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Abstract: Oxygen is essential for cellular respiration and energy production. Tissue oxygenation
refers to delivering oxygen to cells throughout the body. Microcirculation brings blood through
small sanguine vessels to maintain the cells' supply of nutrients and oxygen. Optimal tissue oxy-
genation and microcirculation are essential for maintaining healthy tissue. Conversely, poor oxy-
genation can cause tissue damage, impair wound healing, and increase infection risk. Several factors
can affect tissue oxygenation and microcirculation, including age, lifestyle factors (such as smoking
and stress), and underlying medical conditions (such as diabetes and high blood pressure). To im-
prove tissue oxygenation and microcirculation, individuals can engage in healthy lifestyle habits
such as regular exercise, healthy eating, stress management, and avoiding smoking. Tissue oxygen-
ation can also be looked therapeutic, given that topical and cosmetic treatments such as massage,
pelotherapy, hydrotherapy, moisturizers, and certain skin care products can help promote healthy
microcirculation at the somatic level. In the scientific literature, the focus is on hypoxia rather than
tissue oxygenation. This article proposes a paradigm shift and emphasizes the homeostatic im-
portance of microcirculation and tissue oxygenation in pathophysiological and therapeutic circum-
stances. The systematic review of the data from the last 2 years (2021-2022) and the meta-analysis
performed on tissue oxygenation will contribute to the practical approach to the pathology circum-
scribed to tissue oxygenation.

Keywords: Tissue oxygenation; Hypoxia; Microcirculation; Homeostasis; Microenvironment

1. Introduction

Throughout a lifetime, humans consume nearly 12 million liters of Oz (1). The home-
ostasis of tissue oxygenation and blood microcirculation is critical in maintaining health
(2). Under pathophysiological conditions, tissue oxygenation can be compromised due to
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poor perfusion, inadequate oxygen delivery, or defective oxygen utilization, leading to
tissue hypoxia, subsequently generating cell damage, inflammation, and even cell death
(3). Therapeutic interventions to improve essential homeostatic parameters include oxy-
gen therapy (4), hyperbaric oxygen therapy (5,6), physical therapy(7), hydrotherapy (8),
or pelotherapy (9).

Inflammation can affect tissue oxygenation in various ways. First, inflammation can
cause vasodilation or constriction of blood vessels, affecting blood flow and oxygen de-
livery to the tissues. Second, inflammatory cells can produce reactive oxygen species
(ROS) that can damage cells and reduce tissue oxygenation (10). Third, inflammation can
lead to edema or the accumulation of fluid in the tissues, which can compress blood ves-
sels and reduce blood flow and oxygen delivery (11). Chronic inflammation can lead to
tissue fibrosis and further impair tissue oxygenation. (12).

Proper tissue oxygenation is critical for maintaining cellular homeostasis and pre-
venting apoptosis. Inadequate oxygenation, or hypoxia, can induce apoptosis through
various mechanisms, including activating pro-apoptotic signaling pathways and generat-
ing reactive oxygen species (ROS) (13). Hypoxia can increase the expression of anti-apop-
totic proteins, which may contribute to cancer progression and treatment resistance, but
on the other hand, excessive oxygenation, or hyperoxia, can also induce apoptosis, pri-
marily through the generation of ROS. Therefore, achieving optimal tissue oxygenation
levels prevents apoptosis and promotes cellular health (14).

The oxygen transport cascade begins with the intake of atmospheric oxygen through
the lungs, where it diffuses through the alveolar membrane and enters the bloodstream
(15). The oxygen is then bound to the hemoglobin molecules in the red blood cells and
transported through the circulatory system to the tissues. Although it takes only about 2
us for an oxygen molecule to diffuse across the 0.1 um distance, 0.5 ms is required to
transport Oz over 1 um. Oz could diffuse a distance of 1 cm in almost 15 hours (1). Con-
sidering Fick's laws for diffusion (1), the organism must combine the sequences of con-
vective and diffusive transport by designing a circulatory system composed of macro- and
microcirculatory segments (16). The efficiency of the oxygen transport cascade is influ-
enced by several factors, including atmospheric oxygen concentration, the diffusing ca-
pacity of the lungs and tissues, the availability of hemoglobin and other oxygen-binding
molecules, and the metabolic demands of the tissue (1).

From more than 500 liters of oxygen utilized daily by tissue cells of a normal human
subject, mitochondria are essential for cellular energy production, as they use over 90% of
molecular oxygen consumed by cells. However, incomplete reduction in aerobic metabo-
lism can result in reactive oxygen species (ROS) formation (17). As a result, a small fraction
of oxygen consumed by the respiratory chain is incompletely reduced. Furthermore, if not
efficiently removed, ROS accumulation can produce hydroxyl radicals through the Fenton
reaction in the presence of Fe* or Cu*, which can cause oxidative damage to cellular com-
ponents, including nucleic acids, proteins, and lipids (18).

The human body requires high aerobic respiration to function properly (19). Under
aerobic conditions, pyruvate is converted to acetyl coenzyme A (acetyl CoA) in the pres-
ence of the enzyme pyruvate dehydrogenase. Acetyl CoA enters the Krebs cycle leading
to the formation of several cofactors, which, through oxidative phosphorylation, generate
36 ATP molecules. Under anaerobic conditions, pyruvate is transformed into lactic acid
under the action of lactate dehydrogenase, regenerating NADH and allowing glycolysis
and ATP generation. Lactic acid is dissociated into hydrogen ions and lactate in an aque-
ous solution and at physiological pH. Numerous studies have shown the relationship be-
tween tissue hypoxia and lactate production (20), with a sudden increase in lactate con-
centration when oxygen consumption becomes limited by low oxygen intake (4).

Regulation of tissue oxygenation is crucial for an organism's survival and proper
functioning. Coordination between the respiratory and cardiovascular systems, blood
flow regulation, and erythropoietin production is essential for maintaining tissue oxygen-
ation. At the body's level, tissue oxygenation regulation is primarily determined by the
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balance between oxygen demand and supply. The body responds to changes in oxygen
supply, such as changes in altitude or blood loss, by adjusting the delivery of oxygen to
the tissues. This is done by regulating cardiac output, blood flow distribution, and blood's
ability to carry oxygen. The body can also increase oxygen extraction from the blood by
increasing capillary density and improving mitochondprial tissue function (15). Blood flow
is carefully regulated in tissues with high metabolic demand, such as actively contracting
muscles to ensure oxygen supply matches the request.

At the cellular level, the regulation of tissue oxygenation involves the cell's oxygen-
sensing mechanisms, such as hypoxia-inducible factors (HIFs) (17). Myogenic regulation
relies on the smooth muscle cells' inherent properties in the arterioles' walls. These cell
signaling pathways respond to changes in oxygen levels (21) by regulating gene expres-
sion to promote hypoxia adaptation, angiogenesis, and glycolysis (22). In addition, vari-
ous molecular carriers, such as hemoglobin and myoglobin, facilitate the transport and
storage of oxygen within cells. Humoral and tissue vasoactive agents include bradykinin,
angiotensin II, vasopressin, natriuretic peptides, free catecholamines, and many others, all
acting through receptor-operated channels of vascular smooth muscle cells VSMCs and
endothelial cells. Local metabolic effects, particularly effective in terminal arterioles, are
primarily caused by changes in pO2, pCO2, osmolarity, pH, potassium ion concentration,
and released catabolites such as adenosine. Numerous vasoactive substances cause the
generation of the vasodilatory autacoids NO and prostaglandin 12 (PGI2) via endothelial
receptors found on endothelial cells in most sections of the vascular tree, but primarily
those of terminal arterioles. In contrast to endothelium-mediated vasodilator actions, most
agonists cause vasoconstriction when they gain direct access to abluminal VSMC because
the corresponding receptors on smooth muscle cells activate calcium influx and IP3-di-
acylglycerol pathways (1). The endothelium is not only a passive membrane or a barrier
between blood and tissues.

On the contrary, it is also actively involved in many functions, such as controlling
and regulating vascular tone, exchanging fluids and dissolved substances, hemostasis and
coagulation, and inflammatory responses. The permeability of the endothelium to small
solutes is highly dependent on the presence and number of endothelial fenestrae, and thus
the structure of the fenestrae-bound glycocalyx is interesting. In addition, the endothelial
surface plays a significant role in regulating coagulation and fibrinolysis (23). Therefore,
endothelial glycocalyx damage should directly increase microvascular hydraulic conduct-
ance and enhance permeability to all plasma constituents. Such damage occurs in hypoxia,
inflammation, postischemic reperfusion, volume expansion, and mechanical manipula-
tion of the heart, to name the most common causes (4). PROSPERO ID: 413680.

2. Methods and tools

In this article, we have used an elaborated and dedicated protocol about the current
data regarding homeostasis of tissues oxygenation in pathophysiological and therapeutic
circumstances, with the following main steps:

1. Search strategy: Our systematic literature review regarding tissue oxygenation
included searching related articles published between January 1, 2020, and March 31,
2023, indexed in reputable international medical databases: National Center for Biotech-
nology Information (NCBI)/PubMed, NCBI/PubMed Central (PMC), Elsevier, Nature,
Wiley, and Institute for Scientific Information (ISI) Web of Knowledge/Science (via ISI
Thomson Reuters index check). For searching, we used the specific keywords syntax: "tis-
sue oxygenation". In the total pool of articles, by brainstorming in the authorship group,
we then oriented the selection to dedicated subsections of our article, like oxygen moni-
toring or different pathologies identified in the narrative introduction, or to correlate sci-
entific data with therapeutic data applications. Table 1 shows the numerical results of our
search, which was based on a focused, step-by-step classification according to PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) (24) regarding sci-
entific articles identification and selection (see Figure 1).
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2. Anew algorithm was developed to evaluate each article's scientific impact and
quality. Specific instruments and tools were used to ensure qualitative support and data
validation, including bias interrogation checklists: Cochrane Risk of Bias Tool:
https://www.ncbi.nlm.nih.gov/books/NBK132494/bin/appf-fm1.pdf, AMSTAR Checklist:
https://amstar.ca/Amstar Checklist.php, and JBI Critical Appraisal Checklist:
https://jbi.global/critical-appraisal-tools. The algorithm considers several factors, such as
the year of publication, the total number of citations, and the PEDro score, which
measures the quality of clinical trials. Using this algorithm, the articles were assessed and
ranked according to their scientific merit and relevance to the field. In addition, the algo-
rithm was customized to meet our evaluation's specific needs, allowing for a more objec-
tive and standardized assessment of the articles. The selected papers were inputs for a
Benchmarking analysis strategy (25). The "paradigm funnel" (26) was used to obtain rele-
vant reports regarding tissue oxygenation, being considered a research tool for emphasiz-
ing the importance of evidence-based data (27).

3. Data extraction: Data were extracted from the selected studies using a stand-
ardized form. The following information was collected: study design, sample size, popu-
lation characteristics, intervention or exposure intervention, outcome measures, and re-
sults. In addition to these data, it is essential to consider the various physio-pathological
and therapeutic circumstances that can influence tissue oxygenation. For example, tissue
hypoxia can occur due to decreased oxygen delivery or increased oxygen demand in con-
ditions such as sepsis, shock, or acute respiratory distress syndrome (ARDS). Therapeutic
interventions such as mechanical ventilation, vasopressor support, or blood transfusion
may be used to restore tissue oxygenation in these cases. In contrast, in conditions such as
chronic obstructive pulmonary disease (COPD), tissue hypoxia can result from impaired
oxygen diffusion due to lung damage. In these cases, oxygen therapy, pulmonary rehabil-
itation, or bronchodilator therapy may improve tissue oxygenation. Therefore, under-
standing the physio-pathological and therapeutic circumstances influencing tissue oxy-
genation is critical for developing effective interventions to improve tissue oxygenation
and overall health outcomes.

4. Data synthesis and analysis: A narrative synthesis was conducted to summa-
rize the findings of the selected studies. The studies were organized based on their study
design, population characteristics, intervention or exposure intervention, outcome
measures, and results. Data were analyzed descriptively to identify common themes and
patterns.

The findings of the selected studies suggest that tissue oxygenation is critical for ho-
meostasis and proper physiological function. Furthermore, dysregulation of tissue oxy-
genation can lead to various pathological conditions, such as hypoxia and ischemia. These
conditions can result from multiple factors, including injury, disease, and environmental
stressors.

5. Graphical techniques and tools, such as data collection sheets, graphic repre-
sentations, critical examination matrices, cause-effect diagrams, Pareto charts, control she-
ets, and correlation diagrams, were used to analyze, interpret and present the obtained
data and to elaborate our systematic review article.
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Figure 1. Adapted PRISMA flow diagram, customized for our study.

Table 1. Keywords sets-based search for related articles —numerical results in specific international
scientific databases.

Keywords Elsevier PubMed Nature Wiley Web of Science Total
"tissue oxygenation" 8 9 12 6 58 93
Articles after duplicates exclusion 84
Articles after non-relevant exclusion 43

Article Selection Benchmarking

+ Article Search |+ References
+ Data Base Construction * Section subject
+ Papers Subject area + Scientific ideas

+ Brainstorming
« Scientific objectives
* Articles selection \

Figure 2. Article selection method and analysis, customized for our study, adapted after the Bench-
marking strategy.

3. Monitoring of microcirculation and tissue oxygenation level

Monitoring microcirculation and tissue oxygenation level has become increasingly
important in clinical practice to assess the adequacy of tissue perfusion and oxygenation
and can help guide resuscitation efforts in critically ill and optimize patient outcomes.
Methods of monitoring microcirculation and tissue oxygenation include:

1. Capnography - Measures the level of carbon dioxide in the blood to assess tissue
oxygenation indirectly (28).
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2. Pulse oximetry is a noninvasive method that measures arterial hemoglobin oxygen
saturation and allows the measurement of central venous oxygen saturation. Phenomena
such as systemic microvascular shunting can falsify the result (29). Pulse oximetry dis-
plays HbO2 saturation for a hemodynamic event in the macrocirculation, not the micro-
circulation (30). The main disadvantage of pulse oximetry technology is its limitation in
monitoring HbO2 saturation during oxygen therapy, including patients' exposure to hy-
peroxic conditions. Oxyhemoglobin saturation is measured by illuminating tissue at two
wavelengths: 585 nm and 577 nm. At 585 nm, the absorption properties of oxyhemoglobin
and deoxyhemoglobin are the same, so changes in tissue blood volume are reflected in
emitted light. At 577 nm, oxyhemoglobin has higher absorbance than deoxyhemoglobin,
so light intensity is affected by oxygenation levels and blood volume changes. Subtracting
585 nm reflectance changes from those at 577 nm provides a parameter that correlates
with net changes in blood oxygenation. (12).

3. Near-infrared spectroscopy (NIRS) - a noninvasive tool for assessing tissue oxygen
saturation (5tO2) and, indirectly, microcirculatory function (4), recording the absorption
of infrared light by oxygenated and deoxygenated hemoglobin (31). According to the
Beer-Lambert laws, the attenuation of light by a chromophore is proportional to its ab-
sorption coefficient and optical path length (32). NIRS allows for real-time monitoring of
muscle oxygenation (33).

4. Laser Doppler - Measures blood flow by analyzing the frequency of laser light re-
flected by moving red blood cells. Lightguide tissue spectrophotometry is a new approach
combining laser Doppler flowmetry and tissue spectrometry to evaluate skin microvascu-
lar blood flow and oxygenation (34).

5. Transcutaneous Oxygen Monitoring (TCOM) - a noninvasive method of measur-
ing tissue oxygenation through the skin using electrodes (35). It involves using an elec-
trode placed on the skin to measure the partial pressure of oxygen (PO2) in the underlying
tissue (36). TCOM helps evaluate tissue oxygenation in patients with circulation issues,
diabetes, and wound care needs. However, it has limitations due to sensitivity to temper-
ature, pressure, and measurement errors due to moisture (31).

6. The blood oxygen level-dependent (BOLD) effect in magnetic resonance imaging
(MRI) is used for the noninvasive exploration of brain functions. Recent studies have
quantified the BOLD signal and combined it with MR_5tO2 measurements to estimate the
cerebral metabolic rate of oxygen (CMRO2). This method provides valuable information
and can replace the more invasive PET imaging. (37). Pathologic conditions of skeletal
muscle can also be studied (38).

7. Microcirculation can be measured directly using sensitive video microscopes, such
as the third-generation portable microscope, CytoCam-IDF. This microscope uses incident
dark-field illumination and automated real-time digital image analysis to visualize the
microcirculation. Tissue oxygenation can be measured continuously, and dynamic meas-
urements can be obtained after short periods of arterial occlusion. The resulting data can
be used to derive desaturation, resaturation, and hyperemia slopes correlated with oxy-
gen consumption and microvascular reactivity, providing detailed information about the
microcirculatory function. (39).

8. Hyperspectral imaging monitoring is a noninvasive technique that uses light to
visualize and measure changes in tissue oxygenation and microcirculation (40). This tech-
nology works by emitting light of multiple wavelengths onto tissue, which is then ab-
sorbed and scattered by tissue molecules, including hemoglobin and water. The reflected
or transmitted light is then detected and analyzed to determine oxygenated, deoxygen-
ated, and total hemoglobin levels. This monitoring system has numerous applications in
clinical settings (41), including assessing tissue perfusion and oxygenation in patients with
circulatory shock, sepsis, and other critical illnesses (42). It can also monitor wound heal-
ing, assess skin graft viability, and guide surgery (43).
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4. Tissue oxygenation in various pathological circumstances

Several pathologies interfere with tissue oxygenation. Hypoxia can be an acute clin-
ical symptom or consequence, leading to cell damage, impaired organ function, and organ
failure if not addressed promptly (44). Clinically, tissue hypoxia (45) can manifest as
symptoms such as shortness of breath, rapid heartbeat, fatigue, confusion, and cyanosis
(blue tint to the skin or mucous membranes). Tissue hypoxia can also result from certain
medical treatments, such as radiation therapy or chemotherapy for cancer, which can
damage blood vessels and reduce blood flow to tissues. In these cases, monitoring tissue
oxygenation levels and implementing interventions to improve oxygen delivery can be
critical for maintaining patient health (46).

4.1. Tissue oxygenation — and dermatological pathological conditions.

Tissue oxygenation is critical in healing various conditions, such as burns, bedsores,
and wounds (47). For example, in burns, tissue oxygenation is disrupted due to the de-
struction of blood vessels and reduced blood flow to the affected area. This lack of oxy-
genation can lead to tissue death and slow healing (48). Likewise, in bedsores or pressure
ulcers, tissue oxygenation is reduced due to the pressure on the skin, which restricts blood
flow and leads to tissue damage (49). Similarly, tissue oxygenation is crucial for healing
wounds, as oxygen is essential for cellular metabolism and tissue regeneration. Factors
that can affect tissue oxygenation in these conditions include patient age, underlying med-
ical conditions, and the severity of the injury. The biochemical, physicochemical, and me-
chanical considerations necessary for a successful skin substitute appear to be best met by
designing an artificial dermis capable of interfacing with host tissue, assuring tissue oxy-
genation, and controlling water loss (50) and bacterial invasion (51).

Systemic sclerosis (SSc) is characterized by autoimmunity, microangiopathy, and tis-
sue fibrosis. Hypoxia, caused by reduced blood flow and increased extracellular matrix
(ECM), is a hallmark feature of SSc and may contribute to disease progression (17). Hy-
poxia stimulates the production of ECM proteins and aggravates vascular disease in SSc
by disrupting vascular endothelial growth factor (VEGF) receptor signaling. Furthermore,
chronic VEGF over-expression due to hypoxia may result in the formation of chaotic ves-
sels with decreased blood flow. Therefore, hypoxia is thought to play a central role in the
pathogenesis of SSc by augmenting vascular disease and tissue fibrosis (17).

4.2. Cardiovascular diseases and tissue oxygenation

Atherosclerosis is a pathological condition that can significantly impact tissue oxy-
genation. This disease involves the accumulation of fatty deposits on the inner lining of
the arterial walls, narrowing and hardening the arteries, which can reduce blood flow to
vital organs and tissues. In addition to lowering blood flow, atherosclerosis can increase
the risk of blood clots, further exacerbating tissue hypoxia (52).

Coronary artery disease (CAD) is a common form of heart disease that occurs when
the arteries that supply blood to the heart become narrow or blocked due to plaque
buildup (53). This can reduce blood flow and oxygen delivery to the heart muscle, pro-
ducing tissue hypoxia (54).

Peripheral arterial disease (PAD) is a condition that affects the blood vessels outside
the heart and brain, primarily in the legs. Reduced blood flow to the extremities in PAD
results in tissue hypoxia, impairs wound healing and can lead to amputations. The hall-
mark symptom of PAD is claudication, which is leg pain or discomfort during physical
activity. In severe cases, patients may experience rest pain, ulceration, or gangrene. Tissue
oxygenation measurements in PAD can assess disease severity, monitor the response to
treatment, and predict outcomes (55).

Impaired skin microcirculation is a major predisposing factor in inflammation and
ulceration in patients with chronic venous insufficiency (56) and venous ulcers (57). In-
creased capillary filtration rate predisposes to the formation of edema. Blood circulation
is regulated by sympathetic adrenergic vasoconstrictor nerve fibers in the acral regions of
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the human body and distal limbs. Compression bandages can have effects on microcircu-
lation (58).

4.3. Respiratory diseases and tissue oxygenation

Chronic obstructive pulmonary disease (COPD) is a lung disease that involves a com-
plex interplay between chronic inflammation, oxidative stress, and tissue remodeling, re-
sulting in structural changes in the lungs and a reduced ability to oxygenate the blood
(59). As a result, patients with COPD commonly experience hypoxemia, or low blood ox-
ygen levels, which can lead to tissue hypoxia and subsequent organ damage. The man-
agement of COPD involves improving oxygenation, reducing inflammation, and manag-
ing symptoms to improve the patient's quality of life (60).

Asthma is a chronic respiratory disease characterized by inflammation and narrow-
ing of the airways, which can lead to shortness of breath, wheezing, and chest tightness.
In asthma, tissue oxygenation is compromised due to the reduced availability of oxygen
caused by the decreased airway diameter. Reduced oxygen supply can lead to hypoxemia,
characterized by low blood oxygen levels (61). Chronic hypoxemia can lead to complica-
tions, including pulmonary hypertension, right-sided heart failure, and impaired brain
function (62).

In Acute Respiratory Distress Syndrome (ARDS), a severe lung injury, there is signif-
icant damage to the alveoli in the lungs, leading to impaired gas exchange and reduced
tissue oxygenation (63). This reduction in oxygen supply can cause hypoxemia, leading to
various complications, including organ failure and death (64).

4.4. Hematologic diseases and tissue oxygenation

Anemia is characterized by decreased red blood cells or reduced hemoglobin in the
blood. Hemoglobin is responsible for carrying oxygen from the lungs to the tissues, and a
reduction in its availability can lead to tissue hypoxia. In anemia, tissue oxygenation is
compromised due to the reduced capacity of the blood to carry oxygen (65). Chronic hy-
poxemia leads to impaired immune function, cognitive deficit, and cardiovascular disease
(66).

Sickle cell disease is an inherited blood disorder characterized by abnormal hemo-
globin, which can cause red blood cells to become sickle-shaped and rigid. These abnor-
mal cells can get stuck in small blood vessels, reducing blood flow and tissue hypoxia. As
a result, in sickle cell disease, tissue oxygenation is compromised. Chronic hypoxemia can
lead to complications, including pulmonary hypertension, stroke, and organ damage (67).

4.5. Neurological diseases and tissue oxygenation

Stroke is a medical emergency that occurs when blood flow to the brain is interrupted
due to a blood clot or a ruptured blood vessel (68). In stroke, tissue oxygenation is com-
promised due to the decreased blood flow to the affected area of the brain. This reduction
in oxygen supply can cause tissue damage and, if left untreated, can lead to permanent
brain damage or death (69). Hypoxemia can occur in severe cases, leading to various com-
plications, including seizures, respiratory failure, and cardiac arrest (70).

Traumatic brain injury (TBI) is a condition characterized by damage to the brain
caused by an external force. In TBI, tissue oxygenation is compromised due to the de-
creased blood flow to the affected area of the brain (71). This reduction in oxygen supply
can cause tissue damage and, if left untreated, can lead to permanent brain damage or
death. Trauma, tissue injury, is responsible for initiating the hypothalamic-pituitary-ad-
renal axis, the immunological and metabolic responses triggered to restore homeostasis.
Tissue damage, hemorrhage, pain, and fear are critical components of any traumatic
event. Trauma and blood loss result in cardiovascular responses, increasing heart rate,
systemic vascular resistance, and maintaining blood pressure (BP) to vital organs at the
expense of blood flow to the gut and skeletal muscle. Severe trauma causes exuberant
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physiological, immunological, and metabolic changes that predispose to organ dysfunc-
tion, a systemic inflammatory response, infection, and multiple organ dysfunction (72).

4.6. Metabolic diseases and tissue oxygenation

In diabetes, tissue oxygenation is compromised due to the damage that high blood
sugar levels can cause to blood vessels. This damage can lead to reduced blood flow and
tissue hypoxia. Chronic hypoxemia can lead to various complications, including periph-
eral neuropathy, kidney disease, and cardiovascular disease (16). Studies show that tissue
oxygen saturation is generally decreased in patients with diabetes. Blood flow in the dia-
betic foot tissue is redirected from the main tract channel of the metarterioles by bypassing
the exchange capillaries. Thus, cells become hypoxic regardless of tissue blood flow, and
arterial oxygen is not consumed, although venous oxygen saturation remains high (73).
Autoregulation is particularly important in tissues like the retina, which lack an adrener-
gic sympathetic nerve supply (74).

Metabolic acidosis is a pathological condition characterized by decreased blood pH
due to acid accumulation resulting from increased production or decreased excretion of
hydrogen ions (75). Tissue oxygenation is impaired in metabolic acidosis because acidosis
causes a shift of the oxyhemoglobin dissociation curve, leading to reduced oxygen uptake
by the tissues. In addition, acidosis can also lead to decreased cardiac output, reducing
tissue perfusion and oxygen delivery (76). Metabolic acidosis can occur in various patho-
logical conditions, such as kidney failure, diabetic ketoacidosis, and lactic acidosis (77).
The severity of metabolic acidosis is typically assessed by measuring arterial blood gas
parameters, including pH, partial pressure of carbon dioxide, and bicarbonate levels (14).

Obesity has been found to harm microcirculation (78). In addition, tissue pressure,
inflammation, and oxidative stress can all lead to endothelial dysfunction, characterized
by impaired vasodilation and increased vascular tone. Obesity has also been found to
have a negative impact on wound healing. Obesity can also impact macrocirculation,
which refers to blood flow through larger vessels such as arteries and veins (79). In addi-
tion, oxygenation patterns and altered tissue oxygenation affect whole-body homeostasis
(80).

4.7. Tissue oxygenation - a critical aspect of patient care in the intensive care unit (ICU).

In the ICU, tissue oxygenation is typically monitored through noninvasive or inva-
sive techniques (81). ICU patients with respiratory failure, sepsis (82), or shock are at par-
ticular risk for tissue hypoxia and impaired oxygen delivery (83), making tissue oxygen-
ation monitoring essential in these cases (84).

In sepsis, the microcirculation can become dysfunctional, leading to hypoperfusion
and tissue hypoxia, which fires cellular dysfunction and eventually multiple organ failure
(20). The heterogeneity of capillary blood flow can also contribute to the development of
tissue hypoxia, as only a portion of the capillaries usually is perfused even under normal
conditions (85). Abnormal microvascular perfusion, including decreased functional capil-
lary density and increased blood flow heterogeneity, is observed during the initial phases
of the body's systemic inflammatory reaction to infection and appears to have prognostic
significance in sepsis. (39). In early hemorrhagic shock, reactive arterio-constriction will
reduce precapillary hydrostatic pressure, thereby reducing fluid filtration into the inter-
stitial space (1).

Disturbances in microcirculatory homeostasis have been implicated in the patho-
physiology of multiple organ dysfunction syndrome. The underlying mechanisms in-
volve complex interactions between various factors such as increased heterogeneity of ca-
pillary blood flow, reduced deformability of erythrocytes, endothelial cell dysfunction
with increased permeability and apoptosis, alteration of vasomotor tone, increased num-
ber of activated neutrophils with more neutrophil-endothelial interactions, and activation
of the coagulation cascade with the formation of microthrombi. In addition, Vasomotion,
which is the oscillation of vascular tone generated from within the vascular wall, can be
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initiated during hypoxia, tissue hypoperfusion, acidosis, and infusion with vasopressors
(86).

5. Tissue oxygenation in the therapeutic context

In tissue oxygenation homeostasis, several therapeutic interventions are available for
restoring oxygen delivery to the tissues. These interventions include:

Oxygen therapy: One of the primary interventions for improving tissue oxygenation
is administering supplemental oxygen. This therapy is distributed through various deliv-
ery systems, including nasal prongs, masks, or high-flow systems, to increase the fraction
of inspired oxygen and improve blood oxygen saturation levels (12).

Fluid resuscitation: Adequate fluid resuscitation is critical for restoring tissue oxy-
genation in patients with hypovolemia or shock (87). Administering intravenous fluids
can improve cardiac output and tissue perfusion, improving oxygen delivery to the tis-
sues (88). Administration of vasoactive compounds and fluid therapy are the cornerstones
of the hemodynamic management of critically ill patients. Microcirculatory perfusion
pressure is the net result of precapillary inflow pressure minus venular outflow pressure
(28).

Blood transfusions: Patients with anemia or hemorrhagic shock can receive blood
transfusions to augment the oxygen-carrying capability of their blood. This therapy can
improve tissue oxygenation by increasing the hemoglobin available to bind and transport
oxygen (88).

Vasoactive medications: In some cases, vasoactive drugs such as vasopressors or in-
otropes may be necessary to improve tissue oxygenation. These medications can improve
cardiac output, vascular tone, and tissue blood flow, leading to improved oxygen delivery
(58).

There is evidence of abnormal tissue oxygenation in the trapezius muscle of patients
with Primary Fibromyalgia (PF), possibly due to microvessel morphological or functional
changes. The significantly lower total mean oxygen pressure in the subcutaneous tissue
of the patients suggests that PF may affect tissues other than skeletal muscle. The presence
of trigger points in painful muscles is a common feature in patients diagnosed with pri-
mary fibromyalgia, so acting on these points by massage can be a helpful intervention
(89).

Other interventions that can improve tissue oxygenation include correcting electro-
lyte imbalances, controlling hyperglycemia, and addressing any underlying pathologies
contributing to tissue hypoxia. In addition, therapeutic interventions for tissue oxygena-
tion homeostasis should address systemic and local factors. For example, oxygen therapy
can improve systemic oxygenation, while local measures such as positioning or pressure-
relieving devices can address local factors such as pressure on tissues. Additionally, fluid
resuscitation and blood transfusions can improve systemic and local factors by enhancing
blood flow and oxygen delivery to tissues (90).

Physical therapy can be an effective approach to improving tissue oxygenation in
various pathologies. Exercise training has been shown to enhance the oxygen uptake ca-
pacity of muscles and improve overall cardiovascular function, leading to increased tissue
oxygenation (91). Additionally, physical therapy techniques such as manual therapy, mas-
sage, and stretching can help improve circulation and tissue perfusion, leading to better
oxygenation of tissues. Physical therapy can help improve lung function in respiratory
pathologies, leading to better blood oxygenation. It is important to individualize physical
therapy approaches based on the patient's specific pathology and needs and monitor tis-
sue oxygenation levels during therapy to ensure effectiveness (92).

Hydrotherapy is a therapeutic intervention that uses water to facilitate healing and
promote health (8). Hydrotherapy has been shown to positively affect tissue oxygenation,
especially in the case of burn injuries, wound healing, and musculoskeletal rehabilitation
(93). The buoyancy of the water helps reduce the pressure on the injured area, improving
blood flow and tissue oxygenation. Hydrotherapy also reduces pain and swelling,
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improving tissue oxygenation by reducing tissue damage and inflammation. In addition,
the warmth of the water can promote vasodilation and increase blood flow to the injured
area, which can enhance tissue oxygenation (94).

Pelotherapy, the use of mud or clay in medical treatments, has been shown to im-
prove tissue oxygenation in various conditions (9). The heat and pressure generated by
applying peloids (mud/clay) can increase blood flow to the affected area, thus increasing
tissue oxygenation (95). In addition, the minerals and trace elements found in peloids can
have beneficial effects on tissue oxygenation by improving microcirculation and reducing
inflammation. Pelotherapy has been used to treat chronic wounds, arthritis, and derma-
tological conditions such as psoriasis and eczema, with promising results in improving
tissue oxygenation and promoting tissue healing. However, further research is needed to
fully understand the mechanisms of action and potential benefits of pelotherapy on tissue
oxygenation (96).

Therapeutic gases (97) have been used to modulate tissue oxygenation in various
clinical conditions (98). For example, hyperbaric oxygen therapy (HBOT) is a treatment
that involves inhaling pure oxygen in a pressurized chamber, increasing the amount of
oxygen dissolved in the blood, and improving tissue oxygenation in areas with poor per-
fusion. HBOT has been used in conditions like carbon monoxide poisoning, diabetic ul-
cers, and radiation-induced tissue damage (99). Inhaled nitric oxide (iNO) is another ther-
apeutic gas that improves tissue oxygenation in acute respiratory distress syndrome
(ARDS) and pulmonary hypertension (100). iNO acts as a selective pulmonary vasodila-
tor, improving lung perfusion and oxygenation (101,102).

Carbon monoxide (CO), which is normally toxic, has also been studied for its poten-
tial therapeutic effects (103) in improving tissue oxygenation. In low doses, CO has been
shown to have anti-inflammatory and cytoprotective effects, improving oxygenation in
conditions such as sickle cell disease and acute respiratory distress syndrome (104,105).

Hydrogen sulfide (H:S) is a gas with various physiological roles and has gained at-
tention for its therapeutic potential (106). Studies have shown that HzS can improve tissue
oxygenation in several pathological conditions, such as ARDS, heart failure, and sepsis.
H:S has been shown to modulate microcirculation, leading to increased oxygen delivery
to tissues. It also has antioxidant and anti-inflammatory properties that can prevent cellu-
lar damage and maintain cellular function under hypoxic conditions. The therapeutic use
of H-S is still in the experimental phase, and more research is needed to determine its
efficacy, safety, and optimal dosing. However, the potential benefits of H2S in improving
tissue oxygenation make it a promising area for future research and clinical application
(107).

Massage is a therapeutic approach that involves the manipulation of the soft tissues
of the body to enhance physical and emotional well-being (108). The mechanical pressure
and movements applied during massage can affect tissue oxygenation through various
mechanisms, such as increasing blood flow, improving lymphatic circulation, and reduc-
ing muscle tension (109). Massage has been shown to improve tissue oxygenation in dif-
ferent populations, including healthy individuals, athletes, and patients with various
medical conditions, such as fibromyalgia, chronic low back pain, and cancer (110). In ad-
dition, increasing tissue oxygenation after massage can have positive effects, such as re-
ducing pain and inflammation, promoting tissue healing, and improving overall relaxa-
tion (111).

Crenotherapy is a type of therapy that involves using mineral waters for various
health conditions (112). The use of mineral waters is believed to have beneficial effects on
multiple organ systems in the body, including the circulatory and respiratory systems.
Some studies suggest that mineral waters can increase tissue oxygenation by improving
blood flow and oxygen delivery to the tissues. The minerals present in the water may also
have antioxidant effects, which can reduce oxidative stress and improve tissue function
(50). Crenotherapy has been used for various conditions, including respiratory diseases,
skin conditions, and musculoskeletal disorders. However, more research is needed to
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fully understand crenotherapy's mechanisms of action and efficacy for improving tissue
oxygenation (113).

Lifestyle factors, such as diet, exercise, smoking, and alcohol consumption, can sig-
nificantly affect tissue oxygenation levels in the body. For example, a diet rich in fruits,
vegetables, and whole grains can provide the body with essential nutrients and antioxi-
dants that help increase oxygen levels (114,115). Regular exercise, on the other hand, im-
proves cardiovascular health and enhances the body's ability to transport and utilize ox-
ygen efficiently. Smoking and alcohol consumption, on the other hand, can decrease tissue
oxygenation levels by constricting blood vessels and reducing oxygen-carrying capacity.
Thus, modifying lifestyle factors help in maintaining optimal tissue oxygenation levels
(116).

Smoking has been shown to have adverse effects on tissue oxygenation and healing.
The carbon monoxide in cigarette smoke binds to hemoglobin in the blood, reducing the
oxygen level transported to tissues (117). Several studies have shown that smoking is as-
sociated with complicated tissue healing and surgical wound complications (118). The
proposed mechanism is a reduction in tissue blood flow and oxygen. An ample oxygen
supply is fundamental to wound healing, as it facilitates the growth of new blood vessels
and the formation of new tissue.

Additionally, avoiding or managing conditions such as obesity, diabetes, and hyper-
tension can also improve tissue oxygenation and reduce the risk of tissue hypoxia.
Prophylactic measures such as supplemental oxygen therapy may be necessary for spe-
cific high-risk populations to prevent tissue hypoxia. For example, individuals undergo-
ing surgery or with severe respiratory diseases may require oxygen supplementation to
ensure adequate tissue oxygenation (119).

Regular health check-ups and monitoring of tissue oxygenation levels may also be
necessary for individuals at high risk of developing tissue hypoxia. This includes individ-
uals with cardiovascular or respiratory diseases, anemia, or tissue hypoxia history. In
summary, several preventive measures and prophylactic interventions can be taken to
improve tissue oxygenation and reduce the risk of tissue hypoxia. Maintaining a healthy
lifestyle, avoiding exposure to toxins, and managing underlying medical conditions is es-
sential to maintaining proper tissue oxygenation levels (120).

6. Results seen as progress in the last two years resulting from PRISMA-type system-
atic review

6.1. Data regarding monitoring of microcirculation and tissue oxygenation level

In clinical management, it is vital to maintain optimal hemodynamics by ensuring
adequate tissue oxygenation at the microcirculatory level. However, we often rely on
macro-hemodynamic variables such as blood pressure and heart rate, neglecting micro-
circulation. Technologies assessing tissue oxygenation or microcirculatory blood flow
have been developed and incorporated into clinical practice to address this issue (2).

Near-infrared spectroscopy (NIRS) is a noninvasive technique for measuring tissue
oxygenation (121), which can monitor tissue perfusion in shock by revealing tissue hemo-
globin oxygen saturation (5tO2) (122). Monitoring tissue perfusion and oxygenation is
crucial to managing sepsis-related circulatory dysfunction. However, sepsis-related tissue
edema can affect the accuracy of NIRS measurements, and further investigation is needed
to determine the impact of tissue water on NIRS measurements (123).

Near-infrared spectroscopy (NIRS) and diffuse correlation spectroscopy (DCS) can
be used to measure cerebral hemodynamics, which can be used to assess the cerebral met-
abolic rate of oxygen and cerebral autoregulation (124). NIRS is now validated as a non-
invasive method to measure tissue oxygenation (125). Tissue oxygenation can be moni-
tored using a NIRS-based tissue oximeter (126). NIRS is a technique that measures the
absorption of oxyhemoglobin, deoxyhemoglobin, and cytochrome C oxidase. NIRS has
been used to study cerebral physiology, focusing on hemoglobin absorption (127). NIRS
is an optical technology that provides continuous measurements of tissue hemodynamics
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and oxygenation and can be a reliable method for continuous monitoring of pulmonary
function in patients with acute pneumonia. This technology can provide several benefits,
including triaging infected patients, monitoring disease progression and responses to
treatment, and early detection of acute pneumonia (128). In addition, portable NIRS de-
vices in ambulances could help evaluate cerebral blood perfusion and improve the rate of
ROSC through increased oxygen delivery to the brain (129).

Researchers have developed a time-domain near-infrared spectroscopy (TD-NIRS)
system that utilizes a supercontinuum light source and multi-wavelength detection. This
system can monitor tissue oxygenation in real time and is designed for use in clinical set-
tings. TD-NIRS provides more information than other acquisition modes and can help
diagnose physiological conditions and monitor clinical interventions. Recent develop-
ments in optical technologies and electronics have enabled better measurements and
broader applications for TD-NIRS, including larger source-detector separations, longer
wavelengths, more sources and detectors, and more compact and wearable designs. Ad-
vancements also involve integrating various imaging techniques with TD-NIRS (130).

Hyperspectral imaging (HSI) is a noninvasive method to estimate SO2 near the af-
fected area. Various algorithms have been developed for SO2 estimation from hyperspec-
tral information and have found their way into clinical devices. However, some research-
ers have noted discrepancies in SO2 estimation accuracies for different skin types, with
higher errors seen for patients with higher melanin concentration (i.e., darker skin) (131).
HSI is an emerging technique that measures tissue oxygenation by analyzing concentra-
tions of OxyHb and DeoxyHb. The new HyperView™ HSI device is handheld and can
measure tissue oxygenation at any location on the lower extremity (132).

In recent years, Blood oxygen level-dependent magnetic resonance imaging (BOLD-
MRI) has become a standard technique for assessing changes in tissue oxygenation (133).
The use of physiological markers to complement intracranial pressure (ICP) measure-
ments in detecting cerebral hypoxia and preventing adverse events has been proposed.
Brain tissue oxygenation (PbtO2) is a potential marker that has been studied, and a de-
crease in PbtO2 below 10 mmHg has been associated with poor outcomes. However, op-
timal thresholds for PbtO2 remain controversial, and interpretation varies depending on
placement location and pathology (134). Bedside brain tissue oxygen monitoring (BTOM)
is crucial for managing comatose patients with acute brain injuries to prevent secondary
ischemia. The Licox probe is the preferred tool for BTOM due to its stability and lack of
competition. However, traditional implantation methods involving metal bolts can cause
significant MRI artifacts, making targeting the desired area of the brain parenchyma dif-
ficult. A new technique involving a peripheral venous cannula and a plastic bolt from a
different vendor has been developed to address this issue, allowing for adjustable inser-
tion length and rigid fixation without causing metal artifacts in early MRI (135).

In tumors, low oxygen concentration, or hypoxia, affects their growth and response
to anticancer drugs. Oxygen distribution in tumors is nonuniform and varies due to the
atypical structure of tumor blood vessels, which can affect the effectiveness of treatments
such as photodynamic therapy. Invasive polarographic methods are commonly used to
determine tissue oxygen status, but noninvasive methods using luminescent sensors have
also been developed. Sensors based on luminescence are based on luminescence quench-
ing by molecular oxygen, including trypafavine, eosin, erythrosine, and metalloporphy-
rins. Oxygen-dependent phosphorescence and oxygen-independent fluorescence can be
used to avoid concentration variations (136). A study has developed an in silico tumor
model to simulate realistic 3D microvascular structures and related oxygenation maps.
The model features regions with different levels and typologies of hypoxia and could be
integrated into a treatment planning system to evaluate and compare various scenarios
when deciding the therapy to administer. Tumor oxygenation is an essential factor influ-
encing the response of cells to radiation and chemo therapies, and this model allows for
simulations of key radiobiological features governing the tumor response to radio- and
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chemotherapy. The model also distinguishes between different types of hypoxia on a cel-
lular scale, which is essential in assessing the response of cells to radiotherapy (137).

A minimally invasive wireless implantable luminescence oxygen sensor has been de-
veloped to monitor deep-tissue oxygenation in organ transplantation patients. This sys-
tem provides real-time data and reports continuous tissue oxygenation monitoring from
centimeter-scale depths. The method comprises a millimeter-sized, ultrasound-powered
implantable luminescence O2 sensor and an external transceiver for bidirectional data
transfer, enabling deep-tissue oxygenation monitoring for surgical or critical care indica-
tions. In addition, the system is expected to help differentiate parenchymal rejection from
vascular graft disease in graft dysfunction (138).

Blood plays a crucial role in providing oxygen to organs during exercise and in heat
regulation for body temperature stabilization. A study used a three-wavelength fre-
quency-domain diffuse reflectance spectroscopy (FD DRS) system to investigate the he-
modynamic oxygenation in the forearm's skin tissue during exercise, monitoring heart-
beat rate and skin temperature. The study found changes in the concentration of oxygen-
ated/deoxygenated hemoglobin molecules, total hemoglobin concentration, and skin tem-
perature. The FD DRS system helps analyze athletes' physiological status and may enable
wearable design (139).

6.2. New data regarding tissue oxygenation in various pathological circumstances

Various disease processes, particularly diabetes mellitus, are associated with cellular
hypoxia. This can be caused by factors such as the impaired release of oxygen from hemo-
globin, slowed hemoglobin oxygen saturation, defective mitochondrial oxidative phos-
phorylation, and impaired insulin signaling. Hyperbaric oxygen therapy can improve tis-
sue oxygenation and insulin sensitivity, but it is not practical for the long-term manage-
ment of diabetes. Drinking oxygen-enriched water may be a viable option for oxygen sup-
plementation, as oxygen can be absorbed into the circulation from the gastrointestinal
tract. The study investigated the effects of oxygen-enriched bottled drinking water on ar-
terial oxygen levels and mitochondrial function in cultured cells (140).

Patients undergoing major spine surgery are at risk of postoperative complications,
including covert stroke and myocardial infarction, which can be asymptomatic. Intraoper-
ative tissue oxygen desaturation is expected due to significant blood loss and hemody-
namic changes during major spine surgeries (141). In addition, the oxygen level in micro-
circulatory tissues is related to kidney function after transcatheter aortic valve implanta-
tion (142).

Drag-reducing polymers can modulate hemorheological mechanisms by increasing
arteriolar blood volume flow and reducing pressure loss across the arterial network. These
mechanisms lead to an increase in precapillary blood pressure, enhancing capillary per-
fusion and improving tissue oxygenation. Drag-reducing polymers resuscitation fluids
can restore adequate capillary perfusion to maintain homeostasis, remove metabolic
waste products, and overcome deficits in oxygen delivery (143).

Sufficient oxygenation is crucial for wound healing, and lack of it can lead to ulcers.
Chronic Venous Insufficiency (CVI) can impair microcirculation, leading to skin changes
and ulcer formation. However, the correlation between CVI and tissue oxygenation is un-
clear, and TcPO2 measurement can help predict wound healing. In this study, TcPO2 in
advanced CVI stages was compared to the unaffected limb to understand better the dis-
ease process, prognosis, and effectiveness of treatments. The hypothesis was that tissue
oxygenation progressively decreases with CVI severity (144).

Diabetic foot callus increases the risk of ulcers, and scalpel debridement is a standard
procedure to remove dead tissue. However, the outcome may depend on the clinician's
experience. Therefore, tissue oxygenation measurements are obtained before and after the
procedure to standardize the process and study its effects on callus tissue (145).

Radiation dermatitis (RD) is a common adverse reaction experienced by over 95% of
breast cancer patients undergoing radiation therapy (RT). Non-contact near-infrared
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spectroscopy (NIRS) based imaging was used to correlate sub-clinical tissue oxygenation
changes with RD grading in irradiated and surrounding non-irradiated tissues in breast
cancer patients undergoing RT. Was found a negative correlation between the severity of
RD and tissue oxygen saturation, with a drop in saturation correlated with increased se-
verity of RD. Pre-RT assessment of tissue oxygen saturation could predict the risk of ad-
verse reactions during RT, while post-RT assessment could be used to monitor recovery
(146).

Older patients with vasovagal syncope and orthostatic hypotension seem to tolerate
deoxygenation during orthostatic provocation better than younger patients, which could
be explained by the shorter cerebral anoxia reserve time in young individuals. However,
further research is needed to study the cognitive function concerning deoxygenation dur-
ing the presyncopal phase (147).

6.3. New data regarding tissue oxygenation in the therapeutic context

The use of blood laser irradiation improves tissue oxygenation and enhances the
morphofunctional activity of blood, with energetic effects comparable to antibiotics. Com-
bining blood laser irradiation with oral or intramuscular antibiotic administration leads
to higher drug saturation in the blood compared to intramuscular injection alone. In ad-
dition, this technique accelerates functional restoration, stimulates adaptational ability,
and stabilizes the hormonal state (148).

Photodynamic therapy (PDT) is a practical approach for dealing with drug-resistant
bacterial infections, but it is challenging to implement in hypoxic environments found in
intractable disorders like refractory keratitis and periodontitis. Algae oxygen generation
under light irradiation is a promising solution to increase oxygen supply, especially for
chronic infections. Modified cyanobacteria have been developed to enhance oxygen pro-
duction and photodynamic generation of free radicals, thereby improving bacteria elimi-
nation and biofilm removal (149).

Efficient wound healing requires coordinated processes in skin cell migration and
adhesion. Gas plasma technology promotes skin regeneration through the generation of
therapeutic reactive species. However, the underlying molecular mechanisms that regu-
late gas plasma-aided cell adhesion and matrix remodeling are unclear. In vitro and in
vivo studies showed that gas plasma exposure changed the phosphorylation of signaling
molecules and affected adhesion receptors, structural proteins, and gene transcription as-
sociated with wound healing. Gas plasma exposure also increased tissue oxygenation and
skin perfusion during wound healing. These results provide insights into the molecular
machinery of gas plasma-assisted wound healing mechanisms (150).

Guiding therapy based on brain tissue oxygenation (PbtO2) can improve neurologi-
cal outcomes in patients with traumatic brain injury (151). PbtO2 monitoring provides
essential information about tissue oxygenation, which can help initiate therapies even
when normal intracranial pressure values. Brain oxygen values balance oxygen delivery,
consumption, and extraction (151).

Recently, researchers have explored photosynthetic microalgae as a source of oxygen
in tissue engineering. Studies have shown that microalgae, such as Chlorella sorokiniana
and Chlamydomonas reinhardtii, can generate sufficient oxygen for tissue constructs under
in vitro anoxic conditions. Different methods have been used, such as co-encapsulating
microalgae and cells in alginate beads or collagen scaffolds and 3D bioprinting microalgae
and cells (152). One of the challenges in tissue engineering is controlling the oxygen sup-
ply to cells for their survival and differentiation. A noninvasive optical method using ox-
ygen-sensitive microbeads embedded in 3D-printed cellular constructs allows the map-
ping of oxygen tension in cellular microenvironments. Oxygen levels can be controlled
through blueprint design, and monitoring over time allows control over tissue construct
development. This method can be used to time a switch from growth to differentiation
media when desired oxygen microenvironments are achieved (153).
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The use of cold plasma treatment in wound healing increases oxygen delivery and
supports tissue angiogenesis. Using hyperspectral imaging (HSI), researchers could detect
a significant difference in absorption spectra between plasma-treated and untreated
wounds during the early and late phases of healing. HSI showed increased oxygen satu-
ration, perfusion, and hemoglobin concentration and decreased water content in plasma-
treated wounds (41). HSI was able to detect changes in tissue oxygenation and perfusion
during shock and assess resuscitation effectiveness. It also showed that skin oxygenation
measurements could reflect kidney function, indicating the potential to monitor skin mi-
crocirculatory changes during circulatory compromise to assess organ oxygenation. HSI
parameters could be used for tissue-perfusion-guided therapy. The combined evaluation
of tissue oxygenation, hemoglobin, and water content could open up new possibilities for
hemodynamic management guidance, requiring future interventional trials for validation
(154).

During high-intensity exercise, hyperventilation can lead to hypocapnia and cause
cerebral vasoconstriction, reducing cerebral oxygen delivery and tissue oxygenation. Ti-
betans may have superior aerobic performance due to their ability to maintain higher cer-
ebral tissue oxygenation in normoxia. Studies have found that Tibetans have a tremen-
dous increase in internal carotid artery blood velocity and estimated cerebral oxygen de-
livery during exercise compared to Han Chinese, but the effect of hypoxia on cerebral
perfusion response varies among populations (155).

Plyometric exercises use anaerobic energy metabolism and rely on the phosphagen
system for high-intensity exercise. Oxygen availability plays a critical role in the resynthe-
sis of high-energy phosphates required for muscle recovery. After a plyometric training
session, muscle oxygen desaturation was observed, and recovery was complete within
one minute. The recovery time for muscle re-oxygenation may depend on exercise mode
and intensity (156).

Cerebral oxygenation is protected post-orthostasis at high altitudes, while peripheral
oxygenation is reduced. This indicates a different regulation in the cerebral and peripheral
circulations and suggests an adaptive response to maintain cerebral oxygenation during
orthostasis at high altitudes. Short-term acclimatization did not change the oxygenation
response (157).

Hypoxemia and hypoxia can occur in low-oxygen or low-pressure environments, re-
ducing tissue oxygen saturation. Hypoxic hypoxia, resulting from low pressure, is com-
mon in mountaineering, aviation, and military activities. Normobaric hypoxia, achieved
through reduced FiO2, is used in research to examine the physiological and cognitive ef-
fects of hypoxia. Near-infrared spectroscopy measures peripheral tissue oxygen satura-
tion (5tO2), which can detect fatigue- and dose-dependent changes in hypoxic-related tis-
sue saturation. In addition, psychomotor vigilance testing (PVT) is used to assess cogni-
tive function and reaction time under hypoxic and fatigued conditions. Combining phys-
iological and cognitive measures can provide valuable information for mission planning
and countermeasure development in high-stress activities.

Hyperbaric oxygen treatment (HBO) increases the dissolved oxygen in the blood and
can have therapeutic effects, but its impact on tissue blood flow has been under-re-
searched. Peripheral blood flow decreased early in the HBO exposure but increased as the
exposure continued. Fluctuations in peripheral blood flow were more significant in the
limbs than in the ear, possibly due to environmental factors (158).

7. Meta-Analysis

Based on the PICOT analysis, the studies can be compared and evaluated based on
their ability to accurately and reliably measure tissue oxygenation or cerebral oximetry in
adult patients with vascular or neurological disorders who require monitoring.

Population: Adult patients with vascular or neurological disorders who require tis-
sue oxygenation or cerebral oximetry monitoring.
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Intervention: Various monitoring devices are used to measure tissue oxygenation or
cerebral oximetry, including vacuum suspension, O3 regional somatic tissue oxygenation
monitor, near-infrared spectroscopy, brain oxygenation monitor, and Nonin 4 wavelength

cerebral oximeter.

Comparison: There may not be a direct comparison between the devices used in each
study, but they can be compared based on their efficacy in measuring tissue oxygenation

or cerebral oximetry.

Outcome: The primary outcome is the accuracy and reliability of the different moni-

toring devices in measuring tissue oxygenation or cerebral oximetry.

Time: The studies can be conducted over several months to years, depending on the

number of participants and the monitoring device used.

Table 2. Studies selected after searching for completed studies by “tissue oxygenation” on

https://clinicaltrials.gov/.
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Figure 3. Meta-Analysis regarding the dichotomic outcome of patients vs. healthy subjects.

8. Discussion
Discuss the current understanding of tissue oxygenation homeostasis

Tissue oxygenation homeostasis is a delicate balance between oxygen supply and
demand within cells and tissues. The current understanding is that adequate tissue oxy-
genation is necessary for the normal functioning of cells and organs and that tissue hy-
poxia can lead to a range of pathological conditions. The primary mechanism for main-
taining tissue oxygenation is through the delivery of oxygen by the circulatory system.
Oxygen is transported in the blood by hemoglobin, and a complex interplay of factors,
including blood flow, cardiac output, oxygen saturation, and tissue perfusion, regulate
oxygen delivery. In addition, the cellular mechanisms that regulate oxygen utilization,
such as the activity of mitochondrial enzymes, play a critical role in maintaining tissue
oxygenation homeostasis (159).

Tissue oxygenation homeostasis is critical in maintaining normal physiological func-
tion in the human body. In healthy individuals, oxygen supply to tissues is regulated by
a complex interplay between the cardiovascular and respiratory systems. The partial pres-
sure of oxygen in the arterial blood is the primary determinant of oxygen delivery to tis-
sues, which is influenced by several factors, such as blood flow, hemoglobin concentra-
tion, and tissue oxygen consumption. In pathophysiological circumstances, tissue oxygen-
ation homeostasis can be altered due to various factors, such as decreased oxygen supply,
increased oxygen demand, and impaired oxygen utilization. For example, in conditions
like ischemia, hypoxia, or shock, the body's ability to supply oxygen to tissues may be
compromised, leading to tissue damage and dysfunction. In addition, therapeutic
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interventions can also affect tissue oxygenation homeostasis. For instance, administering
supplemental oxygen, mechanical ventilation, or vasoactive drugs may improve tissue
oxygenation in certain conditions. However, these interventions can also have adverse
effects, such as oxygen toxicity, impaired microcirculation, or tissue damage (160).

The microcirculatory system is essential to the human body’s circulatory system. It
delivers oxygen and nutrients to the cells and removes metabolic waste. It is also the site
of many physiological processes, including autoregulation, vasomotion, and capillary fil-
tration. Microcirculation impairment is associated with various diseases and disorders,
including diabetes, systemic sclerosis, multiple organ dysfunction syndrome, and trauma.
In addition, smoking and obesity can also affect microcirculation, leading to an increased
risk of tissue injury and impaired wound healing (161).

The systematic review article presents current data regarding the homeostasis of tis-
sue oxygenation in pathophysiological and therapeutic circumstances. The findings of the
selected studies suggest that various factors influence tissue oxygenation and are highly
context-dependent. The review highlights the importance of understanding the underly-
ing mechanisms of tissue oxygenation homeostasis in different physiological and patho-
logical conditions, as this knowledge can guide the development of targeted interventions
to improve tissue oxygenation and prevent tissue damage. Additionally, the review high-
lights the need for further research to understand better the complex interplay between
oxygen supply, utilization, and demand in tissues and to develop more effective thera-
peutic strategies to maintain tissue oxygenation homeostasis in diverse clinical contexts.

Physiopathology Therapeutical context
o' 12080 w -
O; . Capnography Waveforms: - = _
1 Stroke . ‘ Oxygen therapy
L i Traumatic S
Laser Doppler Hyperspectrallmagmg brain injury E}‘ ﬂ § Therapeutic gases
Coronary o Fluid
artery disease ¥~ ‘ -!i’ resuscitation
AIR } Atherosclerosm - y } '- <
) Ise oximet A v , @8 Blood
Near-infrared spectroscopy s \ rv l Anemia ! transfusions
(NIRS) : _;;',;-,-'-‘ \ L N
- : g COPD (&) Y W A2 Vasoactive
medications

Asthma 'a

8

ALVEQULES ‘ "l Transcutaneous Obesity‘h Physical therapy
\ ARTERIES Oxygen Monitoring Perip.hemll‘ ' Hydrotherapy
arterial disease

Diabetes

ARTERIOLES

APOPTOS ]
PRE-CAPILLARY . |
Arteriols \ \ )
REDOX &
CAPILLARY signalinif W ¥ -
g; w G LGFR2
o TISSUE |nterst|t|um “\ . |
!z RONIDE "101(’ g e
""""""'nmwm‘ . RADI(/\L

w'/

Inflammation

—

DIFFUSION

Figure 4. The complex levels of tissue oxygenation homeostasis analysis and measurement methods.
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There have been significant scientific advances in the field of tissue oxygenation ho-
meostasis in recent years. These include the development of new technologies for meas-
uring tissue oxygenation, such as near-infrared spectroscopy and polarography, which
provide more accurate and detailed information about tissue oxygen levels. Additionally,
studies have uncovered new mechanisms by which the body regulates tissue oxygenation,
including the role of microvascular networks and angiogenesis. The discovery of hypoxia-
inducible factor (HIF) has also been a significant advance, as it plays a crucial role in reg-
ulating the body's response to low oxygen levels. Finally, there have been advances in the
use of oxygen therapies, such as hyperbaric oxygen therapy and normobaric oxygen ther-
apy, which have been shown to improve tissue oxygenation in various conditions (162).

Although there has been significant progress in our understanding of tissue oxygen-
ation homeostasis, there are still gaps in our knowledge. One significant gap is the lack of
comprehensive studies on the molecular mechanisms underlying tissue oxygenation reg-
ulation, particularly in different pathological conditions. Additionally, there is a need for
more studies on the effects of environmental factors on tissue oxygenation, such as tem-
perature, humidity, and altitude. Another gap is the limited understanding of the interac-
tions between tissue oxygenation and the immune system, especially in inflammation and
infection. Finally, there is a need for more research on the impact of lifestyle factors, such
as diet and exercise, on tissue oxygenation homeostasis (163).

One of the limitations of current research methods in studying tissue oxygenation
homeostasis is the invasive nature of some techniques used to measure tissue oxygen lev-
els (164). For instance, using oxygen-sensitive electrodes or microelectrodes, while precise,
requires the insertion of a probe into the tissue, which can damage and alter the tissue
oxygenation levels. Additionally, the use of animal models to study tissue oxygenation
homeostasis may not fully translate to human physiology due to inter-species differences.
Furthermore, the current understanding of tissue oxygenation homeostasis is mainly lim-
ited to a few organs, such as the brain and heart, and more research is needed to under-
stand tissue oxygenation in other organs and tissues. Finally, some of the current research
is limited to specific pathological conditions, and more studies are required in order to
fully understand the dynamics of tissue oxygenation homeostasis in healthy individuals
(165).

9. Conclusions

Living systems are autonomous and complex and exist in a state of bounded insta-
bility in which there is an ever-present dynamic balance between order and disorder at
the edge of chaos. Living systems are open to their environment, interact with it, and have
information, energy, and physical material flows with it. Various therapeutic interven-
tions are available for restoring tissue oxygenation homeostasis. The choice of interven-
tion will depend on the underlying pathology, the severity of the tissue hypoxia, and the
patient's clinical status. Monitoring tissue oxygenation parameters and adjusting therapy
to achieve optimal tissue oxygenation levels is essential. A holistic approach to tissue ox-
ygenation homeostasis involves addressing systemic and local factors contributing to ox-
ygenation. Systemic factors include adequate ventilation and oxygenation, sufficient car-
diac output, and appropriate hemoglobin levels. Local factors include maintaining ade-
quate microcirculation, avoiding pressure on tissues, and addressing any underlying tis-
sue damage or inflammation.

In conclusion, tissue oxygenation homeostasis is critical to maintaining normal phys-
iological function in the human body. The understanding of tissue oxygenation has ad-
vanced significantly in recent years thanks to advances in technology and research. How-
ever, gaps in our knowledge and limitations of current research methods still need to be
addressed. Therefore, future research in this area should focus on exploring the molecular
mechanisms of tissue oxygenation, developing novel therapeutic interventions to opti-
mize tissue oxygenation, and managing the gaps in our knowledge of tissue oxygenation
in specific pathological conditions.
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