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Foreword

This habilitation thesis presents the issue of decubital lesions from a multi-modal
perspective. Pressure ulcers are a serious health problem for critically ill patients and, in
the long term, especially for patients who are restricted in movement for various reasons.
These wounds are very often described as non-healing, hard-to-heal or chronic wounds.
They represent a significant health burden for the affected person, both in terms of physical
disability, psychological discomfort and limitations in social contacts. The complex therapy
of patients suffering from deep category and eventually from multiple pressure ulcers is a
challenge for medical, non-medical and nursing staff and has a significant negative

socioeconomic impact on the healthcare system.

Prevention, conservative and surgical therapy are the pillars of the complex medical care
of these defects. In clinical practice, there are several preventive measures aimed at
reducing and/or better eliminating risk factors for pressure ulcers. The basis for targeted
conservative or surgical therapy is, among other things, the classification of pressure ulcers,
the correct interpretation of which is still not easy for many medical and non-medical

healthcare professionals.

All abovementioned issues are still the subject of increasing interest in various studies
carried out by modern medicine, which | also aim to achieve. Over the course of almost
fifteen years, | have tried to understand and grasp the issue of pressure ulcers from

different perspectives.

To understand the difficult issue of chronic or hard-to-heal wounds, which is what pressure
ulcers really are, it is first necessary to understand the basic phases of skin wound healing.
Therefore, | started my scientific career by focusing on a specific part of the nutrition
(various ratios of n-3 and n-6 polyunsaturated fatty acids) and its effects on skin wound
healing in animal experiments. This study inspired me to combine nutritional and specific
biochemical approach with my area of expertise, pressure ulcers, in daily clinical practice.
We have managed to set up regular monitoring of nutritional parameters, individual

nutritional support in the form of sipping, enteral and parenteral nutrition both in



hospitalized patients and in the phase of ambulatory patients’ preparation before planned

surgical therapy and pressure ulcer reconstruction.

The scientific focus continued with further research into wound healing in the form of
oxidative stress parameters in pressure ulcers. This was the aim of a grant project focusing
on different types of pressure ulcer debridement (water jet vs. sharp necrectomy), where
oxidative stress parameters were measured locally in wounds and systemically in blood and

urine.

My other area of interest is the potential application of artificial intelligence methods to
pressure ulcers, which in some areas of medicine offer new possibilities for the diagnosis,
treatment and prevention of a wide range of diseases. We first started using artificial
intelligence in pressure ulcer prevention to determine the best Machine Learning method
to identify risk factors in intensive care units based on data from the MIMIC IV database. A
link with an artificial intelligence specialist led to further collaboration on a mathematical
model of the “active wound surface”, which recounts 3D missing tissue mass into 2D “active

wound surface”, which will be my next area of expertise.

All the mentioned areas of interest to me as a plastic surgeon are focused on positive
influencing the healing process of these difficult wounds. The aim is also to identify and to
eliminate the risk factors for post-operative complications, which, even with a properly
performed surgical reconstruction, remain much higher than in other elective surgical

procedures.

Effectively tackling the complex issue of pressure ulcers demands a multidisciplinary
approach, emphasizing the collaboration between clinical practice and scientific research.
Integrating the expertise of healthcare professionals and researchers fosters innovation

and enhances patient care outcomes.



1. PRESSURE ULCERS

Pressure ulcers (PUs) are a significant healthcare challenge, particularly in immobile and
critically ill patients. They result from prolonged pressure, shear forces, and microvascular
dysfunction, leading to progressive tissue damage. The incidence of PUs varies across
different patient populations, with those in intensive care units, long-term care facilities,
and individuals with neurological impairments being at the highest risk. Identifying risk
factors is essential for early intervention and prevention, as intrinsic factors such as
malnutrition, neuropathy, and vascular disease, along with extrinsic factors like pressure

and friction, contribute to ulcer formation.

Standardized risk assessment tools help clinicians stratify patients based on their
susceptibility to PUs, enabling the implementation of targeted preventive measures.
Specific anatomical locations, particularly bony prominences, are most vulnerable to
pressure-related injury, requiring careful monitoring and protective strategies.
International classification systems provide a framework for staging PUs based on severity,
guiding treatment decisions and long-term management. Understanding the
pathophysiology, assessment methods, and classification of PUs is essential for developing
effective preventive and therapeutic strategies. This chapter provides an overview of these

key aspects, serving as a foundation for comprehensive pressure ulcer management.

1.1 Definition and incidence

Pressure ulcers (PUs) are referred to in many ways: as pressure wounds, bed sores or
pressure sores, and as new as pressure injuries (Pls). The issue of pressure ulcers dates back
to the 16" century, when the French surgeon Ambrose Paré described the case of a French

aristocrat who was successfully treated for a pressure ulcer. !

According to the third and most recent edition (2019) of the European Pressure Ulcer
Advisory Panel's (EPUAP) International Guideline for Prevention and Treatment of Pressure
Ulcers/Injuries, PUs are defined as localized damage to the skin and/or adjacent tissues
caused by pressure or a combination of pressure and shear forces.? A new edition of these
guidelines is expected to be released this year, providing updated recommendations based

on the latest research and clinical advancements.



Other organisations involved in the prevention and treatment of PUs at international and
supranational levels are NPIAP (National Pressure Injury Advisory Panel) and PPPIA (Pan
Pacific Injury Alliance). Due to the specific nature of the issue of PUs, Evidence Based
Medicine has issued Recommendations for the Prevention and Treatment of Pressure
ulcers, which have been published in the Czech Republic under the title CPG (Clinical
Practice Guidelines — Prevention and Treatment of Pressure ulcers, adopted CPG of the
European Pressure Ulcer Advisory Panel, National Pressure Injury Advisory Panel and Pan
Pacific Pressure Injury Alliance). 3 The issue of PUs in the Czech Republic is covered by the

portal www.dekubity.eu.

The incidence of PUs in healthcare facilities worldwide ranges from 0% to 72.5%.%” The
wide dispersion of statistical indicators of incidence and prevalence is mainly due to the
different methodologies of data collection and analysis.®® It is estimated that
approximately 10% of patients in hospitals and 5% of patients in community care suffer
from PUs and 72% of all PUs cases occur in people over 65 years of age.'®*? Incidence rates
of PUs are recorded in the adverse event reporting system for a specific reporting period.
In 2019, a diagnosis of L89* was reported in 30,590 patients, representing 287 cases per
100,000 population. The majority of patients were reported as PUs of category Il (26,1 %)
or category Ill (23,9 %). 3 During the decade spanning 2010-2019, 264,442 patient records
containing the diagnoses L89.0 - L89.9 were identified (an average of 26,442 patients per
year). Between 2010 and 2019, there has been a 40% increase in the number of
occurrences.'* Analyses of national health registries showed that the prevalence of PUs
before the start of the COVID-19 pandemic and during the 2020 pandemic was higher in

patients hospitalized with SARS-CoV-2 infection.®®

1.2 Pathophysiology of pressure ulcers formation

The fundamental process underlying the development of PUs involves the application of
pressure from internal anatomical structures, such as bones and tendons, or a combination
of pressure and shear forces resulting from movement of the body, against an external
surface, such as a medical device or pad. Individuals who experience reduced sensitivity,
limited mobility, or altered cognitive function may be unable to adequately perceive and
respond to these mechanisms of action.!® Damage to surrounding tissues (skin,

subcutaneous tissue, muscles, tendons, bones) can occur due to tissue ischemia when


http://www.dekubity.eu/

pressure is applied for an extended period of time that surpasses the individual's
physiological capability and the resistance of the deformed tissues. /'8 According to
Kottner, empirical evidence suggests two basic pathophysiological mechanisms of pressure
ulcers. 1 The first one is a reduction in soft tissue perfusion, which is caused by the
deformation of soft tissue. In terms of pathophysiology, there is an external pressure that
is higher than the filling pressure of the arterial capillaries, which is approximately 32
mmHg, and a higher outflow pressure from the venous capillaries, which is approximately
8-12 mmHg. This causes the blood flow in the area to either slow down or stop completely,
which in turn leads to hypoxia in the tissue. 2° Nutrient availability is reduced, waste
products from the tissues accumulate and acidification occurs. Reperfusion injury is a type
of tissue damage that can occur when blood flow is restored after a period of ischaemia.
2122 The second pathogenic process is soft tissue deformation above a particular tolerance
threshold, which leads to direct deformation and injury to cells through structural
breakdown of the cytoskeleton and plasma membrane. 1723 A theoretical model of PU has
been created by Defloor 24, and it consists of four fundamental components: compressive
pressures, shear forces, tissue tolerance to pressure (mechanical stress and/or wetness),
and tissue tolerance to oxygen (low blood pressure, poor oxygenation). According to
Slomka and Gefen's research, the interplay of these elements in an enhanced degree can
lead to the creation of a PU in less than an hour of prolonged pressure on sensitive tissues.
2526 These facts are central to preventive measures, especially for critically ill patients in

intensive care units.

The pathogenesis of PUs is known to progress from the tissue depths, i.e., starting closest
to the bony prominence and progressing upwards towards the skin. However, there are
also studies suggesting that tissue deformation and ischaemia could originate at the level
of the epidermis or dermis. 2 However, PUs have to be distinguished from skin lesions such
as dermatitis associated with incontinence, intertrigo, etc., since these nosological entities
are not classified as PU. 22 The prevention of pressure ulcers has recently focused on the

microclimate in the affected area. °

1.3 Risk factors

The primary goal of preventive interventions for PUs is the reduction or removal of any risk

factors that may be present. In 2003, Lyder enumerated more than one hundred different
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risk factors that were discovered via research. 2° According to Michel et al.'s research, the

risk factors for PUs may be divided into two categories: external and internal.?®
External risk factors

Pressure (intensity, duration and gradient)

The rate of PUs formation depends on the applied pressure, its duration and gradient. Body
tissues have different resistance and tolerance to the applied pressure. Muscle tissue is
more susceptible to compression than skin; therefore, ischaemia and necrotising of deep
muscle fibres may occur even in an intact skin. 3'The formation of PU is contingent upon
various factors, as outlined below, and may occur within a timeframe ranging from hours
(in patients admitted to intensive care units) to days. The pressure gradient resulting from
bone prominences pressing against a solid surface takes on a conical or V-shaped form,
with the highest-pressure gradient occurring at the apex. The aforementioned location is
the primary site for ischemia and is highly susceptible to tissue necrosis, particularly in
muscle and adipose tissue. The Pressure Mapping System (PMS) is capable of providing an
objective assessment of pressure by measuring the pressure distribution across the human

body. This is achieved through the use of the Body Pressure Measurement System (BPMS).

32

Skin shear forces and friction

The shear forces involved in the formation of PUs are forces that act in an oblique direction
at the level of the subcutaneous tissue. This mechanism is particularly applicable in persons
slumping in a semi-sitting position or in recumbent patients and is caused by the pulling of
the body at points where the skin is in contact with a solid surface, but at the same time
there is a pull in the underlying tissues. Shear forces occur particularly in areas of higher
skin moisture, which may 'stick' to the underlay or a hard surface. The key to prevention is
to eliminate moisture by using adherent coverings that can minimize the risk of friction and

shear forces.
Skin maceration

Minematsu et al. 33 have defined skin maceration as a condition in which the skin barrier is

disrupted, resulting in reduced tolerance to irritants and force. This is caused by structural
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changes in the intercellular lipid layers and junctions between keratinocytes in the
epidermis. Skin lesions are believed to be triggered by the invasion of irritants and reduced
intercellular junctions, which lead to an inflammatory response. Maceration in perineal
lesions can also be caused by incontinence of urine and stool. There are several studies 34~
37 that have investigated the interaction of digestive enzymes (trypsin, alpha-
chymotrypsin, lipase) and intestinal bacterial flora and maceration on the development of
skin lesions associated with faecal incontinence. Proteases have been found to increase the
transdermal penetration of macromolecules, suggesting that proteases themselves can

invade and digest skin tissue. 3° In the pathogenesis of decubital lesions, maceration is

implicated mainly as a factor of shear forces on the skin and dermal plexus.

Internal risk factors

Immobility due to impaired mental and/or motor function

It has long been acknowledged that the aforementioned pressure and shear forces, which
are frequently associated with decreased activity and mobility, are the leading cause of
pressure ulcers. ! Limited patient mobility and reduced physical activity are considered
significant risk factors for developing PUs ulcers. 3839 These risks are already well known,
and nursing and medical staff are striving to eliminate them through various tools as part
of preventive measures. Immobile patients are bedridden or wheelchair-bound, with a
predisposition to pressure lesions depending on body position. The causes of immobility or
reduced activity of patients are numerous. In acute care, these include patients dependent
on artificial pulmonary ventilation who, even with preserved sensation, cannot reflect the
pain caused by pressure. Conversely, many neurological disorders (spinal cord damage due
to trauma, tumour or congenital defect, multiple sclerosis, etc.) are often accompanied by
impaired sensitivity, where the body's response to applied pressure is not possible due to
the absence of pain. Pressure ulcers associated with reduced mobility or activity are also
encountered in patients with psychiatric diagnoses such as dementia, Parkinson's disease

40 depression * or as a result of the use of fixation splints in psychotic patients. 42

Malnutrition

Malnutrition is a prevalent occurrence in patients with PUs and is regarded as a significant
risk factor. # The severity level is contingent upon the patient's general state (e.g., critically

ill, presence of multiple long-term non-healing PUs, etc.). The consistent monitoring of
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nutritional factors, with particular emphasis on total protein, albumin, and prealbumin, is
a crucial component in the prevention and conservative treatment of PUs. Adequate
replacement of deficient nutritional components, such as vitamins and trace elements, is
also necessary before and after surgical reconstruction. Based on the findings of Litchford
et al, the underlying principle of the 2019 Nutritional Guidelines for the Prevention and
Management of Pressure Ulcers is to increase energy expenditure and correct protein
intake in people who are vulnerable to PUs due to malnutrition or at risk of malnutrition.
4% n a study conducted by Reed, a sample size of 2771 individuals was analysed. The results
show a significant correlation between low albumin levels (less than 30 g/l) and the

likelihood of developing PUs. 4

Urinary or stool incontinence, skin condition

Incontinence is strongly associated with an increased likelihood of developing PUs. 2 The
prevalence and severity of PUs acquired during hospitalization was found to be higher in
patients with incontinence compared to patients who are continent. 647 Kayser et al. in
their recent study described up to 5.8 times higher risk of sacral PUs progression in patients
with incontinence to category Il and IV. *® The occurrence of incontinence results in skin
maceration, rendering it more vulnerable to mechanical stress and deformation, thereby
increasing the friction between the skin and the pad. Both factors play a significant role in
the development of PUs. #° According to a comprehensive study conducted by Koloms et
al., incontinence has been identified as a major risk factor for PUs. The study revealed that
a significant proportion (72.6%) of patients with PUs acquired during hospitalization or in

hospital settings had either urinary, faecal incontinence, or a combination of both. *°

Reduced blood flow or low blood pressure

Impaired oxygenation and tissue perfusion are recognized as significant risk factors for PUs
and are prevalent among critically ill patients. Frequently, these patients require
mechanical ventilation and circulatory support through vasopressors to attain
hemodynamic stability. °* The aforementioned fact leads to an adverse effect of hypoxia
and ischemia on both the skin and underlying tissues. In their publication, Cox and Schallom
>2 proposed a theoretical framework for the advancement of PUs in patients who are
critically ill. This framework outlines the interconnections between factors that hinder

oxygenation and perfusion, such as mechanical ventilation, hypotension, cardiovascular

13



disease, diabetes mellitus, and vasopressors. Anaemia is a notable factor that can hinder
proper nutrition and sufficient oxygenation of tissues. This can lead to delayed wound
healing as a result of reduced nutrient supply and ineffective removal of waste products

from tissues.

Neuropathy

Sensory neuropathy increases the prevalence of PUs in the heel area, especially in elderly
hospitalized patients, and is considered a critical risk factor in this regard. Sensory neurites

play a key role in the microcirculation in the skin and adjacent area at the time of pressure.

53

Mental state or lack of motivation for rehabilitation

Psychological deprivation, sedative effects of drugs, and alteration of psychological state
may result in lack of motivation for active physiotherapy. These facts result in the
persistence of immobility, which also leads to prolonged pressure on the sites of bony

prominences and is therefore another risk factor for the development of decubital lesions.

Age and other factors

The higher age is a contributing factor in the development of PUs. The ageing process leads
to an increase in the fragility of blood vessels and connective tissue, while fat and muscle
mass decrease. This reduction in fat and muscle mass results in a reduced ability to
dissipate pressure. >*>° There is also flattening of the dermo-epidermal junction and other
age-related changes in the skin, such as decreased skin elasticity, thinning of the fat layers,
accentuated sarcopenia of the muscles, and low intradermal vascular oxygenation and
perfusion. >678 Other risk factors described above are also present to a greater extent in
older patients, so there is a potentiation of the effects of risk factors in older individuals.
Other risk factors include morbid obesity, associated comorbidities, especially diabetes

mellitus, cardiac decompensation, smoking, atherosclerosis etc.

The objective of preventive measures is to recognize the risk factors and evaluate the

individual's susceptibility to developing PUs in each patient. Diagram 1 illustrates the
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various factors that can influence an individual's susceptibility to developing PUs.

-

N

Pressure
ulcers?

-

Diagram 1: Factors influencing the susceptibility (tendency) of an individual to develop PUs. Modified and adapted
from 5°

1.4 Pressure ulcer assessment risk score scales

To reduce these risk factors and take preventive actions, a scoring system has been created
based on the risk variables to estimate the degree of risk of developing PUs. An increased
degree of prophylaxis is ensured by constantly adhering to complete anti pressure ulcer
measures starting on the first day of admission thanks to patient risk assessment, which
enables patients with a potentially high risk of developing PU to be selected. ¢ Worldwide,
about 40 scoring systems have been established to predict the risk of PU. ¢! In clinical
practice, the most commonly used scales are the Braden, Waterloo and Norton. %23 The
Braden scale was first introduced in 1987, % and is one of the most widely used in the

world, both in acute care beds and in long-term care facilities.

The Braden scale includes six items: sensitivity, moisture, activity, mobility, nutrition, and
friction and shear force. The six items are rated on a scale of 1 (most affected) to 4 (least
affected). The remaining item, friction and shear, is rated on a scale of 1 (problem) to 3 (no

problem). The exact Braden scoring system is described in Table 1.

15



Item 1 point 2 points 3 points 4 points
Sensory Completely Very limited Slightly limited No impairment
perception limited
Moisture Constantly moist | Very moist Occasionally Rarely moist
moist
Activity Bedfast Chair-fast Walks Walks frequently
occasionally
Mobility Completely Very limited Slightly limited No limitation
immobile
Nutrition Very poor Probably Adequate Excellent
inadequate
Friction/shear Problem Potential No apparent
problem problem
Braden scale risk of pressure ulcer: Total points
mild risk 15-18 points
moderate risk 12-14 points
severe risk <11 points

Table 1: Braden scale risk of pressure ulcer. Modified and adapted from 65

The Norton Scale % was designed in 1962 to assess the risk of PUs in elderly patients and

identified the main risk factors that should be included in the scale: physical condition,

mental status, activity, mobility and incontinence; all items are described in the Table 2. All

items are rated on a scale from 1 (worst condition) to 4 (best condition). A total score of

less than 10 predicts a high risk of PUs and maximum intervention in the application of

preventive measures. >’ This scale system is the most frequently used in healthcare

facilities in the Czech Republic.
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Item 1 point 2 points 3 points 4 points
Physical Very bad Fair Poor Good
condition
Mental Stuporous Confused Apathetic Alert
condition
Activity Bedfast Chair-fast Walks with Ambulant
help
Mobility Immobile Very limited Slightly Full
impaired
Incontinence Urinary and Predominantly | Occasional None
faecal urinary
Norton scale risk of pressure ulcer: Total points
low risk >18 points
medium risk 14-18 points
high risk 10-14 points
very high risk <10 points

Table 2: Norton scale risk of pressure ulcer. Modified and adapted from 65

Waterloo scale ®8 was introduced in 1985 and includes the following items: body
build/weight for height, skin type/visual risk area, sex/age, malnutrition screening tool,
continence, mobility, and special risks (malnutrition, neurological deficit, major surgery or
trauma, medications). Each category has its own score. A total score of 10-14 points
indicates that the patient is at risk for PUs, 15-19 points indicate high risk, and 20 or more
points indicate very high risk for PUs. ®° Quantitative risk assessment and prediction of risk
factors in selected patient groups have been the subject of research at many levels, in

recent years especially at the level of artificial intelligence (Al). 7072

1.5 Pressure ulcers risk areas

The predisposition of the development of PUs determines the risk area for their formation
depending on the position of the body. In the supine position, the predilection localization

is the occipital, scapular, elbow, sacral, and heel area. In the side position, the ears,

17



shoulders, trochanter, knees, and ankles are the sites of predisposition. In the prone
position, the forehead, cheeks, chin, breasts, genital(male), knees, and toes. The sitting
position predisposes to PUs especially in the spinous processes, sacral area, ischial area,
and heels. These risk areas are due to the action of pressure points between the prominent
skeletal prominence and the pad, or under the shearing forces in different body positions.
In the context of adverse event reporting, the location of PUs is marked in a pictogram —
the so-called Margoles map. 73 In clinical practice, we most often encounter of PUs in the
sacral, trochanteric and ischial regions. The most frequent sites of PUs depending on body

position are shown in Figurel.
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Figure 1: Pressure ulcers risk areas according to body position
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1.6 Classification

A diagnosis of pressure ulcer should only be made if it is highly likely that the skin and/or
tissue damage is due to prolonged pressure or pressure associated with shear forces. 4 The
misdiagnosis and misclassification of PUs is the cause of the underreporting of these
adverse events in the Central Adverse Event Reporting System and thus the cause of the

very wide variance in the incidence of PUs worldwide in different healthcare settings.

National Pressure Injury Advisory Panel (NPIAP) provides a precise classification of PUs into

the following categories. °
PU category |

Category | of PUs is classified as superficial and reversible PUs. Clinically, it manifests as
persistent redness or erythema on the epidermis, even after the pressure has been
removed. It is an erythema on intact, undamaged epidermis that does not blanch (see
Figure 2). In patients with dark skin, these alterations may be more subtle and difficult to
detect. Nonetheless, the skin may exhibit altered sensitivity, temperature, or firmness in

comparison to healthy skin.

© Hokynkové-Zmitko 2025

Figure 2: Category | of pressure ulcer — non-blanchable erythema
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PU category Il

Category Il of PUs is also classified as superficial and reversible PUs. Macroscopically, there
is already a partial loss of skin cover at the site of applied pressure at the level of the dermis.
It manifests itself as excoriations with a pink or red base or as intact or perforated blisters
filled with serous fluid or blood (see Figure 3). This entity must be distinguished from
dermatitis due to urinary or faecal incontinence. After the pressure has subsided, PUs of
category Il heal spontaneously. If the pressure persists at the site, depending on the
duration and intensity of the pressure, the PUs may deepen into the deeper categories

listed below.

Figure 3: Category Il of pressure ulcer

PU category Il

Category lll of PUs is classified as deep PUs, in which there is complete loss of skin. It may
take the form of flat and shallow ulcers at the level of the skin and subcutaneous tissue
(see Figure 4) with rolled edges, without damage to muscles, tendons and bones. This
category is already indicated for surgical treatment, but may spontaneously resolve with

conservative treatment, but at a longer interval (several months).

21



Figure 4: Category Il of pressure ulcer

PU category IV

Category IV of PUs represents a more serious nosological unit in which, in addition to skin
and subcutaneous tissue, there is also damage to muscles, fascia, tendons, ligaments,
cartilage, and skeleton (see Figure 5). Clinically, it takes the form of various deep and
extensive ulcers, pockets, pseudocysts, sinuses, tunnels, or communicating fistulas.

Surgical therapy is usually indicated for this category.
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Figure 5: Category IV of pressure ulcer
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Unstageable category of PU

The non-classifiable category of PU includes PUs in which the level of compressive damage
to adjacent tissues cannot be determined. An adhering eschar, a stiff slough or necrosis
(see Figure 6) at the site of pressure load makes it impossible to determine the depth of
tissue involvement. Removal and detachment of avital tissues by conservative or, as a rule,
surgical techniques then allow reclassification of the PU into the first four categories with

the possibility of adequate therapy.
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Figure 6: Unstageable category of pressure ulcer

Deep tissue injury

Suspected deep tissue injury is associated with a specific type of PU, which clinically
manifests purple discoloured or dark brown intact skin in the form of blood-filled blisters,

which again make it impossible to determine the depth of tissue damage (see Figure 7).
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Figure 7: Deep tissue injury

Specific, additional definitions of PUs

Pressure ulcers related to the use of medical devices occur in different locations of the
human body depending on the type of diagnostic or therapeutic medical device or
apparatus used that causes a PU (endotracheal cannula, indwelling urinary catheter,

nasogastric tube etc.).

Mucosal membrane PUs occur at the site of mucous membranes, which have a different
anatomical structure compared to the skin and cannot be classified according to the above

system.
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1.7 Treatment of PUs

The treatment of PUs requires a multidisciplinary and multimodal approach, as these
chronic wounds are often difficult to heal and carry a high risk of complications, including
infections, prolonged hospitalization, and recurrence. Successful management depends on
a combination of preventive measures, conservative therapy, and surgical interventions,

tailored to the patient’s specific needs and overall health status.

This chapter provides a structured overview of these key therapeutic strategies. The goal
of PUs treatment is not only wound healing but also functional restoration and long-term
prevention. By integrating preventive, conservative, and surgical approaches, clinicians can
achieve successful outcomes, minimizing complications and improving the patient’s quality

of life.

1.7.1. Preventive measures
Pressure ulcers are referred to as preventable skin and tissue damage, with the
identification of risk factors and the overall condition of the patient as well as
multidisciplinary cooperation (nutritionist, physiotherapist, general nurse, physicians of

various specialties - internal, surgical, orthopaedic, etc.) being the keys to prevention. 76

Complex therapy for PUs is based on preventing its occurrence through a series of

preventive measures on multiple levels:

e Systematic staff education

e Assessment of risk factors

e Assessment of the risk of PUs

e I|dentification and uniform method of labelling patients at risk of PUs

e Educating hospitalized patients and family members about the risk of PUs
and related circumstances, how to prevent it and about measures to reduce
the risk of PUs

e Local prevention

e Positioning (patient handling, frequency of positioning etc.)

e Use of anti-pressure ulcers aids (special mattresses, seat cushions etc.)

e Nutrition

e Early mobilisation
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Individualized preventive measures are designed and implemented according to the
requirements of each patient, considering his or her risk factors, the anticipated impact of

pressure points based on the patient's position, and other parameters.

These precautions should be taken for all patients at risk of developing PU, not only in
hospitals and operating rooms, but also in the patient's residence. It is crucial to educate
and motivate the patient and his/her caregivers to comply with these preventive measures;
social services such as peer mentoring (for example organisation CZEPA in the Czech
Republic, https://czepa.cz/) are useful in this regard to assist wheelchair users in returning

to an active lifestyle.

1.7.2. Promoting wound healing, conservative therapy
Wound bed preparation is a clinical concept involving a systematic and holistic approach to
wound assessment and management that promotes normal wound healing. /7 PUs are a
challenging form of wound that typically does not heal or is difficult to heal or heals slowly.
The objective of conservative therapy is to remove avital tissue fragments (cellular debris,
plaques), eradicate bacterial load, and promote vascularization of the underlying tissue in

order to stimulate the growth of granulation tissue. 78

Wound base preparation includes the following main aspects of wound care (abbreviated

as TIMERS) 79 :

e T-Tissue management

e | —Infection and inflammation control
e M - Moisture balance

o E-—Epithelial edge advancement

o R -—Repair and regeneration

e S-—Social factors and factors related to the individual

Conservative therapy should be based on the current state of the wound, which evolves
according to the wound healing continuum from necrosis to sloughing, granulating to

epithelializing wound. ® Therefore, different forms of conservative therapy are used
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depending on the localization, depth of involvement, bacterial colonization, nature of the
defect, but also on the current stage of healing of the wound. Solutions with antiseptics,
hydrogels, hydrocolloids, enzymatic products capable of lysing avital tissue, alginates,
polyurethanes with silicone and silver, and various other products and forms of moist
wound healing are used. Conservative therapy of long-term healing wounds should include
peri wound skin management. Preventive measures include the use of polymer, silicone

sheeting, or film spray in peri wound skin care.

Particularly for deep categories of PUs, negative pressure wound therapy (NPWT) is often
used to promote healing by applying controlled continuous or intermittent sub-
atmospheric pressure (80-125 mm Hg) to the open wound and has recently been used
extensively for the temporary treatment of traumatic wounds and to treat difficult wounds
such as pressure ulcers. 88 NPWT promotes the growth of granulation tissue,
vascularization, reduces the bacterial load of the wound, etc. Some forms of NPWT have
an installation mode that allows the injection of antiseptic or antibiotic directly into the
wound bed. NPWT is often used in the period after debridement, extirpation of

pseudocysts or necrectomy of decubitus wounds before planned flap reconstruction.

1.7.3. Surgical therapy
The basic procedure prior to planned reconstructive surgery of PUs is the removal of all
avital parts and tissues. 82 Types of debridement include enzymatic debridement, ultrasonic
debridement (thermal and biological effects), sharp debridement (removal of all devitalized
tissue), autolytic debridement (hydrogels, hydrocolloids), and other forms. & Invasive
debridement and removal of PUs pseudocysts is performed using a sharp debridement
(scalpel, scissors, electrocautery) or a water jet.  After the preparation of the bed of the
deep PUs defect, the reconstruction is proceeded to one session, or in our workplace, often

postponed (usually one week after debridement), i.e., in two stages. &

The choice of the reconstructive procedure is guided by nature, depth, extent, localization
of the defect, the quality of the adjacent tissues (presence of scars from previous
reconstructions in case of recurrence), the overall condition and mobility of the patient, as
well as the experience and preferences of the plastic surgeon. The reconstructive ladder is

slightly modified in case of closure of deep category of PUs. 8¢
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1.7.3.1 Types of reconstruction

Direct suture is rarely used for small PUs and ideally for mobile patients with preserved
sensation. The resulting scar tissue is usually localized over a fixed prominence and is less
resistant than the surrounding fat or muscle tissue and therefore has a higher risk of

recurrence of PUs.

Autotransplantation using skin grafts is also rarely performed because of the need of
minimal polymicrobial wound contamination and the higher fragility of skin grafts in
healing compared with other reconstructive techniques. & This type of closure can be used
in shallow flat defects, also optimally in mobile patients, in whom it is assumed that the

applied tissue pressure will not persist after reconstruction with this technique.

The gold standard in reconstruction of deep PUs is local fasciocutaneous (FC) or
musculocutaneous (MC) flaps, which use adjacent tissue containing subcutaneous skin and
fascia or subcutaneous skin and muscle. The basic idea is to reconstruct the missing volume

with high quality, well vascularised tissue.

Rare types of PUs reconstruction include very challenging procedures such as fillet flaps
from an amputated lower limb to reconstruct a very large defect that cannot be
reconstructed with local resources. Methods using tissue expansion and free flaps are also
reported, however, their employment in clinical practice is limited. The most challenging
technique for reconstruction of large and very often osteomyelitis-complicated PUs is
hemicorporectomy, which is associated with very high perioperative and postoperative

mortality.

1.7.3.2 Selection of flap plasty according to localization
The most used flaps in deep sacral PUs are rotational or VY shift fasciocutaneous flaps,

among muscle flaps it is mainly the musculocutaneous flap of the gluteus maximus muscle
in the form of VY displacement. The two types may combine with each other and may be
unilateral or bilateral. An overview of the basic flap reconstruction procedures in sacral PUs

is given in Table 3.
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Type of used tissue Type of flap plasty

Rotation gluteal FC flap

VY shift unilateral

Fasciocutaneous flaps —
VY shift bilateral

Gluteus maximus muscle

VY with gluteus maximus muscle

Musculocutaneous flaps S-GAP flap

(Superior gluteal artery perforator flap)

Superior gluteal artery island flap

Table 3: Flap plasties in reconstruction of sacral PUs. Modified, translated and adapted from 8>

Trochanter PU is another frequent localization PUs. In this instance, the MTFL (tensor
fasciae latae muscle) - MC flap is the most prevalent. Rotational flaps (anterior and lateral
thigh flaps), transposition flaps from the anterior thigh surface to the upper pedicle, and
others, may also be used. 8 Table 4 provides a summary of the most frequently utilized

flaps in reconstruction of trochanteric PUs.
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Type of used tissue Type of flap plasty

ALT flap (anterolateral thigh flap)

Fasciocutaneous flaps Random thigh flap

Bipedicled thigh flap

MTFL (tensor fasciae latae muscle) flap
- Rotation

- VY shift

Musculocutaneous flaps Gluteus maximus muscle

Vastus lateralis muscle

Rectus femoris muscle

Table 4: Flap plasties in reconstruction of trochanter PUs. Modified, translated and adapted from 85

The FC dorsal thigh flap, medially or laterally pedicled, is most used for reconstruction of
ischial PUs. Especially in recurrent forms, volume supplementation by insertion of well-
vascularized muscle tissue, e.g., hamstring flap, is advantageous. At our department, the
so-called "turn over flap" is also newly introduced: the long head of biceps femoris muscle,
in which the volume of the missing tissue is supplemented with the distal portion of the
long head of biceps femoris muscle and its "turning" by 180 degrees and fixated into the
defect above the ischial tuber. 8’ Table 5 provides an overview of the individual flap plasties

used in the reconstruction of ischial PUs.
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Type of used tissue Type of flap plasty

Medial thigh flap

Fasciocutaneous flaps Lateral thigh flap

Dorsal distal gluteal flap
I-GAP

(Inferior gluteal artery perforator flap)

Hamstring flap:

Muskulocutaneous flaps Biceps femoris muscle-long head

Turn over flap of biceps femoris muscle
Semitendinosus muscle

Semimembranosus muscle

MTFL

(Tensor fasciae latae muscle)

Gluteus maximus muscle-pars inferior

Table 5: Flap plasties in reconstruction of ischial PUs. Modified, translated and adapted from 8>

1.7.3.3 Post-operative complications

In general surgery, the Clavien-Dindo classification (see Table 6) is used to objectify
postoperative complications, which was developed based on a study of a cohort of 6336
patients. 8889 Lindqvist et al. first used this classification of post-operative complications in
study on 118 patients after pressure ulcer surgery, with findings of 43.2% of minor post-
operative complications and rare occurrence of serios Clavien-Dindo Il or IV complications.
% Flap-related complications are described in 25% in Lindqvist study and in 21% in Biglari
et al. study °* on 352 spinal cord patients undergoing pressure ulcer surgery. The most
common complication was suture dehiscence, followed by infection and hematoma in
Lindqgvist study with no difference in complication rates or types between different flaps.
% Keys et al. defined as a predictors of failure after flap coverage of pressure ulcers low
serum albumin, young age and also previous pressure ulcer surgery. °2 The above
complications can be assessed as acute or subacute a few weeks after surgery. However,

one of the late and serious complications is the recurrence of PU after flap plasty. McCranie
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et al. analyses of a national database with 4796 patients included show the recurrence rate

of PUs to be 73.6%. 23 The recurrence rate in certain localizations in study of Paker et al. in

39 patients was 82.1 % in sacral, 20.5% in ischial, 15.4 % in trochanteric ulcers, and 2.6% in

other locations. 9 Scarred terrain, previously used local tissue material, complications in

terms of osteomyelitis, and a multiple PUs may lead to the conclusion of inoperability in

recurrent PUs. This status may have serious consequences for the patient's overall health.

Assessing risk factors for pressure ulcers recurrence is critical for surgical planning. By

understanding the characteristics that contribute to recurrence, clinicians can optimize

preoperative care, and plastic surgeons may select the individualised surgical approach that

is least likely to require reoperation.

Grades

No complication

Grade |

E.g., post-operative need of antiemetics, analgesics, diuretics, electrolytes

Gradel ll

Per- or post-operative need of drugs other than above, e.g., blood transfusion,
antibiotics

Grade lll

Need of surgical intervention

[lla intervention not under general anaesthesia

[llb intervention under general anaesthesia

Grade IV

Life-threatening complication requiring intensive care unit management

IVa single organ dysfunction

IVb multiorgan dysfunction

Grade V

Death of patient

Table 6: Post-operative complications by Clavien-Dindo. Modified and adapted from®°.

32



1.8 Summary

This chapter summarizes the general knowledge about PUs, including their complex
therapy, which must be multidisciplinary and properly managed at all levels of the health
service. PUs are very challenging, especially because of the considerable variability of
patients, their comorbidities, the length of theirimmobilization, the local wound condition,
the compliance and motivation of patients and their caregivers, and many other factors
affecting the course of treatment and healing of the wound itself. Reconstructive
techniques applied in the surgical treatment of deep categories of PUs stand at the top of
the ladder of comprehensive therapy. However, even properly performed flap
reconstruction leads to a very high risk of postoperative complications, including a high risk
of PUs recurrence. These findings led me to consider the possibility of eliminating risk
factors at the level of patient preparation prior to planned reconstructive surgery. We
wrote a guide for patients and physicians preparing patients for surgery called “Guide to
the Surgical Treatment of Pressure ulcers. Selected advice for patients, physicians, medical
staff and non-professional caregivers” (“Priivodce chirurgickou lécbou dekubiti. Vybrané
rady pro pacienty, Iékare, zdravotnicky persondl a laické pecovatele “), see Appendix 1. We
have also tried to raise awareness of PUs at the level of medical education by using
electronic scripts on the topic of ,Complex therapy of pressure ulcers” (,,Komplexni Iécba
dekubiti”), and | have also participated in the revision of the Czech translation of several
chapters of the clinical guidelines , Prevention and treatment of pressure ulcers/injuries:
Clinical Practice Guideline” (,,Klinické doporucené postupy — Prevence a lécba dekubitii”).
Articles related to the topic of surgical treatment of PUs were published in Supplements

dealing with pressure ulcers in the journal ,,Ceskd a slovenskd neurologie a neurochirurgie”.

1.9 Articles related to this issue

Hokynkova, A., Sin, P., Cernoch, F., Novdkova, M., & Babula, P. (2017). VyuZiti lalokovych plastik v
operacdni 1é¢bé dekubittl. Ceskd a slovenskd neurologie a neurochirurgie, Vol. 80/113 (Suppl 1), p.
41-44.

Hokynkova, A., Sin, P., Adlerova, T., & Cernoch, F. (2022). Transplantace kiiZe v chirurgické 1é¢bé
dekubittl. Ceskd a Slovenskd Neurologie a Neurochirurgie, Viol. 85/118, (Suppl 1), p. 12-14.

Sin, P., Holoubek, J., Hokynkova, A., & Lipovy, B. (2019). Multidisciplinary approach in surgical
pressure ulcer therapy after spinal cord injury. Ceskd a Slovenskd Neurologie a Neurochirurgie.
Vol. 82/115, (Suppl 1), p. 52-55.
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Vyuziti lalokovych plastik v operacni lé¢bé

dekubitd

Employment of Flap Surgery in Pressure Ulcers Surgical Treatment

Souhmn

Cft Cilem pFispévku je popsat operaéni l62bu dekubitd, kterd zahrmuje pledeviim pedlivou
nekrektomii 5 kompletni exstipacl pseudocysty dekubitu, odstranénim piféli a event. resshcl
ostaclytickéhe nebo osteormyelitického loZiska. Soubor @ metodika: Frezentowén bude phistup
k operagni |&2b& dekubit! . obrazowé dokumentace, a 1o na kenkétnim piipadu pacienta (nar.
1974, paraplegik) s dekubitern, ktery byl cietfen lalokovou plastikou. Zdvér: Chirurgicks [&2ba
dekubith zejména v preni faz vyZaduje multidisciplinarni pfistup. Poté je individuaing natasovan
a naplanovan typ lalokowvd plastiky s ohledem na komaorbidity pacienta v zavislosti na velikosti,
hloubce a lokalizaci defektu. Antidekubitni prevence ve wiech fazich 1&2by - pledoperagng,
perioperainé i pooperainé — vyznamné snizuje ridho akutnich | pozdnich komplikaci a recidivy
dekubitd.

Abstract

Aim: Aimn of the paper & to describe surgical treatrment of pressure ulcers, which includes primariby
careful necrectomy with complete extirpation of ulcers pseudocyst, remaving of fistulas and
eventual resection of osteolytic or osteomyelitic centre. Marerial and methods: This case report
presents surgical procadure of pressure ulcer treatment, including photo documentation, in
a paraplegic patient (born 1974) with pressure ulcer treated by flap surgery Conclusian: Surgical
treatment of pressure ulcer requires multidisciplinary approach, especially at the treatment
onset. Type as well as timing of flap sungery is planred individually according to patient's com-
morbidities, based on size, depth ard localisation of defect. Antidecubital prevention in all phases
of treatment — before, during and after the surgery — significantly decreases risk of acute and late
complications and pressure ulcers recurrance.
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Uvod tem [1]. Wytwofenl dakubitdinlho wiadu, stejné
Dekubitus je lokalizované podkozen! kiife  tak jako jeho velikost, hloubka a délka hojeni
afnebo podkoEnl tkdnd, cbvykle nad kost-  je podmingno mncha faktony (sapse, deplece
nimwytnélkem, které vznika v disledku tlaku  bilkowin, wak, plidrufend nemodi, staw imunit-
nebo tlaku v kombinaci se sthizrym efek-  niho systému, potkozenl CN5 - koma, milsnl

léza — spastické plegie atd). Lokalizace da-
kubitd je unfena mistem, kde dochézl k wy-
tvofenl tlaku mezi kostl a podlodkou. Ma nasl
Kinice se setkdvdme nejtastdji s dekubity is-
chiadickymi, sakralnimi a trechanterickymi.

Cesk Slov Meurol M 20017 80/113 (Suppl 1): 541-544
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VYUZITT LALOKOVYCH PLASTIKV OPERACNILECBE DEKUBITU

Obr. 1. Trochantericky dekubitus

5 pseudocystou.

Fig. 1. Trochanteric decubitus (prassura
ulcer) with pseudocyst.

Dekubity se velmi &asto, jak wyplyva
z analyzy Ndrednlho registru hospitalizacl
(MRHOSP), wyskytujl zejména u pacientd
5 poikozenim michy rizného plvodu
(traumatického, nddorového, zdnétliveha),
u padentd se sklerdzou multiplex, po cév-
nkch mozkowvich pithoddch se vaniklou po-
ruchou hybnosti, u rizrych psychiatrickych
onemocnénl a dale u pacientd s nékterymi
metabolickymi poruchami [2).

Klinicky obraz dekubitl mie mit riz-
rou podebu: od zarudnutl, drobrvch ex-
koriacl, puchytl, pEeall, suchych nebo vih-
kych nekrdz kiZe, a2 po postifenl podkonl
tkang, swalld nabo i kastl ve formé Wzy nebo
osteomyelitidy (mezindrodnl EPUARMNPUAP
klasifikatnl systém dekubitd) [3]. Konzerva-
tivnl terapie sa vyuZiva zajména u dekubitl
l.a ll. kategorie. Dle Masifikace EPLUARMPUAP
Jje piitemnost nekrézy diagnastickym krité-
riemn pra lll. a IV, stadiumn dekubitd. Nekro-
ticka thar v rané blokuje hojenl a tvartu gra-
nuladnl tkdng je zdrojemn infekce, zApachu,
pledstavuje pro rdnu zdvaZnou biczdes [4].
Pedlivd nekrektomia je tedy zdklad operalnl
&by,

Matodlka

Ma natem pracovist Kliniky popdlenin a re-
konistrukEnl chirurgie LF MU a FM Brné [dale
jen KPRCH FN Brno) je operalnl l&2ba de-
kubitd pom&mé &astou intervencl (cca
100 operadnich vigkond rednd) [5]. Nasledns
bude popsdn proces |48y u jednoho zaji-
mavého plipadu (muz, narczen 1974, para-
plegik (pe motonehod®) s dvéma ischia-
dickymi a sakrdlnim dekubitam). Obecna je

‘Obr. 2. Exstirpace pseudocysty dekubitu.
Fig. 2. Extirpation of pseudocyst
of decubitus (pressure ulcer).

piied pldnovarym cperadnim fefenim deku-
bitd nutné provest internl pledoperalnl wy-
Setfenl. Zahrnuje laboratornl odbsry (krevnl
obraz, krevnl skupinu, zakladnl koaguladni
parametry, biochemicky panel vt CRP, cel-
kowé bilkoviny a alburninu), RTG cblast s de-
kubitern (nejtast&ji RTG pdnve k wylouden!
ostecmyelitickych procesd plilehlé kosti),
pilpadné fistulografii a stér 2 rdny a nosu
k posouzenl mikrobidinfho oskdlenl, event.
zavedenl bariérového refimu plfi MRSA
pozitivité [§].

Operatnl 1&¢ba dekubitd problhé zpra-
vidla dwoustapove V prvnl fazl provadime
ostrou nekrektomii s kompletnl exstirpacl
paeudocysty dekubitu (jednd s o pfipad ji-
neho pacienta - ilustrativil Géel) v, viech
plitéll, chobotl a lytického povrchu kosti
{obr. 1-3) [7]. V n&kterych plipadech mife
dojlt a2 k vytvafenl osteomyalitickaho |o-
Fiska v kosti, které je nutné — ve spolupraci
5 ortopedam - resekovat (nejastiji se jedna
o hlavici fernury). Po nekrektomnii dekubitu
aplikujerna n&kolik dnd konzervativil nebo
podtlakovou terapii ran (Megative Pressure
Wound Therapy; NPWT) ke snifanl baktariil-
niha osidlenl rany a k pod pole granulacl.

Ve druhé etapé plistupujerme k uzdvéry
dekubitd. Typ planovans lakokove plastiky
se odv(jl nejen od lokalizace a hloubky de-
kubity, ale také od zikladnl diagndey, kte-
rou pacient trpl. Musime rozlidit, zda se jednd
o chodiclho pacienta, u kterdho je pledpo-
klad, 22 tlak zplsobujicl tlakovou 14zi byl
piechodny a dang oblast ji2 nebude do bu-
doucna tomuto tlaku vystavena - v tako-
vych plipadech davéame piednost krytl de-

3. Obraz dekubitu po nekraktomil.
Fig. 3. Image of decubitus (pressure ulcer)
after necractomy.

fektd fasciokutdnnimi laloky. Pokud se jedns
o pacienta paraplegického (jakym je nami
prezentovany plipad), u kterého je oblast
s dekubitern pravidelng vystavovana tlaku
{napl. oblast sedacich hrbold pfi sezenl na
invalidnl prominenci), volime k wyplnéni
tzv. mrtvého prostoru dutiny doble prokr-
venou svakovou than muskulokutannich la-
lokd [8]. Mapiiklad u ischiadickych deku-
bitd sa mleme nékdy satkat s relativnim
dostatkern mékkych tkanl po nekrektomii.
V thchio phipadech je vhodngjsl dekortiko-
vat £ast plikehlé kii#s a wyhnout se wytvolenl
sutury pfimo nad defektemn z divodu hor-
Slho prokrvenl vaziva v misté jizvy, cof zvy-
Suje riziko pflpadné recidivy [éze. Podobné
dochdzl k wytvalenl nestabilnl jizvy pfi ken-
zervativhim hojenl hlubokych dekubitd per
secundam intentionem [9]. Vyjimadng wy-
ulivanymi laloky jsou tzv. fillet flap z am-
putované konfeting) nebo mikrochirurgicky
plencs volného tkdfového celku (nejlas-
t&ji m. latissimus dorsi). Zde je na misté zd -
raznit nutnost antidekubitnich opatfenl
v prib&hu jakéhokoli operatnlho vikonu
s pouditim antidekubitnich pormcek jako
prevence prohloubenl stavajicich & wytwo-
fenl novych dekubitt [10].

Typy uzavéri u jednotlivych
dekubiti

Sakralnl dekubity se nejcastdji vyskytujl
u pacientd leficich na zddech a majl rz-
ncu podobu a velikost. W plipadech sakrdl-
nich dekubitd midZeme pouft fasciokutannl
lalok rotadnl mebo VY posun jednostranng &
oboustranry, muskulokutannl lalok m. glu-
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Tab. 3. Pfehled lalokovych plastik (trochantericky dekubitus).

FPodle typu thén& Podle typu posunu

ALT lalok (arterolateral thigh flap)

random thigh flap

bipedicled thigh flap

MTFL [musculus tensor fasciae |atas) lakok®:

= notadmi

fascickutanni laloky

muskulckutinnilaloky Mgzt

m. gluteus maximus

m. vastus |ateralis
m. rectus femoris

*Majtastji provadén na pracovidti autond,

ischiadicum, pak se v ramci nekrektomis
provadl i ischiektomie Uzaver tohoto typu
dekubitu provadime fasto fasciokutanim
lalokem z dorzdlnl strany stehna stopkova-
rym medidlné nebo lateralng [12] anebo
muskulokutannim lakokemn, kdy transponu-
jeme do dutiny sval - dolnl porce m. glu-
teus maximus (obr. &) & diouha hlava m. bi-
ceps fernoris [13] nebo m. semitendinosus
anebo m. semimembranosus, tzv. hamstr-
ing flap. Sekundarn( defekty fefime mistnim
posunam, Z-plastikou, pfimou suturou nebo
kaZnlm transplantatemn. Plehled lalokovych
plastik k rekonstrukei ischiadického dekubitu
prezentuje tab. 2.

Trochanterické dekubity
Trochanterické dekubity jsou lokalizo-
vany v oblasti proximdlnich &3st laterainich
ploch stehan v misté tlaku podiciky na ob-
last trochanteru kosti stehennl. Mohou milt
opét charakter pl&tall, chobotd, stenozuji-
clch wied, velmi &asto i s kakifikacemi v ji-
zevnatd tkani. V plipadé postifenl kosti je
nutno resekovat | Sast femury, v ZévaZngj-
gich pifpadech prowést i exartikulaci konde-
tiny. K wykrytl defektu se ngjvica uZivd MTFL
(Musculus Tenscr Fasciae Latag), muskuloku-
tannl lalok. Dale je mo#né vyu#itl rotatniho
laloku z plednl a laterdinl plochy stehna na
laterdlnl stopoe, transpozitnl lalok z plednl
plochy stehna na homi stopee atd. Plehlad
lalokovych plastik k rekonstrukc trochante-
rickych dekubith uvadi tab. 3.

Rozsahlej3l dekubity majl charakter kom-
bincvaryich dekubith (obr. 7, jednd s2 o pif-
pad jiného pacienta - ilustrativnl Géel), napt.

sakrogluteding, u ktergch wyuivime kombi-
nace jednotlivych lalokowich plastik, mist-
niich pesund nebo jinych technik.

Per- i pooparafné je nezbytry komplexni
piktup: cllerd ATE terapie, pravidalné pora-
denstvl nutrifnlbo terapeuta, dle krevnich
ztrdt podani krevnich derivatd atd. Po uzdvry
lalokovou plastikou vady wyufvame podtla-
kevych drénid, které ponechavame nejménd
5 dnid. ¥ pooperatnim obdobl je velmi dd-
lefitd prevence racidivy dekubitl s wyuZitim
pravideiného polohovdni, antidekubitnich
pomidoek a odlehtenim operovans oblast po
dobu min. & tydnd. 5 vyhodou ke jako pre-
ventivnl postup vyuzlt spoluprdci s rehabili-
tadnim |&kafemn a napt. pressure mapping [14].

Zavér

Operatnl 16Eba dekubitd zahrnuje ne-
krektomii, exstirpad pseudocysty s vhodné
zvolenou lalokovou plastikou a nutnost
multicborové spoluprdce (ortoped, chi-
rurg, gyrekelog, rehabilitaZnl |ekal, vhodné
edukovany nelékafsky zdravotnicky per-
sondl). Pefliva pliprava pacienta, wyuZivan!
vhodné antidekubitnl prevence v celém pri-
béhu hospitalizace, ale | parioperatng wy-
Zramné snigujl rizike kemplikacl a recidivy.
Po vylerpdnl oparainich mo2nostl z0stdvajl
i v dnednl dobé nékters dakubity s chledem
nia celkowy stav pacienta inoperabilnl.
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teus maximus s cévnl stopkou na a. glutaa
Tab. 1. Prehled lalokovyich plastik (sakrdlnd dekubitus). superior [11]. Plehled lakekovych plastik k re-

konstrukei sakrdlnfho dekubitu uvadi tab. 1.

Podle typu théing Podle typu posunu Ischiadické dekubity jsou nejéastéjs
ratacni glutedini FC lalok® u pacientd plipoutarich na invalidni vozlk
fasciokutanni laloky VY posun jednostranny a velmi hajré sa vyskytujl ve formé plEtall
VY posun oboustranny V takovém pfipadé mlZe byt na kO pa-

trny defekt jen nékolik mm, jako je tomu

i LR u na¥eho pacienta (obr. 4, 5), ale v podko#

VY = m. gluteus maximus® sa zpravidla nachézl nékalikacentimetrova
muskulokutinni lzloky ; :
5-GAF lalok (superior gluteal artery perforator flap) kapsa (plicemZ plitéle mohou komuniko-
superior gluteal artery ostrdvlowy lalok (islard flap) vat s jingmi orgéry). Z toho divedu je re-
% zbytné disledné dovySetfenl terdnu de-
*Majtastdji provadEn na pracovifti autond, fektu i okelnl tkdng. Pokud je yticky tuber

Obr, 5. Stav po nekrektomii sakrdinfho

. . e a obou ischiadickych dekubitd.
Obr. 4. PI5t&l ischiadického dekubitu vievo, sakralnd dekubitus. Fig. 5. Condition after necrectomy of sacrall

Fig. 4. Fistula of the left ischidaic (sciatic) pressure ulcer, sacral decubitus (pressure ulcerl  and both sdatic decubitus (pressure ulcers).

| "

Tab. 2. Pfehled lalokovich plastik (ischiadicky dekubitus).

Podle typu thdné FPodle typu posunu

medidIng stopkovany dorzélni stehenni lakek (medial thigh flap)*
laterdlné stopkovany domalni stehenni lalok (lateral thigh flapi®
doini dorzélni glutedini lalok i-GAP lalok (inferior gluteal artery

fascickutanni laloky

perforator flap)

Hamstring flap:*

= dlouhd hlava m. biceps fermecris
AN bl = m. semitendinosus
lalaky = m. semimembranasus

Obr. 6. Transpozice distélni porce m. ghu- MTFL jmusculus tersar fasciae latae)

tews maximus nad tuber ischiadicum. m. gluteus maximus-pars inferior

Fig. 6. Transposition of the distal por-

tion of gluteus maximus over the tuber *MejEastdji providén na pracovidti autord,

ischiadicum.
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SKIN GRAFTING IN SURGICAL TREATMENT OF PRESSURE ULCERS

dol: 1048095/ C0CsNN202251 2

Skin grafting in surgical treatment
of pressure ulcers

Transplantace kdze v chirurgické [écbé
dekubitt

Summary

Optimal treatment of deep category of pressure ulcersAnjurkes (category Il and W) Is represented
by nurnerous surgical procedures accompanied with conservative therapy and preventative
maasures. Skin grafting represents a reconstructive option In plastic surgery with wery spedfic
Indications In pressure ukcer's surgical therapy. Thie alm of this article is to clarfy the Indications for
plastic surgery Interventions and to describe possible disadvantages of skin grafting In pressure
ukeers reconstruction. One of the specific Indications B presented as case report of 89-years-old
waomen with unstzgeable pressure ulcer In hieel area that was surgically reconstructed by skin
grafting.

Souhrn

Zakadem léchy hlubokych dekubi (1. a IV, kategorie) jsou rizné chirurgicks techniky provazené
konzervativnl terapll a preventivnlmi opatfeniml. Transplantace kige pfedstavu)e jednu z moenostl
w chirurgicke [&Eba dekubitd, ma viak své spacificke Indikace. Cliem tohoto Elnku Je tyto Indikace
v ramicl plasticks chirurgle cbjasnit a popsat nevyhody transplantace ke v rekonstrukol dekubitd.
Jedna z tdchto Indikacl Je prezentovana v kazulstice 89leté paclentky s neklasifikovatelnym

dekubltam paty, ktery byl chinurgicky rekonstruowdn pomocl transplantace kiZe.
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Introduction

Optimal treatment of deep categary of pres-
sure ulcars [PUs)injuries fcatagory Il and 1V)
is represented by numercus surgical proce-
dures accompanied with conservative ther-
apy and preventive care. Surgical treatment
af these types of PUs usually consists of two
steps: debridement and proper reconstruc
tive surgery of the wound [1]. Genarally, wall
known reconstructive ladder - wound clo-
sure fram the easiest reconstructive tech-
nique to the most demanding cne, is usually
used in surgical coverage of most majarity
wounds in plastic surgery [2-5]. Howewer, in

such specific type of defects as the PUs really
are, the reconstructive ladder is guite modi-
fied. Healing by secondary intenticn can be
expected primarily in minor defacts. It is ap-
plicable also in bigger defacts, in case when
surgical treatment is not recommended
far some reasons (poor general health sta-
tus, inakility to undergo general anaasthe-
sia etc). In these cases, conservative therapy
can lead to healing up of these dafects, but
it may take several months. Second stair in
the reconstructive ladder is prirnary closure
af the dafects. Neverthaless direct suture in
PUs surgical therapy is recommendad only

in certain indications [5], especially in small
sized defect. Disadvantage of this technigue
is reprasented by the fact that resulting scar
is localised above the bony prominence.
Connective tissue of the scar is lass resist-
ant against the prassure than ather tissues
(fascia, muscle etc) According to our expe-
rience, there is a higher risk of dehiscence
development [7] and recurrence of PUs
using direct sutura in comparison with re-
constructions using flap closure technigue.
Tissue expansion [B] and fres flap transfer are
on the top of the reconstructive ladder tech-
niques, but they are used in PUs reconstruc-
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Ll o 5
Fig. 1. Unstageable pressure ulcer in left heel area.
Obr. 1. Neklasifikovatelny dekubitus levé paty.

tive procedures only rarely. Therefore, fascio-
cutanacus or musculocutaneous flaps [9],
that are widely used in surgical treatrnent of
PUs, are rightly signed as a workhorse in re-
constructions of Pus [10].

Skin grafting technique
description and Indications

In PUs therapy

Third stair in reconstructive ladder in plas-
tic surgery bekongs to skin grafting (3G). This
method is generally used in burns, extensive
soft tissue defects, or specific defects local-
ised inthe head oranother area. Skin grafting
can be parformed in a form of split-thickness
skin graft (ST5(0) that contains the epidermis
and a part of the dermis, or in a form of full-
-thickmess skin graft (FT5G) containing the
epidermis and the entire dermis. 5T5G is
usually harvested by airdermatom from the
wentral thigh area and then meshed in ratio
of 1:15, 1.2, 1: 3. FT5G is often harvested
from the retroauricular, supraclavicular or
groin area and is perforated only. FT5G is
performed in areas where the scar contrac
tion is expectad or in reconstruction of head
area. Fixation to the defects is performed
by skin stapler or by non-rescriable fila-
ment. Basic healing up is arcund 7-10 days
and continues with scar maturation. This
methcd has some disadvantages, therafore
its using in reconstruction of PLs is very re-
stricted. PUs are classified as complicated
healing wounds or non-healing wounds,
These types of wounds are burdened al-
most always by polymicrobial wound bed
calenisation, often with resistant strains (Me-
thicillin resistant Staphyiococcus aureus etc ).
Skin grafting as a method of choice has ta be
taken in consideration anly in case when the

wound bed is mini-
mally colonised by
bactaria. Local bac-
terial infection leads
to damage of skin
graft. On the athar
hand, the donor site
has to be protected
from transposad in-
faction from the wound bed of PUs. 5TSG is
wery thin [0008-075mm) 1) and unplia-
ble and has to be placed on the shallow da-
fects with well-granulating tissue rafined of
avital tissue and slough [12). Skin grafting can
be used only in catagory |l not in category
I\ of PLs, where bone is exposad or affected
by bysis or ostecmyelitis. Another disadvan-
tage of this reconstructive method is the fra-
gility of tha skin graft. It must be consideared
that in patient suffering from PU, the main
cause-prassure batwesan bony prominances
and the base, as well as friction shaar, will con-
tinue, Therefore, SG is not recommendead as
a method of choica in PUs reconstructicn.
Howeavar, in certain indications this technigue
may ba very usaful, It includes reconstructions
of small or moderata PUs in head area, inci-
dence of which was rising up during COMD-19
pandernic, espedally in patients ventilated in
the prone position. Head area is well-vascu-
larised, thus providing adequate wound bed
for skin grafting. 5G can be considerad as a re-
constructive option in meadical-devica-ralated
PUs, especially in recorstruction of larger de-
facts of mucosal rmembrane PUs [13], accord-
ing 1o localisation, size or wound bed. Cther
indication is reconstruction of extensive soft
tissue defacts, for example positional trauma,
where local flaps are insufficient for covering.
Another possibility to use this technigueis PLs

Fig. 2. Detailed picture of eschara.
Obr. 2. Detailnl obraz eschary.

lecalised in lower limb, espacially in heel araa,
as described below in the case report.

Casa raport

Eighty-nine years old woman with sevare co-
morbidities (hypertersion, diabetes mallitus,
post stroke syndrom, immiobility etc) was ad-
mitted for PU localised on the left heel, clas-
sified as hospital acquired PUs. The PLIs was
clinically expressed as black thick eschar on
the surface with slushy smelling and maova-
ble base accompanied by marginal erythema
of surrounding skin (Fig. 1, 2). The size of this
unstageable PU was 8 « 7om with unknown
depth. It was indicated for surgical treatment
due to suspicion of lecal infaction of soft tis-
sua. The X-ray was performed to rule out os-
teomyelititis or osteolysis of cakaneus. Sharp
debridement was performed in spinal anass-
thesia with removing all the avital tissue and
slough, including necrotic parts of plantarfas-
cia and insartion of flexor digitorum brewvis at
lormgus muscle. After the surgery, P was clas-
sified to a category IV — exposed, but stiff cal-
cangal boneinsize 2 1 cm. Negative prassure
wound therapy (NPWT) using hydrochlo-
rehexidin dressing supplying foam was used
to support growth of granulation tissue, as-
pecially above the exposed bone part (Fig. 3).
Due to worsening of general health status
(hypertansion decompensaticn, infection in

Cesk Slov Neurol N 2022; 85/ 118{5uppl 1): 512-514
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Obr. 3. Granuladni tkaf and patni kostl

the urinary tract and the inability to undergo
general anaesthesia) reconstruction using
flap reconstructive surgery was notindicated.
Tharefore, consarvative therapy (wet drass-
ing) was running with reqularly monitoring of
bacterial wound bed contamination (Frotaus
mirabilis, Prevotela melanogenica, Enterobac-
fer clogce ESBL-extended spactrum beta-lac-
tamase, Pseudomonas geruginesd) and accu-
rata antibiotics therapy for naxt 2 months.
The granulation tissue in the wound bed
agrew up and coverad exposed bone. Wound
was microscopically starile befora recon-
structive surgery. Due to general health sta-
tus, 5G in local anaesthesia was performed,
5T5G was harvested from ventral part of the
left thigh, meshedinratic 1 : 1.5 and fixed into
the wound with bolus of gauze. Secondary

T - a0
Fig. 3. Granulation tissue above the calcaneal bone.

local infection of the donor site occurmed @and
treated by consarvative therapy) postopera-
tively, Skin graft was healed up in majority of
the wound in 14 days, but two months after
the surgery small rest dafect ramains (Fig. 4.)
traated by consarvative therapy. Diagnostic
and treatmant timaline is shown intha Tab. 1.

Conclusion

Skin grafting is not a method af chaice in
reconstruction of pressure ulcars, but it still
has its own placa in pressure ulcer's surgery
treatment in spacific indications.
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Tab. 1. Diagnostic and treatment timeline (2021-2022).

Timeline 2021-2022

every 4 days
NPWT - negative pressure wound therapy

R Soptember  October  Nowember Decomber  lanuary
admission "

SWAE XK XK H¥ *H *
X-RAY *

NPWT " "

debrderment "

skingrafting =

nuiritional support * x

preventive measures * X *®
discharge *®

* NPWT In continual regimen with negative pressure -125 mmHg was ragularly changad

Fig. 4. The wound in left heel area - status 2 months after the
split-thickness skin graft.

Obr. 4. Zbytkovy defect v oblasti levé paty — 2 mésice po rekon-
strukci dermoepidermalnim kofnim Stdpam.
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Multidisciplinary approach in surgical pressure
ulcer therapy after spinal cord injury

Multidisciplinarni pfistup v chirurgické lé¢hé
dekubitl u pacient(l s misni lézi

Abstract

Surgical treatment of extensive pressure ulcers in patients with spinal cord injury still represent
a major challenge and often neglected part of care with which many experts is confronted
daily. Treatrment of these patients often requires extensive multidisciplinary approach across, ot
only, surgical disciplines. Close cooperation with a nutritionist, microbiclogist and other surgical
specialists is often the only way to successfully manage the problern. Tha aim of this publication
is to briefly summarize the basic parameters in multidisciplinary collaboration in the treatment of
large pressure ulcers in patients with spinal cord lesions. We then briefly demonstrate the above
mentioned issues on a series of case reparts resulting from our daily practice and then discuss the
rele of individual surgical specializations, the impartance of nutritional support and the salution
of infectious complications.

Souhmn

Chirurgicka lécba rozsahljch dekubitd u pacientd s traumatickou miini l&zi stile pfedstavuje
welkou wyzvu a Zastn opomijenou kapitolu, s ni je celd fada cdbormosti denné konfrontovéna,
Lécba pacientd Zasto vyZaduje multidisciplindrni spolupraci napfié nejen chirurgickymi obory
Prévé (zki spoluprdce = vi#vovym specializtou, mikrobiclogem a pracovniky z chirurgickych
obord je mnohdy jedinou modnosti k dspéiné terapii. Cllem piisp&vhu je ve strutnosti shmout
zékladni parametry multidisciplinérni spoluprace pfi lé2be rozsihlych dekubitd u pacientd s miEnd
|ézi, WyE= zminény pfehled v kritkosti demonstrujeme na sérii kazuistik z nadl kazdodenni praxe.
V diskuz ze zabyvdme roll jednotliviich chirurgickych specializaci, vimmamem nutrigni podpory
a fedenim infekénich kemplikaci.
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Introduction developing pressure ulcers. The incidence

Prassure ulcers after spinal cord injury (SC
represent a difficult problemn leading to re-
peated hospitalizations, multiple opera-
tions and potentially devastating compli-
cations. This problemn presants a challenge
for patients, nurses and doctars [1]. Patients
with 5C1 and its associated comorbidities
are amang the highest risk population for

of pressure ulcers in the SC1 population is
25-66% [2.3].

In this publication we describa the nead
for extensive multidisciplinary approach in
surgical treatrment of pressure ulcers in 3CI
patients. In the individual chapters wa de-
scriba the importance of nutritional sup-
poart, microbiclogical surveillance and inter-

disciplinary cooperation within the surgical
closura of the defect. We then demaonstrate
the discussed topics with saveral examples
basad cn our clinical practice.

Case serles

Casereport 1

A 6B-year-old paraplegic patient was admit-
ted to our clinic in septic condition with an
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axtarsive pressure ulcer in the sacral region
(Fig. 1). Multiple necractommy of the whole re-
gion was performed and intensive antibio-
tic therapy was introduced {further adjusted
according to the results of cultivation and
antibiotic sansitivity). Due to repeated con-
tarmination of the wound with stools (within
closad distance of anus) and mainly the
presence of the posterior wall of the rec-
turm just below the bottom of the defect, it
was decided that a sigmoidestomy would
be created by a general surgecn. The con-
dition was further com plicated by the devel-
opment of the ileus state, with the necessity
of surgical revision due to rotation and mal-
poasition of intestinal loops. Derctation, de-
suflasion and re-suture were performed dur-
ing revision surgery. Following the surgery,
the post-operative period was uneventful.
The closure of tha prassure ulcer in such
a stressful situation and under these con-
ditions would be a high risk, especially in
cases of wound healing in fields that have
been re-operated several times. By this
point, the patient was in malnutrition, Ry-
poproteinemia and all his reserves weane ax-
haustad. Therefare, a conservative approach
and intensive carraction of all macroe- and
micronutrients was priority. Surgical clo-
sure of the wound was postponed for sev-
aral weaks after the patient's complete real-
imentation. The final wound closure was
performed one month later. The entire de-
factwas covered by a large fasciocutanaous
flap from the left half of the sacral/gluteal re-
gion (Fig. 2. The whole hospitalization pe-
riod was managed under pracise microbio-

legical surveillance and targeted antibictic
therapy.

Case raport 2

As our second case, we present 3 43-year-old
paraplegic man, who was admitted to our
clinic with large infected pressure ulcersin the
sacral and right trochanteric region (Fig. 3%
Both defacts wera severely contaminated by
multiresistant strains of Pseudomanas genigi-
nosa and Adinetobacter baumand, which re-
quired prolonged and challenging antibio-
tic therapy with close cooperation with the
Departrnent of Clinical Microbiology. Preop-
arative examination and CT scans showed
axtensive osteomyelitis in the right proxi-
mal femur. In cooperation with an arthope-
dic surgeon, we performed radical resection
of the proximal fernur and subsequently rad-
ical necrectomy of both defects. At first, we
decided to close the smaller and more su-
perficial defect in the sacral region with a V=Y
fasciccutanecus flap. In the trochamteric re-
gion, the defect was large and deep 50 we
decided to apply NPWT (Negative Pressure
‘Wound Therapy) far promating granulation
and remadiation of infaction. We sustained
the vacuum assisted dosure therapy for sev-
aral weeks, together with intense nutrition
support. Finally, after 1 maonth we could close
the defect with a large transposition flap (Fig.
4. Further healing and the post-operative pe-
ricd wera without any complication.

Discusslon
Univarsity Hospital Brno provides one
of four 5CI in the Czech Republic. As

V.

kra a hyZdl,

" ——— s lh
Fig. 1. Large and deep pressure ulcer in whole sacral region.
Obr. 1. Rozsahly dekubitus postihujlcl prakticky celou oblast sa-

a part of this service, a multidisciplinary sur-
gical team was established for the surgical
management of pressure ulcers arising in
this patient grou p. Despita the growing pos-
sibilities of corsarvative therapy, the exten-
sive pressure uloers of grades Il and M can
only be closed by surgical excision and re-
construction. Due to the fact that such anin-
tervention is generally an elective surgical
procedure, patient’s overall condition and
chronic medical comorbidities (2.g. diabe-
tes mellitus, hypartension, malnutrition, and
anemia) hava to be compensata by the mul-
tidiscplinary teamn before a patient is consid-
ared a good candidate for surgery [1]. If the
ulcar or ulcars are in closa proximity to the
anus, clinical judgment should address the
need for bowel diversion by colostomy. The
presence of stool significantly comprormises
wiound healing and makas its toilat virtually
impossible. Furthermare, the dose proximity
of the rectumn to the dafect may complicate
the surgical procedure and its possible per-
foration may result in fatal complicatiors [4].
The same applies to the perineal region -
the creation of a tempaorary or permanent
urinary diversion should be considerad hera.
The presence of an orthopedic surgecn is
often required due to osteomyelitis, which
will also have a significant impact on further
surgical plare. Often, a radical ostectomy is
required before final wiound closura [5]. Cnly
after proper radical surgical debridement,
including of bone structures and conceaiv-
ing a proper surgical fizkd, the defact can be
closed by a plastic surgecn. Surgical man-
agement of prassure ulcer closure imvohes

[}

Lo o 4

Fig. 2. Defect after closure with Ialgeﬁ';nsi:osljmﬂan_
Obr. 2. Defekt po definitivnim uzdvémn transpoziénim lalokem.
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Fig. 2. Large trochanteric defect with luxated femur. Picture after
ostectomy of proximal femur, including caput femoris.

Obr. 3. Rozsahly trochantericky dekubitus s dominujich lueova-
nou kytl. Obrézek jif po provedend osteotomii hlavy a prosi-

malnl &asti femuru.

a spectrum of options, from simple debride-
ment with direct clasure, to skin grafting,
fasciocutaneous flaps, myocutaneous flaps
of even frea flaps [1]. The choice of flap re-
construction always depends on a num-
ber of factors such as anatomical location,
recperated terrain, general condition and
surgeon's preference [4). Considering the
spectrum of patients with often neglectad
chronic wounds and avery poor averall con-
dition, it & clear that the resulting surgical &f-
fact is burdenad with a cormesponding per-
cantage of complications and recurrences.
Scientific sourcas show different percant-
#0es of complications. Forexample, Samesm
et al reports complications ranging from
9-20%%, depending on the type of flap cho-
sen. The most frequent complications in their
study wera flap necrosis (partial), wound de-
hiscence, infection and recurrence of pres-
sure ulcer [E]. The ideal nutritional intake
centinuas to be disoussed to this day. Enengy,
protein, arginine, and micronutrients are all
assential for proper wound healing. Proteins
play the most important rele in the healing
process and are essential in the fibroblast
proliferation process, angiogenesis, col-
lagen synthesis and overall in tissue repara-
tion [7], In 2009, Mational Pressure Ulcer Ad-

I h%

visory Panel introduced general guidelines
for the treatment and prevention of pres-
sure ukears, these were updated in 2014 [B].
For prassure ulcer staga AV, recommendead
protein intake goes up to 2g/ka. The key
role of protein intake is well demonstrated
in a study presented by Crowe et al [9). The
group receiving higher protein (189 pro-
tein per kg body weight) demonstrated
nearty a two-fold greater rata of haaling than
those randomized to lower protein intake
(1.2g protein perkg body weight) The role
of carbohydrates, fats and micronutrients is
equally important. To prevent protain-en-
ergy malnutrition and im prove wound heal-
ing, the diet should be adequate in enargy
in tha form of carbohydrates, fat and pro-
tein. Infection of a pressure ulcer may result
in soft tissue and bone infections: callulitis,
abscess formation, bursitis, and osteormyeli-
tis of bone underlying the wound bed [10].
In 5C| patients, itis one of the most commen
causes of bacteramia [11]. Control of wound
celonization and infection should always be
one of the biggest priorities in treatrment
protocol [1] Precise microbiclogical surveil-
lance shiould be strictly conducted in all pa-
tients, along with targeted antibictic admin-
istration based on sansitivity. This & the only

Fig. 4. Peroperation picture after elevation of large fasciocutane-
ous flap for closure of trochanteric defect.

Obr. 4. Peroperalnl snimek elevace fasciokutdnniho laloku k uzs-
wéru trochanterického dekubitu.

wiay to prevent an increasa in antibictic re-
sistance and at the same time to succassfully
eradicate pathogers in an effort to prevent
further dissemination [14].

Conclusion

Surgical treatment of pressure ulcers in pa-
tients after 51 is often a wary complicated
process invalving many aspects of sur-
gery. Today, cormect and effective treat-
menit is possible due to large collaboration
in a multidisciplinary team. It is tha pres-
ence of a diversa range of experts, ot only
from the surgical field, that has contributed
to the devalopment in this oftan neglected
issue.
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2. NUTRITIONAL PERSPECTIVE

Nutrition is an essential component in the prevention and management of PUs, since it has
a significant impact on the wound healing process and overall patient outcomes. As a result
of the fact that malnutrition is a well-documented risk factor for the development and
duration of PUs, nutritional screening and correction are essential components of
comprehensive therapy. Nutrition is a complex and wide-ranging topic that should be
handled by nutritionists. The purpose of this chapter is to discuss the fundamental parts of
the issue of PUs and nutrition through the eyes of a plastic surgeon in clinical practice. This
chapter focuses on PUs in critically ill patients as well as chronic PUs caused by long-term

movement disability, typically as a result of a spinal cord injury or disorder.

2.1 Pressure ulcer surgical management in critically ill patients

PU prevalence has been found to be around 25% among adult patients in intensive care
units (ICUs) across the world, with 60% of these cases being acquired in the ICU. ®° It has
been shown that the prevalence of malnutrition in critically ill patients can vary anywhere
from 38 to 78 %. % The general opinion is that people with a duration of stay of more than
48 hours are at risk of malnutrition and should be referred for nutrition assessment and
management. °7°8 A few studies refer to the level of BMI (body mass index) in relation to
the development of PUs. The highest risk is associated with underweight patients (BMI
<18.5 kg/m2) and in obese patients (BMI > 30 kg/m2) and the lowest risk is for overweight
patients (BMI up to 27.5 kg/m?2). *°

Skin failure is a risk factor for critically ill patients, particularly those who have spent an
extended period in the ICU, because of prolonged immobility, mechanical ventilation, acute
respiratory distress syndrome, COVID-19, sepsis, multiorgan system dysfunction,
vasopressor use, and treatment with extracorporeal membrane oxygenation. The
compounded factors of circulatory collapse, metabolite accumulation, compromised
lymphatic drainage, patient comorbidities, and ischaemia via capillary blockage in critically
ill patients result in poor perfusion leading to skin disintegration. 1% Surgical management
of PUs in critically ill patients must be carefully considered, not only in relation to the
patient's overall health, but also in relation to the next local wound healing and/or planned
surgical reconstruction. According to our clinical experience, debridement performed in the

deep category of PUs often leads to deepening of necrosis in patients with severe
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malnutrition. The exception is case of "septic” PU, in which a sepsis has the origin in PU.
These PUs frequently present with a clinical appearance of firm necrosis (unstageable
category of PU), accompanied by a cavity filled with pus beneath the necrotic tissue that
requires surgical intervention. The result of study Kiiglikdemirci et al. shows that critically
ill patients with PUs are more likely to get blood stream infections if they have low albumin

levels, kidney failure, and stay in the ICU for a long time during sepsis events. 101

In other cases, it is beneficial to continue with conservative local wound therapy and with
complex therapy in critically ill patient, including preventive measures and positioning of
the patients and nutritional assessment, evaluation of malnutrition and tailored nutritional
treatment. Surgical therapy is planned after stabilisation of the patient's general health and
nutritional status, i.e., in the phase of transition from catabolism to anabolism. This can
eliminate postoperative complications, as described in the subchapter 1.7.3.3 , Post-

surgical complications “.

2.2 Pressure ulcer surgical management in long-term pressure
ulcers

Long-term PUs of different categories or multiple PUs are very common in patients with
reduced mobility and are associated with varying degrees of malnutrition. Acute and
chronic infections, wounds, and hypermetabolic states significantly elevate the body's
requirements for energy and protein. PUs imposes a significant burden on patients,
presenting as chronic wounds often accompanied by a persistent state of inflammation.
This inflammatory response not only exacerbates tissue damage but also contributes to the
deterioration of nutritional status, leading to malnutrition. The local condition of the
wound also contributes to malnutrition. High amounts of exudation, especially in people
with long-term PUs, can also cause a lot of protein loss and put the patient at risk for an
imbalance of fluids and electrolytes. It is thought that a person with a PU of category IV
(i.e., a pressure injury with full thickness tissue loss and exposed bone, tendon, or muscle)
could lose 90-100 g of protein every day in fluid. However, many people get less than this
amount of protein every day. 192 Malnutrition further impairs the healing of PUs by delaying
tissue repair and regeneration while weakening the body’s immune defence, increasing
susceptibility to infections. 103194 All above mentioned factors perpetuate a vicious cycle,

where poor healing and recurrent infections worsen the patient’s overall condition. In such
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complex and challenging cases, surgical intervention may serve as the final solution to
break this cycle, enabling effective wound closure and restoring the patient’s quality of life.
Collagen synthesis/deposition and epithelial resurfacing are essential for successful
healing, and both procedures heavily rely on sufficient nutritional storage and support.
Vitamins, minerals, proteins, carbs, and trace elements are all important in these
processes. 1% The Wound Healing Society (WHS) guidelines for the treatment of pressure
ulcers-2023 update emphasize the need for nutritional examination and establishing
parameters for the diagnosis of malnutrition in patients already in the outpatient setting:
L»Assessment of pre-albumin level (reflecting recent protein consumption) and serum
albumin level (reflecting long-term protein consumption) is useful to identify outpatient
ambulatory patients who are malnourished. These markers are not very effective in
hospitalised or ill patients where levels of serum albumin and pre-albumin are influenced
by hydration status, presence of infection, or acute stress and thus may not reflect actual
nutritional deficit. No individual clinical parameter accurately and consistently identifies
adult malnutrition. The Academy of Nutrition and Dietetics and the American Society for
Parenteral and Enteral Nutrition suggest that presence of two or more of the following six
parameters are strongly diagnostic of malnutrition: insufficient energy intake, weight loss,
loss of muscle mass, loss of subcutaneous fat, localised or generalised fluid accumulation
that may mask weight loss, and decreased functional status measured by hand grip. Other
laboratory values associated with inflammation such as C-reactive protein, white blood cell
countor blood glucose may be helpful in determining if malnutrition is related to starvation,

chronic disease or acute disease/injury.” 1°°

Proper nutrition not only supplies the body with essential nutrients and energy but also
supports cell metabolism, enhances tissue repair, accelerates wound healing, and lowers
the risk of infection. 196107 The negative impact of malnutrition on pressure ulcer healing
can be seen clinically in the basic characteristics of the wound. It can lead to stagnation of
wound healing or deepening of the wound, as we can assess in the daily monitoring of
wound status using TIMERS aspects (detailed in subchapter 1.7.2 ,Promoting Wound
Healing, Conservative Therapy”). These negative aspects of the wound healing are
correlated with lower levels of pre-albumin, albumin, and total protein in the blood; grey
or more fragile granulation tissue; no vital signs at the wound surface after debridement as

opposed to pink granulation or edge re-epithelialisation of the wound as the levels of these
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nutritional parameters increase. Performing the reconstructive procedure in patients with
low nutritional factors significantly increases the risk of the postoperative complications,
such as wound dehiscence, partial or complete flap necrosis, floating flap plasty, or PU
recurrence at the reconstruction site. Therefore, it is essential for the general practitioner,
referring physician, or nutritionist perform a nutritional evaluation and therapy prior to
elective PUs surgery, preferably during the preoperative phase. All these findings led us to
create our internal guidelines used in the Department of Burns and Plastic Surgery with the
establishment of certain levels of haematological, biochemical, and nutritional parameters
to allow PU surgery (not applicable to septic PUs): haemoglobin >100 g/L, CRP <50mG/L,
total protein >60 g/L, albumin >30 g/L, prealbumin>0.15 g/L. This and an additional pre-
operative evaluation are detailed in the “Guide to the Surgical Treatment of Pressure ulcers.
Selected advice for patients, physicians, medical staff and non-professional caregivers”
(“Priivodce chirurgickou lé¢bou dekubiti. Vybrané rady pro pacienty, lIékare, zdravotnicky
persondl a laické pecovatele “), see Appendix 1. Using only serum visceral protein levels,
such as albumin and prealbumin, to assess nutritional status in patients with existing
inflammation can be misleading. Pro-inflammatory cytokines shift hepatic protein
synthesis toward acute-phase reactants, reducing albumin and prealbumin production.
Hypoalbuminemia, therefore, cannot be considered a reliable marker of malnutrition in
acute inflamed states or in persistent inflammation, as seen in chronic critical illness. 18
During the hospitalization, we set the following internal guidelines: recording weight,
height, BMI, and regular monitoring of nutritional parameters twice a week (total protein,
albumin, prealbumin, extended iontogram, urea, creatinine, glucose, orosomucoids will be
considered for the future, etc.). Nutritional therapist then calculates the patient's daily
caloric intake, assesses his nutritional intake status according to the levels of nutritional
parameters. Then, setting of high protein diet, sipping, protein supplementation, etc. is
done by surgeon. In case of severe degrees of malnutrition, consultation of a nutritionist
with setting of enteral and parenteral individual therapy is performed. Adequate protein
intake is essential for wound healing, as it supports tissue repair and regeneration.
Providing a balanced supply of calories, protein, vitamins, and trace elements helps
patients manage the postoperative stress response more effectively, accelerates tissue
repair and healing, and minimizes the risk of complications. 109110 Therefore, surgical

treatment (except ,septic” PU) and especially reconstructive surgery are planned after
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stabilization of nutritional parameters to eliminate the risk of postoperative complications.
Continued nutritional support plays a vital role in the postoperative recovery phase, helping
to enhance patient outcomes. Beyond promoting faster wound healing, sustained
nutritional support strengthens the immune system and reduces the risk of infections,
underscoring its importance throughout the recovery process. 11112 Stabilization of
nutritional parameters can also lead to healing up of superficial or small deep category of

PUs.

2.3 Summary

The lack of established guidelines for timing surgical management of pressure ulcers based
on nutritional status or objectively measured nutritional parameters represents a
significant gap in clinical practice. Malnutrition is a well-recognized factor that impairs
wound healing and increases the risk of postoperative complications, yet there are no
universally accepted protocols defining when a patient is nutritionally optimized for
surgery. This omission hinders the standardization of care and the ability to achieve optimal

surgical outcomes.

The current literature provides little guidance in this regard. Reports of randomized clinical
trials addressing the surgical treatment of PUs are virtually non-existent. 1° A Cochrane
review from 2016 identified no published or unpublished reports of randomized clinical
trials, nor any registered studies investigating the role of reconstructive surgery in PU
management. 113 This lack of evidence underscores the pressing need for comprehensive

research to establish evidence-based guidelines.

To address this critical need, our institution has developed internal guidelines grounded in
years of clinical experience. These guidelines provide indicative thresholds for key
nutritional parameters, including prealbumin, albumin, and total protein levels, serving as
essential tools to assess a patient's readiness for surgical intervention. While these
thresholds act as foundational benchmarks, they are not definitive criteria and should be

interpreted in conjunction with the broader clinical picture of each patient.

The primary aim of these internal protocols is to ensure that patients undergoing surgical
treatment are nutritionally stabilized, thus minimizing the risk of complications such as

wound dehiscence, flap necrosis, or pressure ulcer recurrence. However, we recognize that
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these guidelines are based on observational data rather than robust statistical analysis and
they should be viewed as a practical framework rather than a universally applicable

standard.

Further efforts are necessary to refine these parameters and validate them through
evidence-based studies. By integrating nutritional optimization into preoperative planning,
clinicians can break the vicious cycle of malnutrition, chronic inflammation, and delayed
healing, paving the way for successful surgical interventions and improved patient quality

of life.

In the scientific exploration of the relationship between nutrition and wound healing,
chronic wounds like pressure ulcers present unique challenges, particularly in experimental
models. Developing an animal model that fully replicates the complexity of chronic
wounds, including the prolonged inflammatory response and multifaceted healing
obstacles, is nearly impossible. This limitation has led us to focus on acute wound models
to study the fundamental mechanisms of wound healing and the effects of nutritional

interventions.

As part of our research efforts, we conducted a study titled Fatty Acid Supplementation
Affects Skin Wound Healing in a Rat Model, published in Nutrients. This work investigated
the impact of dietary fatty acid supplementation on acute wound healing using a rat model.
By manipulating the ratios of n-3 and n-6 polyunsaturated fatty acids in the diet, we aimed
to elucidate their roles in modulating inflammation, tissue repair, and overall healing
processes. The results provided valuable insights into how dietary interventions could
influence wound healing, laying a foundation for understanding how similar strategies

might be applied to chronic wounds in clinical settings.

While findings from acute wound models cannot be directly extrapolated to chronic
wounds like PUs, they provide a crucial starting point for developing targeted nutritional
therapies. These models allow us to explore the biochemical and cellular pathways involved
in wound healing and evaluate the potential of specific nutrients to enhance these
processes. Building on these foundational studies, future research can aim to translate
these insights into practical clinical applications for improving the management of hard-to-

heal wounds.
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Zmény v kvalité hojeni ran po podani
nenasycenych mastnych kyselin u potkana

Wound healing effects after application of polyunsaturated

fatty acids in rat

Souhm

Ovodt Atkoli mechanizmus viivu nenasycenych mastrych kyselin na hojeni ran nebyl dopasud
zcela objasrdn, je jists, 22 nutriéni stav pacienta hajeni kogni riny zésadné ovliviuje. O Cilem
bylo zjistit, jaky vliv na rychlost a kvalitu hojeni kegni rény bude mit krdthodobé podént
omega-3 a omega-6 nenasycenych mastrgch kyselin, Materidl @ metodiba: Mladym potkandm
kmene Wistar bylo orogastrickou sendou poddvéne bud piesné definované mnodstvi 20%
tukovych emulzi {experimentalnf skupiny E a F 5 rdznym pomé&rem omega-3 : omega-6 :
omega-9 nenasycenych mastrych kyseling nebo vody (skupina C, kontralnil. Pa tydnu aplikace
byla zvitatlim na hfbetu wytwofena ko#nl rana a tyden bylo pokratovano s dietou. Ffi ukongent
pokusu byla odebréna krev a vzorky rany. Sledowdny byly zmé&ny v plazmatickych hladinach
mastnych kyselin, 4-hydroxy-2-nonenalu a mira oxidaéniho stresu jak v plazmé, tak v rang
Rychlost a kvalita hojeni byly posouzeny pamach digitalni planimetrie a histologicky. Vsledky byly
statisticky zpracovény neparametrickyrni testy. Vyfstedky: Byly zjigtiry signifikantnl zmény u zvifar
w exparimentalnich skupindch v hladindch mastrych kyselin v plazmé a dale vyal schopnost
thiné a plazmy wyrovnat se s oxidaénim stresem. Zgvér: Krathodobé podani uréitého pomén
nenasyoenych mastrgch kyselin ma pozitivni viiv na hojeni ran.

Abstract

Introduction: Although mechanisms of palyunsaturated fatty acids influence on shin wound heal-
ing have not been fully elucidated yet, it is undisputable that nutritional state affects it profoundly.
Airm: The study was focused on zpeed and quality of wound healing influsnced by short-last-
ing oral administration of omega-3 and omega-6 polyunsaturated fatty acids. Materials and
methods: Young Wistar rats received by orogastric tube either 20% fat emulsion {experimerital
groups E and F differed by ratio between omega-3 | omega-6 : omega-9 polyursaturated fatty
acids) or water [control group O} After 7 days, skin wourd on back was performed ard emulsion
or water application continued for anather week. Blood and tissue samples were obtaired during
experiment termination. Mlasmatic levels of fatty acids, 4-hydrosy-2-nonenal and cxidative stress
beath in plasma and in wound tissue were examined. Speed and quality of wound healing were
assessed by digital planimetry and histological examination. Results were statistically evaluated by
nor-parametric tests. fesults: Significant changes of fatty acids plasmatic levels were chserved in
animals in experimental groups as well as better ability of their flasma and tissues to cope with
oxidative strass. Cancdlusion Short-lasting administration of certain ratio of pelyunsaturated fatty
acids positively affects skin wound healing.
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Uvod

Ptastode sa s problematikou hojeni ran se-
tkdvame v chirurgické praxi dennd, inci-
dence a prevalence ran a hojiviich procesd
nenl dobfie standardizovana a monitaravana
3 existuje jen mdla celostatnich dat tykajl-
clch sa péle o rAny. Hojenl ran jak akutnich,
tak chronickiich (dekubity, syndrom diabe-
tické nohy, ulcus cruris, atd), rAny po pldno-
vanich operacich i specidlnl typy ran, jako
jsou popéleniny, pledstavujl velkou ekono-
mickou z&téF zdravotniho systamu, a to ze-
jména u hospitalizovanych pacientd [1].

Rychlost a kvalita hojenl ko#nl rAny za-
visl rejen na velikosti, hlouboe a typu rany,
ale také na komorbiditach pacienta, véku
a jeho compliance. Mutriénl stav by mél byt
Jjednim ze sledovanych parametrl phi eva-
luaci pacienta s jakymkoli typemn rany. Jed-
riotlivié slozky wydivy - billkoviny [2,3], vita-
miry [4], stopové prvky a masiné kyseliny
(MK} [5,5] ji# byly pfedmétern Ffady studil za-
méfenych na hojenl ran, nicmensd ovlivnénl
rychlosti a kvality hojenl ko#nl rdny po po-
danl nenasycarych MK nebylo prozatim
zela objasréna.

Cllerm prezentowand experimentalnl stu-
die bylo zjistit, zda se kratkodobé podanl
omega-1 a omega-6 nenasycenych ME
v rizném poméry odrazl v kvalitd hojenl
kaznl rary u labaratornibo potkana.

Materlal a metodika

Experiment byl provadén v sculadu s dopo-
ruenim European Community Guidefor the
Care and Use of Laboratory Animals, projekt
pokust byl schwilen Komisl pro ochranu -
fat Masarvkovy Univerzity a komisl Minister-
stva zemadelstvl CR,

Do exparimentu bylo zafazeno 30 pot-
kand krmene Wistar (staff 3 tidny, hmotnost
1604 + 12 £4qg). Zvllata byla ndhodné rozdé-
lena do 3 skupin (n = 100, kontrelnl skupina C,
axperimentalnl skupiry E a F. Po tydennl pif-
pravé (néwyk na dchop rukou a aplikace son-
dou) byla zvifattim dalsl tyden (preoperalnl
faze) 1x denné pomod orogastricks sondy
aplikovana bud 20% tukowvd emulze v dawce
02g/kg v poméry omega-3 : omega-6 :
omega-d MK 1:1:15 ve skuping E a v po-
méru 3: 15 ve skuping F) nebo aqua pro
injectione za stajmych podminek o stejném
objemu skuping kontrolnl. Poté byla zvifa-
tlm v ip. anestezii ketaminem (100 magka)
axylazinem (10mag/kg) provedena kruhovitd
axcize kide o praméry 2cm v plné tloudfce
na hfbetu a ponechdna k hojenl per sacun-
dam intentionem. ' pribéhu dalého tidne

(pooperatnl faze) bylo pokralovano v apli-
kaci specidlnl diety. Expariment byl ukonien
21.den, kdy byla zvifatdm v celkové ip. ane-
stezii cdebrana krev pomoct intrakardiding
punkee a vzorky tkang z oblasti rény.

Z krve byl stancven krevnl obraz, hladiny
MEK v plazmé ve fosfolipidové i triacylghce-
rolowé frakei, hlading 4-Fydroxy-2-nonenalu
(4-HNE), parametry oxidadnlho stresu a an-
tioxidadnl kapacity plazmy. Wzorky tkdné
byly hodnoceny pomod elaktroncwé a flu-
orescendnl mikroskopie. Makmoskopicky byla
rychlost hojenl a kentrakce rdny hodnocena
digitainl planiretril. Vsledky byly statisticky
Zpracovany neparametrickou statistickou
analyzou (C vs. E ws. F, Kruskal-Wallisdw test,
nidsledovany wicedetriym srovndnim — Mann-
Whitrneyho paost hoc test), Visledky jsou pre-
zentovany jako medidn (dolnl a homi kvartil)
nia hladird vyznamnosti p < 005,

Vysledky

V zdkladnim panelu hematalogické ana-
Ivzy nebwly zjidtdny ¥adné rozdily mezi sku-
pinami. Cwvoutydennl aplikace tukovych
emulzl vedla ke zm&nam hladin MK ve fos-
folipidové i triacylghwcarolove frakei: celkove
mnoZstvl omega-2 ani omega-6 MK sice ne-
bylo signifikantnd zménéno, ale ve skuping
omega-3 sledovanych MK se biilo signifi-
kanci (Kruskal-wallis; p = 0,061). Detailnl ana-
lyza pak odhalila signifikantnl zrmény uwnitf
skupin omega-3 (jedna kysalina ze Ctyf sle-
dovarych omega-3) a omega-b (dwd ze desti
sledovanych omega-6) MK v obou frakcich
(fosfolipidows i tracylglycerolove) plazmy.
V plazmatickych hladindch 4-HNE nebyly
Zjistéry signifikantnl rezdlly meazi skupinami.
Analyza dalkch parametrl cxidadniho stresu
odhalila signifikantnl sniZeni hydrogen pe-
roxidu a pomeéru nitratd/nitritd wve skuping E
a F, plitemnZ nejnifl hodnoty byly naméfery
ve skuping F. Produkce reaktivnich forem
nitrogen’ a nitrdtd (reactive nitic spacies;
RN3) se signifikantné zvy3ila we skuping E
a F s nejvyial naméfencu hodnotou opét
ve skuping F. Poddvanl tukovych emulzl na-
opak neovliviile produkc reaktivnich forem
kysllku (reactive oxygen species; ROS), RMNS
a celkovou anticridadnl kapacitu.

Parametry oxidatniho stresu stanoveng
fluorescancni mikroskopil korelovaly s wy-
sledky z plazmy. Distribuce ROS v exparimen-
talnlch skupindch E a F byla difuznl, na rozd|(l
od doble chranifens lokalizace u skupiny C
Doble zabarvena jadra jsou dikazem min.
intarferanca a piitomnosti artefake(. Barvenl
na RMN5 ukdzalo jejich zvyiané mnoZstv ve

skupingch E a F s difumnim charakterem dis-
tribuce Tyto wysledky jsou pod pofeny vizua-
lizacl produktd lipidové peroxidace. W ndle-
zech elektronowvé mikroskopie dominovaly
Zmény v zastoupenl bundérgch alementd
v exparimantalnich skupinach E a F ve srov-
ndnl sa skupinou kontralnl, a to v pomérndm
nizim zastoupen fibroblastd, w33l produkd
makrofdgd a vyiim podtu kolagennich via-
ken organizovanych do v&tdich shiukl, Mak-
roskopicka anal¥za haojenl ran digitdInl pla-
nirretril odhalila watsl stuped kontrakoe rary
wve skuping C (579 %) net v axperimentdinich
skupindch F 46,2 %) a E (32 %).

Diskuze

Hojenl ko#nl dny prochdzl tfemi zakladnimi
fdzemi, které se vzajemné pralingjl: 1. zanat;
2. proliferace; 2. maturace. Owlivnénl pri-
behu hojenl rany nenasycanymi MK miie
probfhat na mnoha drevnlch a nebyvlo do-
posud zeela objasnéno. Protektivnl Geinky
omega-3 nenasycenych MK na kardiovasku-
larnl systérm [7], obezitu, atercsklerdzu, dia-
betes mellitus a jing cvilizatnl nemoci jsou
Znarmy jiZ fadu let a jsou i naddle pfedmé-
temn mnoha studil. Omega-1 a omega-6 MK
majl vzdjemné do jisté miry antagonisticke
plsobenl: omega-3 jsou povalovany za
protizandtlive, omega-6 spide za prozirét-
liva, Proto je dilefita jejich vzajemna rov-
novdha v lidskér organizrnu, a tedy i jejich
optimdlnl pomér v potrave. Toho bywa do-
sateno u tzv. stledomolského typu stravy
{Mediterrian diet), kdy je pomér omega-3 :
omega-Gokelo 1: 1-4, naproti tomu u za-
padniho typu diety, fast food® (Western
diet) je vyE pomér omega-& a mnohdy do-
sahuje hodnoty a2 1: 20, cof plisph i kvyid
incidenci civilizagnich nemoc v téchto ze-
mich [8]. Proto byly v nalem experimentu
poufity tukové emulze s rdznym pomér-
nym zastoupenim uvederych thid nenasyce-
nych MK Z nasich vysledkd plyne, 2e i krét-
kodobs podévanl nenasycenych MK vade
ke zméndm v celkevych plazmatickych hila-
dinach omega-3 ve fosfolipidowé a triacyl-
glycerclove frakd na hranici signifikance, se
signifikantnimi zm&nami u nékterych nena-
sycenych MK v obou frakoich. Tyto wysladky
Jsou v korelaci s pfedchozimi studiemi [2.9].
Elektronowvd mikroskopie odhalila intenziv-
nijil produkci kolagenu v experimentdinich
skupindch, cof nds vede k domnénce, 3o se
rény ve skupiné E a Fv dobé ukonéenl expa-
rimentu {tiden od vy tvofenl defekiu) nacha-
zely jif v maturalnl fazi hojenl, zatimeoo u sku-
piry C byly jedté v proliferadnl fazi, event. na
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pomez| proliferatnl a maturanl faze ho-
Jjenl. Tento nélez je v souladu s visledky stu-
die [10] prokazujicl, 22 omega-3 nanasycend
ME stimulujl fibroblasty kvyS8 produkci ko-
lagenu. Sledované parametry oxidatniho
strasu — 4-HME, jakoi to konedny prod ukt lipi-
dowé peroxidace [11], ROS a RNS, poturdily, fo
zvifata suplementovana nenasycarymi MK
Jjsou schopnia se wyrowniat s oxidadnim stre-
semn Kpe ned zvifata ze skupiny kontrolnl,

Malezenl cptimalnlho poméry podadva-
nych nenasycenych MK pro hojend ran k oviv-
nénl zejména zanetlivé faze hojenl rdny je
problematicksa. Faze zan&tu pro hojenl rany
Jje nepostradatelnd z divedu odstrandni cizo-
redipch a avitalnich {nekrotickych) tkanl, nic-
méné jejl prodicuien vede k prodlouZanl ho-
jenlavzniku rany chronicks. Plesne objasnénl
mechanizmu plechenl nenasycenych MK ve
fyziologickych a patofyziologickych proce-
sech na celuldrni a molekulaml drovni by bylo
modné vyudivat do budoucna k ovlivnénl
lé6Zby ran dicuhodobé se hajicidh, tzv. chro-
nickych ran {(non-healing wounds).

Zavar
Kratkodobé podanl MK v experimentu
u potkand pled operacl a v prab&hu hajenl

vedlo k signifikantnim zménam v hladindach
nékterych MK tfidy omega-1 a omega-6 ve
fosfolipidove a triacylglycerolowe frakd, pfi-
tem# i suma omega-3 nenasycenych MK
dosahovala drovnd hraniénl signifikanca,
Vsledky vypovidajl, 2e zvifata v experi-
mentilnich skupindch méla vyssl schop-
nast vyrovnat se s oxidativnlm stresem
v pooperadnim obdobl, cof koreluje i s wy-
sledky elektronové mikroskopie Zav&ram
lze fici, Z2e i kratkodobé podanl zvyieného
mnofstvl omega-2 nenasycenych MK, ob-
zvl4it pfed planovamym chirurgickym za-
krokermn, mi#e pozitived oviivnit hojenl ka2nl
ramy.
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Abstrack Polyunsaturated fatty acids (PUFA) play animportant role in reparative processes. The
ratio of PUFAs n-3 to n-6 may affect wound healing. The study aimed toevaluate the effect of dietary
supplementation with n-3 and n-6 PUFA in two proportions on skin wounds in laboratory rats. Adult
male Wistar rats received 20% fat emiulsion with a ratio of 1.4:1 (group A) or 4.3:1 {(group B) for n-3ine6
PUFAE at a daily dose of 1 mL/kg. The control group received water under the same conditicns.
The animals were supplemented a week before and a week after the skin excision performed on the
back. The level of wound closure, various parameters of oxidative steess, and plasma fatty acids
composition were evaluated. Wound tissue samples were examined by electron microscopy. The
administration of fat emulsions led to significant changes in plasma polyunsaturated fatty acid
composition. The increased production of reactive nitrogen species, as well as more numerous newly
formed blood vessels and a greater amotint of highly organized collagen fibrils in both groips A and
B may indicate more intensive healing of the skin wound in rats supplemented with polyunsaturated
fatty acids in high n-3:n-6 ratio.

Keywords: polyunsaturated fatty acids; wound; healing; oxidative stress; 4-hydroxy-2-nonenal

1. Introduction

Healing wounds of various origins represent a challenge in daily clinical practice
and one of the biggest economic burdens for the health system, especially in hospitalized
patients [1].

Wound healing represents a complex biological process on a cellular and subcellu-
lar level, with numerous interoellular interactions and activation of various chemolkines,
cytokines, and growth factors. Wound healing always proceeds in the following phases:
inflammation, proliferation (granulation), and maturation (remodelling). For each of the
healing phases, different cells and their products are typical and/or dominant, and their
dominance overlaps [2].

The rate and quality of wound healing depends on numerous factors, including
nutrition [3]. The effects of certain nutrients on wound healing have been studied, o.g., argi-
nine [4], glutamine [5], vitamin C [6], and fatty acids (EA) [7]. From all the above mentioned,
polyunsaturated fatty acids (PUFA) n-3 modulate the production of pro-inflammatory cy-
tokines (IL-1, IL-6, TNF-alfa) by their end products (such as leukotrienes, prostaglandins,
and thromboxane) and thus exert dominant anti-inflammatory effects [5]. In contrast, the
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effect of n-6 PUFA is rather pro-inflammatory [9]. The protective effects of n-3 PUFA on the
cardiovascular system [10], atherogenesis [11], lipidaemia, immune systems, and certain
neurological [12] and psychiatric disorders have been studied repeatedly. The role of n-9
PUFA should not be ignored, as these FA may affect the speed of wound closure [13].

In addition to human studies, animal models are used in wound healing studies. Local
and systemic effects of the topical application of essential fatty acid oil on skin wounds
were described in the rat model [14,15]. Recently, differences in tissue response during
wound healing were reported in a rat model after supplementation with various dietary
oils [16,17).

The ratio of PUFA n-3 to n-6 in diet leads to the dominance of a certain type of end-
products of their metabolism (based on their mutual metabolic pathways) and as a result
to pro-inflammatory or anti-inflammatory effects. The effects of FUFAs administration at
different ratios and of various durations were reported recently in animal models [18,19].
The aim of the present study was to evaluate the effect of dietary supplementation with n-3
and n-6 PUFA in two different ratios on skin wound healing in laboratory rats.

2. Materials and Methods
21, Experimental Protocol

All experiments were carried out according to the recommendations of the European
Community Guide for the Care and Use of Laboratory Animals and according to the
experimental protocol (Ne. MSMT-35672/ 2016-2) approved by the Committee for Ensuring
the Welfare of Laboratory Animals of Masaryk University and licensed by the Ministry
of Education, Youth and Sports of the Czech Republic. The animals were housed at the
Animal Breeding and Experimental Facility, Faculty of Medicine, Masaryk University in
a temperature-, pressure- and humidity-controlled environment, with light cycle 12/12
{light / dark).

A total of 30 Wistar male rats (3 weeks old) were included in the study, with an average
body mass of 1680.4 + 12,6 g. Figure 1 shows the scheme of the experimental protocol.
The animals were handled for seven days (handling phase) to adapt to application with
orogastric tube. Then they were randomly divided into three groups (A, B, and C; n=10)
and housed individually in cages with an enriched environment. All animals had ad
lilitum access to water and a standard diet throughout the experiment. Each rat was daily
welghed using KERN 440-43N (KERN & Sohn GmbH, Balingen, Germany). Body mass
increments were plotted and statistically evaluated. All manipulations and applications
were performed during morning hours.

Seven days before surgery (pre-operative phase}, animals in groups A and B received
20% vegetable-derived lipid emulsions A and B (Biomedica Praha, Praha, Czech Republic)
by orogastric tube once a day (0.2 g/kg of actual body weight). The content of the main FA
in the lipid emulsions A and B is summarized in Table 1. The ratio of n-3:n-6 PUFA was 1.4:1
in the emulsion A and 4.3:1 in the emulsion B, respectively. Animals in the control group
{C) received water for injection in cormesponding volume {1 mL/kg of actual body weight).

Table 1. Content of selected fatty acids in lipid emulsions. The numbers describe the content {in %)
of the fatty acid in the experimental lipid emulsions A and B, respectively.

Lipid Emulsion Emulsion A Emulsion B
Palmitic acid 1462 15.08
Stearic acid 307 273
Oleic acid 3199 39.37
Linoleic acid (LA) 18.36 672
aeLinolenic acid (ALA) 1532 16.74
Docosahexaenoic acid (DHA) 10.12 12.24

On day 14, the animals were deeply anaesthetized with ketamine (100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.). The interscapular area was shaved and a round full-thickness skin
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excision (2 cm in diameter) was performed. The wound was left without dressing to heal
by second intention. During the following 7 days (postoperative phase), daily administration
of lipid emulsion or water continued under the same conditions,
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Figure 1. Scheme of the experimental protocol. The boxes represent the phases of the experiment;
nitmbers represent the experimental days. The administration of the lipid emulsions is marked green
2.2, Analysis of Wound Closure Using Digital Planimetry

The daily area that is yet to heal was measured by a noncontact method using a
tablet with specialised planimetric software (Electreasure, HC Electronics, Hradec Kralové,
Czech Republic). The first measurement was performed immediately after surgery and
then the measurements were made daily. The wound snapshot together with the calibration
ruler was taken with the built-in camera (Figure 51). Each wound snapshot was calibrated
according to the ruler and stored. The wound perimeters were then outlined on the display

with a stylus, and the area that had not yet healed (in em?) was calculated. The level of
wound clesure was calculated as follows.

WCL = (WAD1s — WADz21)/WAD1q % 100 [%], m

where WCL—wound dosure level; WApj4—wound area on day 14 {immediately after the
surgery ); WApz—wound area in the day 21 (day of the termination).

2.3, Sample Collection
On day 21, the animals were deeply anaesthetized, and blood samples were collected

by direct intracardial puncture with heparin or EDTA. The animals were sacrificed and the
tissue samples from the wound border were promptly excised (Figure Zb).

2.4, Hematdogical Analyses

Basic hematological parameters—namely red blood cell count, hematocrit, hemoglobin
concentration, red blood cell distribution width, platelets count, and white blood cell count
were evaluated from EDTA blood samples. The analysis was performed immediately
after sample collection using the Mythic 18 blood analyzer (Orphée SA, Plan-les-Ouates,
Switzerland). Each sample was measured twice and the average was used for statisti-
cal evaluation.
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Figure 2. The wound closure level and tissue sampling. (a) The graph shows the wound dosure
level from day 14 (surgery} until day 21 (termination) in groups & (blue), B (red), and C (green),
respectively. The columns represent the mean level of wound closure; the bars represent 5. EML;
* indicates statistical significance as compared to control group. (b) Anexample of tissue sample
collection from the wound area. From each wound, 5 tissue samples were collected from the
border zone; four of them for flucrescence microscopy (3 » 3 % 3 mm), one for electron microscopy
{1 » 1 x1mm). The bar represents 1 cm.

2.5, Biochemical Analyses

Blood plasma was separated from the heparinised blood sample and stored for further
processing at —80 °C. Plasma fatty acid composition was evaluated by gas chromatog-
raphy as previously described [20,21]. Various plasma oxidative stress parameters were
evaluated, including determination of 4-hydroxy-2-nonenal (4-HNE), hydrogen peroxide,
nitrite /nitrate ratio, total antioxidant capacity, total reactive nitrogen species, and total
reactive oxygen species. The measurement of 4-HNE levels was performed by HPLC
as previously described [22] by applying the reaction with 2 A-dinitropheny lhydrazine
(DNPH) as derivatization reagent. The fluorometric hydrogen peroxide assay kit (MAKI165,
Sigma Aldrich, St. Louis, MO, USA) used to determine hydrogen peroxide. To determine
the nitrite/ nitrate ration, a colorimetric nitrite/nitrate assay kit (23479, Sigma Aldrich,
USA) was used. The colorimetric total antioxidant capacity assay kit (MAKI87, Sigma
Aldrich, USA) was used to evaluate the total antioxidant capacity of blood plasma. All
kits were used according to the manufacturer’s instructions. The total level of reactive
nitrogen species {RNS) was measured using a fluorescence probe 2,3-diaminonaphthalene
{DAN, Aex = 365/ hem = 415 nm, D2757, Sigma Aldrich, USA} according to Rac et al. [23].
The total level of reactive oxygen species (ROS) was measured using a fluorescent probe
2',7—did1[omdjhydmﬂuoresﬂein (HzDCEF, Mex = 495/ dem = 527 nm, D6665, Sigma Aldrich,
USA), according to Orozco-Tbarra et al. [24]. The Cytation 3 reader (BioTek Instruments,
Winooski, VT, USA ) was used for all colorimetric and fluorometric measurements,

2.6. Tissue Sample Analyses
2.6.1. Fluorescence Microscopy

The presence of ROS in wound samples (approximately 3 » 3 x 3 mm) was visual-
ized using fixable CellROX™ Green Reagent (hex = 485 /Aem = 520 nm, C10444, Thermo
Fisher Scientific, Waltham, MA, USA ). The RNSwere visualized using 2,3-DAN (10 uM in
0.625 M HCI) as a fluorescent probe. Cell nuclei were counterstained with propidium iodide
{1 uM solution in 0.9% NaCl, P4170, Sigma Aldrich, USA). Mito Tracker Red FM (750 nM,
Aex = 581/ dem = 644 nm, M22425, Thermo Fisher Scientific, USA) was used to stain mito-
chondria. The nuclei were counterstained with 4',6-diamidine-2"-phenylindole dihy drochlo-
ride (500 nM, 000000010236276001, Sigma Aldrich, USA). Acridine orange /ethidium bro-
mide fluorescence staining (318337 and E7637, respectively; both chemicals Sigma Aldrich,
USA) was used to evaluate cell morphology and apoptosis, respectively. The protocol
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according to Jimenez et al. was used [25]. The BODIPY™ 581/591 C11 lipid peroxida-
tion sensor (1 pM, D3861, Thermo Fisher Scientific, USA) was used to determine the
rate of lipid peroxidation in wound samples. Depending on the flucrescent probe used,
the samples were directly observed or fixed in the fixation (R37602, Image-iT™ Fixa-
tion/ Permeabilization Kit, Thermo Fisher Scientific, USA). An epifluorescence microscope
Nikon Eclipse Ti-5/L100 (Nikon, Tokyo, Japan) and appropriate excitation/emission wave-
lengths were used for all observations. The NIS-elements software (Nikon, Japan) was used
to process images and analyze the resultant pictures.

26.2. Electron Microscopy

Small skin blocks (1-2 m.ma} were fixed in 300 mM glutaraldehyde (Sigma Aldrich,
USA) dissolved in 100 mM cacodylate buffer for 2 h at room temperature, washed and
postfived with 40 mM osmium tetroxide (Polysciences, Warrington, PA, USA) in the same
buffer for 1 h at room temperature. After being rinsed in buffer and dehydration in ethanol,
the samples were embedded in araldite resin (Durcupan ACM, Sigma Aldrich, USA).
Precise block orientation was made to obtain a perpendicular section of the healing =kin
defect. Ultrathin sections (60 nm thick) were cut using a Leica EM UCé ultramicrotome
and stained with uranyl acetate and lead citrate. The sections were examined under a FEI
Morgagni 268D transmission electron microscope (FEI Company, Hillshoro, OR, USA) at
70KV,

27. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software,
San Diego, CA, USA). Data distribution was tested by the I Agostino-Fearson normality
test. Because of the non-Gaussian data distribution, nonparametric statistical analysis was
employed. Between-group (group A vs. group B vs. group C) comparisons were evaluated
using the Kruskal-Walliss test (nonparametric analysis of variance), followed by multiple
comparison {Dunn's test). Paired measurements were compared by the Wilcoxon matched
pairs test. The results are presented as median (lower quartile-upper quartile) or as mean
£ SEM,, pvalues < 0.05 were considered statistically significant.

3. Results
3.1. Wound Closure Level

Figure 2a shows the mean level of wound closure in each group from the day of
the surgery to the end of the experiment. In group A, the wound area was significantly
enlarged on days 15 and 16 as compared to day 14. From day 17, the wounds started to
retract. The same trend was observed in group B. In group C, a continual trend of wound
closure was observed. At the end of the experiment, the highest level of wound closure was
found in group C (57.94 + 4.85%). In group B, the wound area decreased by 46.26 + 5.25%.
The lowest level of wound dosure was detected in group A (35.35 £+ 5.72%), significantly
lower compared with group C. No significant differences in wound closure level were
detected between groups B and C as wellas groups A and B. Representative pictures of
wounds are presented in Figure 51.

3.2, Blood and Plasma Parameters

The results of the hematological analyses are summarized in Table 51. No significant
differences were found in either of the hematological parameters.

The two-week administration of the lipid emulsion led to alterations in FAs occurrence
in both plasma phospholipids and plasma triacylglycerols. A total of 11 PUFAs were
analy sed, namely 4 acids from the n-3 group {c-linolenic acid (ALA}, eicosapentaenoic acid
{EPA), docosapentacnoic acid (DPA) and docosahexaenoic acid (DHA)) and 7 acids from
the n-6 group (linoleic acid (LA}, y-linolenic acid, dihomolinoleic acid, dihome-y-linolenic
acid, arachidonic acid, adrenic acid, and osbond acid). Full wesults of the analyses are
available in the supplemental file {Tables 52 and 53). The total amounts of PUFAs n-3 and
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n-6 were not significantly changed, although total amount of n-3 PUFA in triacylglycerols
was close to significance {p = 0.061). However, significant changes in two (out of seven) n-6
PUFAs and one (out of four) n-3 PUFA= in phospholipids were observed (Table 2). Similar
results were obtained in triacylglycerols (Table 3).

No significant differences in plasmatic levels of $-HNE were found (10.0 + 6.9 vs.
6.1 + 3.4 vs. 5.6 + 3.7 nmol/L in groups C, A, and B, respectively).

Table 2. Significant changes in PUFA s in plasma phospholipids. The numbers represent the p values

Multiple Comparisons

PUFA Kruskal-Wallis ANOVA ok PP NV
Dihomo-y-linolenic acid 2036 0,047 * 0052 0.260 1.000
Osbond acid 22506 0.008 * 0.037 * 0014+ 1.000
Eicosapentaenoic acid (EPA) 20:5r-3 <(L0H0] *+* 000 0.0001 **+ 0.898
“p <005, **p = 0O00L
Colorimetric and fluorometric analyses of cxidative stress parameters in blood plasma
revealed a significant decrease in the hydrogen peroxide and the nitrates/nitrites ratio in
the A and B groups, with the lowest values in group B. Production of RINS and nitrites
increased significantly in the A and B groups with the highest values in group B. ROS, total
antioxidant capacity, and nitrate production were not significantly affected.
Table 3. Significant changes in PUFAs in plasma triacylglycerols The numbers tepresent the pvalues
Multiple Comparisons
PUFA Kruskal-Wallis ANOVA Cve A Cve B Ave B
Linoleic acid (LA) 18:2n-6 0.0345* 0.060 10040 0074
Osbond acid 225n-6 0.0267 * 0176 0029 * 1.000
Docosahexaenioic acid (DHA) 226n-3 0048 * Lo0D 0.047 * 0.368
*p B

3.3. Wound Tissue Samples

The examination of the parameters of oxidative stress by flucrescence microscopy
{Figures 3 and 4) corresponded to that obtained from blood plasma. In the control group,
the ROS distribution showed accumulation in well-bounded areas as revealed by ROS
visualization. In groups A and B, the number of stained nuclei was minimal compared
to the control. Well-stained nuclei are evidence of minimal interference, and the presence
of the artefacts in the case of the control group and diffuse fluorescence in groups A
and B may indicate possible interference due to staining or release of the fluorescent
product. The staining of RNS revealed their increased amount in tissues of groups A and
B. Compared to the contro] and similar to ROS, KNS showed diffuse distribution in the A
and B groups. These results are supported by visualization of lipid peroxidation products,
which were well evident in distinct areas of the tissues of the controls (the ratio between
the fluorescence of two wavelengths; a shift to green fluorescence indicates a greater degree
of lipid peroxidation). Tissue samples from the control group demonstrated the presence
of areas where apoptotic nuclei accumulated. On the other hand, in groups A and B, the
apoptotic nuclei were evenly distributed within the tissue, which corresponds to the results
obtained using mitochondrial potential staining (not shown).
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Figure 3. Representative flunmescence microscopy images showing the impact of FUFA ad ministration
on ROS/REN5 in wound tissue samples. {a—c) CellROX™ Green Reagent staining; {a) control group,
{b) group A, (c) group B. Green flucrescence is proportional to the amount of ROS accumulated in
the tissue sample. Note the fluomescence of the nuclei (white arrows) in control group (a), group A
{b), and B (c). (d,e): 2,3-diaminonaphthalene staining; (d) contral group, (e) group A, (f) group B. The
intensity of blue fluotescence cortesponds to the amotint of RNS in the tissie sample. The nuclei are
counterstained with propidium iodide (red fluorescence). Note that in group B (f) the intensity of
blue fliorescence overlays fluorescence of the stained nuclei. The insets fepresent magnified details.
The bars represent 50 pm.

Electron microscopic analysis was performed in the region of the skin defect, where
epithelization had begun, to a depth of approximately 500 pm. Morphology and relative
representation of cellular elements {fibroblasts, macrophages, neutrophils, and lympho-
cy tes), angiogenesis, and the structure of extracellular matrix (ECM) were evaluated.

Fibroblasts with a heavily developed rough endoplasmic reticulum and macrophages
were the most numerous cell types found in all samples; neutrophils and lymphocy tes were
rarely found. The voluminous ECM contained fine collagen fibrils with varying degrees of
organization. Compared to the control group, the number of fibroblasts was lower and the
number of macrophages was higher in groups A and B. The newly formed blood vessels
were more numerous in both groups (A and B), and the ECM contained a greater amount
of collagen fibrils that began to organize into larger units (fibres). Thinner fibrils (40 nm)
and thicker fibrils (80 nm) were observed (Figure 5). This may indicate a more intensive
production of collagen in groups A and B (compared to the control group).
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Figure 4. Representative fluorescence microscopy images showing the impact of PUFA ad ministration
on lipid peroxidation and apoptosis in wound samples. (a—c): BODIPY™ 581/591 C11 lipid peroxida

tion sensot; (a) control grotp, (b) grotp A, () group B. The rate of lipid peroxidation coresponds to
the red/ green fliorescence ratio. Miclei were counterstained with DAPI (blue fluorescence). Staining
indicates an increase in the lipid peroxidation in control group (a) compared to groups A (b) and B
{c). (d.e): Acridine orange/ethidium bromide staining; (d) control group, (e} group A, and (f) group
B. Staining vistializes apoptotic nuclei (red flucrescence). Note the clustering of apoptotic nuclei in
the contral group (d) and their relatively regular distribution in groups A (2) and B (f) (w hite arrows).

The insets represent magnified details. The bars represent 50 pm.
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Figure 5 Representative electron microscopy images of healing skin defects in group A (left)
and control group (right). Fibroblasts with heavily developed rough endoplasmic reticulum (F}
and macrophages (M) were the most numerous cell types found in all samples. The voluminous
extracellular matrix (ECMV) contained collagen fibrils with a greater amount and higher degree of
organization (fibers) in group A (left) and group B than in group C #—ECM with collagen fibrils;
$—collagen fiber). In groups A (left) and B, thete wete thinmer fibrils (40 nm) and thicker fibrils
(80 nm). This may indicate more intensive collagen production in groups A and B compared to the
control group. The bars represent 5 pm.

4. Discussion

Several authors have reported the progression and potentiation of the speed and
quality of wound healing with respect to different content of PUFAs, namely n-3 and n-6
PUFAs in a diet [16,26,27]. However, the exact roles of these PUFAs and mainly their
mutual relationship in wound healing have not been fully elucidated.

The Western diet, typical for developed countries with a ratio of PUFAs of 3 and n-6
as high as 1:20, leads to high incidence of cardicvascular diseases, obesity, atherosclerosis,
and diabetes mellitus. The incidence of these diseases is lower in populations on a Mediter-
ranean diet (fish products, olive oil etc.), in which the ratio of PUFAs of n-3 and rr6 varies
from 1:1 to 1:4. The protection of the cardiovascular system by n-3 PUFAs has already been
known for several years [25].

In the present study, the effects of PUFA supplementation on skin wound healing
in rats were studied. The experimental design is unique in several aspects. First, the
lipid emulsion with bwo different ratios between the PUFA n-3 and r-6 was administered;
in both emulsions the ratio was quite low, approaching the levels observed in a typical
Mediterranean diet. Second, there is only a mild difference between both administered
emulsions. Third, short-lasting administration of lipid emulsion was performed only a
week before wound formation and a week before the experiment termination. In addition,
plasma levels of FAs concentration and the specific lipid peroxddation marker 4-HNE were
evaluated. To our knowledge, there is no experimental study taking into account both short
duration of changed diet and the low ratio n3:n6 FUFAs at the same time.

In the present study, two-week administration of lipid emulsion with an increased
amount of n-3 PUFA leads to increased plasmatic level of n-3 PUFA in triacylgly cerols, with
borderline significance, which could be explained by the minor differences in the n-3:n-6
ratios in applied emulsion. Significant increases in EPA levels in plasma phospholipids and
DHA values in plasma triacylgly cerols were observed.

In humans, it has been reported that four-week application of EPA /DHA in the dose
of 1.6 and 1.2 g/ day, respectively, leads to significant increases in plasma FA levels for both
EPA and DHA [7], which was consistent with several previous studies [29]. On the other
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hand, a recent study by Mihalj et al. [26] reported a negligible effect of a three-week diet
with a higher PUFA content on serum concentrations of n-3 and n-6 FUFA in humans.

The results of the present study correspond to most reports mentioned above. How-
ever, our results are barely comparable to the findings from previously reported animal
studies. The reasons are different methodological approaches, e.g., long-term PUFA ad-
ministration, different n-3:n-6 PUFA ratio with high content of n-6 PUFAs, etc. [16,18,19].
In addition, the level of FA was measured mainly in tissue, contrary to our study where
plasma concentrations were evaluated.

In addition to plasma concentrations of FAs, reactive oxygen species and products of
lipid peroxidation were evaluated. Reactive oxygen species (ROS), including the hydroxyl
radical, are known to affect wound healing [30]. ROS was reported to affect the expres-
sion of some nuclearencoded genes crucial for wound healing response and oxidative
stress [31]. As expected, areas with ROS accumulation were detected both in the control
and experimental groups. A secondary product of lipid peroxidation, 4-HNE, was also
analysed as one of the oxidative stress parameters. The aforementioned 4-HNE comes from
n-6 PUFAs (e.g., linoleic or arachidonic acid) [32] and is also known as a modulator of cell
functions [33]. No significant differences in 4 HNE concentrations were found between the
groups. However, the decreasing trend of 4 HNE in groups A and B suggests the positive
effect of a higher intake of n-3 PUFAs on lipid peroxidation measured by this parameter.
Another study confirmed that the higher intake of n-3 PUFA leads to a decrease in another
marker of lipoperoxidation — malondialdehyde in mice tissue [27]. It should be noted
that in the case of induced lipoperoxidation (e.g., doxorubicin administration [22]), the
concentration of 4-HNE increases and 4-HNE is considered as a good marker reflecting the
actual level of lipid peroxidation.

The observed changes in blood plasma were reflected in ultrastructural changes.
Electron microscopy revealed a wide range of cell types in the wound healing area: elements
that remove decomposed cells or infectious agents (macrophages, neutrophil granulocytes)
or elements that participate in healing processes by producing an intercellular matrix
{fibroblasts). No significant differences were found among groups A, B and C when
representation of particular cell types was compared, most probably due to variability of
the samples from the same group. Another possible explanation is the inhomogeneity of
the healing area and also the fact that only a small portion of the tissue sample could be
examined. In terms of the extracellular matrix, the structure of its fibrous component was
studied. No elastic fibres were found in either sample, butall samples contained collagen in
the form of microfibrils. In group B, difference in the quantity and quality of collagen was
observed: collagen microfibrils were clearly organized into larger aggregates. In addition
to very thin microfibrils (which were found in the samples from all groups), microfibrils
of a bigger diameter were also observed. The finding probably reflects increased collagen
production. This observation is in agreement with a previously published study reporting
that n-3 PUFA stimulate fibroblasts to increase collagen production [34]. The significant
increase in number of selected n-3 PUFAs in both experimental groups supports this
conclusion. The question remains whether increased collagen production is beneficial or
whether it might lead in the future to the formation of keloid scars.

The macroscopic picture of wound healing was studied by digital planimetry. Signifi-
cant wound retraction was observed at the end of the experiment in all groups. However,
in animals supplemented with emulsion with a lower content of -3 PUFA (group A) the
retraction was significantly smaller compared to the control group. A similar trend was
observed in group B (supplemented by emulsion with a higher content of n-3 FUFAs). At
this point, it is necessary to emphasize that the speed of wound closure is not the only or
the most important parameter reflecting the healing process. Furthermore, the quality of
the formed tissue must be taken into account. As discussed above, the ultramicroscopic
picture of newly formed tissue in group B indicates that a higher content of n-3 PUFA
stimulated formation of the collagen fibres of higher quantity and quality. The rather
surprising widening of the wound awa in groups A and B on days 15 and 16 is difficult to
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explain. However, it should be noted that this widening was to a smaller extent in group B,
which was supplemented with a lipid emulsion with higher content of n-3 PUFA.

As any other model, our experimental setup is burdened by certain limitations. In
digital planimetry, the main drawback is the manual evaluation of the wound area. Al-
though the same experimenter always performed the measurement, certain error must
be considered since the wound diameter was small (in the range of millimetres) and the
wound was not sharp-edged. This error may be minimized by employing automated
wound area analysis [35]. In addition, it has to be considered that the results from animal
models are not fully transferrable to human medicine. Most of the previously published
studies that focused on the effects of PUFAs on wound healing were conducted in humans.
Hewever, the rat is a fully accepted model for such a type of study. Furthermore, the
results of previously published studies are rather inhomogeneous, which may result from
methodological differences, particularly from the different forms and durations of PUFA
administration. If the results are compared, origin of lipids should also be considered. In
the present study, the vegetable-derived lipid emulsions were administered contrary to
meost of the previously published studies, where animal-derived lipids were used.

5. Conclusions

It can be conchuded that even a short-ferm ad ministration of lipid emulsions containing
higher n-3:n-6 PUEA ratio results in increased plasmatic level of -3 PUFAs in triacylglyc-
erols of borderline significance, significantly increase in EPA levels in plasma fosfolipids,
and significantly increase in DHA plasma levels in triacylglycerols. The decreasing trend
of &-HNE supports this idea. The appearance of numerous newly formed blood vessels
and a greater amount of highly organized collagen fibrils, revealed by electron microscopy
of the skin defect, support the idea of higher quality wound healing,

More studies are needed to uncover the particular mechanisms behind this beneficial
effect of dietary supplementation with higher content of n-3 PUFAs.

Supplementary Materials: The following supporting information can be downloaded at hitps:
S/ wwwmdpd.com/article/ 10.33%0/nu14112245/51, Figure 51: Representative pictures of the wound
used for planimetric analysis.; Table 51: Hema tological parameters.; Table 52: Poly unsaturated fatty
acids {(PUFAs) profile in plasma phospholipids. ; Table 53: Polyunsatirated fatty acids (PUFAs) profile
in plasma triacylglycerols.
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3. OXIDATIVE STRESS PERSPECTIVE

Chronic wounds, including PUs, represent a significant clinical challenge due to their
prolonged healing process and high recurrence rates. One of the critical factors influencing
wound healing is oxidative stress (OS), which arises from an imbalance between reactive
oxygen species (ROS) production and antioxidant defences. While controlled ROS levels are
essential for initiating key healing processes, such as inflammation, angiogenesis, and
tissue remodelling, excessive ROS can lead to prolonged inflammation and cellular damage,

contributing to impaired wound healing.

This chapter explores the role of oxidative stress in pressure ulcer management, focusing
on its impact on tissue repair and the modulation of ROS and reactive nitrogen species
(RNS) during different phases of healing. Particular emphasis is placed on surgical
debridement techniques, such as sharp necrectomy and water jet necrectomy, and their
influence on oxidative stress parameters and gene expression in chronic wounds.
Understanding these biochemical interactions is crucial for optimizing surgical strategies

and improving patient outcomes.

Additionally, recent research suggests that targeted therapeutic approaches, including
ROS-scavenging nanoparticles and gasotransmitter-based therapies, may offer promising
interventions for modulating oxidative stress in both acute and chronic wounds. By
integrating biochemical analysis with surgical innovation, this chapter aims to provide new
insights into the role of oxidative stress in PUs treatment and contribute to the

development of personalized, evidence-based wound management strategies.

3.1 Oxidative stress and wound healing

Hard-to-heal or chronic wounds, such as PUs, require a tailored approach to treatment that

varies according to the stage of healing and often takes a long time to heal completely.

These wounds often stall in the inflammatory phase due to infection, poor perfusion or

systemic problems, such as diabetes, malnutrition, and oxidative stress. Reactive oxygen

species (ROS) play a pivotal role in regulating various phases of wound healing. 11* Excessive
115

oxidative stress, characterised by an imbalance between ROS and antioxidant defences **>,

can prolong inflammation and impair key processes, such as fibroblast activity and collagen
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synthesis. ROS significantly influence the wound healing process by modulating various
physiological and pathological mechanisms, including the inflammatory response, cellular
proliferation, angiogenesis, granulation tissue development, and extracellular matrix
production. 11® Scientific research over the past decade has revealed that OS can play dual
role in wound healing, depending on its specific context. In mammals, OS arises either from
the accumulation ROS or from a reduction in antioxidant capacity. 117118 The early stage of
wound healing, inflammation, is distinguished by an elevated production of ROS and

therefore, 11°

prolonged inflammatory response is closely linked to OS, a key factor
contributing to delayed wound healing. 12° The elevated production of ROS acts as a
defence mechanism against pathogen attacks and ROS accumulation is necessary to
prevent infection at the wound site. *?! However, prolonged exposure to high levels of ROS
can lead to oxidative stress, resulting in cellular damage. 119 Therapeutical strategies differ
according to the stage of healing. In the inflammatory phase, the focus is on controlling
infection, reducing oxidative stress and optimising the wound bed through debridement
and antimicrobial therapies. A well-regulated ROS response aids in tissue debridement,
disinfection, and stimulation of healthy tissue regeneration. Insufficient ROS levels can lead
to infection, while excessive ROS can damage otherwise healthy stromal tissue. By
understanding and predicting the role of ROS within a wound, we can significantly improve
our ability to manage and coordinate the processes involved in wound healing. 122123 |n the
proliferative phase, therapies may aim to stimulate granulation tissue formation and
angiogenesis using advanced dressings, growth factors, or negative pressure wound
therapy. The status of OS and ROS is closely linked to the wound healing process,
influencing key stages, such as inflammation, angiogenesis, and granulation tissue
formation. 114124126 By modulating OS and ROS levels, it may be possible to positively
impact all phases of wound healing, from the initial inflammatory response to tissue
remodelling and repair. ROS are connected also with gasotransmitters, which also act as a
barrier against excessive ROS levels, particularly superoxide radicals. These molecules,
defined as endogenous gaseous signalling compounds, freely diffuse across cell
membranes to facilitate intercellular communication and regulate numerous physiological
and pathological processes. The most extensively studied gasotransmitters - nitric oxide

(NO), carbon monoxide (CO), and hydrogen sulfide (H,S) - are naturally produced within
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the body but can also be supplemented exogenously to enhance their therapeutic effects.

127

Gasotransmitters play critical roles in wound healing by modulating OS, inflammation, and
angiogenesis. For instance, NO is essential for vasodilation and oxygen delivery to tissues,
while CO exhibits potent anti-inflammatory properties, and H,S supports angiogenesis and
antioxidant defences. Their ability to interact with ROS allows them to protect cells from
oxidative damage and promote a balanced inflammatory response, which is vital for

effective tissue repair. 11°

Therapeutically, gasotransmitters hold promise for addressing challenges in chronic wound
healing. To harness their potential, effective delivery systems must meet key requirements:
biocompatibility, controlled release of sufficient gasotransmitter amounts, protection of
the wound from pathogens, and maintenance of a moist wound environment. 28
Exogenous administration of gasotransmitters or their donors could provide targeted
interventions to regulate oxidative stress and inflammation, promoting faster and more
efficient wound healing. As research continues to elucidate the mechanisms of

gasotransmitter activity, these molecules represent a promising avenue for innovative

therapeutic strategies in wound management and beyond.

Previous research has confirmed the significant role of ROS in various aspects of the wound
healing process. To date, several genes have been identified expression of which is directly
regulated by ROS. These genes play critical roles in various cellular processes, including
inflammation, angiogenesis, apoptosis, and tissue repair. Building on this foundational
understanding, numerous therapeutic strategies targeting ROS have been developed.
Among these approaches is the use of ROS-scavenging modified nanoparticles, designed to
efficiently neutralize ROS and facilitate wound healing. Some studies highlight the

advancing application of biomaterials in regulating ROS to support tissue regeneration.

116,129,130

3.2 Oxidative stress and pressure ulcer surgical management
We sought to explore the role of oxidative stress in chronic wounds by examining various

debridement techniques applied to deep category Ill and IV of PUs. Our objective was to
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evaluate whether oxidative stress parameters and related gene expressions in wound
tissues differ following sharp necrectomy compared to water jet necrectomy. This ongoing
grant project No. NU21-09-00541, “The role of oxidative stress in pressure ulcers treatment
ina patient with spinal injury” aims to deepen our understanding of the role of OSin chronic
wounds, specifically in category Il and IV of PUs. The research focuses on comparing two
distinct debridement techniques - sharp necrectomy and water jet necrectomy - and their
impact on oxidative stress parameters in tissues. In addition to ROS, the study also
examines reactive nitrogen species (RNS), such as nitric oxide synthase (NOS), as key

contributors to the wound microenvironment.

As the project is still in the data collection and the analysis phase, the complete results are
not yet available. Preliminary results suggest that the mechanical and physical
characteristics of these techniques may differentially influence levels of ROS and RNS,
potentially affecting the wound’s ability to progress through the healing phases. Moreover,
it also indicates certain correlations in the expression of different genes. This investigation
aims to provide novel insights into how these biochemical factors can be modulated

through surgical techniques to optimize outcomes in patients with deep PUs.

Furthermore, this project lays the groundwork for future research into personalized
approaches for managing chronic wounds. By using OS parameters as indicators, clinicians
could select the most appropriate therapeutic strategy for each patient. The findings are
expected to contribute to the development of clinical guidelines that improve healing

efficacy and reduce complications in some challenging cases.

3.3 Summary

This chapter offers a foundational characterization of oxidative stress parameters, focusing
on their role in the wound healing process and their potential for therapeutic modulation
in both acute and chronic wounds. It explores the dual nature of OS, where controlled levels
of ROS and RNS are essential for effective tissue repair, while excessive levels can hinder

healing by causing prolonged inflammation and cellular damage.

Additionally, the chapter discusses the methods for measuring these parameters, including
their baseline levels and potential dynamic changes during the surgical treatment of PUs.

Particular attention is given to the comparison of OS responses to different surgical
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techniques, such as sharp necrectomy and water jet necrectomy, which may influence the

healing trajectory and outcomes for category Ill and IV of PUs.

While the potential clinical applications of this knowledge are significant, including
personalized treatment approaches and improved surgical planning, it is important to
emphasize that this work is part of an ongoing research project. The data and results from
these investigations are not yet available, but they are expected to contribute to a deeper
understanding of OS dynamics in wound healing and inform future therapeutic strategies

and clinical guidelines.
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Oxidative stress in wound healing —

current knowledge

Role oxidativniho stresu v hojeni ran —
soucasné poznatky

Abstract

Wound healing is a complex process basad on a subtle coordination of bicchemical and
physiological interactions. Healing process itself and its guality are affected by numercus
factors, both local (type, size, depth, and localization of the wound, bacterial cortamination,
micrecinculation, oxygen supply, etc) and systemic fage, comarbidities, smaoking, nutritional status,
ate.) Mary studies, using various methodological approaches, focus on wourd healing process at
variaus |evels. It is well known that reactive axygen and nitrogen species play an important role in
all phases of wourd healing. Regardless increasing krowledge about the role of cxidative stress
inwound healing process, the conclusions of research in this area are still ther contradicrary
Therefors, aim of this paper is to summarize currert knowledge abaut the role of oxidative stress
in wourd healing process.

Souhmn

Hojeni ran je etapovity proces probihajicl na celulérni | subceluldrni drovni jako souhra fady
binchemickych a fyziologickych pochodi a interakcl. Rychlost a kvalita hojeni jsou ovlivnény
mricha faktory, a to jak lokilnimi (typ, velikost, hleubka a lokalizace rdny, bakteridlni bichlm, stav
mikrocirkulace, zisobeni kyslikern), tak systémovymi (v8k, komerbidity, koufieni, stav nutrice, aj)
| ztoheta didvodu je proces hojeni pledmétem zéjmu fady studiiajezkournd nrlzngmi metcdickgmi
pistupy na mnoha drovnich. Je znama, e reaktivnl formy kysiiko a dusiku hraji vyznamnou roli
we viech fazich hojenl ran. Mavadory rostouci pozormaosti, kterd je wyzkumu role oxidativnibo
stresu v procesy hojen ran vEnovana, jsou zavry aktudlnich studil stéle jaité rozporuplng. Cilem
plispévku je tedy poskytnout pfehled o souZasmych znalostech o dloze oxidativniha stresu
v pracesu hojeni ran.

Introduction in the wound starts by a tissue damage and

‘Wound healing is 2 complex procass based
on a subtle coordination of biochemical and
physiological interactions. Healing process

is finished when a functional scar is formed.
Healing process itsalf and its quality are af-
fected at various lewals by numerous fac-

The authors declare they have no potential
conflicts ofiterest conceming drugs, products,
or services usad |I1t|"IEEtLId".

AL dekfandy, 28 50UMIsost 5 [Pecmetem stu-
e nemal 2 komertni ZHmy.

The Editorial Board declares that the ranu-
script met the ICMUE uniform raguirements”
for blomeiical papers.

RadaCn r2d3 POtvZUa 28 TURDEIS prace spind
ICMUE kribéria pro publkace zaslang do blame -
didnskych tasapis.

A. Hokynkovd', P. Babula?,

A. Pokorn&, M. Novékové?,

L. Nértova, P. Sin'

" Departmert of Burns and Plastic
Surgery, Faculty Hospital Brno, Czech
Republic

*Department of Physiclogy, Faculty
af Medicine, Masaryk University, Brna,
Czech Republic

* Department of Mursing ard Midwi-
fery, Faculty of Medicing, Mazaryk
University, Brno, Czech Republic

=

Petr Sin, MD, PhD
Department of Burns and Plastic
Surgery

University Hospital Bmo
Jinlavsks 20

625 00 Brno

Czech Republic

e-mail: psin@seznam.cz

Accepted for review: 30, 6. 2019
Accepted for print 11. 7 2019

Key words
reactive oxygen species - reactive nitrogen
species — oxidative stress — wound healing

Klicowa slova
reaktivni formy kysliku - reaktivri formy
dusiku — oxidativni stress - hojeni ran

tors, bath local and systamic. Local factors
include type, size, depth, and locaization of
the wound, then also bactarial contamina-
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OXIDATIVE STRESS IN WOUND HEALING — CURRENT KNOWLEDGE

Systemic factors are age, comorbidities, nu-
tritional status, and others. Chronic and non-
healing wounds {e.Q. pressure ulcers, dia-
betic ulcerations) still represent a major
concern not only for patient and his family,
but also for public health system due to
a steadily growing issue of socioeconomic
cost. Spedfic group of patients at increased
risk for developrnent of pressure ulcers and
othar dermatological complications are
those after spinal cord injury [1,2]. There-
fore, any therapeutic approach potentiat-
ing or accelerating wound healing process
at any level is considered beneficial. Several
madals have been used to evaluate wound
healing process from macroscopic down
to molecular level, using various experi-
mental approaches from in siice [Computa-
tional model to understand wound healing
theoratically), in vtz (explaining pathogene-
sis of wiound healingl, ex wivo (providing 30
rmodel of skin explant), and in wivo (using ani-
mial or human model) [3]. At prasent, one of
the main topics in the theoretical resaarch
in wound healing is the role of oxidative
stress in various phasas of haaling process.
It is widely believed that the amount of owxy-
gen/nitrogan radicals might be crucial for
further direction of a healing process. How-
aver, number of systematic studies presant-
ing detailed insight into reactive oxygen
species (ROS) / nitrogen species (RNS) role
in particular phases of wound healing is still
limitad. Aim of this artick is to summariza in
detail present knowledge about parame-
ters of oxidative stress in particular phasas of
wound healing in order to provida an inte-
grated, synthesizad overview of the cument
knowledge

Reactlve oxygen and nitrogen
specles In wound healing -

a general view

‘Wound healing is one of the most complex
biological processas. It involves the spatial
and temporal synchronization of a variety
of call types with distinct roles in the phasas
of haamostasis, inflammation, growth, re-
opithelialization, and remodelling [4,5]. The
first phase "haemaostasis’ prevents exces-
sive blood loss; it triggers events that lead to
local inflammation by neutrophils and then
macrophages. The inflammation is followed
by the parformance of local tissue calls, ke-
ratinccytes and fibroblasts, The former calls
first migrate into the injured area for the pri-
mary coverage and start to proliferate to re-
cover the stratification. The latter transform

to the myofibroblasts that are capable of
producing extracellular matrix and of tissue
contraction. Both cell migration of keratino-
cytas and fibroblasts-ryofibroblasts corwer-
sion largely depand on the activity of a po-
tent growth factor, transforming growth
factor 8 {TGRA, although a set of growth fac-
tors are believed to orchestrate the whole
process of tissuerepair [6]. Changes in tha mi-
croemvironment, including alterationsin me-
chanical forces, axygen levels, chemokings,
extracellular matrix, and growth factor syn-
thesis directly affect cellular recruitment
and activation, leading to impaired states
of wound healing. Impaired wound heal-
ing, in turn, may lead to post-surgical com-
plications frequently observed in alderly pa-
tients, chronic ulcers in diabetic patients,
hindered and ineffective pain managament,
etc. [7]. The mechanism of delayed wound
healing has multifactorial causes, includ-
ing a prolonged inflammatory stage, post-
poned praoliferation and remodelling stages.
It has boen reported that nuclear factor
kappa B (NF-<E) requlatas the gene expras-
sicn of several cytokines, such as interlau-
kin-1beta, intarleukin-6, turnor necrosis fac-
tor-alpha, and interleukin-10; inducible nitric
oxide synthasa (INO5); chermotactic and ma-
trix proteins; immunclegical responses; and
cell proliferation [8]. NF-k8 can contribute to
inflammation and fibrablast function, which
ara necassary components of incision and
wound healing [9]. It has boen shown that
inhibition of these signal trarsduction path-
ways may provide novel stratagies to pre-
vent sapsis but may interfere with healing.
The persistence of the inflammatory reac-
tion & associated with oxidative stress, which
is one of the most commen reasons for the
delayad wound healing [10]. The increasad
production of free radicals and decreased
antioxidant activities of enzymes, such as
superoxide dismutase, glutathione peroxi-
dase, heme oxygenase-1, and heme oxyge-
nase-2 may aggravate the situation kading
1o a delay in diabetic wound healing [11]. All
these events indicate a pivotal role of ROS
in the orchestration of the normal wound
healing response. On the other hand, ROS
act as sacondary messengers to marny im-
munocytes and non-lymphoid cells in-
volved in the repair process and appear to
ba important in coordinating the recruit-
ment of lymphoid cells to the wound site
and effective tissue repair. ROS also pos-
sess the ability to regulate the formation of
blood vessals (angiogenesis) at the wound

site and the optimal perfusion of blood into
the wound-healing area [8]. ROS act in the
heost's defence through phagocytes that in-
duce a ROS burst onto the pathogans pre-
sant inwourds, leading to their destruction.
Curing this period, excessive ROS leakage
into the surrounding environment exhib-
its further bacteriostatic effects. In light of
these important reles of ROS inwound heal-
ing and the continued quast for therapeu-
tic strategies to treat wounds, it is nacessary
to look for ways to manipulate with ROS as
a promising avenuea for improving wound-
healing responses [127]. On the other hand,
saveral applications of ROS in wound heaal-
ing have baen shown. Cold physical plas-
mas are particularly effective in promaoting
wiound closure, irmespective of its astiology.
These partially ionized gases daliver a thera-
peutic cocktail of ROS and RNS safaly at
body temperature and without genotoxic
side effects. Spedfically, molecular switches
governing redox-mediated tissue responsa,
the activation of the nuclkear EX-related fac-
tor signalling, together with anticxidative
and immuromedulatory responses, and the
stabilization of the scaffolding function and
actin netwoark in dermal fibroblasts are em-
phasized in the light of wound healing [13].
This example shows the inconsistancy of
published results and the need for further
research in the role of RCS inwound healing.

Reactive cxygen species are closaly con-
nacted with nitric oxide and other RNS.
There is very dosa interplay betwesan them —
they can create commen forms of free radi-
cals; in addition, ROS and BNS are able to
partake in the modification of thiol groups,
suggesting that the final outcome will be
dependent on the concentrations and lo-
cations of these molecules [14]. Mitric oxide
itsalf i implicated in cellular and molkecular
aevants of wound healing, such as vasodila-
ticn, angiogeneasis, inflammation, tissue fi-
brosis, orimmune responses. Several studies
suggestad that NO synthesis is essantial to
the uncomplicatad cutanecus wound heal-
ing. NO production is mediated by iNOS that
is regulated independently of intracallular
calcium elevations. Initial injury is followed
by infiltration of inflammateory cells, that is,
neutrophils and macrophages, fibroblast re-
population and its transformation to myofi-
broblast, and new vessal formation as well
as karatinocyta migration and proliferation.
The major source of TGRE in a tissue under
repairing process is macrophage. Recruit-
ment of macrophage to an injured tissue is
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stimulated by MO. It is therefore hypothe-
sized that NO might affect the healing pro-
cass of cutaneous injury [15]. The process
of wound healing is completed by action
of other malecules. Growth factors such as
apidermal growth factar, fibroblast growth
factor, TGF-betal, and vascular endothelial
growth factor and several molecules indud-
ing hypoxia-inducible factor-lalpha are in-
vohed inthe healing process by stimulating
and activating call proliferation via activa-
tion of various reactions, such as angiogen-
asis, reepithelialisation, differentiation, and
production of the extracellular matrix [16].
All above mentionad facts indicate often
contradictory information about irvolve-
merit of ROS and RMS in wound haaling.

Concluslon

Reactive forms of oxygen and nitrogen -
basic cxidative stress parameters - play an
important role in all phases of wound heal-
ing. This “owverview™ of currently available
scientific information offers a framework for
the exploration of the role of oxidative stress
during wound healing process. Despite of
growing attention in the field of oxidative
stress research, conclusions of contempo-
rary studies are still contradictory, tharefore
further intanse work is neaded to fully un-
derstand its roke in wound healing process.
Based on the present knowledge, it can be
cencluded that balanced ROS resporsa will

debride and disinfect a tissue and stimulate
healthy tissue tumover; suppressad ROS will
result in infection and an elevation in ROS
will destroy otherwise healthy stromal tissue.
Understanding and anticipating the ROS
furction within a tissue will greatly enhance
our possibilities to orchestrate the processas
of wound healing.
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CAMN DIFFERENT TYPE OF THE PRESSURE ULCERS DEBRIDEMENT AFFECT OXIDATIVE STRESS PARAMETERS?

dok: 10,4809 5/C00SNR2022534

Can different type of the pressure ulcers
debridement affect oxidative stress parameters?

Ovlivni typ nekrektomie dekubit(i parametry
oxidativniho stresu?

Abstract

Wound debridement Is one of the cruclal steps In wound bed preparation for surglcal closure.
Warious debridement forms and tools can be employed. Aim: The prospective case serles
study almed to compare the Impact of two different types of debridement on cxldative stress
parameters. Materlal and methads: This study Induded five patients with pressure ulcers of deep
category varlous localsation. The wound was divided Into halves. In one, the sharp debridement
was parformed, In the second Hydrosurgery Viersajet® debndement was accomplished. Tissue,
blood and urine samples were collected on days O and 7 after the surgery. Histopathological
avaluation In tissue samples was performed. Oxidatlve stress parametars In plasma and urine were
avaluated. Results: Differences In quality and quantity of granulation tissue betweaen two types of
debridement werefound. An insignficant decrease of oxidative stress markers in blood plasma and
urine 7 days after sungery were cbsarved. Conclusions: Preliminary and pllot results suggest that the
wourd healing process Is closaly assoclated with markers of oxddative stress that are measurable
In blecd plasma and urine. These could be Indicative of the healing procass. A nonsignificant
decrease was observed for all oxddative stress parameters onday 7 after the surgery. The pllot study
will bo followed by a detalled molecular blological analysis of tissue samples.

Souhrn

Debrdement |e Jednim z nejdlleZit&Sich krokd k pfipravé rdmy pled chimngickym dzawarem, kteny
mde byt proveden v riznych formigeh a riengmi ndstrol. O Cliem prospektivnl plipadovg studie
bylo porovnat vitv dvou rdznych typd debridemantu (nekrektomiel na parametry oxidativniho
strasy. Saubor a metodika: Do studie bylo zafazeno celkemn pét padenitd 5 hlubokymi dekubity
w naznych lokalizzcich, Dekubitus byl rozdélen na dvé poleviny, jedna poloving rdny byla cfetlena
ostrou nekrektomiladruhd Versz)et® hydrosystémem.Vaorky tkani, krve a mod) byly odebrany v nulty
3 sedmiy den po debridementu. Byla provedena histopatologlcka analyza a wysetfenl parametrl
oxldativniho stresu v plazmé a modl. Waledky: Byly nalezeny rozdily w kvalité a kvanititd granulaénl
tkiné mezl dwéma riznymi typy provedendho debridermentu. Z)I3tEno bylo nesignifikantnl sniZenl
markend oxldativnlho strasu v plazmé a modl sedmy den po debridementu. Zdwér Pledbding
2 pllotnl vysledky naznadu)l, 22 proces hojenl ran Je Ozce spojen s markery oxidativnlho strasw,
které pou mbfitalné v krevnl plazmé | v mol. Tyto by mohly poukazowat na prib&h hojenl. U viach
parametrl oxldativniho stresu bylo pozorovano nesignifikantnl snizen( sedmy den po zdkroku, Na
pllotnl studll navide podrobnd malekuldmé-blologlckd anakyza vzork( tking.
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Introduction
Surgical treatment of pressura ulcers (PUs)
is primarily intended for PUs of a deep cate-
gory (Il and |\ category). Meticulous surgical
preparation of wounds in various debride-
ment approaches is necessary for success-
fully reconstructing Pus [1-3] and represants
the most crucial tachnigue in wound man-
agement [4,5]. By eliminating bacterial colo-
nisation, debridement decreases an inflam-
matery response and the risk of sapsis [G].
Maoreowear, it reduces exudate and odour [7]
and improves wound healing [B]. Sharp de-
bridement fusing scalpal, scissors or elactro-
cautery) [5] was described in 1950 by Cannon
at al [10]. Mowadays, it is mainly used type of
debridemant in PUs surgical therapy. Other
debridemant technigues were introducad,
such as enzymatic [11], ultrasonic [12], Ver-
sajat Hydrosurgery system [13], 2tc. The da-
cisicn of which type of debridement should
be used depends on the wound size, localisa-
tion, character of present avital tissue {thick-
ness of eschar, slough, debris atc) and on
preferences and experience of the surgecn.
Hydrasurgery debridement is based on
a high-powered jet of saline, enabling cut-
ting tissue simultaneously with a suction
af debrided particles which diminishes an
aerosolisation effect in the wound [9]. Nu-

Fig. 1. Macroscopic differen

and quantity of granulation tissue in left
partof the wound treated by Versajet™
hydrosurgery and right part treated by
sharp debridement.

Obr. 1. Makroskopické zmény v lvalité
a kvantité granulacni thané v levé polo-
viné rany (debridement proveden Var-
sajet® hydrosystémem) a v pravé polo-
viné rany (odatfeno chirurgickou ostrou
nekrektomil).

merous studies indicate that reactive oxida-
tive species (ROS) are invalvad in the wound
healing process [14-16]. Aim of the presant
study was to compare the impact of two dif-
ferent types of debridement on cxidative
stress parametars in tissue samples from the
same PU. Conventional sharp debridement
wsing scalpel and hydrosurgery Wersajet sys-
tem ware comparad.

Materlal and methods

This study included five patients with PUs of
deap category (Il and IV) and various local-
isation (sacral, trochanteric and ischial). Al
these patients were indicated to the surgical
therapy. The wound was divided into halves.
In one halve, the sharp debridement and the
second halve debridement using Hydrosur-
gery ersajet® wera parformed. Tissue sam-
ples were harvested before debridement
from each half in the first phase and the
same place cne week after debridement,
immediately before surgical closure using
flap {fasciocutanecus or musculocutaneous)
reconstruction. Tissue samples (3] were
fixed in formalin and routinely processad
into formalin-fixed paraffin-embedded tis-
sue specimens. Histopathological evalua-
tion of tissue samples was performed using
hematoxin-ecsin staining and immunohis-
tochemical analysis of alpha-smooth mus-
cla actin (Abcam, Czech Republic). Blood
samples were collectad on day 0 and day
7 after the necrectomy. After blood process-
ing and deprotzinization (10kD Spin Col-
umn, Abcam, Czach Republic, abd3344), the
thicls in plasma samplas ware measured
flucrimetrically using 7-azido-4-methylcou-
miarin as a flucrescent probe (Lex = 365 nm
and Aem = 450 nm; Sigma-Aldrich, USA) The
miethiod was cptimized for plasma samples.
The amount of reactive nitrogen species
wias measured using the enzymatic conwver-
sion of nitrate to nitrite by nitrate reduc-
tase, followed by the addition of 2 3-diami-
nonapthalena (DAN, Sigma-Aldrich, USA),
and MaCH, which convarts nitrite to a flu-
arascent compound (kex = 365 nm and
ham = 450 nm). Total oxidation stress was
measured fluorimetrically using 2°7°-di-
chlaredihydroflucrescein compound
(hex =492 nm and kem = 515 nm; Sigma-
Aldrich, USA). The amount of hydrogen per-
oxide was measured using a flucrimetric hy-
drogen peroxide assay kit (Sigma-Aldrich,
LEA MAKIGES). Moming urine samples weara
collected at the same time points as blood
samples. Urinary B-hydromy-2-decsyguano-

sine B-0HdG) was guantified by liquid chro-
matography with tandem mass spectrom-
atry (triple quadrupole EVCC CUBE, Bruker,
Germany) after SPE purification.

Results

In most cases, a significant difference in the
quality of debridement betwean both types
of necractomy was obsarvad. With hydrasur-
gery using Versajet® adequate dabridemant
was obtainad in cna session only in all cases.
In contrast, sharp debridement parts often
required further wound bed re-evaluation or
debridemeant during the observed pariod.

The clinically significant differenca in
wound bed appearance was also detected
after use of Versajet® hydrosurgery, with
macroscopically visible signs of improved
healing in the form of pink granulation tis-
sue as shown on the left side in Fig. 1. This
difference was even more visible in deep
corvex surfaces, where effactive sharp de-
bridement is technically hard to achieve. I
was passible to obtain a macroscopically
clean wound bed with owarall petachial
bleeding evan in these complex wounds.

Histopathological analysis of 3 patient’s
tissua samples revealed granulation tissue
without any significant morphological differ-
ances in Versajet technigue therapy treated
samples and sharp surgery. Immunochisto-
chemical exprassion of alpha-smooth mus-
cle actin displayed increase in smooth mus-
cle calls within the newly formed wessels and
stromal myofibroblasts between the first
and second tissue samples. Mo significant
differences in different therapy technigue
were detacted (Fig. 2)

Blood analysis was focused on oxidative
strass paramatars. The results cbtained indi-
cate a decraase in the lavels of total oxida-
tive stress (684567 + 154985 AL for day 0
58,4502 + 585000 AL, for day 7, respectively),
hydrogen sulphida (106.54 + 20 71 nmal. I-' for
day 0, 101.90 + 14.06 nmol. 7' for day 7 raspec-
tively), hiydrogen peroxida 340+ 291 pmel.
for day 0, 273 £ 1.56 umaol. I for day 7, re-
spectivaly), and reactive nitrogen spe-
cias (12,5859 + 78062 AU. for day O
9003 8 + 44007 AL for day 7, respectively)
on day 7 as compared to day 0. However, this
dacraase was insignificant (Fig. 3). There was
an irsignificant decraase in the lavel of 8-hy-
drosy-2'-deoxyguancsine, a marker of oxi-
dative strass, on day 7 as compared to day
0 (863 + 212 ng/mg creatinine for day 0
810 + 241 ng/mg creatinine for day 7 respec-
tively: for datails, see Fig. 41,
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HE - haematoxylin-2osin; 5 — sharp surgery; SMA - alpha-smiocth musde actin; ¥ - Versajet® hdrosurgery

Fig. 2. Histopathological evaluation of tissue samples. Mag. 100x.
Obr. 2. Histopatologicke vysatfienl vzorkd thénéd. Zvétieno 100x.

Discussion

Wound healing is a complex process inwvalv-
ing the orchestration of different hormones,
growth factors and cytokines [15]. Among
the crucial compounds playing a rola in
wound healing, reactive cwygen species can
be found. They are implemented simulta-
necusly in several lines. Due to their toxicity,
they are an essential component of protec-
tion against pathogenic crganisms whila at
tha same time playing a vital signalling role
in a wide range of processes [16]. Whereas
the importance of reactive oxygen spe-
cias in wound healing has been intensaly
studied, data showing thair relationship to
changes in circulating reactive axygen spe-
cigs (in blood plasma) conceming wound
healing processes have naot yet been eluci-
dated. The wark of James 2t al showed a cor-
relation between allantoin and uric acid con-
centrations in patients suffering from lag
ulcers [17]. Significant elevation between al-

Fig. 3. Concentrations of hydrogen sulfide
and hydrogen peroxide and total oxida-
tive stress parameters and reactive nitrogen
species in plasma at day 0 and day 7 after
surgery (N=7).

Obr. 3. Koncentrace hydrogen sulfidu a hyd-
rogen peroxidu, parametry oxidativniho
stresu a reaktivnich forem dusiku v plazmé
vednech 0a 7 po operaciin=7).
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Fig. 4. Changes in concentration of 8-hyd-
roxydeoxyguanosine in urine at day 0 and
day 7 after surgery (N = 10).

Obr. 4. Zmény koncentrace 8- hydrooy-2-
-deoxyguanosin v modi ve dnech 0and 7
po operaci (n =10},

lantoin: uric acid parcentage ratio was ob-
served in wound fluid from chronic leg ulcer
comparad to both paired plasma and acute
surgical wound fluid. Pressure ulcers dewvel-
apmeant was alsostudied in an animal medel.
The elevated level of 8-0HdG was detected
in prolonged compressed muscles in mice
indicating increased oxidative stress [18].
Maoseley et al. discuss the roles of ROS/an-
ticxidants in skin wound healing, their possi-
bla invehlverment in chrenic wounds and the
potential value of RO5-induced biomarkers
in wound healing prognaosis [15]. Howewver,
thea study focuses on the analysis of wound
fluids, emphasising total protein carbonyl
content, western blot analysis of protein car-
bonyl content, malondialdehyde content,
and tetal anticxidant capacity in wound flu-
ids. The presant study focused on the anal-
ysis of blood plasma and urine. The rasults
indicate a decrease of determined markers
af oidative stress in blocd plasma and uring
an the 7th day after Viersajet®/sharp surgery.
Howewer, the obserwed decraase is insignif-
icant. The presented results become from
a pilot study; wea plan to extend the number

af patients included in the study. Then the
significarce of the results may be expected,

On the other hand, the results indicate the
importance of oxidative stress parameters
and their changes concerning wound Feal-
ing. Mext, it will b necessary to carrelate the
abtained data with other cutcomes, such as
bicchemical parameters and blood analysis.
In addition, tha study will be extended to in-
clude gena expressicn analysis of candidate
genes associated with RCS and selected
enzyme activities and markers of cwidative
stress in tissue samples.

Conclusions

The pilot study results indicate that wound
healing is closely connected to amounts of
reactive oxygen and nitrogen species and
total antioxidant capacity in corresponding
tissue
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Summary

Pressure ulcers (PUs), also known as pressure injuries, are
chronic wounds that represent potential lifelong complications.
Pressure ulcers of a deep category (III and IV) are often
indicated for surgical treatment — debridement and surgical
reconstruction. Sharp surgical debridement is widely used in the
debridement of PUs; however, the Versajet® hydrosurgery
system is becoming an increasingly popular tool for tangential
excision in surgery due to its numerous advantages. This work
focused on the expression of selected genes, especially those
associated with oxidative stress, in PlUs debrided by btwo
approaches — sharp surgical debridement and debridement using
Versajet® hydrosurgery system. Expression of following gemes
was evaluated: MFEZ 3, ACTAZ, NFKB1, VEGFRA, MKIEZ, HMOXT,
HMOXZ, HIF1A, and S0ODZ ACTE and PSMB were used as
housekeeping genes. So far, five patients have been enrclled in
the study. Preliminary results suggest no significant difference in
gene expression with different pressure ulcer treatment
approaches except WFE2LZ, despite the macroscopic differences.
Howewer, the results revealed comrelations between  the
expression of some genes, namely HIFIA and 5002, VEGAA and
£002 and WEGFA and HIFIA. These resulis may indicate a
connection bebween hypoxia, oxidative stress, pressure ulcer
healing processes and angiogenesis.
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Introduction

A pressure ulcer (PU) 15 defined by the
European Pressure Ulcer Advisory Panel as an area of
localized damage to the skin and underlying tissue cansed
by pressure, shear, or friction, or a combination of these
[1]. Pressure ulcers are caused by a local breakdown of
soft tissue as a result of compression between a bony
prommence and an external surface [2]. Soft tissue
deformation beyond certain tolerance threshold also
occurs, leading to direct deformation and damage of the
cells due to structural failure of the cytoskeleton and
plasma membrane [3.4].

The highest prevalence of PUs is in high-income
North America followed by Central Amernica, tropical
Latin America and Carmibean, and the lowest in the south
and central Asia. Compared to high-income North
America, central Europe ranks tenth with a prevalence of
7.8 per 100000 population [5]. Between 2010-2019,
264442 patient records with diagnoses L89.0-L89.9 (PUs
diagnoses in ICD-International Classification of Diseases
and Related Health Problems) were identified (an average
of 26444 patients per year) in the Czech Republic.
Numbers have increased each year, with a 40 % increase
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between 2010 and 2019 [6]. Analyses of national health
registries showed that the prevalence of PUs before the
onset of the COVID-19 pandemic and during the 2020
pandenuc was higher in patients hospitalized with SARS-
CoV-2 infection [7]. It 15 evident that PUs represent
a significant  socio-economic and  health problem
Management of PUs is complex and invelves a change in
patient care, including the use of various aids to prevent
its occurrence, ie. avoiding pressure, frichion or shear
(pressure-reheving strategies, repositioming or 'turning’
patients), good skincare regime and managing
exacerbating factors, such as umnary or fecal
mcontinence, muirition therapy, but also surgical
treatment — debridement — followed by pressure ulcer
healing management [8]. Multiple techniques, such as
mechanical, biological or surgical, are used to debnde.
Determination of the most appropnate technique
mandates the consideration of both host-specific (ie.
comorbidities, compliance, social support, etc) and
wound-related (iLe. mfection/contanunation, perfusion,
viability, etc.) factors, as well as the resources available
at the treatment facility. The European Wound
Management Association pmdelines for debridement
provide specific information regarding each technique’s
mdications, contraindications, and potential adverse
effects [9,10].

New approaches and procedures are being
mtroduced in the field of surgical debridement. One of
these techniques 1s the hydrosurgery system, which
utithzes a high-pressure parallel water jet promoting the
Venturi effect. Its use was first descnbed by Klem ef al.
m 2005 as a new tool for tangential dissection [11]. This
techmigue has gradually spread, especially In managing
chromic wounds and bums. It 15 gradually proving to offer
ammber of advantages, mcluding lower blood loss
durmg the procedure and faster wound healing [12].
Unfortunately, despite the use of Versajet hydrosurgery
m climical practice, our knowledge about its impact on
healing 1s still limited Therefore this study aimed to
compare two approaches to category II and IV PUs
treatment — sharp debridement (performed with a scalpel
and/or electrocauter) and Versajet® hydrosurgery system.
This treatment represented the first surgical step before
reconstruction using flap plasty. The obtained samples
were analysed for gene expression levels of genes related
to oxidative stress and healmg processes to gan
new information about the differences between
the two techniques at the molecular biological level

Methods

Experimental design

Prospective mterventional study in which a total
of five patients with PUs larger than 35=5 cm of various
localizations were included m the pilot phase. Basic data
of patients descmibes Table 1. The PU bed was divided
mto two halves, and each half was subsequently debnided
with a different approach — sharp or hydrosurgery
(Versajet®) debndement. Tissue samples were collectad
from each half of the PU before and one week after the
debridement. Samples were always collected in the same
manner with respect to the size and the depth of the PUL
Samples collected in this way were processed
immediately after collection, i.e. placed in an RINA-later
(Roche, Czech Republic).

Tissue samples were mechanically homogenized
by microtube pestle. RNA was isolated from
homogemized tissue using TriPure Isclation Reagent
(Roche, Basel, Switzerland) according to the
manufacturers’ protocol and then transenibed using using
the High-Capacity cDNA FReverse Tramscription Kit
(Applied Biosystems, Waltham, MA, TUSA) i
accordance with the mamfacturer’s instructions.

Analysis of tissue samples

The gquantitative ET-PCR. was camied out using
TagMan gene  expression assays with the
LightCycler®480 II System (Roche, Basel, Switzerland).
The amplified cDNA was analyzed by the comparative
ddCt method nsing F.SMB as a reference. The primer and
probe sets for PSMB2 (Hs01009704 ml, housekeep).

ACTB  (Hs99999903 ml,  housekeep), NFEZL2
(Hs00973961_gl), ACTA2 (Hs03005341_m1).
NFEBI(p30/p103) (Hs00765730_ml), EGF

(Hs01099999 ml), FEGFA (Hs009000535_ml), MEI67
(Hs00606991_ml), HMOXT (Hs01110250 ml), HMOX2
(Hs01558390 ml), GPXI (Hs07288100 g1), HIFI4
(Hs00153153_ml), SOD2 (Hs00167309 ml), NOS2
(Hs01075529 ml), and ANGPTY (Hs00907074_ml)
were selected from the TagMan Gene Expression Assays
(Life Techmologies, USA). The selection of genes for
expression monitoring was based on available data mn the
literature with respect to oxidative stress [13.14]. The
gRT-PCE.  was executed under the following
amplification conditions: total volume of 20 pl, mitial
incubation at 30 *C/2 min, denaturation at 95 *C/10 min,
then 45 cycles at 95 °C/13 s and 60 °C/1 min.
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Table 1. Basic dinical data of patients.

Size of PU
Gender/Age " PU location ‘Wound bed Tvpe of flap ‘Comorbidities Swab (admizsion date)
category wiidth = =
depth)
) FC ghueal : S : o
Fi55 v 8«5<3 am Sacral i _I rotation i _g ALE b
‘secemarion, bone fisp Sepsis Year agn Staphylecocous qurews,
not exposed Candida albicans
Quadriplesia, neé
Tensor syndrome,
42 m 0uTxlom  Hip-lefi-sided Mtact et Do e e e, Acinetobacter Baromeai
not exposed nmscle flap ypatinyreosis, mild
(MTFL) ventilation disorder,
rmorbidi
Fiofled hard
FC ghateal
deps, pocr : Qusdriparest B bl
Fi58 v Sa5e2 om Sacral Eramulafion, . sclerosis mnleiplen Arinatobacter
1 m-‘:‘i P—— 5 "
peendocyst
DU mather sessile, mgh
1ati faprhdistal Quadriples: Stapipiococeus auress,
Tschial-right- pm ‘portion of ; Preudomonas
MisE ity G2 om albow shghity M. Recklinghamsen,
locse, nat i polymaorbidities ——
mmscle
Rolled adges,
MI63 ™ 6432 am " dlean, bone intact, ach ey b
sided 5 FC flsp ameniia Smeprococous group &
no signs of
infl :
Statistical analysis Spearman correlations were computed to analyze

The statistical analysis was performed using
E 402 language with the following packages: zgplotl,
tidyverse, complot, rstatix [15-19]. The data from
gRT-PCE. analysis were evaluated with the “ddCt”
method, where the relative expression of each gene was
referred to PSMB and mean values as conmitol
Considering the distnbution of the data, logarithmic
values were used for statistical amalysis. Multifactorial
ANOVA was calculated, but better the Wilcoxon test was
used to determine the sipmificant differences between
mdividual treatments, since the data did not mest the
assumptions for parametrical testing (Levene's Test for
Homogeneity of Vanance, Shapire-Wilk normality test).

the relations in the data. For summary, the heatmap with
dendrogram was created. For the dendrogram, non-
hierarchical cluster analysis was used with calculation of
the Enclidean distance both for individual samples and
for individual variables. Unless noted otherwise p=<0.03
was considered sigmficant.

Results

In expression anmalysis, there were 9 gene
expressions in 20 samples (all in duplicates) detected.
From each patient (5) m the study were collected
4 different samples (each in duplicate). The sample was
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either treated with Versajet®. or collected surgically and
also monitored in two individual samplings. The overall
effects on expression profiles of treatment or sampling
were determined with multifactorial ANOVA, but the
data did not meet the requirements for parametnc
statistical amalysis. The mutual differences between
mdividual patients were greater than the effects of the
used treatments. For example, the effect of a patient
factor on NFEBI expression (Welch's One-way analysis
of means. not assuming equal variances, F=4 6394, num
df=4.000, denom. df=17189, p=0.0101), or FGEFA4
expression  (F=32973, mum  df=4.000, denom
df=16.599, p=0.006126). Hence individual differences
were detected with the Wilcoxon test. This analysis
revealed a significant change between the expression of
NFE2L? after the first (mean=-05892) and the second
sampling (mean=-0.7358) that were treated with
Versajet® (W=77, p=0.04307, n=10) (Fig_ 1).

The comrelation analysis was performed as well
Spearman cormrelations were computed for each treatment
and sampling. and the 10 most significant ones (p=0.03)
are presented in Figure 2. The pamrs umgue for each
treatment are worth mentionmg. The expression of
NFE2L2 correlates positively with NFEBI after the first
sampling and surgical treatment (=0.91, p=0.0002). The
only sipnificant negative correlation is found between
ACTA? and NFEBI (r=-0.902, p=0.0004), and between
NFE2L? and NFEBI (r=-0.801, p=0.003, not shown)
after the second sampling and surgical treatment. This 1s
m conirast with the results after the first sampling. Some
comelations are specific for Versalet samples, ie.
VGEFA and HMOX? (1=0.92, p=0.00015, the first
sampling; r=0.86, p=0.0013, the second sampling), and
NFEBI and HMOXI (=088, p=00008, the secomnd
sampling).

All gene expression profile results were
summanized i a heatmap with closter analysis (Fig. 3).
The mean expression values after all treatment
combinations show several trends. The zenes form three
separate chasters, the ones that increased their expression
after the treatment (HIFI14, S0DZ), the ones that were
suppressed (NFEZL2, HMOXY) and the rest that showed
miunor changes. Also, the samples created some clusters,
where the ones after the first sampling show more
similarities, regardless of the treatment.

Discussion

Analysis of tissue samples taken from PUs treated with
different debridement technigues — sharp surgery (scalpel

0041

045
og0

E

&
&

In of relalive expression NFEILZ

;

"L

sedare Sharp surgicalader Sharp sargical  befoee Varsmenk aded Versagn®
LA et da et canE detndament
reatment

Fig 1. The log of relative expression of NFE2L2, The box and
whisker plot presents the median values after all treatments and
their significant differences. The hinges correspand to the 1% and
3" quartiles and the whiskers show LS*IQR (interguartile
range). The depicted statistical significance is result of Wilcoxon
test. The samples treated with Versajeb® after the first sampling
hawe higher relative expression of NFE2L2 than the same treated
samples after the second sampling {p=D0.045). Also, the samples
treated surgically hawe higher relative expression of this gene
(p=0.041).

or electrocauter) versus Versajet® hydrosurgery —
yielded almost no differences m the expression of the
studied gemes. However, the expression of NFE2L2 was
significantly reduced in case of Versajet as compared to
sharp surgery (the first sampling: surgery versus Versajet)
and i case of the second sampling of Versajet as
compared to the first sampling of Versajet NFE2L2 is
gene coding Nuclear Factor Erythroid 2-Related Factor 2
(NF-EX-Related Factor 2, respectively Nrf-2). It is
a transcription factor, which is under normal conditions
relatively rapidly degraded in the cells. Stll under
oxidative stress conditions, it is transported to the
mucleus, where it binds to the DNA promoter region and
triggers the expression of gemes encoding enzyme—
protein—antioxidant mechanisms. This function has been
stadied in case of the antioxidant action of compounds of
natural origin [20,21], but particularly in the context of
certain types of cell deaths, especially apoptosis [22].
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Fig. 2. Ten mast important correlations for each treatment and sampling combination. The length of the column expresses the size of
the comelation coefficient R {Spearman's cormrelation), blue shows pesitive correlation, red is negative. All depicted correlations are

logaritmus of relative expression of selected genes
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Fig. 3. The picture presents all obtained gene expression results. The mean of relative expression is depicted with color (high
expression in purple, low in green). The dendrograms show the differences and similarities between individual genes and treatments.
The highest relative expression has S0D2 in all samples, the lowest HMOX2, in particular after the second sampling and Versajetil
treatment. Samples from the first samples collection regardless the freatment duster together. For example, the genes HMOXZ and
NFEZL2 show similar trends in expression.
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autophagy [23]. or pyroptosis [24]. The guestion anses
what is the relationship between the expression of this
gene and the pressure ulcer healing process. Reactive
oxygen species (ROS) and mitrogen species (RNS) play
an essential role m the wound healing process, being
mvelved in different phases of the healing process.
Van Huizen ef al reports that the first significant
accunmlation of ROS occurs at the wound site after the
first hour, and ROS are required for wound closure [23].
Subsequently, they are implemented in the repulation of
actin-mediated epithelial stretching and rearrangement of
adjacent cells over the wound surface. Their importance
also lies in the regulation of cell signalling during the
wound healing process. The importance of ROS in the
wound healing process 15 described and discussed m
detail for example, in a review by Knzanova et al [26] or
Hokynkova ef al. [27]. So far, several genes have been
identified expression of which 1s directly controlled by
BOS. The same authors [25] describe ROS-dependent
qun-1 and HSP70 expression regulation. Jun is
a franscription factor that, together with Fos, forms the
transcription factor AP-1 (Jun and Fos are its subumits),
which in torn modulates the expression of MMP (matrix
metallopeptidase)-2 and MMP-9 [28]. Both are
sipnificant players in regulating extracellular matrix
degradation and deposition essemtial for wound
reepithelialization [29,30]. The importance of HSPT0 in
the wound healing process has also been described [31].
Nrf-2 15 another important protein whose asseciation with
the previous ones has been reported, but not sufficiently
studied m the wound healing process. Expression and
activity of NRF-2 mm wounds have been found in
keratmocytes as well as in other cells in granulation tissue
as a response to ROS [32]. Several studies have shown
that elevated levels of Nrf-2 temporanly modulate the
expression of wascular genes in wounds, which may
accelerate the healing of chronic wounds. The mechamsm
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of action of Nrf-2 is still not precisely known, but Nrf-2
15 likely to be essential during the inflammation and
proliferation phases of wound repair [33]. From this
perspective, the pilot results could indicate a potential
benefit of the Versajet techmgue m Pus healing.

The results of the comelation analysis are also
mteresting. The asscciation between the expression of
genes for neovasculanzation, antioxidant proteins and
HIF1A is shown for each intervention. In case of the
Versajet® technique, the specific comrelation was found
between gene expression of FGEFA (vascular endothelial
growth factor A) and HMOX? (heme oxygenase 2) and
NFEBI (muclear factor NF-kappa-B pl03 subumif) and
HMOX] (heme oxygemase 1). Vascular endothehal
growth factor A (keratinocyte-derved) binds primarily to
endothehal cell receptors to promote anglogenesis which
plays a key role in wound healing [34]. Correlation in
FGEFA and HMOX? expression suggests the link
between oxidative stress, or hypoxia, and new blood
wvessel formation [35].

The presented data come from a pilot study.
which has so far been conducted on a small sample of
patients.  Although it suggests some inferesting
correlations in the expression of various genes, further
extension of the study and additional analyses are needed
to provide new imsights and allow us to determine the
potential benefit of Versajet technique in the debridement
of PUs category III and IV.
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Wound healingis a very complex process, where variety of different pathways is
activated, depending on the phase of healing. Improper or interrupted healing
might result in development of chronic wounds. Therefore, novel approaches
based on detalled knowledge of signalling pathways that are activated during
acute or chranic cutaneous wound healing enables quicker and more effective
healing. This review cutlined new possibilties of cutaneous wound healing by
maodulation of some signaling molecules, eg.. gasotransmitters, or calcium.
Spedal focus Is given to gasotransmitters, since these bioactive signalling
molecules that can freely diffuse into the cell and exert antioxidative effects
Calclum Is an important booster of immune system and It can significantly
contribute to healng process Special interest s gven to chronic wounds
caused by diabetes melltus and overcoming problems with the inflammation.

RETWORDS
wound healing, gasotransmitters, calcium, hydrogen peroxide, diabetes mellitus

Introduction

Skin as the biggest organ in humans provides several important functions for the
organism—it acts as a barrier maintaining skin integrity and homeostasis against harmful
pathogens and physical stressors. Acute (mechanical injury, surgery, burn, etc.}or chronic
(diabeticulcers, etc.) cutaneous damage can have serious consequences tothe whole body.
Therefore, wound healing as a multistep process is an impaortant move in the maintenance

Abbreviati ones: AE2, bicarbonate transporter type 2: CBS, cystathio nine f-synthase: CSE, oy stathicnine
y-iyase: CREP-1, celuly retinoid-binding protein 1 DR, dabetic foot wbcers: ECM, extraceliular
mitrix; EGF, epidermal growth tacton eNOS, endomelal NO synthase: FGF, fibro blast growth factor
HIF. hyporis-induchle factor, HO-1 heme coypgensie-1 IGF, rdulin-Bke growth fecton, INOS,
inducile ND spothase; IPIRs, incaitel 14,5-tisphosphete receplors MECs, mesenciymal stramal
celly MST, 3-mercaptopynate-sulfurira nferass: nhOS, neunanal KO synfhase; N2, nudear factar
|eny Bwaid- derived 2)-Bie 20 PAD, periphersl arterial dsense; PDGF, plitelot- derived gromth Bater
PPAR, perexisame problerstor-activaled receplors RARs, retincic acd receplors ROS, reactive
axygen species; R¥Rs refinoid X receptors; RyRs, ryanodine receptors; TGF, tramsfonming growth
factor, THF, twmor necrodid facion TRF, trandient recepior potential channel, VEGF-A, walcular
endothelal grovth factor.
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of human health and wel-being. Hemostasis, inflammation,
proliferation, and remodelling belong to the main steps in
wound healing (Borena et al, 2015}

Skin consists of two layers—thin epithelial membrane
(epidermis) and a thicker layer (dermis) composed of
connective tissue. These layers differ in the composition and
also in the function, Various types of cells can be recognized in
both layers. In dermis, six cell types that differenty contribute to
wound healing were identified Also, myofibroblasts and
macrophages may change the skin wound healing fates by
modulating critical signalling pathways (Chen et al, 2022).
Single cell analysis revealed heterogeneity in large wounds
{Giuerrero-Juarez et al, 2019). In murine skin wounds the
dynamic nature of fibroblast identities was shown during
healing with formation subclusters of the wound fibroblasts
into distinct cell populations. Also, the wound induced
plasticity of myeloid lineage cells was demonstrated on this
mode (Guerrem-Juarez et al, 2019). Major varistions in
epithelial, fibroblast, and immune cell populations were
observed in young and aged skin during wound healing (Vu
et al, 2022}, It is well known that wound healing dedines with
age, which contributes to a variety of health complications, and to
inflammatory profile than young equivalents, probably due to
dysregulated growth factor, chemokine, and cytokine pathways
during wound healing in aged skin (Vu et al, 2022}, Moreover,
aged basal epidermal keratinocytes isolated from the wound edge
appeared to be more recalcitmnt to activation, as judged by their
markedly reduced transcriptional activity of genes involved in
important processes of wound-repair (Keyes et al, 2016).

Wound healing is a complex process that involves the
interaction between different cell types. growth hormones,
oytokines, anticeidants and a stable supply of metal ions (eg.
calldum, zinc, and magnesium} (Dehkordi et al, 2009} After
the skin is damaged, several cell sysems and signalling
pathways are activated in the wound to defend the body.
Therefore, and also due to complexity of the skin, diverse
approaches am needed to improve cutaneous wound healing
(Zeng et al., 2018) Due to diferences in signalling, healing
strategy of acute and chronic wounds diverge. While acute
wound heals in 3-4weeks depending on the size, localization,
origin, patient’s co-morbidities, age, etc, chronic wound basically

TABLE 1 Major differences between acute and chronic wounds.

Acute wounds

Time of healing is 3-4 weds
Activation of reddent immone cells
Release of cytokines
Simnlation of fiwo blass
Dieposition of exiracdlinlar matric
MNeovascularizasion, angiogenesis
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stops in the certain phase of healing, genemlly in the mflammatory
phase. Also, chronic wounds are characterized by persistent
inability of dermal andior epidermal cells to respond to repamtive
stimudi {T'able 1, Demidova-Rice et al., 2012}, Besides mflammatory
phase; basic differences between acute and chronic wounds oocur
dlso in proliferative phasge (Martin and Nunan, 2015}, In the acute
wounds platelets release platelet-derived growth factor and
transorming growth factors Al and 2 which attract
effectively dear the wound from bacteria (Demidova-Rice et al.,
2012} Afterwards, growth factom are produced to induce and
Finally, gmnulation tissue is formed to support epithelislization
(Demidova-Rice et al., 2012). In chronic wounds, lower density of
growth factor receptors ocour that decrease the mitogenic potential
of dermis and epidermis, Kemtinocytes derived from chronic lcers
hawe increased expression of several cell cycle—asociated genes, such
s cydin-dependent protein kinase 2 and cydin Bl, which point to
the hyperpmoliferative  stamus. However, these chronic
wound-derived kemtinocytes with incweased proliferative marker
Ki67 exhibit impaired migmtory potential (Demidova-Rice et al.,
2012; Martin and Munan, 2015). Therefore, chronic wounds caused
by progression of some diseases (e.g., disbetes) require repetitive or

Inflammation is the basic response to cutaneous wounds that
helps to protect the tssue from further damage and set up
conditions that promote repair. Inflaimmation as the early step of
the wound healing is characterized by the overproduction of ROS.
Although the precise role of ROS in the process of wound healing is
still mot fully clear, increasing evidence suggests that ROS might be
crucial for wound repair, not only as germicides but also for cellular
sgnalling ( Foy et al,, 2006) in different phases of wound healing (for
meview see André-Lévigne et al., 2017} To eliminate excessive ROS
interest in many fidds of medicine Gasotrapsmitters are
mermbrane and they have well defined and specific functions at
physiclogically melevant concentrations (Shefa et al, 2017).
Erogenous  application of gasotramsmitters to wounds can
sgnificantly impmowe their treatment. Calcum joms play an
unmistakable wle in wound healing. I was proved that dietary

Chronic wounds

Time of healing is long. or wounds are nontreaiable

Pergistent inflammastion and formation of dmg-resistant mi robial biofilms
Altgrations in inflammatory cptokines

Pibroblagt senescence

Decreased extracelilar matric

Impaired ang ogenesis
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Schematic interacton of signaling molecules jcalcium ions, ROS and gasotrangmitiers) in the individual pheses of wound healing and their
effects. Calcium ions affect hemostasis, inflammation and also proliferstive phase of wound healing, which have an impact on the process of

apopigs, epithelizstion and migstion. Gaso rs affect infl

i, profiferation and remodeling and significantly affect the amount of

reactive cxygen species (ROS) and thus codtatve stress and siso spithelizalion and migration. (+] represents postive effect, () represents

nEgative effect.

prevalence of chmonic wound formation (Lansdown, 2002).
Recently, photothermal injectable hydrogel composed of Ca™
i Iuticns with o bovie 3ok modied. palbads
inflammatory properties (Luo et al, 2022). Rele of the calcium ions
in healing process s well documented not onmly during
inflammation, but also in the proliferation phase (Subramaniam
et al, 2021}, Thus, new approaches based on caldum therapy (and
combined caldum and vitamin D therapy) can result in maore
effective wound healing, Also, ROS can affect calcium signalling
through targetingits influx through calcium channels {Gorlach et al,
2015), Mutual communication of caldum signalling, ROS and
gesotransmitters is shown in Figure 1.

This review is focused on possibilities to  utilize
gasotransmitters and calcium jons andfor their combination
in wound healing under normal and spedal conditions
(diabetes). We focus on wound healing in diabetes as a
modern dvilization burden, which significantly contributes to
Feskii 1 heali bl

Wound healing, reactive oxygen
species, and gasotransmitters

Increased reactive species (ROS) production serves as a
deferce to fight agaimst pathogen attacks. Thus, ROS
accumulation is required to prevent infection in the ares of
the wound (Mumumdar et al, 2019). However, long-term
exposure to high concentrations of ROS generally causes

Frantiers in Physiology

oxidative stress, which damages cells (Figure 1}. ROS
contributes to the increasing group of gaseous mediators in
the control of wound healing. Inhibiting excessive ROS
production is an important feature in wound healing, From
this point, anticxidants might play an important role in this
process. Nri2-activating compounds were studied to prevent and
treat chronic inflammatory and degenerative disorders. It has
been shown that Nrf2-indudng bicactive compounds that
improve the wound hedling process may be a promising
therapeutic approach for treating chromic wounds (Suntar
et al., 2021}, Li and co-workers have shown that a hydrogen-
rich medium relieved oxidative stress via activation of the Nrf-2/
heme oxygenase-1 (HO-1) pathway (Li et al, 2023). Also,
gasotransmitters serve 33 2 bamrier to incressed ROS,
particularly to superoxide radicals. To promote gas-healing
therapy, the following requirements should be fulfilled: 1)
biocompatibility, 2} ability to provide adequate and contralled
amounts of gasotransmitter, 3) protection of the wound against
pathogens, and 4) retzsining a favourable moist wound
environment (Schneider et al., 2009), Three gasotransmitters,
mitric cxide (WO), carbon monoxide (O0), and hydrogen sulfide
(H,8) are important players in wound healing. These
gasotransmitters are endogenously produced, but they could
be donated also exogenously.

Nitric cxide, the best-described gasotransmitter, is deeply
involved in the modulation of a variety of cellular functions,
especially in the heart and nervous system (Férstermann and
Sessa, 2012). 1t can be produced endogenously by three types of
MO synthases (NOS)—neuronal (nNOS), endothelial (eNOS),
inducible (iNOS), or added to the cells exogenously. NO was also
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described to affect cutaneous functions, like proliferation,
differentiation, or keratinocyte migration (Krischel et al, 1998;
Zhan et al., 2015}, NO seems to have a biphasic effect on wound
healing. Low levels of MO can increase the permeability of the
endothelium and facilitate the migration of inflammataory cells to
the affected site, thus positively affecting cytokine expression. On
the other side, high levels of NO can inhibit cutaneous
inflammation, probably by inhibiting migration and adhesion
of inflammatory cells (Man et al., 2022a). In wounds, NO is
generated mainly by iNOS, The iNOS plays an essential role in
non-specific defence against microorganisms (Man et al., 2022b).
It was shown that iNOS-deficient mice showed a severely delayed
epithelial wound dosure (Yamasaki et al, 1998). Also, NO can
sensitize and enhance the antbacterial effectiveness of many
therapeutic approaches, such as antibictics. To provide an
adequate and accurate amount of NO to the wound, severl
new approaches were tested and developed. Polymer matrices are
of special interest for NO molecular systems functionalization
due to their high versatility and similarities with living tissues (for
review see work of Pinto et al, 2022}, Recently, NO-releasing
shown to eliminate polymicrobial wound infection, where linear
polyethyleneimine diszeniumdiolate was used as the NO donor
(Hasan et al. 2022). This newly developed NO-releasing
hydrogel represents a promising approach for the treatment of
various skin infections. Another approach utilizesa type of gold
near-infrared - controlled NO release property, which effectively
diminated methicillin-resistant Staphylococcus aureus from
infected wounds and promoted wound healing through a
synergistic photothermal and NO therapeutic effect (Liang
et al, 2022).

Cartbon monoxide (CO) is endogenously produced by heme
oxygenases (HO) and its beneficial effect is also dependent on its
concentration. Three soforms of this enzyme were described up
to now, inducible type HO-1, and constitutively expressed types
HO-2 and HO-3. HO-1 protects against cxidative stress and is
regulated by the redox-sensitive transcription factor, the nuclear
factor (erythroid-derived 2)-like 2 (Nrf2). Abundantdy produced
CO in activated macrophages can enhance proliferation,
differentiation, and polarization towards anti-inflammatory
effects on cells (Kang et al, 2021). Vectorization of ©O
releasing molecules by gold nanoparticles was shown to
improve the anti-inflammatory effect of CO (Fernandes et al.,
2020}, Recently, a new strategy of the activation of CO-release
from 3-hydroxyflavone moieties through a photooxygenation
mechanism was described, thus enabling CO torelease under red
light irradiation, exerting a selective antimicrobial effect on 5
aureus bacteria (Cheng et al., 2021). Combined and simultaneous
release of NO and CO from a single donor molecule (obtained by
covalent grafting of NO-releasing N-nitrosamine onto the CO-
releasing 3-hydroxyflavone derivatives under visible light
irradiation) exerted a synergistic antibacterial effect against 5.
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aureus (Gao et al, 2022). Mevertheless, application of an
exogenous CO might be a pwblem, since it is difficult to
quantify precise amount of administered CO and its
administration might increase plasma carboxyhemoglobin to
toxic levels (Takagi et al, 2022}

The third gasotransmitter—hydrogen sulfide (HyS)—was
described to affect a variety of body functions, induding
systems. Also, it was shown to affect the cancer proliferation,
but also apoptosis, since its effect is bell-shaped (Cao et al., 2019;
Eajsik et al., 2022). H,$ is also involved in wound healing, mainly
because of the anti-inflammatory properties and attenuation of
cetidative-stress-related tissue imjury (Figure 1) Mechanism of
the beneficial effect on exogenous supplementation can cover
dlso vascular endothelial growth factor upregulation, which
might promote blood wvessel formation, increas blood
perfusion around the wound, and findly accelerates wound
healing (Xu et al, 2019). Kutz and co-workers have found
that H,S mediates cutaneous vasodilation and has a functional
interaction with both NO and cydooxygenase signalling
pathways (Kutz et al, 2015). HaS & produced endogenously
by three enzymes—cystathionine [-synthase (CBS),
cystathionine  y-lyase (CSE), and 3-mercaptopyruvate-
sulfurtransferase (MST). CSE appeared to be the most
relevant H,5-producing enzyme in wound tissue (Goren et al.,
2019}, Wu and co-workers developed a novel PCL fibrous matrix
coated with pH-contrallable H,S releasing donor JK1 (Wuet al.,
2016}, This matrix promoted wound healing efficiency through
H,$'s unique cytoprotective characteristics in vivo. Other carriers
for JK1 encapsulation—sodium alginate or 2 hyaluronic acid-
based hydmgel were also tested (Chattopadhyay et al., 2016;
Zhao et al., 2020}, Up to now, the controversial effect of the H,5
in inflammation caused by burns was described. The effect of Hy$
might depend on the extent of burn degree, the course of the
burn, or dosage of Ha5, and the treatment time with Ha5 donors.
Due to the biphasic effects of H,5 on burn wounds, H,$
supplementation in the late, but not the early stage of a burn
may be helpful to accelerate healing (Xu et al., 2021).

Hydmgen percxide (H0) is an endogenous reactive oxygen
species that contributes to oxidative stress directly as a molecular
ceidant and indirectly through free radical generation. i has
antimicrobial properties and can act a5 a debriding agent through
its effervescence, making low-concentration H;O, useful for
wound care, HyO; has also been shown to promote venous
insufficiency ulcer healing (Murphy and Friedman, 20019).
Hy0, is very important signalling molecule. In the zebrafish
animal model, where the wound was induced mechanically,
HyOy production was detected in the wound margins, with its
concentration increasing over time along with lenkocyte
recruitment with a peak at 20 min. Its formation is mediated
predominanty by MADPH oxidase, which converts oxygen to
the superceide anion radical, which i further converted by
superoxide dismutase to hydrogen peroxide. MADPH oxidase
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is activated/stimulated not only by mechanical injury but also by
pathogenic microorganisms or pro-inflammatory cytokines (Zhu
et al, 2017} In the phase of haemostasis, hydrogen peroxide
stimulates the exposure of tissue factor to the surface of the
relevant cells involved in haemostasis, initiating a cascade of
actions leading to the genemtion of thrombin, the central
molecule of haemostasis. It also affects platelet adhesion and
aggregation (Sen and Roy, 2008} In the inflammatory phase,
hydrogen peroxide affects the effidency of macrophages at the
level of protease secretion, stimulates the mlease of pro-
inflammatory cytokines and also stimulates the recruitment of
additional macrophages. Itis irvolved in neutrophil extracellular
trap formation. Hydrogen peroxide as 2 non-radical form of ROS
is able to participate in the formation of microbially or
cuxidatively more efficient compounds such as hypothiocyanite
(Zhu et al., 20017}, In some works, HyO, has been shown to have
the ability to induce TWF-} production and stimulate fibroblast
proliferation, leading to increased fibrotization. Here we are
already at the level of cell proliferation and remodelling
phases, Excessive stimulation of TGFf leads to accelerated
wound healing, but it is accompanied by increased fibrosis
ad scar formation, Hydwgen peroxide stimulates the
production of certain growth factors, such as VEGF, which is
released by macrophages and stimulates angiogenesis, and this
effect is concentration dependent. In in vive models, ability to
affect keratinocyte viability and migration has been
demonstrated (Urhan et al, 2019) The effect of hydrogen
peroeide on the secretion of other physiclogically active
molecules involved in wound healing remains 2 question
Here, it would certainly be worth mentioning cyclocurygenase-
2 (COX-2), which is crucial for the formation of prostacyclins
and prostaglandins. Theseactions influence a variety of processes
including blood flow, vascular tone or angiogenesis. Work by
Eligini et al. (2009} showed the sbility of hydrogen peroxide to
stimulate COX-2, but in endothelial cells. Thus, this area remains
virtually unanswered and further studies are necessary.

Use of all mentioned compounds is extremely dependent on
the type of dressing. Dressing generally depends on the type of
wound, its stage, but also on the typeof compound it has to carry.
Dressings can be classified from different points, eg., thein
function in the wound healing, type of material, physical
form, etc. [for review see (Boateng et al, 2008)], Modern
systems capable of controlled oxygen release are based on
oxygen releasing polymeric microspheres [by incorporating
hydrogen percxide into poly (lactic-co-glycolic add)] and
hydrogel scaffolds (Choi et al, 2018), cyanoacrylate-
encapsulated calcium peroxide (Zhang et al. 2020}, COBand
composed of antiowidant polyurethane (PUAQ), as highly
porous cryogels with sustained oxygen releasing properties
(Shiekh et al, 2020}, cxygenated-bacterial-cellulose nanofibers
(Sarkandi et al., 2022), or injectable hydrogel based on hyaluronic
nanosheets (Li et al., 2022). ROS-responsive cxygen and NO
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releasing systems based on encapsulated biosafe WO domor
L-arginine and hydrogen percxide were developed too (Yu
et al, 2022). Other therapeutic approaches indude topical
application of growth factors and cytokines and some other
agents such as hyaluronic acd or erythropoietin, These are
dso being tested in topical forms, but in controlled-release
spstems (Legrand and Martino, 2022). Examples indude
various polymers, particularly modified celluloses, which have
the ability to form hydrogels and release growth factors in 2
controlled manner. Their major advantages include in particular
their biocompatibility. Most recenty, Hao et al. (2022) have
prepared multifunctional benzaldehydeterminated 4-arm PEG
(#-arm-PEG-CHO)/carboxymethyl  chitosan  (CMCS)/basic
fibroblast growth factor (BFGF) hydrogels, that have shown
the ability to increase Ki67, increase generation of
epithelialization and collagen, induces the formation of hair
follicles, and enhanced neovascularization by upregulating the
production of CD31 and CD34 (Hao et al, 2022). A simiar
approach was taken by Cheng et al. (2020), who, however, used
metal-free CO-releasing polymers based on photoresponsive 3-
hydroxyflavone derivatives (Cheng et al, 2020}

Involvement of calcium channels in
wound healing

A variety of ions is indisputably involved in different stages of
wound healing. Calcium ions are involved in both, normal skin
function and also in wound hesling. Cakium jons are
prerequisite for keratinocyte differentistion and corneocyte
formation. To cope with the different caldum needs of
e (low cdlci i o Gl
high caldum for differentiation) epidermis buit up calcium
grdient (Rinnerthaler and Richter, 2018} Calcium can enter
the cytoplasm of cells either from outside, through spedial types
of caldum channels, or by release from the intracellular stores,
mainly from the endoplasmic mticulum (for review see Babula
and Krizanova, 2022} The function of individual calcium
trapsport systems in wound healing i unwinded from their
mwle in healthy skin. For example, ryanodine receptors (RyRs)
that arelocalized in the membranes of the endoplasmic reticulum
are expressed in keratinocytes and can affect their differentiation
and barrier homeostasis (Denda et al, 2012). After the skin
wound creation, the initiation of keratinocyte migration is among
the first reparation mechanisms (O Toole, 2001). In this process,
a increase in the intracellular caldum concentration was
determined, which probably results in the upregulation of
bicarbonate tramsporter type 2 (AE2Z) An increase in
AEZ expression is probably inwolved in cell migration and
mesults in wound closure (Hwang et al. 2020). Inhbition of
RyRs by specific antagonists (eg., dantrolene) can accelerate
wound dosure in wive through the process of epithelialization
(Degovics et al., 2019), RyRs are probably activated by exposure
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to ROS (Csordas and Hajnoczky, 2009}, Thus, the limitation of
calcium release by inhibition of RyRs resulted in a decrease in
ROS formation (Degovics et al, 2019). Based on these results
authors have conduded that dantrolene might be another tool for
the accelemation of wound healing. The role of other store-
operated  channels—inositol  1,4.5-trisphosphate  receptors
(IP;Rs)—in wound healing is still eusive. In general, IP;3Rs
type 1 and 2 wem shown to have proapoptotic effects in
cancer cells, while type 3 IP;R has anti-apoptotic effect
(Rezuchova et al., 2019). Their importance in wound healing
has not yet been fully elucidated. It was already shown that IP;Rs
activated by phospholipase C are active in human keratinocytes
{Tu et al,, 2005}

Transient receptor potentill (TRP) chamnnels are a diverse
group of channels with different function in various tissues. In
non-excitable cells, TRP channels regulate intracellular calcium
concentrations, which are related to keratinocytes proliferation
and differentiation to influence the skin barrier (Moran, 2018).
The famiy of TRP channels comprises a large number of
channels that can be divided into 6 subtypes—TRPA
(ankyrin}, TRPC (canomical) TRPM (melastatin}, TRPML
(mucolipin), TRPP (polycystin), and TRPV (vanilloid)
(Montell et al., 2002). Different TRP channels participate in
different skin homeostasis and barrier functions. A variety of
TRPC channels was shown to be expressed in keratinocytes and
probably playing role in keratinocyte differentiation (Caterina
and Pang, 2016). TRPV channels are sensitive to various tissue-
damaging signals and their activation is generally perceived as
pain (for review see Wang, 202la). Nom-selective icm
channel—transient receptor potential vanilloid 1 (TRPV1)is a
potential drug target for improving the outcome of
inflammatory/fibrogenic wound hesling, especally cornea
(Midegawa et al. 2014}

During aging, changes in pH and cakium transport are
detectable in skin. The pH of the epidermis goes up and the
caldum gradient goes down (Rinnerthaler and Richter., 201 ).
Decrease in calcium levels is due to a failure to tmnspart calcium
into the stratum granulosum. As a consequence, skin pH is
increased and aged skin is more vulnerable to bacterial infection.

Wound healing in diabetes

Diabetic foot ulcers (DFU) are the most common chronic
wounds characterized by poor healing. Patients with diabetes
mellitus have a 15%-25% lifetime risk of developing DFU, of
which 40%-80% become so severely infected that they suffer
from bone infection, leading to osteomyelitis, Wound healing
disorders in patients with diabetes also occur due to a higher
incidence of infections complications, vascular changes at the
level of microangiopathy and macroangiopathy, and in some
cases repeated pressure on the wound incressing local ischemia,
The issue of wound healing is 2 complex matter, so attenticn
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should be paid to the control of several parameters. The most
important factor involves poor glycemic comtrol (Dissanayake
et al., 2020). Chronic decompensation of diabetes helps to
develop ischemic lower limb disease, neuropathy, and other
abnormalities that are modified not only at the systemic but
also at the local level, Prolonged poor controlled diabetes leads to
dysfunction of immune cells imvolved in repair processes and to
the formation of late glycation products, which affect wound
healing directly by reacting with some components of the healing
process, or indirectly through diabetic neuropathy or angicpathy
individual stages of the wound healing process (Fournet et al.,
2018},

The early stages of wound healing are characterized by
hypoxia, which induces the activation of hypoxia-inducible
factor (HIF} -la and stimulates the stimulation of vascular
endothelial growth factor (VEGF-A). HIF is very important to
promote the migration and proliferation of each cell type as well
as the release of growth factors (Hong et al., 2014). HIF-1 is
mvolved in many wound healing processes; such as cell
migration, cell metabolism under hypoxic conditions, cell
differentiation, cell growth factor release, cell survival, and
synthesis of signal molecules throughout the healing process.
Both overexpression of HIF-1, as well as HIF-1 deficiency, are
associated with reduced adaptive responses to hypoxia during
diabetic wound healing (Li et al., 202 1). Overexpression of HIF-1
leads to an increased production of profibrotic factors associated
with the overproduction of collagenous matrix (Kimura et al.,
2008}, On the other hand, HIF-1 deficiency and subsequent
impaired response tohypeeic stimuli contribute to the formation
of non-healing ulcers. Targeted wound healing therapy using
regulators of HIF-1 production has many important aspects that
can lead to tissue repair (Li et al. 2021} However, maore
preclinical and clinical studies are needed to validate the
feasibility of treating diabetic wounds by manipulating HIF-la
In the damaged tissue, monocytes are activated, which
become macrophages and they mediate phagocytosis a5 wel
as the production of growth factors such as platelet-derived
growth factor (PDGF), tumor necrosis factor (TNF), and
transforming  growth factor (TGF-f). Growth factors
influencing wound healing indude PDGF, which increases
macrophage migration and collagen synthesis, promotes
granulation tissue formation and accelerates epithelialization,
fibroblast growth factor (FGF} supporting angiogeness and
fibroblast proliferation, insulin-like growth factor (IGF-1)
increasing fibroblast prolifemtion, collagen synthesis and
epithelialization (Patel et al, 201% Garoufalia et al., 2021,
Decreased IGF-1 expression in disbetic individuals has been
reported, which i turn has slowed the heding pmcess
(Garoufalia et al. 2021; Liu et al, 2021). Many (23 types) of
FGF have been identified and divided into seven subfamilies,
Recently, with the increasing research on the function of FGF,
more and more studies are focused on FGF thempeutic approach.
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TABLE 2 of &rs and calcium transport systems in wound healing.
Wound healing Acute wounds Chronic wounds
Inflammation 00 -anfinflammatory effect HS—aitermates inflanmation
WO antimiciobial effect N ROS gng
H,%- antimicrobial effect
Ca** throngh TPV —improves infmmatory wonnd bedling
Proliferaion differenfiation 00 <incregses proliferaion, differentiation. Ca™ Hlacking by erdripidine promates fbroblast prlifer stion.
Ca* through RyR: diffe in keraiin
Ca** throngh AR i
Ca** throngh TRP—afiects profiferation, differ ensiation
Remodding angiogemesis HS—inaeases blood perfosion around wonnds H S—promotes anglogmesis
NO thmongh iNOS—ethandng angiogeesis
Ca*" Hacking by s ngiog

AEZ, i carbeoma e trassporier fype 2 O0. corbeon moncenide: HyS, hydnogen sulfide INOS, bnducible N0 syoihase NO, niirkc calde: ROS, reactive caygen pecies: YR rpncdine
meeptorg, THE, tmmbent woeptor potential dannd: TREY, wanillodd trambent recepior potentil dannel

It has been applying FGF-1, FGF-2, FGF-4, FGF-7, FGF-21, and
BGF-23 topically to DFU with good therapeutic effects (Liu et al.,
021},

The other three factors—TGF-beta, TNF-alpha, and IL-1
(interleukin-1) promote angiogenesis and colagen synthesis and
therefore regulate epidermal stem cells in wound epithelialization
(¥iao et al, 2020). The last factors influencing wound healing are
GSF (granulocyte stimulating factor) and VEGF (vascular
endothelial growth factor), The latter was significantly reduced
during wound healing (by 50%) in an experiment performed on
diabetic rats compared to healthy controls (Kurkipuro et al,
2022},

The anti-inflammatory effect of epidermal growth factor
(EGF) has been intensively studied for more than 20years
Many studies showed that the intralesional administration of
EGF has emerged as an effective treatment for DFU (Mendoza-
Iari et al., 2022}, BGF injected into the ulcer matrix enhanced
infiltration. Therefore, it accelerates the healing of deep and
complex ulcers, both ischemic and neurcpathic, and reduces
diabetes-related amputations (Berlanga et al., 2013). EGF helps
the deleterious effect of proteases and the bicfilm on the wound’s
surface,

Gasotransmitter’s use was tested also in treatment of chronic
diabetic wounds, Nitric cxide and NO-releasing compounds can
significantly contrbute to diabetic wound healing. Since in
diabetes endogenous production of MO is affected, need for
the topical supply of NO from exogenous sources is desimble
(Takagi et al. 2022). Azelnipidine, a new dihydropyridine
blocker of L-type caldum channels, incweased wound fluid
NO level, enhanced fibroblast proliferation and promotes
mngiogenesis, which participates to the acceleration of wound
healing in type 1 diabetic rats (Bagheri et al.. 2011). The NO-
donors attached to patches or matrices to treat diabetic wounds
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are under development. Recently, preparation of anti-hacterial
and pano-emyme-containing hydrogel with inflammation-
suppressing, ROS-scavenging, oxygen and nitric oxide-
generating properties was published (Tu et al., 2022),

Insuffident intracellular H,S production in diabetes impairs
angiogenic property and ischemic tissue injury, probably via
interrupting the balance between pro- and anti-angiogenic
factors (Cheng and Kishore, 2020}, Exogenous donation of
H,S by NaH$ improved disbetic wound healing in ob/ob mice
via promoting angiogenesis and attenuating inflammation (Zhao
et al, 2017}

A meta-analysis was performed by Lin et al. (2022) focused
on the association between vitamin D levels, respectively vitamin
D hypovitaminosis, and wound healing in diabetic patients. Most
significant association has been found between low vitamin D
levels and footulcer wounds. Patients with foot ulcer wounds had
significantly lower levels of vitamin D). Also, higher prevalence of
vitamin D deficiency as well as higher prevalence of severe
vitamin D deficiency was associated with higher incidence of
foot ulcer wounds compared with non-diabetic non-ulcerated
diabetic subjects. Some studies suggest that vitamin D
supplementation in disbetic patients may have a positive
effect on foot ulcer wound healing (Yammine et al, 2020;
Habchou-Jensen et al, 2021; Kurian et al, 2021). Severe
vitamin [} deficiency is associated with elevated inflammatory
cytokine concentrations in diabetic patients, particularly in those
with foot infection (Tiwari et al., 2014). Megative correlation was
observed between vitamin D and drculating concentrations of
IL-1 beta and IL-6, but not for TNF-alpha and 1FN-gamma. The
question Temains as to the mechanism of action of vitamin D in
wound healing, Topically applied vitamin D in diabetic pati
promotes corneal wound healing and nerve regeneration, reduces
neutrophil infitration and stimulates the transition of
macrophages from M1 to M2, which is accompanied by
suppression of excessive activation of  the
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NLEP3 inflammasome (Wang et al. 2021b)} Viamin D
downregulates the expression of MMP-1 and MMP-10 in
keratinocytes from disbetic food ulcer cultivated in vitro. In
contrast, increased expression of these genes was found in
diabetic patients with disbetic food uker (Lopez-Loper et dl.,
2014), MMP-1 breaks down theinterstitial collagens 1,11 and 11,
MMP-10 is intensively studied in connection with processes of
metastasizing. The stem cells’ secreted bicactive molecules (the
secretome) mediate paracrine and autocrine  functions
Mesenchymal stromal cells (MSCs) are multipotent cells that
reside in tissues and can give rise tobone, cartilage, adipocytes, or
vascular smooth musde cells (Laloze et al, 2021},

Meta-analyses of Jaluvka et al. (2020) reveals that cell
therapy in peripheral arterial disease (PAD) treatment can
prevent or delay foot amputation (Jaluvka et al., 2020). The
wound healing process with stem cell therapy can be at least
twice as shorter when compared with the standard
conservative therapy, It can lead to improvement of
perfusion and tissue oxygenation parameters in the wound,
even more to pain regression. The available evidence-based
medicine data showed that cells-based therapy is safe,
associated with minimum complications or adverse events,
and effective (Jaluvka et al., 2020}, MSCs have been identified
in tissues other than the bone marrow, including the umbilical
cord, placenta, dental pulp, and adipose tissue (AD-MSCs).
From the stem cell types, AD-MS5Cs have been intensively
studied in terms of improving chronic wound healing (Ajit
and Ambika Gopalankutty, 2021). The influence of ASC-
secretome on cell types associated with the wound healing
process can provide a basis for further and more targeted
investigations that are useful for addressing the ways of
accelerating chronic non-healing wound dosure (Lombardi
et al., 2019), A recent study showed that MS5Cs under TNF-a
stimulation (MSC-CM-T) can release numerous trophic and
survival molecules that have a promising prospect in wound
healing acceleration in an animal mode of wound healing. The
topical gel of MSC-CM-T is maore effective in accelerating
wound dosure healing through increasing platelet-derived
growth factor (PDGF) levels and wound closure percentages
and fibroblast density appearances in the skin defect animal
models (Laloze et al., 2021; Putra et al, 2022},

Conclusion

Wound healing is an extremely complex and complicated
process that involves the integration of a variety of mechanisms
at different time intervals along a timeline. Hemostasis,
inflammation, proliferation, and remodelling are four stages of
wound healing. Effect of gasotransmitters and modulation of
calcium levels by caldum tmnsport systems on individual phases
of wound healing is summarized in Table 2 Development of new
drugs targeting individual stages can providea toolthat can more
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effectively treat different types of wounds (e.g., diabetic wounds).
Thus, new treatments based on precise knowledge of pathways
activated in every stage can faciitate the process of wound
healing. Cakium ions are known to play the crucial role in
cell signalling. Several experimental studies have shown that
caldum-releasing materials can significantly stimulate wound
healing. They stimulate angiogenesis, collagen and extrmcellular
matrix protein synthesis and overall tissue granulation.
Polymeric composite dressings containing calcdum-releasing
manoparticles are investigated as novel caldum-releasing
systems that significantly accelerated wound healing in a
diabetic (db/db) mouse model. Among new approaches, use
of gasotransmitters provides an excellent tool for treatment,
since they easly penmetrate into the cells and they might
stimulate proliferation (especially NO), they enhance
vascularization and decrease period of treatment, especially in
diabetic wounds,

In summary, skin wounds often represent a burden to the
patient, generally limiting his comfort. Therefore, effective
healing, possbly without scars, represents a goal in
dermatology. Development of new strategies of wound healing
is based on current knowledge of modulated signaling pathways
in the wound. Recently, modern tmatments based on
impregnation  of hydrogels and  nanopartides  with
gasotransmitters, blockers of calcium transport, vitamins, etc.
form a powerful tool for effective wound healing,
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4. ARTIFICIAL INTELLIGENCE PERSPECTIVE

Artificial Intelligence (Al) has become an integral part of modern medicine, offering
significant advancements in diagnostics, treatment planning, and patient care. As Al
technologies continue to evolve, their application in healthcare is expanding, providing
solutions for complex clinical challenges. One of the most promising areas of Al in medicine
is Machine Learning (ML), which enables computers to analyse vast datasets, identify
patterns, and make predictive decisions. In reconstructive and wound care surgery, Al-
driven approaches hold great potential for improving risk assessment, treatment

personalization, and clinical outcomes.

This chapter provides an overview of artificial intelligence, its role in healthcare, and its
specific application in pressure ulcer management. It begins with the definition and
evolution of Al, exploring how the field has developed and how different Al models work.
The chapter then shifts to Al applications in medicine, highlighting its role in diagnostics,
predictive modelling, and personalized treatment strategies. Special attention is given to
ML-based pressure ulcer prediction, leveraging large-scale clinical databases like MIMIC to

enhance early detection and prevention strategies.

The chapter further explores how Al-powered tools can support clinicians in the
management of PUs, from early-stage prediction to postoperative monitoring following
surgical interventions, such as flap plasties. Future perspectives include the integration of
Al-driven decision support systems into electronic health records, bedside monitoring, and
the development of standardized clinical databases to refine predictive models. By
harnessing the power of Al, clinicians can move toward a more proactive, data-driven
approach to wound care, ultimately reducing complications and improving patient

outcomes.

4.1 Definition of artificial intelligence

Despite the increased interest from academia, industry, and public institutions in Artificial
Intelligence (Al), no precise definition of Al exists. Certain approaches characterize Al in
relation to humans or intelligence in general. 3! Many definitions of Al refer to machines

that mimic human behaviour or are capable of tasks requiring intelligence. 3133 Numerous
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attempts have been made to objectively quantify human intelligence due to the difficulty
of defining and measuring it. 3% In reality, however, intelligence is a subjective and abstract
concept that creates a false impression of achievable precision. 13> The founder of this
discipline is considered to be John McCarthy, who in 1955 described the Al process "as the
ability to make a machine behave in a way that could be called intelligent if a human
behaved that way". 3¢ According to Nilsson, Al is an activity dedicated to the creation of
intelligent machines, and intelligence is the property that enables an entity to function
appropriately and correctly and to anticipate in its environment. 37 The Al Study Panel
concurs with Nilsson that intelligence exists on a multidimensional spectrum. According to
this viewpoint, the distinction between the arithmetic ability of a calculator and the
intellect of the human brain is not limited to type, but also includes range, speed,
intelligence level, and the ability to compute. 138 The European Parliament defines Al as
“the ability of machines to mimic human abilities such as reasoning, learning, planning, or
creativity. Artificial intelligence enables technical systems to respond to inputs from their
environment, solve problems and achieve specific goals. The embedded computer receives
data — which has already been prepared or is collected by its own sensors and cameras —
and then evaluates and reacts to it. Al systems are able to work autonomously and also

change and adapt their actions based on an evaluation of the effects of previous actions."

139

4.2 Artificial intelligence in healthcare and medicine

Al is concerned with the development of algorithms, models and actuators that simulate
human thought and behaviour. Its use in medicine and healthcare systems has enormous
potential to improve diagnosis, treatment, and patient care, or to save medical and non-
medical staff time by efficiently managing administration, so long as the legal and ethical
aspects of the technology are upheld. Al is slowly transforming medical practice. With
recent advances in digital data collection and big data in general, deep learning, and
computational infrastructure, Al applications are becoming increasingly accessible,
expanding into areas that were once the exclusive domain of humans. 14° Given the broad
scope of Al in medicine, the following text will focus specifically on ML, as our investigation
centres on its application in predicting the risk of pressure ulcers in ICU settings, see Figure

8.
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Figure 8: Relationship between computer science, Al and ML and further scope definition

A typical process of ML process consists of several layers 14! first, relevant data sources
need to be identified, then the data need to be pre-processed and prepared for training
and testing ML models, which can then perform the required tasks, such as anomaly
detection, classification or prediction, depending on the quality and quantity of the

available training data, see Figure 9.

Which feature determine the grediction?
Can | trist this prediction?
How can | quantify the wncertainty?

Transparent and trustwoethy

)

Explairable Surrogate

Figure 9: Schematic of typical ML framework. Adopted from 141

There are many Al techniques and methods in what follows, we focus on the subfield of

Machine Learning (ML), that explores the ability of computers to learn from data. 142143 |t
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emerges at the intersection of statistics, data and computer science, utilizing a number of
efficient computational algorithms such as optimization or regression. This fusion of
mathematics and computer science is a result of the unique computational challenges
posed by constructing statistical models from potentially enormous data sets containing
billions or trillions of data points. 4 ML can be divided into supervised learning, semi-
supervised, unsupervised learning, and reinforced learning. Supervised learning is based on
annotated and labelled training data and is the most commonly used method utilizing
existing real-world data. ** In medicine, this may entail training a model to establish a
correlation between a person's characteristics (e.g., height, weight, smoking) and a specific
outcome (e.g., incidence of diabetes within five years). After effective training, the
algorithm will be able to predict outcomes when applied to new data. 1*° In clinical practice,

it is used for automated ECG interpretation, prediction of cardiovascular events 146

or
COVID-19 screening based on CT lung images. *7 In contrast, unsupervised ML does not
require pre-processed training data and is therefore mostly exploratory, such as identifying
undefined patterns or clusters in the dataset. 1*° Artificial Neural Networks (ANN) are ML
models inspired by the biological nervous system, consisting of numerous neurons that
process and transmit information and are interconnected. Common applications of neural
networks include image recognition, natural language processing, and prediction. *® Deep
convolutional neural networks have recently achieved remarkable success in a variety of
medical image analysis tasks, including image denoising (noise removal from images) 4°
and classification. These data are essential for disease diagnosis and management of
therapy. 1°° Another popular family of methods is inspired by evolutionary mechanisms,
such as Genetic Algorithms (GA). They use selection, crossover, and mutation to determine
the optimal solution to a given problem. >! Frequently, GA are employed for optimization,
planning, and design. Evolutionary "generation" is the sequence of operations in space
and/or time. A fitness function simulates competition between individuals by selecting the

healthiest members of an entire generation. 1>2

153

A cross-section of other popular ML methods includes Linear Regression 3, Logistic

Regression 14, Decision tree 1°°, Support Vector Machine (SVM) algorithm °¢, Naive Bayes

159

algorithm %7, K-Nearest Neighbors algorithm (KNN) 1°8, K-means *°, Random Forest

161

algorithm 6%, Dimensionality Reduction algorithms ¢!, and Gradient Boosting algorithm.

162 ML specialists are responsible for most appropriate model selection. From a medical
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point of view, the list of ML methods and tools will be less fascinating than their medical
applications. On a semantic graph (constructed from Web of Science search results and
plotted using VOS Viewer software), Jiang et al. illustrated the degree of influence and
interconnectedness of the most relevant Al-related keywords, as shown in Figure 10.
According to the colour of the connections, the "application" of Al has received
considerable attention in the literature. This term is closely associated with "systems"
sciences, whereas "neural networks", "classification," and "prediction" are the primary
algorithmic focuses. %3 All of these characteristics are utilized in various branches of
medicine and the healthcare system to enhance disease diagnosis, treatment, prevention,
prognosis, etc. In order to implement these theories in clinical practice, it is necessary to
adhere to ethical, legal, and security considerations pertaining not only to the preservation

of personal data, but also to the precision and dependability of the employed technologies.
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Figure 60: Semantic graph according to Jiang et al. Adopted from 163
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Image data analysis

Deep learning, in which neural networks learn patterns directly from raw data, has been
very successful in classifying images %4 from different modalities, such as CT, X-ray, and
MRI, in the past few years. Some fields are already using them. In the field of radiology,

there has been a change in how accurate mammography interpretation 16°

and lung cancer
screening % are. This has a positive effect not only on diagnosis but also on risk prediction
and, eventually, on treatment. 17 In the area of pathology, ML is used to diagnose cancer,
mostly because it can be used with whole slides. %8 Neural networks can also be taught to
recognize primary tumours and can better predict the survival of different types of cancer
169 thus improving the pathological interpretation of cancer findings. In gastroenterology,
Al techniques are used to detect colorectal cancer and predict automatically the
malignancy of tumours of this site. 1% In addition to image classification, deep learning
models can also learn from text, numbers, and combinations of these data types. Recent
research has utilized a variety of rich data sources, such as molecular information

171 non-invasive cancer detection, prognosis, and

(improving protein structure prediction
tumour origin identification based on detection of circulating cell-free DNA 72, natural
language, medical signals like electroencephalogram (EEG) data, and multimodal data). 164

Figure 11 depicts the prospective applications in medical clinical practice.
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Figure 7: ML application in medical clinical practice. Adopted from 164

Genomics and personalisation of treatment

Genomics uses ML to analyse disease-specific genomic data in order to tailor treatment
protocols individually to the needs of a given patient. It determines the most appropriate
type or combination of drugs, drug interactions, dosage, or response to treatment. Side

effects are reduced while the desired performance is maximised, which translates directly

into improved length and quality of life for individuals. 173

Robotic Surgical Procedures

Robotic surgery uses Al on multiple levels. Various surgical procedures can be trained on
simulators. In a 2020 meta-analysis comparing virtual reality training to traditional
apprenticeship training, the authors found that virtual reality training increases trainee
efficiency, improves tissue handling, and reduces surgical errors in comparison to
traditional apprenticeship-style surgical training. ’* Al methods can also help in data
analysis and preparation for 3D printing vascular phantoms of aortic aneurysms, cutting

guides in mandibular reconstruction using free vascularized fibula, skeletal prostheses, etc.
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175 ML in surgery gives potential in pre-operative planning of surgery based on existing
medical records and imaging. By incorporating artificial intelligence, surgical robotics would
be able to detect and comprehend complex environments, make decisions in real time, and
execute surgical interventions with greater precision, safety, automation, and efficiency.
Forinstance, current robots can perform basic surgical tasks such as suturing and knot tying
automatically. %77 Future predictions also include the possibility of bioprinted organs and
tissues for transplant surgery. 7817 An example of the potential use of Al in the

preoperative, perioperative and postoperative phases of neurosurgical treatment of brain

tumours 8 is shown in Figure 12.
Blood marker Optimising Computer assisted Radiomic tumor Accurate Precise
tumor imaging radiological marker & prognostication & surgical
screening sequences diagnosis grade prediction risk stratification planning
PRE-OPERATIVE
| E%‘ @ \& 8"
Al-robotics Malignant tissue Risk detection Workflow
identification analysis
=R ViE
& (&) = &
Automated & accurate  Prediction of Bioinformatic Tailored Predict Tailored
histopathological complications early warning follow-up recurrence therapeutics
diagnosis systems

Figure 82: Potential clinical impacts of Al in the neurosurgical management of brain tumours, in the pre-operative,
intra-operative, and post-operative phase. Adopted from 180

Drug development

ML is capable of analysing vast amounts of information about drug compounds and their
interactions with biological targets. Using ML, it is possible to identify potential drug
candidates, predict their efficacy and interactions with other drugs, and individualize
therapies. These technologies not only improve the efficiency and accuracy of the drug
discovery and development process, but in some cases they also reduce or eliminate the
need for clinical trials by conducting simulations instead, thereby reducing costs and ethical

concerns. 181
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Patient monitoring

ML can analyse data from medical devices that measure vital patient parameters such as
heart rate, blood pressure, and sleep, thus enabling remote patient monitoring,
abnormality detection, and personalised care. Telemedicine and remote patient
monitoring have broadened the scope of conventional clinical practice, enabling physicians
to monitor patients with chronic or acute illness in remote locations, the elderly in home
care, and even hospitalized patients. 18 The use of Al in various health apps on mobile

phones or smartwatches is positively altering people's attitudes toward their own health.

183

Digital medical records

Al tools and technologies can utilize the vast quantity of electronic health record data from
digital records for analysis, pattern recognition, outcome prediction, and clinical decision
support. Roosan et al. describe a model for using Al in the form of a blockchain to securely
share health data with community pharmacies, which has the potential to improve patient
outcomes, optimize medication safety, and strengthen pharmacists' roles in patient care.
184 Based on image data, clinical data, e.g., in the form of laboratory results, Al can be used
to predict various types of pathologies and diseases, improving the diagnosis and individual

treatment of diseases.
Mental health

Al also demonstrates considerable promise in the field of mental health. By analysing
speech types, social media, and other types of data, it can assist in the identification of
symptoms of various pathological mental conditions (such as depression, anxiety, etc.). By
monitoring symptoms, these capabilities can expedite the diagnosis of mental illness,
predict the course of the illness, positively influence clinical intervention, and facilitate
psychoeducation. The use of Al in mental health is unquestionably crucial, particularly
during quarantine measures in COVID-19 pandemics or other biological disasters. There are
already numerous Al applications that monitor individuals' mental health. Phama et al.
discuss emerging Al-based interventions in the form of chatbots and therapy bots, including
conversational apps that teach users coping mechanisms for emotions and provide support

for people with communication difficulties, computer-generated facial images that form
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the basis of avatar therapy, and intelligent animal-like bots with new advancements in

digital psychiatry. 18
Prevention, prediction, prognosis, and survival

In healthcare, Al plays a significant role in the prevention, prediction, prognosis, and
survival of various diseases. Risk factors for specific diseases or pathologies are determined
using clinical and genetic data and factors. Based on this analysis, a personalized treatment

plan can be developed, and thus the risk of complications can be eliminated.
Decision support systems in healthcare

Al is capable of creating decision support systems based on the analysis of clinical data and
medical records using its tools. This aids physicians in determining treatment plans and
procedures through the decision-making process. It is primarily employed in critical care,
including mortality prediction in acute trauma 8, bleeding after trauma (risk assessment,
amount of transfusion administration, detection of bleeding, risk of coagulopathy, etc.) 1¥’,

fracture detection and classification in orthopaedics, etc. 18
Ethical aspects of Al in healthcare

Identifiable, foreseen, and contemplated are the implications of Al on fundamental ethical
principles, just as every technological advancement generates ethical discussions. Included
among these are data collection, anonymity, privacy, consent, data ownership, security,
bias, transparency, accountability, autonomy, and beneficence. Another debated aspect of
Al is its application in writing scientific publications. Tools like ChatGPT can serve as
valuable aids for researchers and scientists by assisting with material organization, drafting,
and proofreading. However, ethical concerns remain, particularly regarding potential

inaccuracies, risks of plagiarism, and the necessity of oversight by human experts. 18

4.3 Clinical medical databases

The contribution of artificial intelligence is also significant in clinical medical databases.
Clinical medical databases are extensive registries of structured and organized medical data
that play a crucial role in healthcare and medical research. These databases are intended
to store, manage, and retrieve voluminous quantities of clinical data, such as patient

records, laboratory test results, medical images, and treatment plans. They provide
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healthcare professionals, researchers, and policymakers with valuable resources for

accessing, analysing, and interpreting medical data for a variety of purposes.

Modern hospitals are well-equipped with monitoring and data collection devices, which
provide a relatively low-cost method for accumulating and storing data in internal and
intra-hospital information systems. The large amounts of data collected by medical
databases necessitate the use of specialized tools for data storage and retrieval, data
analysis, and effective data utilization. Particularly, the increase in data volume makes it
extremely difficult to acquire relevant information for decision support. Traditional manual
data analysis has become ineffective, necessitating the use of effective computer analysis
techniques. To meet this demand, medical informatics can utilize technologies developed
in the new interdisciplinary field of knowledge discovery in databases, which includes
statistical, pattern recognition, machine learning, and visualization tools that facilitate data
analysis and the discovery of patterns encoded in data. **° There are several clinical medical
databases that are widely used in healthcare and medical research. Exact research or
clinical topic, as well as the volume of information needed, will determine which database
is used. Several well-known clinical medical databases that preserve and provide patient
information, clinical assessments, laboratory results, and medical imaging available are

listed below.

Medical Information Mart for Intensive Care - MIMIC

The MIMIC database is a data repository that contains comprehensive clinical de-identified
information collected as part of routine clinical care for>60,000 ICU admissions at the Beth
Israel Deaconess Medical Centre in Boston, Massachusetts. 192192 There are clinical data,
physiological histories, test results, prescription information, and survival rates included.
The MIMIC-III dataset is readily accessible to researchers worldwide and has been utilized
extensively in the creation of predictive models, epidemiological studies, and educational
courses. MIMIC is frequently used for research and the construction of prediction models
in critical care. MIMIC-IV was created by updating MIMIC-III, incorporating current data and

improving many aspects of MIMIC-I11. 13194

MIMIC-1V takes a modular approach to data organization, emphasizing the origin of data

and facilitating the individual and combined use of diverse data sources. MIMIC-IV is
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intended to build on the success of MIMIC-IlIl and support a broad set of health care

applications.
Observational Medical Outcomes Partnership-OMOP

OMOP is an open-source database, consolidated and standardized electronic health record
(EHR) data from diverse healthcare systems. It contains de-identified data about
individuals, illnesses, ailments, therapies, medications, tests, etc. OMOP makes it easier to
conduct comparative effectiveness studies and extensive observational research. All
researchers' data must adhere to the same format according to the OMOP common data
model, which makes it possible to use analytic tools like Structured Query Language (SQL)

among locations, 1919

UK Biobank

Over 500,000 people in the UK participated in this databank. Biobank is a huge prospective
cohort study that collects considerable biological samples and health data. It includes
details on the history of medicine, physical features, imaging data, genetics, etc. Research

on a range of illnesses and health consequences is made feasible by the database. °’

Optum Clinformatics Data Mart

A commercially available database called Optum Clinformatics Data Mart contains de-
identified health care data for lots of US citizens. It contains pharmacological data from test
results, prescriptions, pharmacies, and clinician notes. The database is commonly used for
research on health consequences, analysis of real-world data, and study of healthcare

utilization. 18

Surveillance, Epidemiology, End-Results Monitoring Program — SEER

The National Cancer Institute (NCI)'s SEER Program collects available cancer data from a
variety of sources. It includes information on survival rates, cancer characteristics, and
demography. SEER data are used to support analysis of health policy, epidemiological

investigations, and cancer research.*®

BioLINCC

BioLINCC is the information coordination centre for biological specimen and data archives.

BioLINCC, a resource of the National Heart, Lung, and Blood Institute (NHLBI), facilitates
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access to clinical and biological data from numerous cardiovascular and pulmonary
research projects. It includes clinical data, diagnostic results, genetic information, and
samples. BioLINCC supports collaboration and secondary research in pulmonary and

cardiovascular investigations. *®

The Cancer Imaging Archive - TCIA

TCIA is a database that concentrates on medical imaging data for cancer research and is
accessible to the public. It contains a vast assortment of imaging studies, such as CT, MRI,
and PET, as well as relevant clinical data. TCIA grants researchers access to and analysis of

imaging data for a vast array of cancer varieties. 2

Clinical medical databases, in conclusion, are useful instruments that support data-driven
decision making, research, and healthcare improvement. These databases hold great
promise for expanding medical knowledge, enhancing patient care and public health
outcomes, promoting innovation, and influencing the course of medical research.
Researchers, medical professionals, and policymakers can use these systems to find and
analyse large amounts of patient data, clinical examinations, laboratory tests, and medical
images. They make it possible to do a wide range of studies, such as study on clinical results,

epidemiological studies, and the creation of predictive models.

4.4 Artificial intelligence and pressure ulcers

The integration of Al into plastic surgery has opened new avenues for improving patient
care, particularly in the prevention and treatment of PUs. Our work, as detailed in the
article Machine Learning-Based Pressure Ulcer Prediction in Modular Critical Care Data
(Diagnostics, 12(4), 850), focuses on utilizing ML to predict the risk of PUs in critical care
settings. This approach uses large-scale patient data to identify risk factors and support

targeted prevention strategies.

Pressure ulcers are a significant challenge in critically ill patients, where immobility and
comorbidities increase the risk of tissue damage. Traditional risk assessment tools often
rely on subjective evaluations, leading to inconsistencies and delayed interventions. Our
study applied ML algorithms to the MIMIC IV database, which contains de-identified health

records of ICU patients. By analysing these records, ML models identified key risk factors,
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such as nutritional parameters, vital signs, and comorbidities, and provided predictive
insights to assist in early prevention measures. The predictive power of ML in this context
allows for personalized patient care, optimizing interventions, such as the use of specialized
mattresses, frequent repositioning, and nutritional support. By applying these Al-driven
insights, clinicians can reduce the incidence and severity of pressure ulcers, ultimately
improving patient outcomes. The MIMIC IV database was instrumental in our research,
offering a robust source of de-identified patient data. Accessing this database requires
specific steps to ensure compliance with ethical and regulatory standards. Researchers
must complete 11 modules, each culminating in a test, and obtain special certificates, as
outlined in Appendices 2-4. Building on our findings, Al-driven tools could be further
expanded to support decision-making in PUs treatment, including wound classification,
monitoring of healing progress, and optimization of surgical interventions such as flap
plasties. Integration of Al into electronic health records and bedside devices in ICUs could
enhance real-time risk prediction and intervention strategies. By utilizing ML in this
innovative manner, we aim to revolutionize the management of PUs in plastic surgery,

bridging the gap between advanced technology and personalized patient care.

4.5 Summary

For decades, risk factors and classification systems for pressure ulcers have been well-
documented. Modern advancements emphasize the integration of contemporary
technologies, particularly Al, across medical disciplines. Al, with its ML capabilities, holds
immense potential for predicting pressure ulcer risk by analysing predictive factors, such
as laboratory values and a patient’s physical and mental condition. By stratifying these risk
factors, Al can assess a patient’s likelihood of developing PUs upon hospital admission,
enabling the immediate implementation of preventive measures, such as specialized

mattresses, positioning schedules, and other interventions.

In reconstructive surgery for deep PUs, while procedures like flap plasties have proven
effective, recurrence rates remain comparatively high. This has necessitated deeper
analysis of risk factors influencing both the development of PUs and the outcomes of
surgical interventions. By leveraging Al, specific risk factors for acute, subacute, and long-
term complications can now be identified and addressed, allowing for more precise

predictions of recurrence rates following reconstructive procedures.
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ML offers several advantages in this field, including improved diagnostic accuracy,
enhanced surgical planning, better monitoring of healing progress, and personalized
treatment strategies. These technologies can optimize the management of PUs by reducing
recovery times, minimizing complications, and tailoring interventions to each patient's

unique needs.

Although some Al-driven tools are still in the research or clinical trial stages, their continued
development and integration into clinical practice promise to revolutionize the treatment
and prevention of PUs. By harnessing the potential of ML, we can improve patient
outcomes, enhance the effectiveness of surgical interventions, and make advanced care

more accessible to a broader population.

4.6 Article related to this issue

Sin, P., Hokynkova, A., Novakova M., Pokornd A., Kr¢, R., & Podrouzek, J. (2022). Machine
learning-based pressure ulcer prediction in modular critical care data. Diagnostics, 12(4), 850.
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Abstrack Increasingly available open medical and health datasets encourage data-driven research
with a promise of improving patient care through knowledge discovery and algorithm development.
Among efficient approaches to such high-dimensional problems are a number of machine learning
methods, which are applied in this paper to pressire ulcer prediction in modular critical care data.
An inherent property of many health-related datasets is a high number of irregularly sampled time-
variant and scarcely popiilated featires, often exceeding the number of observations. Although
machine leaming methods are known to work well under stuch circimstances, many choices regarding
model and data processing exist. In particular, this paper address both theoretical and practical
aspects related to the application of six classification models to pressure ulcers, while utilizing one of
the largest available Medical Information Mart for Intensive Care (MIMIC-IV) databases. Random
forest, with an accuracy of 96%, is the best-performing approach among the considered machine
learning algorithms,

Keywords: pressiire ulcer; pressiire injury; machine learning; MIMIC database; MIMIC-TV; open
data; artificial netiral network; random forest

1. Introduction

Pressure ulcers (PUs), also called pressure injuries (Pls), are classified into the category
of non-healing or complicated healing wounds in most cases [1,2]. PUs burden not only
the patients {necessity of wound care, pain, limited social interactions and a consequently
worsening psychological status, etc.) but also represent a significant financial load on the
health care services/systems (hospital, home care, caregivers, ete.). Non-healing wounds
often reflect comorbidity or multimorbidity and represent the so-called silent epidemic
affecting a large proportion of the world's population [3].

The incidence of pressure injuries worldwide and the prevalence of pressure injuries
in healthcare settings ranges from 0% to 72.5% [4-7]. It is estimated that around 10% of
hospital patients and 5% of community care patients suffer from PUs and that 72% of all
PUs occur in persons older than &5 years [5,9]. Differences in prevalence and incidence
statistics are influenced by data collection and analysis methodology [10,11]. In the Czech
Republic, there are bwo main sources for PUs monitoring, In the national adverse event
reporting, the PUs are reported from all inpatient healthcare providers nationwide. The
Adverse Event Reporting System (AERS) in the Czech Republic monitors the adverse
events’ (AEs) occurrence in clinical practice and the subsequent data transmission to

Diagnostics 2022, 12, 850. https: / /dod.org/ 10,3390/ diagnostics 12040850
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the central system [12]. The methodological documents are regularly updated, and the
national AERS online portal was created [12] as a professional communication platform
for healthcare providers (HCFP). The data are reported by nurses or quality managers.
AERS is a convenient tool for cultivating the quality of care at a national level, with
data mandatorily provided by all inpatient facilities. The most commonly reported AEs
for each reporting period were pressure ulcers—FPUs (n = 48,704 /2018; n = 48,779/ 2019;
n = 47,755/2020). The datareported based on the I[CD-10 codes are collected in the National
Registry of Reimbursed Health Services (NRRHS). This registry is part of the National
Health Information System (NHIS) and serves as a database where patients are reported
to health care providers. The database contains data from health insurance companies,
including complete data on reported diagnoses, procedures, and treatments. Patients with
PUs are all diagnosed with L89* in the primary or secondary position on any medical
document in a given year. Between 2010 and 2019, an average of 26,444 PUs per year were
identified. In 2019, a diagnosis of L89 was reported in 30,590 patients, or 287 cases per
100,000 population. Most patients were reported to have category II(26.1%) or category III
{23.9%) of all PUs [13]. Data analysis showed an increasing trend in PUs reporting, which
may be related to improved ability to identify PUs and certainly to reimbursement of care
for the higher PUs category.

Pressure ulcers are defined, according to the latest edition (2019) of the International
Guideline for “Prevention and Treatment of Pressure Ulcers/ Injuries”, as a localized dam-
age to the skin and/or underlying tissue, as a result of pressure along or in combination
with shear forces [2,14]. Prolonged pressure or shear results from contact between a
bony prominence and the base or layer (bed, wheelchair, etc.). It predominantly concerns
sacral, hip-trochanteric, and ischial areas. PUs can occur in various clinical forms, from
non-blanchable skin erythema, superficial defects with affected subcutaneous tissue, and
fistulas, to deep extensive defects with damaged muscles or bones. Clinical appearance of
PUs is the basis for its classification—reversible PUs (category I and II), irreversible PUs
{category IIl and IV), unstageable PUs, deep-tissue PUs, and specific PUs (medical device-
related PUs and mucosal membrane PUs). [15] The pressure ulcer’s category determines its
specific treatment—namely, conservative or surgical.

Prevention, early diagnosis, and adequate treatment play the most important role
in skin and wound care in patients who are predisposed to PUs or who already suffer
from them. Prevention goes hand-in-hand with an assessment of controlling risk factors
of PUs; therefore, many assessment scale systems and tools were established to evaluate
them. The Braden, Norton, or Waterloo scale systems are mostly used in clinical practice
and are focused on moisture, incontinence, nutrition, mobility of the patient, etc. [16,17].
Superficial PUs (category I and IT) are often omitted in lists of primary {main/ principal)
and secondary diagnoses during hospitalization. On the other hand, deep PUs (category
IIT or IV) represent a serious complication that may increase the mortality of the patients,
especially in intensive care units (ICUs) [18,19].

Therefore, establishing the predicting factors of PUs can help to eliminate the risk
of the formation of hospital-acquired PUs (HAPUs). The formation and progression of
PUs is affected by numerous factors; in other words, the causation is multifactorial The
determination of predictive factors, especially in case of hospital-acquired PUs and in
critically ill patients in the ICU, can play an important role in their prevention. Predisposing
factors for PUs formation are both intrinsic (comorbidities, poor nutritional status, limited
mobility, etc.) [20,21] and extrinsic (excessive moisture, pressure from bed mattresses, shear
forces from muscle spasms) [22]. In this paper, the following predictive factors of hospital-
acquired PUs were included: basal constant demographic factors, such as age, gender and
ethnicity.

Predictive factors related to gender are rather inconsistent. Kottner ot al. presents that
hospital-acquired PUs are a little more frequently found in men than in women. However,
since this difference was slight, they concluded that gender should not be taken into
consideration as an independent risk factor for PU development [23]. On the contrary,
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age is considered a basal risk factor of PUs formation [24]. It has been reported that up to
70% of PUs are found in patients aged 65 and older [25]. As far as ethnicity is concerned,
Redelings et al. found that mortality related to PUs was higher among Black patients, as
compared to Caucasians [26].

Other parameters studied over time were total intake, total output, arterial oxygen
saturation, arterial systolic blood pressume, height, daily weight, glucose level, nutritional
status parame ters—albumin, total protein, and total bilirubin Other predictive parameters
were length of stay in bed and comorbidities concerning immobilization, such as spinal
cord injuries and severe fractures. Other predictive factors were focused on local PUs
assessment in correlation to the Braden score—sensory perception, moisture, activity,
maobility, nutrition, and friction shear. At present, one of the main topics in the theoretical
research on wound healing is the role of oxidative stress in various phases of the healing
process [27]. Inour further presented analyses, we did not find any parameters of oxddative
stress identification. We can say, however, that it is still understandable, as although it is
widely believed that the amount of oxygen,/nitrogen radicals might be crucial for further
direction of a healing process, there are several systematic studies presenting detailed
insights into reactive oxygen species (ROS)/ nitrogen species (RNS). However, their role
in particular phases of wound healing is still limited. On the other hand, the parameters
mentioned above are mostly clinically significant and well known in clinical practice.

This paper is unique in applying machine learmning methods to pressure ulcer predic-
tion in modular critical care data, utilizing the Medical Information Mart for Intensive Care
(MIMIC-IV) database in particular. Rare instances of related work are discussed in the
following sections of this manuscript and mainly concern qualitatively different databases,
limited sample sizes, and different architectures of the machine learning algorithms.

The structure of the database, data selection criteria, and qualitative aspects of the
healthcare data are described in Section 2. Machine learning algorithms and their appli-
cation in medical research are detailed in Section 3. The results are discussed in lerms of
performance measures of selected classifiers, correlation and importance of input parame-
ters, and confusion matrix terms.

The main concern of this paper is to address both theoretical and practical aspects
related to the application of machine learning-based classification models to pressure ulcers,
while utilizing one of the largest available healthcare datasets.

2. Materials and Methods

Pressure ulcers are statistically associated with different risk factors and preventive
measures. The successful utilization of ML-based PU prediction models requires consistent
reporting of clinical variable selections, data pre-processing, and model specifications.
Ideally, ML models should be interpretable to allow clinicians to understand and im-
prove model performance; however, according to a review from 2021 [25], only 2 out of
62 analyzed studies concerning the MIMIC dataset and the application of ML techniques in
various ICU settings resorted to visualization-based interpretations. Traditional ML models
can be more easily interpreted when compared to deep lkeamning models with many levels
of features and hidden layers. In [29], a multi-scale deep convolutional architecture has
been proposed to tackle the problem of mortality prediction inside the ICU while offering
interpretable predictions, ie., predictions accompanied by explanations and/ or justifica-
tions which make for a more transparent decision process. Here, not only dataset-level
but also patient-level interpretability is provided, working with raw features instead of
pre-processed ones; however, this study is focused on a more general topic of mortality
prediction inside the ICU, when compared to the PU prediction.

As the predictor importance may differ significantly in time for any given patient,
the sensitivity analysis of input features is nontrivial. Logistic regression can be used in
combination with time-window averaging to identify important patient features; however,
different resulting importance rankings represent an artifact of the selected time window.
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In this study, time-varying patient features were averaged within a week-long time
window (due to lack of data) before the first record of the PU for the PU group. For
the non-PU group, this averaging was based on the first week after admission, in order
to utilize this model in the future for objective assessments of special care requirements
during admission.

Despite the increasingly available scientific computing clusters, the size of a typical
medical database is prohibitive in terms of deep unsupervised learning, Le,, multivariate
analysis of the entire database is not computationally feasible. This is due to not only mem-
ory requirements, but also data quality, as healthcare data are no longer small, structured,
and collected exclusively in electronic health records.

Worldwide digital healthcare data is estimated to currently equal between 25 exa-bytes
(25 x 10 bytes) [30] and 35 zeta-bytes (35 % 107! bytes) [30], with an annual increase
of between 1.2 and 2.4 exabytes per year [30]. Such a huge amount of patient data is
generated by a variety of lab systems and health information systems (e.g., EHRs, CPOE,
PACS, CDSS).

According to Rehman et al. [31], the quality of healthcare data is a cause of concern
for four reasons: incompleteness, inconsistency, inaccuracy, heterogeneity, and data frag-
mentation. A variety of techniques are required to analyze data quality, such as data
standardization, verification, validation, monitoring, profiling, and matching, The problem
of “dirty” data is mostly related to missing values, duplication, outliers, and stale records.

Due to the above-mentioned challenges, full-sensitivity and parametric studies are
rarely conducted and input variables (patient features) as well as parameters (such as time
windows) cannot be objectively (automatically) identified.

Dataset

The data source for the presented study is the MIMIC-IV relational database, which
represents the entire patient journey through a hospital, including performed procedures,
medications given, laboratory values taken, and image analyses conducted [32]. This
database is sourced from two inchospital database systems, a custom hospital-wide elec-
tronic health record (HER) and an ICU-specific clinical information system. When creating
the MIMIC-IV database, during the preparation process, data cleaning steps were not
performed to ensure the data reflected a real-world clinical dataset. De-identifying results
in date and time records random shifting into the future using an offset in days. Data
for single patients are internally consistent; however, distinct patients are not temporally
comparable [32].

A custom database for PU prediction has beenextracted from MIMIC-IV, with 4652 patients
with PU and a randomly sampled control group of the same size. Note that, due to
the required normalization of the input variables, units are not relevant for the ML
classification model.

Here, the time-invariant patient information includes age, gender, ethnicity, date of
death, total intake {intravenous and fluid inputs), total output {patient cutputs}, and length
of hospital stay.

The time-variant charted information includes arterial oxygen saturation, systolic
arterial blood pressure, height, daily weight, and glucose (whele blood). The Braden
scale [33] risk factors are also included sensory perception, moisture, activity, mobility,
nutrition, and friction and shear. The nutritional assessment further includes albumin, total
protein, and total bilirubin.

The patient information relating to fracture is a Boolean OR function that will result
in TRUE if either one or more of the ICD-9 diagnosis codes related to fracture is present:
fatigue fracture of vertebra; collapsed vertebra in diseases classified elsewhere; osteaporosis
with pathological fracture; stress fracture, not elsewhere classified; pathological fracture,
not elsewhere classified; fracture of bone in neoplastic disease; fracture of bone following
insertion of orthopedic implant, joint prosthesis, or bone plate; fracture of skull and facial
bones; fracture of neck; fracture of rib(s}, sternum, and thoracic spine; fracture of lumbar
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spine and pelvis; fracture of shoulder and upper arm; fracture of forearm; fracture at wrist
and hand level; fracture of femur; fracture of lower leg, including ankle; fracture of foot,
except ankle; fractures involving multiple body regions; fracture of spine, level unspecified;
fracture of upper limb, level unspecified; fracture of lower limb, level unspecified; and
fracture of unspecified body region.

Feature importance is computed as the mean and standard deviation of accumulation
of the impurity decrease within each tree [34]. It is available both as an absolute value (FI)
and a relative position (FI rank} in Table 1, together with a basic characterization of the
input parameters, including the total count of PU patients and control group, their ratio,
mean values, and variable type. The 4652 records of PU patients could not be used for the
analysis due to the application of exclusion criteria. Patients had to be excluded if they
died during hospital stay had an unrecorded PU date or had a majority of missing or null
values in the selected input parameters. Debiasing [35] was used to tackle the sparsely
populated data in included patients. As can be seen in Table 1, most patient features
were not complete. Histograms of non-debiased input parameters before normalization
are depicted in Figure 1. Correlation matrix {assuming linear relationship) for the input
variables can be seen in Figure 2.

Error minimization is the usual goal of supervised machine learning classifiers while
the choice of error evaluation metric is subjected to continuous debate in research and
industry for several decades. A number of criteria need to be considered when choosing
such a melric, e.g., interpretability, computational cost, differentiability, or popularity in a
specific field.

Table 1. Characterization of input parameters and their importance for best performing RF model.

Parmameber
age

ethnicity
ICU length
input
oulput

bloed pressure
glucose

Braden sensory
Braden moisture
Braden activity
Braden mobility
Braden nutrition
Braden friction

protein
bilirubin
diag. spinal injury
diag. diarhea
diag, fractune

Count dee

1979
1979
1979
1979
1979
1952
1356
1472
413
3l
224
1519
1518
1515
1517
1517
1512
344
23
401
1979
1979
1979

Count ndec n::::ec Mean dec Mean ndec Data Type FI FI Rank
4497 .77 nfa n/a intsd 9.41 3 102 12
4407 .77 n/a n/a category 164 = 10-4 21
4457 .77 nfa nfa category 101 = 102 19
4497 .77 0.37 0.25 foatéd 272 x 10-1 1
793 040 260 % 107 461548 floared 1% x 10-1 3
784 040 138 » 107 354323 floatéd 173 x 10-1 2
442 0.3 168.33 170.02 foated 159 % 10-2 11
475 [k} 8425 8523 floated 3,09 x 10-2 9
185 045 118.23 119.24 floatéd 2,60 % 1072 15
149 048 156.25 48.07 foated 284 % 1072 13
1z 050 95,35 9630 floared LY x 107 17
485 ik 1] 2.73 3.31 floatéd 39 x 1072 8
456 0.30 3.35 3.66 floatéd 433 % 1072 7
456 0.0 121 165 floatéd 117 » 101 4
485 ik 1] 2.28 2.85 floatéd 6.28 x 1072 &
456 0.30 216 2.5 foatéd 7.85 3 102 5
456 0.30 L0 2.3 floared 213 % 102 10
138 040 2.5 7w floatéd 260 % 10— 16

9 039 .65 5.81 floatéd 288 3 104 22
188 038 174 L& floared 271 % 1073 14
4497 .77 nfa n/a bool 7.30 » 105 23
Erl 7 nfa n/fa ool 14 103 18
47 7 nfa n/a ool 507 » 104 20

H, feature importance; dec, patients with PU; ndec, patients without FLL
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Figure 1. Histograms of non-debiased input parameters before normalization. The PU group is
represented by blue color, while the orange color represents non-PU group.
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Figure 2. Correlation matrix of non-debiased input parameters.

3. Machine Learning Me thods

It iswell accepted that no classification method is universally better than any other [35].
Clearly, there are classes of target functions for which a method is best suited, and therefore,
a cross-section of popular machine learning techniques has been chosen in order to predict
the presence of pressure ulcers from a number of demographics and observed and measured
patient features, with some characteristics unequally sampled in time (see Table 1). The
medical data have been retrospectively collected within the MIMIC project [32].

Among the considered ML techniques are regression algorithms (logistic regmession),
instance-based algorithms (k-nearest neighbors and support vector machines), ensemble
algorithms (random forest), artificial neural network algorithms (multi-layer perceptron),
and Bayesian algorithms (naive Bayes).

3.1 Regression Algorithms

Logistic regression (LR) is frequently used in medical research, as it estimates the
relationship between one or more independent variables and a binary (dichotomous)
outcome variable, such as “presence versus absence of pressure ulcer”, “dead versus alive”,
or “positive versus negative for hypoxemia”. An example of multivariate logistic regression
application to identify pressure ulcer risk factors can be found in [37].

The LR classification model assumes L2 regularization, also known as ridge regression.
This technique is used to prevent overfitting by introducing a regularization term into the
optimization problem. Tolerance is set to 1074, the inverse of regularization strength (C) is
set to 1.0, and the maximum number of iterations is limited to 100.
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3.2 Instance-Based Algorithms

Space-time clusters of health events and their interactions are often investigated
using the k-nearest neighbors (KNIN) statistic, which is the number of case pairs that are
k-nearest neighbors in both space and time, and is evaluated under the null hypothesis
of independent space and time nearest neighbor relationships. Example applications can
be found, e.g, in [358] where an adaptive-weighted k-nearest neighbors algorithm for the
imputation of the first three months of screening visits has been developed.

The KNN model assumes ak parameter equal to 5 (based on heuristic technique), as
larger values reduce the effect of noise on the classification, but make boundaries between
classes less distinct. Additionally, the accuracy of KNN can be severely degraded if noisy
or irrelevant features are present, or if the feature scales do not match their importance.
Therefore, all input variables (patient features) were transformed to Gaussian distributions
with zero mean value and unit standard deviation for all ML methods considered in this
paper, assuming the central limit theorem.

According to [39], support vector machine (SVM])- and artificial neural network (ANN)-
based classifiers have been the most useful artificial intelligence techniques to classify
cancer. In particular, a study on liver biopsy images using a probabilistic neural network
{PNN) has been presented, e.g, in [40]. An ANN classifier has also been used for breast
cancer classification in the Wisconsin Breast Cancer Database (WBCD) [41], where a neural
network with a feed-forward back-propagation algorithm was used to classify cancerous
tumors from a symptom that causes the breast cancer disease. ANN classifiers are also
used for successful lung cancer detection; in [42], a 16 descriptive attributes yield reported
an accuracy of 97%. Based on various studies on cancer detection, 5VM has the highest
capability to classify datasets with a smaller number of input features, while ANN has better
performance of accuracy in classifying datasets with a larger number of input features [39].

3.3, Artificial Neural Network Algorithms

The difference between ANN and SVM mainly concerns the classification of non-
linear data, where SVM utilizes non-linear mapping to make the data linear separable, and
therefore, the selection of the kernel function is the key. ANN, however, employs multi-
layer connection and various activation functions in order to solve non-linear problems.
Moreover, the more data is fed into the network, the better the generalization; thus, fewer
errors can be expected from ANN. Conversely, SVM and random forest (RF) require
significantly fewer input data.

The SVM model assumes a linear kernel with C equal to 2.0 and tolerance 1073, The
multi-layer perceptron (MLF) neural network model assumes two hidden layers (100 and
20), a rectified linear unit {(ReLU) activation function (default activation function of mary
types of neural networks), and an Adam optimizer, which is invariant to diagonal rescales
of the gradients and is appropriate for problems with noisy and sparse gradients [43]. The
learning rate for MLP is set to 10~2 and the number of complete passes through the training
dataset {epochs) is set to 300.

3.4 Bayesian Algorithms

A naive Bayes (NB) classifier is used in [44] to detect cardiovascular disease and
identify its risk level, consisting of a training set of tuples and their associated class labels.
Here, the probability for a particular (cardiovascular) disease, given its symptoms, can be
estimated using the Bayesian conditional probability model. In [45], a disease prediction
system based on NB is presented, including typhoid, malaria, jaundice, tuberculosis,
and gastroenteritis. NB is known for its limitation stemming from the assumption of
independent predictors, which are almost absent in reaklife scenarios; however, as a
simple and fast method, NB is useful for real-time predictions, multi-class predictions, or
recommendation systems in general
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3.5, Ensemble Algorithms

A random forest classifier has been successfully applied in healthcare monitoring
systems in combination with the Internet of Things (IoT) in [46] to identify fraudulent
behaviors in healthcare claims [47], or inevaluations of patient safety culture [48]. AnRF
model assumes 100 estimators and a maximal depth equal to 6, i.e,, the number of trees
in the forest and the maximal number of levels in each decision tree. According to [49],
RF has the best accuracy in pressure ulcer prediction when compared to SVM, ANN, and
decision tree (DT) models. This is in line with the conclusion of this paper, despite that the
origin of the patients and the selected features are different.

4. Results and Discussion

Among the commonly used performance measures of classifiers based on machine
learning methods are the receiver operating characteristic (ROC) curves and area under the
ROC curve (AUC); see Figure 3. The raw data produced by a classification scheme during
testing are counts of the correct and incorrect classifications from each class. This informa-
tion is typically displayed in a confusion matrix (Table 2), which is a form of contingency
table showing the differences between the true and predicted classes for a set of labelled
examples [50].

- |J
; as ; & ‘I ; s
[ | [ e [ e,
an e — o - L] A— —— v - L1 S— —— v ~
(] ol o4 0E 't} Le [} ‘5] 04 0nE oa LE ea ol o4 ok o4 Le
FPLLL - Specixiy] FHRL(L - Specicity] FMLLL - Speciciy]
(a) (b) (<)
1 _— - i ,__)”
as ‘l’ L3 _J...
i a ] ,-'. ‘f '] ‘f 1
H H
£ |
[reEam] [ ] - | [P
FYY A NS W W—— N IR WY — — FYY A N W W— T—
[ [+ o4 e ol Le (5] od e ol L [ al o4 [ o LB
FPRLIL - Specte ity FIL(L - Spectity] FPRLIL - Specticty
(d) (e) f)

Figure 3. Performance of the 6 dassification models considered at all dassification thresholds (ROC
ciirves): (a) k-nearest neighbors, (b) logistic regression, (c) multi-layer perceptron, (d) naive Bayes,
(e} random forest and (f) support vector machines.
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Table 2. Evaluation of machine learning algorithms: scalar performance measures and confusion
matrix terms. Values are colorcoded on a green (favorable valies)-to-red (adverse valies) scale.

Multi-layer
Pemeptron
k-Me arest
Meighbors
SVM (linear
kernel}
Maive Bayes

Logistic
Loget

Agcuracy

0921

0Er3
085l
042

Precision Recall F1-Score AUC Time [s]
TFR

0.890 0.832 0.860 0.895
0788 0779 07a 0.845
0752 0734 0743 0.817

0.81e - 0688 0770

Based on B0:20 split and fxed seed. PFV, positive predictive value; TPR, true positive rate; TNE, true negative
rate; FPR, false positive rate; FNE, false negative rate.

While the ROC curve, which has been long used in conjunction with the Neyman—Pearson
method [51] in signal detection theory, is a good visualization of a classifier's performance;
e.g, as a decision threshold or suitable operating point, often it is desirable to obtain a
scalar measure, especially for cross-validated estimates of a classifier's overall accuracy, ie.,
the probability of a correct response. Such a single-figure estimate could be based on the
area under the curve (AUC), or other popular metrics such as accuracy, precision, recall
and Fl-score; however, such measures are often insufficient, as they fail to characterize
the complexity in model behavior, which has risen sharply over the last decade. For more
thorough evaluation of classification models by probabilistic extension of the widely used
threshold-based metrics, mefer to [52].

Table 2 compares the above-mentioned metrics for the six considered ML methods
and includes the average training times. The metrics are evaluated by standard binary
classification with 0.5 threshold, i.e., accuracy is the fraction of correctly classified samples
to total number of samples. Precision is the ratio of samples correctly classified to a
particular class c to samples classified as class ¢, while recall is the fraction of samples in
clase ¢ that are correctly retrieved. Fl-score is an indicator quantifying the accuracy of a
dichotomous model and it assumes both precision and recall of classification, ie., it can be
considered as a weighted average of model precision and recall.

The selection of the RF model and its accuracy corresponds to a study from a Chinese
hospital [49], where slightly fewer patients (85%) were included in the study, which also
differed in a number of additional aspects. The RF model is also recommended in a similar
study from the USA [53], where 39% of patients were included and the performance (AUC)
reached 79%, when compared to results presented in this paper; however, stage I and
stage II pressure ulcers were distinguished in the prediction, which surely resulted in the
lower AUC.

A comprehensive review of the scientific literature concerning the use of ML algo-
rithms for PU prevention has recently been published by [54], where the best-performing
technique for the prediction of surgery-related pressure ulcers is ANN, with an accuracy
of 81.5%.

This paper is unique in addressing both theoretical and practical aspects related to the
application of ML models to pressure ulcers, while utilizing one of the largest available
Medical Information Mart for Intensive Care (MIMIC) datasets. Given the size of the
database, a big data approach is necessary and overfitting remains a challenge, given
the high-dimensionality of the problem, as the number of available parameters, some of
which are non-uniformly distributed (sampled) in time, is often equal to or greater than the
number of patients, which can be included. This leads to the subjective choices regarding
inclusion and exclusion criteria, which has to be realistically assessed given the available
{and missing) data and the fexibility of the ML models.
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Future work will include a distinction between more pressure ulcer groups and ML-
based image processing and pattern recognition, towards automated and objective pressure
ulcer classification.

In order to succeed, in general, the lag between data collection and processing has to be
addressed, as well as the issues of ownership, governance, and standards. Moreover, health
care data is rarely standardized, often fragmented, and is generated in legacy IT systems.
This represents a major barrier in front of real-time big data analytics in performance-based
healthcare systems.

5. Conclusions

The presented paper concerns the machine learning approach to pressure ulcer pre-
diction based on a number of demographics and observed and measured patient features,
retrospectively collected within the MIMIC project.

A cross-section of popular leaming algorithms has been selected such that it repre-
sents various approaches to supervised ML, as up to the current date, there has been no
classification method universally better than any other.

The best-performing approach among the considered ML techniques, which include
regression algorithms, instance-based algorithms, ensemble algorithms, artificial neural
nebwork algorithms, and Bayesian algorithms, is random forest, yielding an accuracy
of 96%.

The predictor importance differs significantly in time for any given patient and based
on the sensitivity analysis of the input features of the best performing RF model. The
most important patient features are ICU length of stay, total intake (intravenous and fluid
inputs), and total output, i.e., ime-invariant patient information that is independent from
the time-window averaging scheme.
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5. FUTURE PERSPECTIVE

The work carried out over the past 15 years provides a strong foundation for future
advancements in the management and treatment of PUs. To build upon this foundation, it
is essential to focus on key areas that enhance interdisciplinary collaboration, leverage

advanced technologies, and create standardized approaches to improve patient outcomes.

A critical future step is strengthening collaboration between healthcare professionals,
artificial intelligence (Al) experts, and software developers. This partnership is vital for
developing innovative tools and systems that can predict risk factors for postoperative
complications and optimize treatment planning. Al-driven solutions should be integrated
seamlessly with clinical workflows, aiding healthcare providers in decision-making and risk

assessment.

Standardized documentation and photo documentation of PUs are essential for ensuring
consistency in clinical practice. By implementing uniform protocols for data collection,
wound assessment, and image capture, clinicians can improve the quality of care and
enable more accurate tracking of patient’s treatment progress. A centralized clinical
database of PUs could serve as a valuable resource for research, allowing for statistical
evaluations of postoperative complications and detailed analyses of risk factors associated

with poor outcomes.

To enhance surgical outcomes, future efforts should focus on risk factor analysis and
prediction of postoperative complications using Al. By leveraging large datasets and
advanced ML techniques, Al can identify patients at higher risk for complications and
suggest tailored interventions to mitigate these risks. Additionally, developing technologies
for precise measurement of wound surface areas will further standardize wound

assessment and improve monitoring of healing progress.

The future of wound healing research must focus on developing standardized methods for
quantifying wound surface area, particularly for chronic wounds like PUs or in another
extensive acute or chronic skin and soft tissue defects. A key advancement in this area is
the creation of a mathematical wound model that converts 3D missing tissue volumes into
a 2D representation of “active wound surface area”. This standardized metric offers a

consistent framework for assessing wounds, ensuring comparability across studies, and
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enabling objective evaluation of healing progress and treatment responses. Our
mathematical model, which recalculates the 3D missing volume to a 2D wound surface, is

planned for patent application.

One critical application of this model is investigating protein loss and its impact on wound
healing. Protein loss through wound exudate can hinder tissue repair and worsen
malnutrition. By analysing protein loss per square centimetre of an “active wound surface”,
it becomes possible to determine precise nutritional needs, predict healing outcomes, and
develop targeted biochemical and nutritional interventions. Beyond protein loss, this
metric allows for studying inflammatory dynamics, metabolic changes, and the efficacy of

treatments in relation to the wound's biochemical environment.

Adopting this 2D wound surface area metric in clinical practice could enable personalized
treatment planning, optimize surgical timing, and improve outcome prediction by linking
biochemical activity to wound area stabilization. Integrating this model into practice
requires multidisciplinary collaboration and advanced technologies, such as Al-driven
analysis and real-time biochemical and nutritional monitoring. Establishing this approach
as a standard could significantly enhance the understanding and treatment of chronic

wounds, ultimately improving patient outcomes and quality of life.

A significant objective is the creation of comprehensive guidelines for timing and type of
reconstructive procedures for PUs. These guidelines should be based on clinical evidence,
integrating factors such as nutritional optimization, wound characteristics, and patient-
specific needs to determine the most appropriate surgical approach. Statistical evaluations
of postoperative complications and long-term outcomes should underpin these guidelines,

ensuring they are both practical and evidence based.

In conclusion, the future of PUs management lies in fostering interdisciplinary
collaboration, embracing advanced technologies, and establishing standardized clinical
practices. By addressing these priorities, we can improve the quality of care, optimize
surgical outcomes, and advance the field toward a more effective and patient-centred

approach to treating PUs.
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6. CONCLUSIONSs

This habilitation thesis provides a broad perspective on the issue of pressure ulcers, but at
the same time, it addresses several extremely particular characteristics that have the
potential to affect the healing process of PUs and other hard-to-heal wounds that are
rather difficult to cure. This thesis represents the culmination of 15 years of dedicated
clinical practice and scientific research in the field of PUs management. Over this time, |
have sought to bridge the gap between clinical care and research, addressing the

multifaceted challenges posed by PUs, from prevention to advanced surgical management.

Through clinical practice, | have gained firsthand experience in the complexities of treating
PUs in diverse patient populations, including critically ill individuals and those with long-
term mobility impairments. This work has highlighted the importance of a multidisciplinary
approach, where prevention, conservative therapy, surgical reconstruction, and nutritional
support are integrated to achieve the best possible outcomes. My efforts have led to the
development of internal clinical guidelines based on years of observation and practice,
aiming to standardize care and reduce complications associated with surgical interventions.
On the scientific front, my research has delved into various aspects of wound healing and
PUs management. Initial studies explored the effects of dietary supplementation with
polyunsaturated fatty acids on wound healing in animal models, providing foundational
insights into the role of nutrition in tissue repair. This work evolved into clinical
investigations of oxidative stress parameters in pressure ulcers and their association with
different debridement techniques, further advancing our understanding of the biochemical
environment of chronic wounds. In recent years, | have embraced innovative technologies,
including artificial intelligence, that has shown significant potential in predicting the risk of
PUs, enabling early interventions and personalized care strategies. Building on this
foundation, our focus is expanding toward predicting post-surgical complications following
PUs reconstruction. The aim is to reduce the risk of complications and improve long-term
outcomes. However, a critical challenge remains: the absence of a comprehensive clinical
database with standardized data specific to pressure ulcers. To address this gap, we are
currently developing standardized protocols for documenting all relevant aspects of
pressure ulcer management. These protocols include detailed patient history, laboratory

investigations with established nutritional parameters and biomarkers, advanced imaging
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methods such as X-ray, CT, and MRI, and standardized photo documentation. Additionally,
we aim to incorporate precise wound measurement techniques, including calculations of
the “active wound surface area”, to provide a more detailed and consistent understanding
of wound dynamics. The creation of such a clinical database will not only facilitate the
effective application of Al in risk prediction but also enhance the overall prevention and
treatment strategies for PUs. This resource will provide a comprehensive framework for
managing PU-related care, supporting both Al-driven tools and traditional clinical decision-

making to improve outcomes in prevention, therapy, and post-surgical care.

The overarching goal of my work has been to address the complex interplay of factors that
influence PUs development and healing, including malnutrition, inflammation, and surgical
challenges. By combining clinical expertise with scientific aproach, | have sought to improve

patient outcomes and contribute to the broader body of knowledge in this field.

While significant progress has been made, many challenges remain. The need for robust,
evidence-based guidelines, particularly regarding the timing of surgical interventions and
the role of nutritional optimization, is pressing. Future research must aim to validate clinical
findings and translate them into standardized protocols to further enhance the quality of

care for patients with PUs.

In conclusion, this thesis reflects a journey of continuous learning and innovation, driven
by a commitment to improving the lives of patients affected by PUs. It is my hope that the
insights gained, and contributions made through this work will serve as a foundation for

ongoing advancements in this critical area of medicine.
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Vdzeni pacienti,

pripravili jsme pro Vas privucku, ktera by Vam méla byt napomocnad v pripraveé
na chirurgickou lécbu dekubitn, nastinit prithéh operace i pooperacni péci
v domacim prostredi. Nasim cilem je poskytnout Vam co nejvice informaci tak,
abyste byli k takovému operacnimu vvkonu co nejlépe piipraveni a zdroven
vedeéli, jakym zpiisobem pecovat o rany v pooperacnim obdobi, a jak snizit riziko

opétovného vzniku dekubitu.

MUDr. Alica Hokynkova, Ph.D.

Co jsou dekubity?

Dekubity neboli prolezeniny jsou mista poSkozene tkane (kiize, podkozi, svaly,
kosti) zpravidla nad kostnim vyénélkem zptisobené tlakem kosti proti podloZee.
Jedna se o komplikované se hojici, nekdy ozna¢ované i jako rany chronické anebo
nehojici se. Velmi &asto se vyskytuji u pacienti po poranéni michy &i s jinou
poruchou citlivosti, kdy pacienti neciti tlak pusobici na tkan€ a dochazi k
proleZeni® ¢&i ,,prosezeni”. Samoziejmé se mohou vyskytnout 1 u pacientd
pohyblivych tzv. chodicich, kteti byli pfechodné ve velmi t€zkém stavu z riznych
pfi¢in. Dekubity se nejéastéji nachazi v oblasti kfizove — sakralni dekubity,
v oblasti vybézku stehenni kosti — trochanterické dekubity a v oblasti sedacich
hrboltl — ischiadické dekubity. Samoziejmé mohou byt i v jinych lokalizacich-

napf. v oblasti paty, kotnik1i, lokte, zdhlavi a jinde pfi vynucenych polohach.
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Rozdéleni a kategorie dekubiti

Dekubity 1. kategorie jsou charakterizované neblednoucim! zarudnutim kiize,

ktera neni na svém povrchu porusena.

Dekubity 11. kategorie maji obraz jiz poruseného kozniho krytu ve formeé puchyiti

nebo povrchnich viedd.

Dekubity I11. kategorie se projevuji uplnou ztratou kiize, tedy jako oteviena rana,

nejsou viak postizeny hluboké struktury — svaly, $lachy &i kosti.

Dekubity IV. kategorie jsou charakterizovany kompletni ztratou tkani zasahujici

ke svaltim, slacham, kloubtim ¢i kostem.
Zvlastnimi kategoriemi jsou:

Neklasifikovatelné dekubity jsou zpravidla kryty suchou €ernou nekrézou (laicky
krustou, strupem) — tedy nezivou tkani ve formé pfiskvaru, kterd znemozije

vysetieni hloubky postizené tkané.

Dekubity s podezienim na hluboké postiZeni tkdani mohou byt fialove nebo rudé
zbarvené nebo také ve formé puchyii naplnénych krvi, u kterych neni jasné

viditelna hloubka postizeni tkani (typicky na patach).

1 K(ize nezbledne ani po krétkém stlaéeni kiiZe (prstem) i po odstranéni tlaku
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Klinicky obraz

Hloubka Kategorie dekubitu Popis
postifeni
I. kategorie Neblednouci
zarudnuti

II. kategorie

POVRCHNI

Poruseni kiize,

puchyte

Uplna ztrata

kuze

Postizeni
hlubokych

struktur

Sucha ¢erna

Ipici nekroza

Fialové nebo
cervené
zbarvena kuie,
puchyie

naplnéné krvi

Tabulka ¢. 1: Zdkladni rozdéleni dekubitii
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Zdkladni prehled piedchdzeni a lécby dekubitu

1. PREVENCE - piedchazeni vzniku dekubitim

Zakladni postupy u vSech typu dekubiti spociva v preventivnich opatfenich
tykajicich se zejména odlehceni tlaku v misté kostnich vybézku proti podlozce. Je
tedy nutné pravidelné polohovani a pouzivani specialnich, antidekubitnich
pomucek (podlozky, naplasti, matrace, podsedaky, viz Obr. ¢ 1, & 2, ¢. 3).
Dulezitou soucasti antidekubitni prevence je i odstranéni prebyte¢né vlhkosti (u

inkontinence (samovolného, vuli neovladaného odchodu) moci nebo stolice, pii

zvySeném poceni atd).

Obr. ¢. 1, ¢ 2., ¢ 3: Priklad antidekubitnich pomiicek (lokdlni materidly a
polohovaci pomiicky)

2, KONZERVATIVNIi TERAPIE

Konzervativni terapie zahrnuje pravidelné pievazy nechojicich se nebo
komplikované se hojicich ran a uplatiiuje se u vSech kategoriich dekubita,

zejména vSak u dekubitu povrchovych (1. a II. kategorie). Zakladem je dezinfekce
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obnazenych ploch oplachovymi roztoky (napf. Prontosan®, Octenisept® a jing)
s lokalni aplikaci razného kryti vlhké formy hojeni, kterou indikuje Iékaf
(prakticky Iékar, chirurg, specialista v oboru nehojicich se ran, plasticky chirurg,
sestra-specialista na problematiku hojeni ran atd.). Jejim cilem je sniZeni
bakterialni zatéze rdny, podpora hojeni a vytvofeni optimdlnich podminek pro

hojeni.

3. CHIRURGICKA TERAPIE

Chirurgicka 1é¢ba dekubitu se uplatiiuje predevsim u hlubokych dekubita (III. a
IV. kategoric) a u dekubitu s neznamou hloubkou postizené tkané. Probiha
zpravidla ve dvou fazich. V prvni fazi se provadi tzv. nekrektomie, tedy
odstranéni avitalnich (,mrtvych™) tkani, viz Obr. ¢ 4, vietné ruznych pistéli,
chobott (komunikujici ,,chodby* ve tkanich) nebo také odstranéni zanétem

zmeénénych ¢asti kosti. Nekrektomii je mozné provést na spadovém chirurgickém

pracovisti.

Obr. ¢. 4.: Trochantericky dekubitus pred nekrektomii a po nekrektomii
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Poté je o ranu peCovano konzervativni terapii, n¢kdy 1 s vyuzitim podtlakové

terapic (izolované nebo v kombinaci s proplachem), ktera napomaha hojeni
defektu, Obr. ¢ 5.

Obr. & 5: Vyuziti podtlakové terapie pied operacnim uzdavérem dekubitii

Zpravidla po 7 — 10 dnech, dle lokalniho stavu rany, pfistupujeme k tzv.
rekonstrukei dekubitu. Jedna se o nékolikahodinovy vykon na operatnim sale
vétsinou za pritomnosti anesteziologa. Rekonstrukce je provadéna tzv. lalokovou
plastikou, kdy vyuzivame mistni mékké tkané v okoli defektu s posunem kuaze,
podkozi nebo svalové tkané. Typ lalokové plastiky je zavisly od lokalizace,
hloubky defektu a jinych faktoru (Obr. & 6, & 7, & 8).

Obr. & 6: Priklad rekonstrukce sakrdalniho dekubitu
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Obr. ¢ 7: Priklad rekonstrukce recidivujiciho (opakujicicho se) levostranného
ischiadického dekubitu

Obr. ¢. 8: Priklad rekonstrukce levostranného trochanterického dekubitu

Komplikace operacni rekonstrukce

Mezi nejcastéji se vyskytujici komplikace v brzkém pooperacnim obdobi patii

krvaceni z operaéni rany, infekce, pozd&ji to muze byt napf. tvorba tzv. seromu —
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nahromadéni tekutiny pod operaCni ranou, dehiscence — rozestup rany,
prodlouzené hojeni, odumieni ¢asti nebo celé lalokové plastiky, anebo také

recidiva — znovuobjeveni se dekubitu v mist¢ operaéni rany, Obr. ¢. 9.

Obr. ¢ 9.: Recidiva sakrdlniho dekubitu po predchozim uzavéru lalokovou

plastikou

Recidivujici dekubity predstavuji pro dalsi operacni feSeni velky problém, jelikoz
se potykame s nedostatkem kuze a mékkych tkani v blizkosti defektu. Muze se
tedy stat, ze techniky uzaveru jsou jiz vyCerpané a pri opakujicich se dekubitech
je operacni uzavér nékdy nemozny. Rana je pak ponechana ke konzervativni
terapii jako nehojici se rana, mnohdy po zbytek zivota. Riziko komplikaci
spojenych s operaénim vykonem je u pacientu s dekubity vyznamné vy$si nez u
pacientu s jinym typem operacnich ran. Byva to velmi Casto z duvodu malnutrice
— podvyzivy, zdkladniho onemocnéni/poranéni michy, piidruzené infekce, ale
také znedodrzeni nutné pooperaéni antidekubitni prevence ¢&i neadekvatni
oSetrovatelské péce. Pecliva predoperalni priprava pacienta vede ke snizeni rizika

uvedenych komplikaci.
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Predoperacni priprava pacienta

Predoperaéni priprava pacienta k rekonstrukénimu vykonu je zpravidla v rezii

praktickeho lékate ¢i internisty v zavislosti na piidruzenych onemocnénich.

Lokalni péfe o dekubity se opird o konzervativni terapii s cilem snizeni
bakterialniho osidleni rany, které¢ byva mnohdy komplikovano zastoupenim vice
druhn bakterii, ale take specifickych, na néktera antibiotika rezistentnich bakterii
(napt. MRSA — Methicillin rezistentni Staphylococcus aureus), jez vyzaduji
v pribéhu hospitalizace zvySeny hygienicky, tzv. bariérovy rezim. Soudasti

ptipravy je tedy i kultivaéni vySetieni — stér z rany.

Zakladem komplexni piedoperacni pfipravy jsou labeoratorni vysetfeni, ktera
odhali velmi ¢asto chudokrevnost — anémii. Ta by méla byt dostateéné dlouho
pied operaci korigovana napt. 1éky s obsahem Zeleza a kyseliny listové. Dale se
zaméfujeme na vysetfeni krevni srazlivosti; v pfipadé uzivani 1€kl na fedéni
krve™ je nutny pfevod na nizkomolekulami heparin. Mnohdy se v pooperaénim
obdobi po rekonstrukei dekubitu neobejdeme bez podani krevnich derivata, proto
je soucasti zakladniho screeningu i krevni skupina. Biochemicke vySetfeni se
zaméfenim se na hodnoty nutriénich parametrii (albumin, prealbumin a celkova
bilkovina) pomahaji odhalit relativné &astou podvyZzivu pacienta, ktera je
spojovéna s poruchou hojeni v pooperaénim obdobi. Korekce nizsich hladin
rmutriénich parametril hraje st€zejni roli v ramei pfedoperaéni piipravy a opira se
substituci bilkovin jejich zvy$enym piijmem v potravé (maso, mléko, mlééné
vyrobky), ale také formou sippingu nebo bilkovinnymi ptidavky. V piipade tezké
formy podvyzivy doporuujeme konzultaci nutriéniho specialisty. Soudasti
zakladniho biochemického vySetfeni je i hladina zanétlivého proteinu — CRP
(C-reaktivni protein), ktery miize odhalit pfidruzeny infekt (velmi d&asto
v mocovém Ustroji), jez by mél byt 1é€en jeste pred operaci. Samoziejmosti je

kompenzace diabetu €1 jinych internich nemoci. Doporucujeme také doplnit RTG

156



panve u pacientti s dekubity lokalizovanymi v této oblasti k vylouéeni kostniho

postizeni. Prehled zakladnich predoperaénich vysetieni shrnuje Tabulia é. 2.

Tabulka ¢ 2: Prehled zdkladnich predoperacnich vySeffeni pred operacnim

uzavérem dekubitit

Predoperacni vysetieni pred operacnim uzdvérem dekubitu

Kultivacni stér z rany ev. moc na kultivaci
Laboratorni | krevni  obraz, | zdkladni koagulace krevni skupina
Hb>100g/L

biochemie urea, kreatinin, glykemie, Ca, Mg, P, K, Na, Cl,
celkova  bilkovina=60g/l,, albumin>30g/L,
prealbumin=>0,15¢/., CRP<50mg/L.

moc chemicky, sediment

RIG panve

Interni predoperacni vySetreni, RTG plic (vék nad 60 let), EKG

Pozndamka: Uréeno zejména pro praltické lékaie a internisty pripravujict pacienta na
operacni vykon. Viechny parametry by mély byt v mezich normalnich hodnot nebo na jejt dolni

hranici.

Pooperacni péce

V prubéhu operace a v pooperacnim obdobi je nutna dusledna
antidekubitni prevence s vyuzitim dostupnych pomucek a pravidelné
polohovani pacienta, idealn¢ kazdé 3 hodiny. Pokud je pacient v té¢zkém
stavu, pak se doba mezi polohovanim zkracuje. Podtlakové drény, které
jsou nezbytnou soucasti operace, jsou odstranovany zpravidla nejdiive
tyden po operaci. Po operacni rekonstrukci dekubitu je pacient sledovan

na na$i klinice 7-14 dnu v zavislosti na celkovém nebo lokalnim stavu,
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ale také na moznostech pooperacniho sledovani ve spadovém
chirurgickém zafizeni, dostupnosti domaci péCe atd. Nadale je
pokraCovano v nutricni podpore formou zvysSeného obsahu bilkovin
v dieté. Po opera¢nim uzavéru dekubitd jsou nutnosti pravidelné
pfevazy — lokalni péce o ranu, které je nutné provadét 1 po ukonceni
hospitalizace napf. cestou domaci pée nebo instruovanym
pecovatelem (blizkou osobou). Stehy jsou z rany odstraiiovany nejdrive
3 tydny od operace v zavislosti od lokalniho nalezu. Operovana oblast
je ale odlehéena po dobu minimalné 6 tydnu od operace z davodu
mozného poskozeni kiehkych, hojicich se tkani. Po 6 tydnech je mozné
zaCit operovanou oblast zlehka zatézovat s postupnym piidavanim
zatéze. Pi1 mnohocetnych dekubitech (Obr. ¢. 10) je vhodné peclivé
nacasovani rekonstrukce jednotlivych typu dekubitu pravé z diavodu
nutnosti odlehCeni operované oblasti. VéEtSinou pristupujeme
k etapovité rekonstrukci, nejdiive po 3 meésicich od zhojeni prvniho

rekonstruovaného defektu (dekubitu).

9
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Obr. ¢ 10: Klinicky obraz pacienta s mnohocetnymi dekubity

Soucasti pooperacniho rezimu jsou kontroly operatérem v nasi
ambulanci (pracovni dny mezi 8-11:00) Kliniky popalenin a plastické
chirurgic — telefonicky kontakt: 532 233 420, pavilon X, 3. patro,
Fakultni nemocnice Brno, Jihlavska 20, 625 00 Brno.

Dalsi uzitecné informace najdete:

Dekubity | Portél vénovany problematice proleZenin/dekubiti.

Zahojime.cz | I mala réna muze byt velkou komplikaci! Informace o prevenci a 1é¢bé nehojicich se ran.

European Pressure Ulcer Advisory Panel and National Pressure Ulcer Advisory Panel PPPIA.

Prevention and Treatment of Pressure Ulcers : Quick Reference Guide. Clinical Practice Guideline.

2014.1-75s.

Pouzita literatura:

1. Kottner J, Cuddigan J, Carville K, Balzer K, Berlowitz D, Law S, et al. Pressure ulcer/injury
classification today: An international perspective. J Tissue Viability [Internet]. 1. srpen
2020;29(3):197-203. Dostupné z: http://10.0.3.248/j.jtv.2020.04.003

2. European Pressure Ulcer Advisory Panel and National Pressure Ulcer Advisory Panel PPPIA.
Prevention and Treatment of Pressure Ulcers : Quick Reference Guide. Clinical Practice
Guideline. 2014. 1-75 s.

3. Hokynkova A. Komplexni lécba dekubit. Portal LF MU Brno: Komplexni lé¢ba dekubitd

(muni.cz

4. Pokorna A, Muzik J, Barilova P, Saibertova S, Kelbich LKT, Koblihova E, et al. Monitor ing
tlakowych 1ézi - validace datasetu po druhém pilotnim sbé&ru dat. Press lesion Monit - data set
Valid after Second Pilot data Collect [Internet]. 2. zafi 2018;81:56-12. Dostupné z:
http://ezproxy.muni.cz/login?url=https://search.ebscohost.com/login.aspx?direct=true&Auth
Type=ip,cookie,uidRdb=asn&AN=133403886&lang=cs&site=eds-live&scope=site

5. Guttmann L. The problem of treatment of pressure sores in spinal paraplegics. Br | Plast Surg
[Internet]. 1955;8:196-213. Dostupné z:
https://www.sciencedirect.com/science/article/pii/S0007122655800379

6. SHEA ID. Pressure Sores Classification and Management. Clin Orthop Relat Res [Internet].
1975;112. Dostupné z:

159



https://journals.lww.com/clinorthop/Fulltext/1975/10000/Pressure_Sores_Classification_and
_Management.12.aspx

7. Hess CT. Classification of Pressure Injuries. Adv Skin Wound Care [Internet]. 2020;33(10).
Dostupné z:
https://journals.lww.com/aswcjournal/Fulltext/2020/10000/Classification_of_Pressure_Injuri
es.9.aspx

8. Geller CM, Seng SS. How to keep patients un-HAPI: Cardiac surgery and sacral pressure

injuries: Invited expert opinion: Hospital-acquired pressure injuries. J Thorac Cardiovasc Surg
[Internet]. 1. éervenec 2020;160(1):158—63. Dostupné z: http://10.0.3.248/].jtcvs.2019.12.108

Recenzent

Prof. PhDr. Andrea Pokornd, Ph.D.
Kontakt na autora:
MUDr. Alica Hokynkovd, Ph.D.
Klinika popdlenin a plastické chirurgie
FN Brno, Jihlavskd 20, 625 00 Brro

Hokynkova. Alicat@fnbrno.cz

Tel: 00 420 532 232 610

Appendix 1: “Guide to the Surgical Treatment of Pressure ulcers. Selected advice for patients, physicians, medical
staff and lay caregivers” (“Privodce chirurgickou lIéébou dekubiti. Vybrané rady pro pacienty, Iékare, zdravotnicky
persondl a laické pecovatele”)

160



4 ) Completion Date 30-Jun-2021
.. Expiration Date 29-Jun-2024
" . 4 Record ID 43354586

<X PROGRAM

This is to certify that:

Alica Hokynkova

Has completed the following CITI Program course: Not valid for renewal of certification
through CME.

Human Research
(Curriculum Group)
Data or Specimens Only Research
(Course Learner Group)
1 - Basic Course
(Stage)

Under requirements set by:

Massachusetts Institute of Technology Affiliates
Collaborative Institutional Training Initiative

Verify at www.citiprogram.org/verify/?we23e6733-20f7-4d60-8abb-406e9241492e-43354586

Appendix 2: CITI Program Certificate, ID: 43354586, Human Research, Data or Specimens Only Research,
Massachusetts Institute Of Technology Affiliates

161



COLLABORATIVE INSTITUTIONAL TRAINING INITIATIVE (CITI PROGRAM)
COMFLETION REFORT - PART 1 OF 2

COURSEWORK EEQUIREMENTS*
gﬁ%rﬁqﬁmm:‘ma ﬁummhrmmem met. See list below for detalls.
- Name: Alica Holynikowa (10 10203727)
= Inaftiution Ammiilation:  Independent Leamer (ID:; 560

= Phonsa: +207T7 159961

= Cumricalum Group: Webhinars
= Courss Leamnsr Group: Arilicial Infeligence (Al) and Human Subject Profeciions.

- Stage: Stage 1 - Independent Leamer
= Record I0c 43044113

= Completion Date: 11-Jun-2021

= Expirafion Date: 11-Jun-2022

REGUIRED AND ELECTIVE MODULES OHLY DATE COMPLETED SCORE
Artiicial Infeligence (Al) and Human Subject Prodections (ID: 201 14) 11-Jm-2021 45 (80%)

For this Report fo be valld, fha leamer identified above must have had a valld aimliation wiih the CITI Program subs cribing Inetibutkon
Idaniified above of have bean & pald indapandent Learnsr.

Verify at www.cHiprogram orpverify Tiddi7 4dfe- bl 0-4013-3ab1-d201e498 3hac-4 3044113

Collaborative Instibutional Tralning Intilaties (CITI Program)
Emait 5
Wieh: fitpe: . CIDRGram.og

Appendix 3: Completion Report of Artificial Intelligence (Al) and Human Subject Protection

162



COLLABORATIVE INSTITUTIONAL TRAINING INITIATIVE (CITI PROGRAM)

COMPLETION REFOET - FART 10F 2
COURSEWDEK REQUIREMENTS*

L . SCores on this refiect dt the time all requirements for the course were met. Ses list balow for details.
Mmm%mmmwm [supplemental) Course elemeants.

- Nama: Alica Hokynibova [ID: 10203727)
= Instituflon AMBlation:  Massachusetis Instiule of Technology AMilates (100 1912)
= Inatitution Emall: alcahf@posicz

= Instibution Wnit: Departments of bums and plastic surgery

= Cumculum Group: Human Research

= Courss Leamer Group: Data or Specimens Only Resaarch

- Stagec Stage 1 - Bask: Course
= Record ID: 43354585

= Completion Date: 30-Jun-2021

= Expiration Dabe: 20 Jun-2024

- Minimum Passing: an
» Reporied Score®: 94

REQINRED AND ELECTIVE MODULES OMLY
Belmaont Feport and Its Principiss {ID: 1127}

History and Ethics of Human Subjects Reseamch (ID; 438}

Basic Instiufional Review Board {IRE) Reguiations and Review Procass (ID: 2}
Recore-Based Recearch [ID: 5)

Genelic Research In Human Popuiations (I0: 5}

Populations In Research Requinng Addiional Cr s andlor Probactions (ID: 15630}
Resaarch and HIPAA Privacy Protactions (1D 14)

Conflicts of Intesest In Human Subjects Resaarch (ID: 17464)
Massachusetts Instiute of Technoiogy {ID: 1290)

DATE COMPLETED
I-Jun-2021
-Jun-2021
-Jun-2021
-Jun-2021
-Jun-2021
30-Jun-2021
-Jun-2021
-Jun-2021
A-Jun-2021

SCORE
33 [100%)
A5 (B0}
505 [ 100%)
33 (100%)
A5 (B0}
55 [ 100%)
505 [ 100%)
55 (100%)
o Qui

For thiz Report to be walld, the leamer Idenkifed above must have had a valld afMilation with the CIT Program subscribing Institution
idantifed abowe or have bean a pald indepandent Learmer.

Collaboraiive instiutional Training initistive (CITI Program)
Emall:

Phone: B38-529-5329

Webo ¥

Appendix 4: Completion Report of the nine modules of the CITI programme

163



	Foreword
	1. PRESSURE ULCERS
	1.1 Definition and incidence
	1.2 Pathophysiology of pressure ulcers formation
	1.3 Risk factors
	Pressure (intensity, duration and gradient)
	Internal risk factors
	Malnutrition
	Urinary or stool incontinence, skin condition
	Reduced blood flow or low blood pressure
	Neuropathy
	Mental state or lack of motivation for rehabilitation
	Age and other factors

	1.4 Pressure ulcer assessment risk score scales
	1.5 Pressure ulcers risk areas
	1.6 Classification
	1.7 Treatment of PUs
	1.7.1. Preventive measures
	1.7.2. Promoting wound healing, conservative therapy
	1.7.3. Surgical therapy
	1.7.3.1 Types of reconstruction
	1.7.3.2 Selection of flap plasty according to localization
	1.7.3.3 Post-operative complications


	1.8 Summary
	1.9 Articles related to this issue

	2. NUTRITIONAL PERSPECTIVE
	2.1  Pressure ulcer surgical management in critically ill patients
	2.2 Pressure ulcer surgical management in long-term pressure ulcers
	2.3 Summary
	2.4   Articles related to this issue

	3. OXIDATIVE STRESS PERSPECTIVE
	3.1 Oxidative stress and wound healing
	3.2 Oxidative stress and pressure ulcer surgical management
	3.3 Summary
	3.4 Articles related to this issue

	4. ARTIFICIAL INTELLIGENCE PERSPECTIVE
	4.1 Definition of artificial intelligence
	4.2 Artificial intelligence in healthcare and medicine
	4.3 Clinical medical databases
	4.4 Artificial intelligence and pressure ulcers
	4.5 Summary
	4.6 Article related to this issue

	5. FUTURE PERSPECTIVE
	6. CONCLUSIONs
	7. List of references
	8. List of abbreviations
	9.  List of pictures
	10.   List of tables
	11.   List of diagrams
	12.   List of appendices

