score. This inclusion
aligns with the significance placed on analyzing the surrounding area in the context of wound
treatment decision-making as outlined in the Guidelines for the Treatment of Diabetic Ulcers.®
By segmenting not only the actual wound but also the surrounding area, valuable insights can
be gained to help inform treatment decisions. This comprehensive segmentation approach has
the potential to contribute meaningfully to the future treatment strategies employed for the

wound and for the vulnerable area around it.

According to the Guidelines for the Treatment of Diabetic Ulcers 8 and Pressure Ulcers,'”
wound surface area change is a good indicator for the effectiveness of the current treatment
and the healing potential of the wound. Presently, healthcare providers may rely on manual
measurements, an approach which is prone to errors due to measurement inaccuracies and
deceiving assumptions about irregular wound shapes and sizes. By introducing an automated
method for wound size calculations based on digital images captured by healthcare providers
during their daily routine and as previously demonstrated by the published work of Yang and
colleagues,*® the accuracy of wound measurements can be substantially improved. The
proposed method has demonstrated satisfactory accuracy scores in calculating wound surface

area, demonstrated in Figure 5. Once the proposed method is shown to be feasible and accurate

-10-
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in a larger study with a larger image dataset, the method may be a valuable tool for wound

measurement.

Previously, Yang and colleagues proposed a wound surface area calculation technique based
on digital photography and assessed its error rate in comparison to the conventional manual
measurement using a tape.*® The Yang et al. segmentation method, along with other reported

47-30 employed the snake algorithm,’! which necessitates

approaches published in the literature,
an initial rough marking of wound boundaries before its application in order to obtain the most
accurate wound segmentation in the images. These studies, along with numerous other

segmentation strategies detailed in the literature,!*->°

predominantly utilize supervised or semi-
supervised machine learning AI models (e.g., neural networks) and image processing
techniques that require preliminary wound annotation to attain satisfactory accuracy. In
contrast, our current innovative method for wound segmentation, based on the hue values of
the image, stands out for its annotation-free operation. This direct segmentation approach
obviates the necessity for implementing large, memory-intensive pre-trained models that

demand intricate code files, thereby enhancing its applicability in clinical settings.

Limitations

The research was constrained by a small image dataset, which may have limited the
generalizability of the algorithm's performance. A larger and more diverse dataset would have
provided a broader range of wound characteristics and improved the algorithm's robustness.
The high variance in image quality posed a challenge to accurately analyze and process the
images. The quality of the images (including factors such as lighting conditions, resolution,
and focus) significantly influenced the algorithm's performance. In certain cases,
inconsistencies in image quality introduced inaccurate detection and segmentation results by
the suggested algorithm. Consequently, to mitigate the impact of poor-quality images, a
decision was made to exclude them from the dataset, which further reduced the size of the
dataset and limited the overall sample size available for analysis. It is important to note that the
exclusion of poor-quality images was necessary to maintain the reliability and integrity of the
dataset, but it also introduced a potential source of bias and reduced the dataset's

representativeness.

-11 -
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Conclusions

Implications for practice

The proposed methodology for wound segmentation (utilizing digital images captured by
healthcare providers in clinical settings) represents an innovative approach due to its potential
feasibility and applicability in real-life scenarios. As the use of digital imaging for wound
documentation purposes becomes increasingly mainstream, implementation of a fully
automated methodology for calculating a wound surface area and/or extracting any other
relevant features from the acquired digital images holds the potential to support decision-

making processes concerning future treatment and the healing potential of the wound.

Recommendations for future research

Further research should address the constraints associated with the small image dataset and the
high variance in image quality. A larger and more diverse dataset would enable the algorithm
to learn from a broader range of wound characteristics, enhancing its applicability in clinical
practice. Furthermore, given that it is not feasible to exert control over the image quality
captured by healthcare providers, it is imperative to focus on improving the suggested method
by means of extracting meaningful wound characteristics even when the image quality is
suboptimal. This will require improving the algorithm's robustness to accommodate a wide
range of imaging conditions. By enhancing the algorithm's adaptability and performance under
challenging imaging conditions, a more reliable and practical tool can be developed for

accurate wound assessment under clinical settings.

We believe that, in the near future, the suggested computerized method for automatic extraction
of wound features can be implemented for telehealth purposes, utilizing smartphones and
tablets for data collection and connectivity. In such approaches, the computerized algorithm
provides immediate automated advice to the local healthcare professional, while the medical
information of the patient can also be transferred via cloud computing to a remote human expert
who can further guide the local clinician. In this way, the system acts as a supportive tool,
complementing the clinical judgments of both the local healthcare professional and the remote

clinician.
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Appendix Al

Image acquisition protocol

The process below applies to the collection of the PU/PI images in this project. The process

h

as been informed by published recommendations for wound imaging> %,

Al.1 Preparation

1.

Access a facility owned and operated smartphone, tablet or digital camera and a clean green
dot sticker.

Position the participant so that comfort and safety are assured, lighting is optimal, and so
that you can easily take the image at a perpendicular angle to the PU/PI.

3. Write the study Participant ID number and date on the green dot sticker.

Place the green dot sticker near the PU/PI.

Check that identifiable features of the participant, other people and items in the
environment will not be included in the image of the PU/PI.

Check that the flash of the smartphone or tablet camera is enabled. If using a digital camera,
select the auto-focus setting unless you are confident focussing the camera manually.

A1.2 Acquisition of the wound images

7.

1
1
1

Hold the smartphone, tablet or digital camera perpendicular to the PU/PI so that the entire
PU/PI and green dot sticker are visible in the image frame.

If using a smartphone or tablet, use the “tap screen to focus™ (or similar) option to ensure
that the PU/PI is clear in the screen view.

Check (again) that the image is clear, that the PU/PI is in focus, that the green sticker is
fully visible, and that the entire wound is visible.

0. Take the image (and re-take the image, if necessary, to obtain the best quality image).
1. Remove the green dot sticker and clean the associated skin area.
2. Redress the PU/PI as per the care plan.
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Appendix A2

Detailed description of the wound segmentation

Since redness is a common characteristic of PIs caused by continuous mechanical
loading/movement on the skin?,> the presence of red color in an image can serve as a strong
indicator of pixels describing the wound location in the image. An effective way of identifying
red color in an image is by analyzing its hue values, representing the relative proportion of red,
green and blue inputs in a digital image.’® In order to extract the hue values, the image was
converted from Red-Green-Blue (RGB) color space to Hue-Saturation-Value (HSV) color
space using OpenCV Python library.’” After extracting the hue values from the HSV image, a
thresholding process was applied to identify pixels with high red values. The thresholding
method created a binary mask, where pixels within the defined range obtained the value of 1,
and all other pixels obtained the value of 0. Subsequently, noise was removed from the
generated mask by applying morphological opening and closing ** with a 3x3 elliptic kernel,
eliminating noise pixels by converting their values from 1 to 0. The remaining pixels in the
mask with the value of 1 after noise removal were considered as suspected wound pixels. Those
pixels were then grouped and classified by utilizing a "connected components" algorithm, a
labeling technique which groups an image’s pixels into components based on their values and
neighborhood relationship.’® Morphological closing with a large 30x30 elliptic kernel was then
applied to eliminate all irrelevant groups from the resulting mask and to keep only the largest
pixel group. The resulting mask was finally identified as the wound location in the image, in
which pixels representing wound location are assigned a value of 1, while the remaining pixels
are assigned a value of 0. To obtain the wound segmentation, the preprocessed image was

multiplied by the binary mask, resulting in a focused segmentation of the wound out of the

entire image.

2 Generally, redness may also be associated with rash or inflammation unrelated to a PU, hence clinical judgement
is still needed for a differential diagnosis.
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Figure captions

Figure 1 The process of acquisition of digital wound photographs outlined in
the current protocol. As depicted here, the protocol specified a
distance of the phone camera, posture and angle at which the camera
should be positioned in relation to a sacral wound.

Figure 2 Pipeline of the suggested wound segmentation algorithm, based on
advanced image processing methodologies. The algorithm was
applied on image database collected by the nursing staff under
clinical setting conditions. RGB — red-green-blue image color space;
HSV= hue-saturation-value image color space.

Figure 3 Wound segmentation algorithm results as applied on an image of a
98-year-old female patient with a pressure injury (PI) in the sacrum
area. (a) Original image as captured by the nursing staff; (b)
preprocessed image after size scaling, glare and noise removal and
contrast enhancement; (c) hue values extraction; (d) thresholding
using red hue values; (e) final wound segmentation after applying
the resulting mask on the preprocessed image.

Figure 4 Annotated images (left column) indicating the location of the wound
as provided by the healthcare professionals (marked in blue), and the
corresponding wound segmentations (right column) based on the
given annotations. Patient 13 is an 80-year-old female patient with
unstageable pressure injury (PI) in the gluteal fold; patient 18 is an
81-year-old female with an SDTI in the right buttock; patient 87 is a
98-year-old female patient with a stage 2 PI in the sacrum area. The
resulting wound segmentations are defined hereafter as the ‘ground-
truth’ wound segmentations.

Figure 5 Comparison between the ground-truth and the generated wound
segmentations over time of a 98-year-old female patient with a
pressure injury (PI) in the sacrum area. The baseline indicates the
initial documentation of the injury by the nursing staff, while the
subsequent time points represent the number of weeks that have
passed since the first documentation of the injury. Intersection over
Union (IoU) score is indicated above each comparison along with
the percentage of intersection measuring the degree of overlap
between the two segmentations. Blue and gray bars demonstrate the
wound size in cm® as extracted from the ground-truth and the
generated segmentations, respectively.
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