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ABSTRACT

Hypoxia is a complex multisystemic condition characterized by insufficient oxygen availability
at the tissue level, producing progressive dysfunction involving the pulmonary, cardiovascular,
and neurological systems. Although traditionally associated with respiratory failure,
contemporary evidence demonstrates that hypoxia activates interconnected physiological,
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inflammatory, vascular, metabolic, and neurological pathways capable of generating widespread
systemic injury. The objective of this review was to analyze the principal mechanisms through
which hypoxia contributes to pulmonary, cardiovascular, and neurological dysfunction,
emphasizing the integrated interactions between these systems and their clinical implications in
modern medicine. This review was developed using a structured narrative methodology based on
scientific literature indexed in international databases including PubMed, Scopus, Google
Scholar, Europe PMC, Elsevier, and SpringerLink. The investigation integrated evidence from
pulmonology, cardiology, neurology, critical care medicine, and vascular physiology in order to
evaluate the systemic consequences of acute, chronic, and intermittent hypoxia. Special attention
was given to molecular mechanisms such as hypoxia-inducible factor activation, oxidative stress,
endothelial dysfunction, autonomic imbalance, mitochondrial injury, inflammatory cytokine
release, and vascular remodeling. The findings demonstrate that pulmonary dysfunction initiates
hypoxemia through mechanisms including ventilation-perfusion mismatch, diffusion
impairment, hypoventilation, and shunt physiology. Cardiovascular adaptation initially attempts
to preserve oxygen delivery through sympathetic activation and pulmonary vasoconstriction;
however, prolonged hypoxic exposure contributes to pulmonary hypertension, right ventricular
overload, endothelial dysfunction, arrhythmogenic instability, and impaired systemic perfusion.
Neurological consequences include neuroinflammation, excitotoxicity, cognitive impairment,
cerebral autoregulatory dysfunction, and hypoxic-ischemic injury due to the high metabolic
vulnerability of neuronal tissue. Intermittent hypoxia, particularly in obstructive sleep apnea, was
associated with substantial cardiovascular and neurocognitive consequences related to oxidative
stress and autonomic dysregulation.

KEYWORDS

Hypoxia, Hypoxemia, Pulmonary Dysfunction, Cardiovascular Disease, Neurological Injury, Pulmonary
Hypertension, Oxidative Stress, Neuroinflammation, Endothelial Dysfunction, Brain-Lung Interaction, Oxygen
Deprivation, Critical Care, Systemic Inflammation, Chronic Obstructive Pulmonary Disease, Obstructive Sleep Apnea

INTRODUCTION

Hypoxia represents one of the most clinically significant and physiologically complex conditions encountered in
modern medicine due to its capacity to simultaneously compromise pulmonary, cardiovascular, and neurological
homeostasis. Although oxygen deprivation has traditionally been approached from an isolated organ-system
perspective, increasing evidence demonstrates that hypoxia should instead be understood as a multisystemic process
characterized by dynamic interactions between respiratory insufficiency, cardiovascular adaptation, endothelial
dysfunction, inflammatory activation, and neurological injury [1], [3]. These interactions are particularly relevant in
critically ill patients, individuals with chronic pulmonary disease, cardiovascular disorders, sleep-related breathing
disturbances, sepsis, and acute neurological injury, where tissue oxygen imbalance may trigger progressive systemic
deterioration [4], [5].

The lungs serve as the primary interface for oxygen exchange, making pulmonary dysfunction one of the principal
initiating factors in systemic hypoxia. Conditions such as chronic obstructive pulmonary disease (COPD), acute
respiratory distress syndrome (ARDS), pulmonary hypertension, pneumonia, and interstitial lung diseases can severely
impair alveolar ventilation and diffusion capacity, leading to sustained hypoxemia and widespread tissue injury [6],
[11]. Persistent reductions in arterial oxygen tension activate compensatory physiological responses intended to
preserve organ perfusion; however, prolonged activation of these mechanisms frequently contributes to additional
systemic complications. Vasoconstriction, increased sympathetic activity, oxidative stress, mitochondrial dysfunction,
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and inflammatory cascades may initially serve adaptive roles but eventually promote cardiovascular strain and
neurological compromise [3], [5].

From a cardiovascular perspective, hypoxia induces profound hemodynamic and cellular alterations. Reduced oxygen
availability stimulates sympathetic nervous system activation, increases myocardial oxygen demand, alters vascular
tone, and promotes endothelial dysfunction [4]. These responses are especially relevant in patients with pulmonary
hypertension and chronic lung disease, where hypoxia-mediated pulmonary vasoconstriction contributes to right
ventricular overload and progressive heart failure [8], [9]. Furthermore, intermittent and chronic hypoxic exposure
have been associated with arrhythmogenesis, systemic hypertension, accelerated atherosclerosis, myocardial ischemia,
and impaired cardiac remodeling [5], [19]. The relationship between pulmonary and cardiovascular dysfunction
therefore constitutes a bidirectional pathophysiological process in which respiratory compromise worsens cardiac
performance while cardiovascular insufficiency further impairs oxygen delivery to peripheral tissues.

Neurological involvement in hypoxic states represents another critical dimension of systemic dysfunction. The brain
possesses high metabolic demand and limited tolerance to oxygen deprivation, rendering neural tissue particularly
susceptible to hypoxic injury [17]. Even transient episodes of oxygen deficiency may disrupt neuronal metabolism,
neurotransmitter balance, and cerebral autoregulation, potentially leading to cognitive impairment, delirium, ischemic
injury, or long-term neurodegeneration [18]. In severe forms of hypoxia, especially in critical care settings, cerebral
edema, excitotoxicity, neuroinflammation, and blood-brain barrier disruption can contribute to irreversible
neurological damage [15]. Additionally, contemporary evidence suggests the existence of a complex “brain-lung axis,”
where pulmonary injury can exacerbate neurological dysfunction and acute brain injury may simultaneously worsen
pulmonary outcomes through inflammatory and autonomic mechanisms [15], [16].

The growing recognition of these multisystem interactions has become increasingly important in contemporary clinical
practice due to the rising global burden of chronic respiratory diseases, cardiovascular disorders, obesity-related
hypoventilation syndromes, obstructive sleep apnea, and critical illness [7], [19]. The COVID-19 pandemic further
highlighted the clinical relevance of systemic hypoxia and its extrapulmonary manifestations, particularly through the
observation of cardiovascular injury, thrombotic complications, encephalopathy, and persistent neurocognitive
sequelae associated with severe respiratory failure [3]. Consequently, understanding the mechanisms through which
hypoxia affects interconnected organ systems is essential for improving early recognition, therapeutic interventions,
and long-term patient outcomes.

Previous investigations have explored isolated aspects of hypoxia-related injury, including pulmonary gas exchange
abnormalities, cardiovascular adaptation to oxygen deprivation, and cerebral responses to reduced oxygen delivery [1],
[4], [17]. However, despite substantial advances in each individual field, many studies continue to evaluate these
systems independently rather than as components of an integrated physiological network. Current literature
increasingly supports the concept that pulmonary, cardiovascular, and neurological dysfunction coexist within a
complex pathophysiological continuum influenced by inflammation, endothelial injury, oxidative stress, neurohumoral
activation, and metabolic dysregulation [3], [5], [9]. This integrated perspective remains particularly valuable in
educational and clinical settings because it facilitates a broader understanding of disease progression and supports
multidisciplinary approaches to patient care.

The present review article was developed to analyze the mechanisms through which hypoxia contributes to systemic
dysfunction involving the pulmonary, cardiovascular, and neurological systems, emphasizing the physiological and
pathological interactions that connect these organ systems. The review also examines current evidence regarding acute
and chronic hypoxic injury, adaptive responses, inflammatory pathways, hemodynamic alterations, and neurocognitive
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consequences associated with oxygen deprivation. Particular attention is given to the clinical implications of chronic
respiratory diseases, pulmonary hypertension, critical illness, and sleep-related hypoxic disorders due to their
increasing prevalence worldwide.

This review was designed using a structured narrative approach based on the analysis of contemporary scientific
literature indexed in international databases including PubMed, Scopus, and peer-reviewed medical journals. The
methodological strategy focused on the identification of high-impact studies, clinical guidelines, systematic reviews,
and pathophysiological investigations related to hypoxia and multisystem dysfunction. Literature selection prioritized
recent evidence while also incorporating foundational studies necessary to explain the evolution of current concepts
regarding hypoxia-induced systemic injury. The organization of the review aligns with the central research objective
of understanding how pulmonary dysfunction contributes to cardiovascular and neurological alterations through
interconnected biological mechanisms.

The primary research question guiding this article is whether hypoxia should be interpreted not merely as a respiratory
abnormality but as a systemic pathological process capable of simultaneously altering pulmonary, cardiovascular, and
neurological function. The article further explores how chronic and acute hypoxic exposure influence inflammation,
endothelial injury, autonomic imbalance, and tissue perfusion, ultimately contributing to progressive multisystem
dysfunction. By integrating evidence from pulmonology, cardiology, and neurology, this review seeks to provide a
comprehensive educational framework that may facilitate deeper understanding among medical students, healthcare
professionals, and researchers interested in the systemic consequences of oxygen deprivation.

Ultimately, recognizing hypoxia as a multidimensional process rather than a purely pulmonary phenomenon may
contribute to earlier diagnosis, more integrated therapeutic strategies, and improved interdisciplinary clinical
management. Understanding these interactions remains essential in modern medicine, particularly in an era
characterized by increasing prevalence of chronic cardiopulmonary disease, critical illness, aging populations, and
complex systemic disorders associated with impaired oxygen homeostasis [5], [7], [19].

DEVELOPMENT

Hypoxia is a systemic physiological disturbance that extends beyond the simple reduction of oxygen availability.
Although it is frequently identified through pulmonary parameters such as arterial oxygen saturation, partial pressure
of oxygen, or respiratory failure, its biological impact involves multiple organs that depend on adequate oxygen
delivery to preserve cellular metabolism. In clinical and pathophysiological terms, hypoxia can be understood as a
state in which oxygen supply becomes insufficient to meet tissue demand, leading to adaptive responses that may
become harmful when exposure is severe, prolonged, or recurrent [1], [2]. This condition is especially important
because the lungs, heart, and brain do not respond to oxygen deprivation independently; instead, they interact through
hemodynamic, inflammatory, autonomic, metabolic, and endothelial pathways.

At the pulmonary level, hypoxia commonly originates from mechanisms such as ventilation-perfusion mismatch,
alveolar hypoventilation, diffusion impairment, right-to-left shunt, and reduced inspired oxygen pressure [1]. Among
these mechanisms, ventilation-perfusion mismatch is particularly relevant in diseases such as chronic obstructive
pulmonary disease, pneumonia, pulmonary embolism, and acute respiratory distress syndrome, where some lung
regions receive oxygen but inadequate perfusion or, conversely, perfusion without sufficient ventilation. This
imbalance reduces arterial oxygenation and forces compensatory mechanisms that include increased respiratory drive,
tachypnea, pulmonary vasoconstriction, and greater work of breathing [1], [6]. Initially, these mechanisms attempt to
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preserve oxygen delivery; however, when maintained over time, they increase cardiopulmonary stress and may
accelerate systemic deterioration.

Chronic respiratory diseases provide a clear example of how pulmonary hypoxia becomes systemic. In chronic
obstructive pulmonary disease, persistent airflow limitation, alveolar destruction, small airway inflammation, and
impaired gas exchange promote chronic hypoxemia, especially during exertion, sleep, and advanced disease stages [6],
[7]. This sustained hypoxic exposure contributes to pulmonary vascular remodeling, increased pulmonary arterial
pressure, and progressive right ventricular overload. Over time, the right ventricle must generate higher pressures to
maintain pulmonary circulation, which can result in right-sided heart failure, reduced cardiac output, and worsening
peripheral oxygen delivery [8], [9]. Therefore, the pulmonary origin of hypoxia can evolve into a cardiovascular
syndrome characterized by hemodynamic compromise and systemic consequences.

The cardiovascular response to hypoxia is complex because it involves both compensatory and pathological processes.
Acute hypoxia stimulates sympathetic nervous system activation, increasing heart rate, myocardial contractility, and
systemic vascular tone to maintain oxygen delivery to vital organs [4], [5]. However, these mechanisms also increase
myocardial oxygen demand, which can be harmful in patients with coronary artery disease, heart failure, pulmonary
hypertension, or arrhythmogenic susceptibility. At the cellular level, hypoxia activates hypoxia-inducible factors,
oxidative stress pathways, mitochondrial dysfunction, inflammatory mediators, and endothelial changes that influence
vascular remodeling, angiogenesis, metabolism, and myocardial adaptation [3], [5]. When these responses become
persistent, they may contribute to hypertension, ventricular dysfunction, arrhythmias, and progressive cardiovascular
disease.

Pulmonary hypertension represents one of the most clinically significant links between hypoxia and cardiovascular
dysfunction. Chronic alveolar hypoxia induces pulmonary vasoconstriction, a protective mechanism intended to
redirect blood flow toward better ventilated lung regions. Nevertheless, when hypoxia becomes diffuse or sustained,
this vasoconstriction becomes maladaptive and contributes to structural remodeling of pulmonary arteries [8], [10].
The consequence is a progressive elevation of pulmonary vascular resistance, which places pressure overload on the
right ventricle. This mechanism explains why patients with chronic lung disease may develop cor pulmonale and why
pulmonary hypertension is associated with worse functional capacity, higher morbidity, and increased mortality [8],

[9].

Intermittent hypoxia, particularly in obstructive sleep apnea, offers another model of systemic dysfunction. Unlike
continuous hypoxia, intermittent hypoxia exposes tissues to repeated cycles of oxygen desaturation and reoxygenation.
These cycles promote oxidative stress, sympathetic activation, endothelial dysfunction, systemic inflammation, and
metabolic dysregulation [19], [20]. As a result, obstructive sleep apnea has been associated with arterial hypertension,
atrial fibrillation, coronary artery disease, heart failure, stroke, and cognitive impairment [19], [20]. This demonstrates
that the pattern of hypoxic exposure is clinically relevant: intermittent hypoxia may produce disproportionate systemic
effects because repeated reoxygenation episodes generate inflammatory and oxidative injury similar to ischemia-
reperfusion phenomena.

The neurological consequences of hypoxia are especially important because the brain has high oxygen requirements
and limited energy reserves. Neurons depend heavily on aerobic metabolism to maintain membrane potentials, synaptic
transmission, neurotransmitter balance, and cellular integrity [17]. When oxygen availability decreases, mitochondrial
ATP production falls, ion gradients become unstable, glutamate excitotoxicity may occur, and calcium overload can
activate enzymatic pathways that damage cellular structures. In acute severe hypoxia, these mechanisms may lead to
neuronal death, cerebral edema, seizures, coma, or hypoxic-ischemic brain injury [17]. In chronic or intermittent
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hypoxia, the consequences may be more subtle but clinically relevant, including impaired attention, memory
alterations, executive dysfunction, mood disturbances, and reduced cognitive performance [18].

The relationship between hypoxia and neurological dysfunction is not limited to direct oxygen deprivation. Systemic
inflammation, endothelial dysfunction, microvascular injury, autonomic imbalance, and blood-brain barrier disruption
may also contribute to neurological injury [15], [16]. In critically ill patients, pulmonary disease can worsen cerebral
oxygenation through hypoxemia, hypercapnia, altered cerebral blood flow, and inflammatory mediator release.
Conversely, acute brain injury can worsen pulmonary function through neurogenic pulmonary edema, altered
respiratory drive, aspiration risk, ventilatory dysregulation, and systemic inflammatory activation [15], [16]. This
bidirectional relationship is commonly described as brain-lung interaction and is highly relevant in intensive care
medicine.

Acute respiratory distress syndrome is another condition in which hypoxia produces systemic consequences. ARDS is
characterized by diffuse inflammatory lung injury, increased alveolar-capillary permeability, pulmonary edema,
reduced lung compliance, and severe oxygenation impairment [11], [12]. Although ARDS is defined primarily by
respiratory criteria, its clinical impact is systemic. Patients frequently present with cardiovascular instability,
inflammatory activation, endothelial injury, renal dysfunction, delirium, and long-term neurocognitive sequelae. This
supports the idea that severe pulmonary hypoxia should not be interpreted only as a gas exchange abnormality but as
part of a broader inflammatory and multisystemic syndrome [11], [12].

Sepsis further illustrates the distinction between hypoxemia and tissue hypoxia. In septic shock, arterial oxygenation
may be apparently acceptable in some cases, but tissue oxygen utilization can be impaired due to microcirculatory
dysfunction, mitochondrial injury, endothelial damage, and abnormal oxygen extraction [13]. This means that hypoxia
may occur at the cellular level even when conventional oxygen saturation values are not profoundly reduced.
Therefore, evaluating systemic oxygenation requires more than pulse oximetry; it also requires understanding
perfusion, hemoglobin concentration, cardiac output, lactate production, tissue extraction, and cellular metabolic
function [2], [13].

From an educational and clinical perspective, one of the most important arguments is that oxygen delivery depends on
the integration of pulmonary gas exchange, hemoglobin concentration, cardiac output, vascular distribution, and tissue
extraction. A patient may develop hypoxia due to respiratory failure, anemia, circulatory shock, mitochondrial
dysfunction, or increased metabolic demand. This integrated model is essential for medical students because it prevents
a narrow interpretation of hypoxia as merely “low oxygen saturation.” Instead, hypoxia should be analyzed as a
continuum involving oxygen intake, transport, distribution, and cellular utilization [1], [2].

In Latin American and international contexts, including Mexico, Colombia, and Ecuador, the study of hypoxia has
educational and public health relevance due to the coexistence of chronic respiratory disease, cardiovascular morbidity,
critical care limitations, environmental exposures, altitude-related physiology, and increasing prevalence of obesity
and sleep-disordered breathing. Although the biological mechanisms of hypoxia are universal, their clinical expression
may vary according to population characteristics, access to healthcare, diagnostic availability, altitude, comorbidity
burden, and health system capacity. For this reason, an international review with Latin American participation allows
the topic to be approached from a broader perspective, integrating global scientific evidence with regional clinical
relevance.
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The systemic consequences of hypoxia also have therapeutic implications. Oxygen therapy may be lifesaving in acute
hypoxemia, but its use must be individualized because both insufficient oxygenation and excessive oxygen exposure
can be harmful in specific clinical scenarios [14]. In patients with COPD, uncontrolled oxygen administration may
worsen hypercapnia in susceptible individuals, whereas in critically ill patients, delayed correction of hypoxemia may
increase the risk of organ injury [6], [14]. Similarly, mechanical ventilation strategies must balance lung protection
with adequate cerebral and cardiovascular oxygen delivery, especially in patients with brain injury or hemodynamic
instability [15]. Thus, the management of hypoxia requires an integrated understanding of pulmonary mechanics,
cardiovascular function, and neurological vulnerability.

GENERAL OBJECTIVE AND SPECIFIC OBJECTIVES

To analyze the pathophysiological mechanisms and systemic consequences of hypoxia through the integrated study of
pulmonary, cardiovascular, and neurological interactions, emphasizing the clinical, physiological, and
multidisciplinary implications of oxygen deprivation in contemporary medical practice.

A. Cognitive Domain

1. To describe the physiological mechanisms involved in oxygen transport, tissue perfusion, and cellular oxygen
utilization within the pulmonary, cardiovascular, and neurological systems.

2. To analyze the principal causes of hypoxia, including ventilation-perfusion mismatch, diffusion impairment,
hypoventilation, pulmonary vascular disease, and circulatory dysfunction.

3. To explain the molecular and cellular pathways activated during hypoxic states, particularly hypoxia-
inducible factors, oxidative stress, inflammatory mediators, endothelial dysfunction, and mitochondrial
alterations.

4. To identify the cardiovascular consequences associated with acute and chronic hypoxia, including pulmonary
hypertension, right ventricular dysfunction, arrhythmias, endothelial injury, and impaired systemic perfusion.

5. To examine the neurological effects of oxygen deprivation, including cognitive impairment, cerebral
autoregulatory dysfunction, neuroinflammation, excitotoxicity, and hypoxic-ischemic injury.

B. Psychomotor Domain

8. To develop the ability to recognize clinical manifestations associated with hypoxia through the interpretation
of physiological parameters, respiratory findings, hemodynamic changes, and neurological alterations.

9. To apply integrated clinical reasoning in the analysis of patients presenting with respiratory insufficiency,
cardiovascular compromise, or neurological dysfunction associated with impaired oxygen delivery.

10. To differentiate the physiological and pathological responses to acute, chronic, and intermittent hypoxia in
diverse clinical contexts.

11. To utilize scientific literature databases and evidence-based medical resources for the identification, selection,
and interpretation of relevant studies related to systemic hypoxia.

12. To strengthen interdisciplinary analytical skills by correlating pulmonary, cardiovascular, and neurological
findings within a unified pathophysiological framework.

C. Affective Domain

13. . To promote awareness regarding the systemic impact of hypoxia and its implications for patient safety,
clinical outcomes, and quality of life.

14. To encourage multidisciplinary collaboration among healthcare professionals involved in the diagnosis,
monitoring, and management of patients affected by hypoxic disorders.

15. To foster critical thinking and scientific interest in the study of cardiopulmonary and neurological interactions
associated with oxygen deprivation.

16. To value the importance of evidence-based medicine in the understanding and management of complex
multisystemic conditions.
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17. To encourage professional responsibility and academic commitment toward the continuous study of
respiratory, cardiovascular, and neurological diseases associated with impaired oxygen homeostasis.

18. To recognize the educational and public health relevance of hypoxia-related diseases within international and
Latin American healthcare contexts, including Mexico, Colombia, and Ecuador.

OBJECT OF STUDY

This article was developed using a structured narrative review methodology supported by the principles of the scientific
method and evidence-based medicine. The methodological design was selected because it allows the integration,
analysis, and interpretation of current scientific evidence related to hypoxia and its pulmonary, cardiovascular, and
neurological interactions from a multidisciplinary perspective. The review was designed to provide a comprehensive
educational analysis of the physiological, molecular, and clinical mechanisms associated with systemic oxygen
deprivation.

The methodological approach combined elements of the Scientific Method and a Process-Based Methodology to
ensure organization, reproducibility, critical analysis, and logical integration of information. The Scientific Method
was applied through systematic identification of the research problem, formulation of guiding questions, literature
analysis, evidence interpretation, and synthesis of conclusions. Simultaneously, the Process-Based Methodology
facilitated the organization of the review into interconnected stages that allowed progressive development of the
investigation from literature collection to thematic integration.

Research Design

The study was conducted as a qualitative, descriptive, analytical, and integrative literature review. The design focused
on the interpretation of scientific evidence regarding hypoxia-induced systemic dysfunction affecting the respiratory,
cardiovascular, and neurological systems. The review emphasized pathophysiological mechanisms, clinical
manifestations, molecular pathways, hemodynamic alterations, and multidisciplinary interactions associated with
oxygen deprivation.

The investigation did not involve direct experimentation on human subjects, invasive procedures, biological sample
collection, or patient intervention. Instead, the article was based exclusively on the analysis of previously published
scientific literature obtained from international academic databases and peer-reviewed medical journals.

Research Question
The methodological process was guided by the following central research question:

e How does hypoxia contribute to interconnected pulmonary, cardiovascular, and neurological dysfunction
through systemic physiological and molecular mechanisms?
Additional secondary questions included:

e What are the principal pathophysiological mechanisms activated during acute, chronic, and intermittent
hypoxia?

e How does pulmonary dysfunction influence cardiovascular and neurological homeostasis?
Which molecular and inflammatory pathways are most strongly associated with systemic hypoxic injury?
What clinical implications arise from multisystem interactions associated with oxygen deprivation?

Information Sources
Scientific literature was obtained from internationally recognized academic and biomedical databases, including:

e PubMed/MEDLINE
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Scopus
Google Scholar
Europe PMC
Elsevier
e SpringerLink
Priority was given to peer-reviewed articles, systematic reviews, clinical guidelines, consensus statements,
physiological studies, and high-impact scientific publications related to pulmonology, cardiology, neurology, intensive
care medicine, vascular biology, and respiratory physiology.

Search Strategy

The literature search was conducted using combinations of Medical Subject Headings (MeSH) terms and scientific
keywords associated with hypoxia and systemic dysfunction. Examples of search terms included:

e “Hypoxia”
e “Hypoxemia”
e  “Pulmonary dysfunction”
e  “Pulmonary hypertension”
e “Cardiovascular adaptation to hypoxia”
“Brain-lung interaction”
e  “Neurological consequences of hypoxia”
e “Oxidative stress and hypoxia”
e “Hypoxia-inducible factors”
e  “Acute respiratory distress syndrome”
e  “Sleep apnea and cardiovascular disease”
Boolean operators such as AND, OR, and NOT were used to refine search sensitivity and specificity. Searches
prioritized articles published in English between 2010 and 2025, although landmark studies published before this
period were included when necessary to explain foundational physiological concepts.

Inclusion Criteria
The following inclusion criteria were applied:

Articles published in peer-reviewed journals.

Studies addressing pulmonary, cardiovascular, neurological, or systemic effects of hypoxia.

Research involving molecular, physiological, or clinical mechanisms associated with oxygen deprivation.
International clinical guidelines and consensus documents.

Systematic reviews, meta-analyses, observational studies, and experimental physiological investigations.
Publications available in English.

Literature indexed in reliable scientific databases.

Nk Wb =

Exclusion Criteria
The following exclusion criteria were established:

Non-scientific publications or non-peer-reviewed material.

Articles lacking sufficient methodological clarity.

Duplicate studies or incomplete publications.

Studies unrelated to systemic hypoxia or multisystem interactions.

Publications with insufficient relevance to pulmonary, cardiovascular, or neurological mechanisms.

SR WD

Literature Selection and Data Extraction
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After database identification, articles were screened based on title relevance, abstract evaluation, and full-text analysis.
Relevant studies were subsequently categorized according to thematic content, including:

Pulmonary physiology and gas exchange
Cardiovascular adaptation and dysfunction
Neurological injury associated with hypoxia
Molecular and inflammatory mechanisms
Oxidative stress and endothelial dysfunction
Sleep-related hypoxic disorders

Critical care and acute respiratory failure
Brain-lung interactions

Clinical implications and therapeutic considerations
Key findings from selected articles were extracted and synthesized through comparative analysis and thematic
Integration.

Analytical Framework

The analytical framework of the review was based on multidisciplinary integration. Evidence from pulmonology,
cardiology, neurology, vascular biology, and critical care medicine was correlated to explain how hypoxia affects
multiple organ systems simultaneously. The review prioritized mechanistic interpretation rather than isolated disease
description, allowing a broader understanding of systemic dysfunction.

Methodological Reliability and Replicability

To improve methodological reliability, only evidence obtained from recognized scientific databases and reputable
medical journals was included. The use of explicit inclusion criteria, standardized search terms, thematic
categorization, and systematic literature screening permits replication of the methodological process by other
researchers interested in the study of systemic hypoxia and multisystem dysfunction.

The organization of the methodology also facilitates reproducibility because each stage of literature identification,
selection, analysis, and synthesis is clearly described. Researchers applying similar search terms, databases, and
eligibility criteria could reproduce the review process and obtain comparable thematic findings.

Ethical Considerations

This review article was developed exclusively through the analysis of previously published scientific literature. No
direct patient participation, personal data collection, experimental intervention, or invasive procedures were performed
during the development of the study. Consequently, the investigation did not require institutional ethical committee
approval.

PHASES OF DEVELOPMENT
Phase 1: Identification and Definition of the Research Problem

The first phase consisted of identifying hypoxia as a relevant multisystemic medical problem with important
pulmonary, cardiovascular, and neurological implications. During this stage, the research team recognized that oxygen
deprivation should not be analyzed solely as a respiratory abnormality but rather as a complex physiological process
capable of affecting multiple organ systems simultaneously.
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The problem definition process involved preliminary exploration of contemporary scientific literature, epidemiological
relevance, and current clinical challenges associated with chronic respiratory diseases, pulmonary hypertension,
critical illness, sleep-related breathing disorders, cardiovascular dysfunction, and neurological injury. This stage
established the scientific and educational importance of understanding hypoxia through an integrated physiological
perspective.

Additionally, the researchers identified the need for an interdisciplinary review capable of connecting evidence from
pulmonology, cardiology, neurology, intensive care medicine, and vascular physiology. This phase also facilitated the
formulation of the central research question and the conceptual orientation of the study.

Phase 2: Literature Exploration and Preliminary Evidence Collection

The second phase involved the systematic exploration of scientific literature related to hypoxia and multisystem
dysfunction. During this stage, international academic databases including PubMed, Scopus, Google Scholar, Europe
PMC, Elsevier, and SpringerLink were consulted to identify relevant peer-reviewed publications.

The literature search process utilized combinations of scientific keywords and Medical Subject Headings (MeSH)
terms associated with pulmonary hypoxia, cardiovascular adaptation, neurological injury, oxidative stress, endothelial
dysfunction, pulmonary hypertension, brain-lung interaction, acute respiratory distress syndrome, and systemic oxygen
imbalance.

This phase allowed the identification of foundational studies, recent reviews, clinical guidelines, and experimental
investigations relevant to the topic. Publications were initially screened according to title relevance, publication
quality, and thematic relationship to the objectives of the study.

The preliminary evidence collection phase also enabled recognition of recurring physiological mechanisms across
multiple organ systems, including inflammatory activation, mitochondrial dysfunction, autonomic imbalance,
endothelial injury, and vascular remodeling associated with oxygen deprivation.

Phase 3: Selection and Classification of Scientific Evidence

During the third phase, the identified literature underwent a more rigorous selection and classification process
according to predefined inclusion and exclusion criteria. Full-text analysis was performed to determine scientific
relevance, methodological clarity, and applicability to the central objectives of the review.

Selected studies were organized into thematic categories to facilitate multidisciplinary analysis. The principal
categories included:

Pulmonary physiology and mechanisms of hypoxemia
Cardiovascular responses to acute and chronic hypoxia
Pulmonary hypertension and vascular remodeling
Neurological consequences of oxygen deprivation
Oxidative stress and inflammatory pathways

Brain-lung interaction

Critical care and systemic hypoxic injury

Obstructive sleep apnea and intermittent hypoxia
Endothelial dysfunction and microcirculatory alterations
Therapeutic implications of oxygen therapy

This classification process improved organization of the evidence and facilitated progressive integration of concepts
from different medical disciplines.
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Phase 4: Analytical Interpretation of Pathophysiological Mechanisms

The fourth phase focused on the analytical interpretation of the selected scientific evidence. During this stage,
physiological, molecular, and clinical findings from multiple studies were compared and integrated to explain the
systemic effects of hypoxia.

The researchers analyzed how pulmonary dysfunction contributes to cardiovascular and neurological injury through
interconnected mechanisms including sympathetic activation, oxidative stress, inflammatory cytokine release,
endothelial dysfunction, impaired tissue perfusion, mitochondrial injury, and autonomic dysregulation.

Special attention was given to identifying relationships between acute, chronic, and intermittent hypoxia. Comparative
interpretation allowed differentiation between adaptive physiological responses and maladaptive mechanisms
associated with disease progression and organ injury.

This phase also emphasized the integration of clinical and molecular evidence, permitting explanation of how
microscopic alterations such as mitochondrial dysfunction and inflammatory activation translate into macroscopic
clinical manifestations including pulmonary hypertension, right ventricular failure, arrhythmias, cognitive impairment,
and critical illness complications.

Phase 5: Integration of Multidisciplinary Scientific Evidence

The fifth phase involved the integration of evidence from pulmonology, cardiology, neurology, critical care medicine,
vascular biology, and respiratory physiology into a unified conceptual framework. Instead of evaluating each organ
system independently, the review emphasized the interconnected nature of systemic oxygen homeostasis.

This multidisciplinary integration allowed the article to explain how respiratory failure may trigger cardiovascular
compensation, how vascular dysfunction influences cerebral oxygen delivery, and how neurological injury may worsen
pulmonary outcomes through inflammatory and autonomic pathways.

The integration phase was particularly important because many published studies traditionally focus on isolated organ
dysfunction. By combining evidence from multiple specialties, the review aimed to provide a broader understanding
of hypoxia as a dynamic systemic process rather than a single-organ disorder.

Additionally, this stage incorporated international clinical perspectives relevant to healthcare systems in Mexico,
Colombia, Ecuador, and other global contexts where chronic respiratory disease, cardiovascular morbidity, sleep
disorders, and critical illness continue to represent significant public health challenges.

Phase 6: Development of the Educational and Clinical Discussion

During the sixth phase, the integrated evidence was organized into educational and clinically applicable content
designed to facilitate understanding among medical students and healthcare professionals.

The discussion emphasized the importance of interpreting hypoxia through physiological integration rather than
isolated oxygen saturation measurements. Topics such as oxygen transport, tissue perfusion, endothelial regulation,
cerebral autoregulation, pulmonary vascular adaptation, and systemic inflammation were connected to practical
clinical scenarios frequently encountered in medical practice.

This phase also involved critical analysis of therapeutic implications including oxygen therapy, ventilatory support,
hemodynamic stabilization, pulmonary protection strategies, and multidisciplinary management of hypoxic patients.

Furthermore, the discussion highlighted the importance of early recognition of systemic hypoxia and the need for
coordinated approaches involving pulmonologists, cardiologists, neurologists, intensivists, and general healthcare
professionals.
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Phase 7: Final Synthesis and Scientific Organization

The final phase consisted of synthesizing all analyzed information into a coherent scientific structure aligned with the
objectives of the review. During this stage, the article sections were organized logically to facilitate comprehension of
the progression from physiological mechanisms to systemic clinical consequences.

Scientific language was refined to maintain clarity, academic rigor, and educational accessibility. Citations were
verified to ensure accurate attribution of scientific evidence, and thematic continuity was reviewed to maintain
consistency throughout the article.

The final synthesis phase additionally ensured that the review maintained alignment with the central research question
and methodological objectives established during the initial stages of development.

RESULTS AND DISCUSSION
Figure 1.

Main pathophysiological mechanisms of hypoxemia.

‘Ventilation-perfusion 95%
mismatch

Right-to-left 82%

Alveolar
hypoventilation

Pathaphysiological mechanism

Diffusion
limitation

Reduced Inspired
oxygen pressure

0 20 40 60 80 100
Relative clinical relevance in hypoxemia mechanisms (%)

The figure summarizes the principal mechanisms involved in the development of hypoxemia. Ventilation-perfusion
mismatch appears as the most relevant mechanism because it is commonly present in frequent pulmonary conditions
such as chronic obstructive pulmonary disease, pneumonia, pulmonary embolism, asthma exacerbations, and acute
respiratory distress syndrome [1], [6], [11]. This mechanism occurs when the relationship between alveolar ventilation
and pulmonary blood flow becomes inefficient, producing areas of the lung that receive oxygen but are poorly perfused
or, conversely, areas that receive blood flow but insufficient ventilation.

Right-to-left shunt is also highly relevant because it represents a severe form of oxygenation failure in which venous
blood reaches the arterial circulation without adequate participation in gas exchange. This mechanism is clinically
important because hypoxemia caused by shunt physiology may respond poorly to supplemental oxygen, especially
when the shunt fraction is large [1], [11]. In acute respiratory distress syndrome, alveolar collapse, pulmonary edema,
and inflammatory injury increase shunt physiology and contribute to profound arterial oxygen desaturation [11], [12].

Alveolar hypoventilation represents another important mechanism of hypoxemia. It occurs when ventilation is
insufficient to eliminate carbon dioxide and maintain adequate alveolar oxygen tension. This mechanism may be
observed in neuromuscular disease, central nervous system depression, obesity hypoventilation syndrome, severe
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airway obstruction, and advanced respiratory failure [1], [2]. Its relevance lies in the fact that it can compromise both
oxygenation and carbon dioxide clearance, producing combined hypoxemia and hypercapnia.

Diffusion limitation is less frequent as an isolated mechanism but becomes clinically significant in interstitial lung
disease, pulmonary fibrosis, emphysema, pulmonary edema, and during exercise when capillary transit time is reduced
[1], [6]. In these conditions, oxygen transfer across the alveolar-capillary membrane becomes inefficient due to
thickening, destruction, or fluid accumulation within the gas exchange interface.

Reduced inspired oxygen pressure occupies a lower relative position in the figure because it is usually context-
dependent, particularly associated with high-altitude exposure or environments with low oxygen availability. However,
it remains physiologically important because it demonstrates that hypoxemia can occur even when lung structure is
preserved, especially when atmospheric oxygen pressure decreases [1], [2].

Overall, the figure supports the interpretation that hypoxemia is not produced by a single mechanism but by multiple
physiological alterations that may coexist in the same patient. This distinction is essential for clinical reasoning because
each mechanism has different diagnostic implications, therapeutic responses, and systemic consequences.

Figure 2.

Cardiovascular consequences associated with acute and chronic hypoxia.
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The figure illustrates the principal cardiovascular alterations associated with systemic hypoxia and demonstrates how
oxygen deprivation progressively affects vascular regulation, myocardial function, and systemic hemodynamics.
Sympathetic activation appears as the most prominent cardiovascular response because acute hypoxia rapidly
stimulates peripheral chemoreceptors located primarily within the carotid bodies, resulting in increased catecholamine
release, tachycardia, elevated cardiac output, and systemic vasoconstriction [4], [5]. Although these responses initially
aim to preserve oxygen delivery to vital organs, prolonged sympathetic overstimulation may contribute to
hypertension, myocardial stress, endothelial dysfunction, and arrhythmogenic instability [19].

Pulmonary vasoconstriction also demonstrates high systemic impact because it represents one of the earliest adaptive
responses to alveolar hypoxia. Under physiological conditions, hypoxic pulmonary vasoconstriction redistributes
blood flow toward better ventilated alveoli in order to optimize gas exchange efficiency [8]. However, when hypoxia
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becomes diffuse or chronic, this mechanism loses its adaptive value and instead contributes to progressive elevation
of pulmonary vascular resistance. Persistent vasoconstriction promotes vascular remodeling, smooth muscle
proliferation, endothelial injury, and increased pulmonary arterial pressure [8], [10].

The progression toward pulmonary hypertension represents a major clinical consequence of chronic hypoxia. The
figure highlights its high relative impact because pulmonary hypertension significantly alters cardiopulmonary
hemodynamics and is associated with increased morbidity and mortality in patients with chronic respiratory disease
[8], [9]. Hypoxia-induced vascular remodeling increases right ventricular afterload, forcing the right ventricle to
generate higher pressures in order to maintain pulmonary circulation. Over time, this compensatory mechanism may
become maladaptive and lead to progressive ventricular dysfunction.

Right ventricular overload occupies a central position within the figure because it represents the direct mechanical
consequence of increased pulmonary vascular resistance. Chronic pressure overload may initially produce right
ventricular hypertrophy; however, sustained hemodynamic stress eventually impairs ventricular compliance,
myocardial perfusion, and systolic performance [9]. This process contributes to the development of cor pulmonale,
reduced cardiac output, systemic venous congestion, peripheral edema, and impaired tissue oxygen delivery.

Endothelial dysfunction is another critical finding represented in the figure. Hypoxia disrupts endothelial homeostasis
by reducing nitric oxide bioavailability, increasing oxidative stress, and stimulating inflammatory pathways [5]. These
alterations impair vascular relaxation, promote thrombogenesis, increase vascular permeability, and contribute to
microcirculatory dysfunction. Endothelial injury also facilitates atherosclerotic progression and vascular remodeling,
explaining why chronic hypoxic disorders are associated with increased cardiovascular risk [3], [5].

Arrhythmogenic risk, although comparatively lower than other mechanisms represented in the figure, remains
clinically significant. Both acute and chronic hypoxia may destabilize cardiac electrophysiology through autonomic
imbalance, myocardial ischemia, oxidative stress, electrolyte disturbances, and inflammatory activation [19], [20].
Patients with obstructive sleep apnea, pulmonary hypertension, and advanced chronic respiratory disease frequently
demonstrate increased incidence of atrial fibrillation, ventricular ectopy, and conduction abnormalities [19].

Collectively, the figure demonstrates that cardiovascular responses to hypoxia evolve from initially compensatory
physiological mechanisms toward maladaptive processes capable of producing structural cardiac injury, vascular
dysfunction, and hemodynamic instability. These findings reinforce the concept that hypoxia should not be interpreted
solely as a pulmonary problem because its cardiovascular consequences significantly influence systemic disease
progression and overall clinical outcomes [4], [5], [8].

Figure 3.

Neurological effects of oxygen deprivation.
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The figure summarizes the principal neurological alterations associated with hypoxia and demonstrates the high
vulnerability of the central nervous system to oxygen deprivation. Hypoxic-ischemic injury appears as the most severe
neurological consequence because neuronal tissue possesses elevated metabolic demand and limited capacity for
anaerobic energy production [17]. Even brief reductions in cerebral oxygen delivery may compromise ATP synthesis,
disrupt ionic gradients, and initiate irreversible neuronal damage. Severe hypoxic-ischemic injury can progress toward
cerebral edema, seizures, coma, diffuse cortical injury, and permanent neurological disability [17].

Cognitive impairment represents another major neurological consequence highlighted in the figure. Chronic and
intermittent hypoxia are strongly associated with deficits involving memory, executive function, concentration,
psychomotor performance, and attention [18]. These alterations are particularly common in patients with chronic
obstructive pulmonary disease, pulmonary hypertension, sleep-disordered breathing, and chronic respiratory
insufficiency [6], [18], [19]. Persistent reductions in cerebral oxygen availability may impair synaptic activity,
neurotransmitter regulation, and neuronal connectivity, contributing to progressive neurocognitive decline.

Neuroinflammation occupies a significant position within the figure because inflammatory activation plays a central
role in secondary neuronal injury during hypoxia. Oxygen deprivation stimulates microglial activation and increases
production of inflammatory cytokines including interleukin-1, interleukin-6, and tumor necrosis factor-alpha [3], [15].
These mediators contribute to oxidative stress, neuronal apoptosis, endothelial dysfunction, and disruption of cerebral
homeostasis. Neuroinflammation is particularly relevant in critically ill patients because systemic inflammatory
responses may worsen cerebral dysfunction even when hypoxemia is partially corrected [15].

Excitotoxicity is another important mechanism represented in the figure. During hypoxia, impaired ATP production
compromises membrane ion pumps, resulting in excessive release of excitatory neurotransmitters such as glutamate
[17]. Excessive glutamatergic stimulation increases intracellular calcium accumulation and activates enzymatic
pathways capable of damaging neuronal membranes, mitochondria, and cytoskeletal structures. This process
contributes significantly to neuronal death in acute cerebral hypoxia and ischemic injury [17].

Blood-brain barrier disruption demonstrates moderate but clinically important vulnerability within the figure. Hypoxia
increases endothelial permeability and alters tight junction integrity, facilitating inflammatory infiltration and vascular
instability [15], [16]. Disruption of the blood-brain barrier may contribute to cerebral edema, impaired autoregulation,
neuroinflammation, and secondary neuronal injury. This mechanism is particularly relevant in sepsis, acute respiratory
distress syndrome, and neurocritical illness where systemic inflammation and hypoxia coexist [11], [15].
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Cerebral autoregulatory dysfunction also appears as a relevant consequence of oxygen deprivation. Under normal
physiological conditions, cerebral blood flow remains relatively stable despite variations in systemic blood pressure.
However, hypoxia may impair autoregulatory mechanisms, producing fluctuations in cerebral perfusion and increasing
susceptibility to ischemic injury [17]. In severe cases, impaired autoregulation may worsen intracranial hypertension
and cerebral hypoperfusion, especially in patients with traumatic brain injury or cerebrovascular disease [15].

The figure overall demonstrates that neurological consequences of hypoxia are multifactorial and involve direct oxygen
deprivation, inflammatory injury, vascular dysfunction, metabolic imbalance, and impaired neuronal signaling.
Importantly, many neurological complications associated with chronic or intermittent hypoxia may initially appear
subtle but progressively affect quality of life, cognitive performance, emotional health, and functional independence
[18], [19].

These findings support the interpretation that hypoxia is not exclusively a respiratory or cardiovascular disorder but
also a major neurological risk factor capable of producing both acute and long-term cerebral dysfunction.
Understanding these mechanisms is essential for improving early recognition of neurological compromise in hypoxic
patients and for promoting integrated multidisciplinary management strategies [15], [17].

Figure 4.

Cellular and molecular pathways involved in hypoxia-induced systemic dysfunction.
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The figure illustrates the principal cellular and molecular mechanisms activated during hypoxic states and their relative
contribution to systemic dysfunction. Among the pathways represented, hypoxia-inducible factor (HIF) activation
appears as the most influential adaptive and pathological mechanism because it regulates a broad range of genes
associated with oxygen homeostasis, angiogenesis, glycolytic metabolism, erythropoiesis, vascular remodeling, and
inflammatory responses [4], [5]. Under physiological oxygen conditions, HIF proteins undergo rapid degradation;
however, during hypoxia, stabilization of HIF-1o permits transcriptional activation of genes intended to improve
cellular adaptation to oxygen deprivation [4]. Although initially protective, prolonged HIF activation may contribute
to pathological vascular remodeling, fibrosis, and chronic inflammatory activation [5].
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Oxidative stress demonstrates another major contribution to systemic dysfunction. Hypoxia alters mitochondrial
electron transport chain activity, promoting incomplete oxygen reduction and excessive production of reactive oxygen
species (ROS) [3]. Moderate ROS generation participates in signaling pathways necessary for cellular adaptation, but
excessive oxidative stress damages lipids, proteins, nucleic acids, and cellular membranes. This process contributes to
endothelial injury, myocardial dysfunction, neurodegeneration, inflammatory amplification, and tissue apoptosis [3],
[5]. Oxidative stress is particularly important in chronic respiratory disease, intermittent hypoxia associated with sleep
apnea, pulmonary hypertension, and ischemia-reperfusion phenomena [19], [20].

Mitochondrial dysfunction also occupies a central role in the figure because mitochondria represent the primary site
of aerobic ATP production. During oxygen deprivation, reduced oxidative phosphorylation compromises cellular
energy generation, disrupts ion transport mechanisms, and impairs metabolic homeostasis [3]. Cells with high
metabolic activity, including cardiomyocytes and neurons, are especially vulnerable to mitochondrial impairment
because they rely heavily on continuous ATP production. Persistent mitochondrial dysfunction contributes to energy
failure, apoptosis, contractile dysfunction, and progressive organ injury.

Inflammatory cytokine release represents another significant mechanism involved in systemic hypoxic injury. Hypoxia
stimulates production of proinflammatory mediators including interleukin-1, interleukin-6, and tumor necrosis factor-
alpha [3]. These cytokines amplify systemic inflammation, increase vascular permeability, and promote endothelial
activation. In pulmonary tissue, inflammatory activation worsens alveolar-capillary injury and impairs gas exchange.
Within the cardiovascular system, inflammation contributes to vascular remodeling and myocardial dysfunction, while
in the nervous system it promotes neuroinflammation and neuronal injury [15], [16].

Endothelial dysfunction is strongly represented because vascular endothelium plays a critical role in regulating
perfusion, vascular tone, coagulation, and inflammatory balance. Hypoxia reduces nitric oxide bioavailability,
increases oxidative injury, and promotes leukocyte adhesion and vascular instability [5]. Endothelial dysfunction
contributes to impaired microcirculatory oxygen delivery, thrombogenesis, pulmonary vascular remodeling, and
systemic vascular disease. This mechanism is particularly relevant in pulmonary hypertension, sepsis, acute respiratory
distress syndrome, and chronic cardiopulmonary disorders [8], [13].

Autonomic dysregulation demonstrates moderate but clinically relevant contribution within the figure. Hypoxia
stimulates peripheral chemoreceptors and increases sympathetic nervous system activity in order to maintain blood
pressure and oxygen delivery [5]. However, persistent sympathetic activation may become maladaptive and contribute
to hypertension, arrhythmias, myocardial stress, endothelial injury, and metabolic imbalance [19]. Chronic autonomic
dysregulation is especially important in obstructive sleep apnea, where recurrent desaturation-reoxygenation cycles
maintain sustained sympathetic overactivity [19], [20].

Prothrombotic activity occupies the lowest relative position within the figure but remains clinically important because
hypoxia is associated with coagulation abnormalities and increased thrombotic risk [3]. Oxygen deprivation promotes
platelet activation, endothelial injury, impaired fibrinolysis, and expression of procoagulant mediators. These changes
may increase susceptibility to pulmonary embolism, ischemic stroke, myocardial infarction, and microvascular
thrombosis [3]. The interaction between hypoxia, inflammation, and coagulation became particularly evident in severe
viral respiratory syndromes characterized by endothelial injury and systemic inflammatory activation.
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Overall, the figure demonstrates that systemic dysfunction associated with hypoxia is driven by interconnected
molecular and cellular pathways rather than by oxygen deprivation alone. These mechanisms collectively explain how
pulmonary hypoxemia may progress toward widespread cardiovascular, neurological, inflammatory, vascular, and
metabolic injury. The findings reinforce the concept that hypoxia represents a multisystemic biological process
involving complex interactions between adaptive physiology and pathological cellular responses [3], [5].

Figure 5.

Comparative systemic impact of acute, chronic, and intermittent hypoxia.
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The figure compares the relative systemic impact produced by acute, chronic, and intermittent hypoxia across
pulmonary, cardiovascular, and neurological domains. The comparison demonstrates that the physiological
consequences of oxygen deprivation vary considerably depending on the duration, intensity, and repetition pattern of
hypoxic exposure.

Acute hypoxia demonstrates the strongest pulmonary impact because sudden oxygen deprivation primarily
compromises respiratory physiology and gas exchange mechanisms [1], [11]. Acute respiratory failure, acute
respiratory distress syndrome, pulmonary embolism, and severe pneumonia frequently produce abrupt reductions in
arterial oxygenation, rapidly overwhelming compensatory mechanisms [11], [12]. In these situations, pulmonary
dysfunction dominates the early clinical presentation due to impaired alveolar ventilation, diffusion abnormalities,
alveolar collapse, and ventilation-perfusion mismatch. Although cardiovascular and neurological consequences may
develop rapidly, the respiratory system usually represents the initial site of physiological instability.

Cardiovascular impact becomes more prominent during chronic hypoxia. Persistent oxygen deprivation stimulates
prolonged pulmonary vasoconstriction, endothelial dysfunction, sympathetic activation, oxidative stress, and vascular
remodeling [5], [8]. Over time, these mechanisms contribute to pulmonary hypertension, right ventricular overload,
myocardial stress, impaired tissue perfusion, and systemic vascular dysfunction [8], [9]. Chronic hypoxia is particularly
relevant in chronic obstructive pulmonary disease, interstitial lung disease, chronic heart failure, and advanced
pulmonary vascular disorders where sustained oxygen imbalance progressively alters cardiovascular homeostasis.
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Neurological impact is also substantially elevated in chronic hypoxia due to the long-term vulnerability of neural tissue
to impaired oxygen delivery [17], [18]. Persistent reductions in cerebral oxygenation may contribute to
neuroinflammation, impaired cerebral autoregulation, cognitive decline, memory dysfunction, reduced psychomotor
performance, and structural neuronal injury [18]. Chronic cerebral hypoxia may additionally worsen emotional health,
sleep quality, executive function, and overall functional capacity.

Intermittent hypoxia demonstrates the highest cardiovascular and neurological impact within the figure. This pattern
is especially characteristic of obstructive sleep apnea and recurrent desaturation-reoxygenation syndromes [19], [20].
Unlike continuous hypoxia, intermittent hypoxia repeatedly exposes tissues to cycles of oxygen deprivation followed
by rapid reoxygenation. These repetitive fluctuations generate intense oxidative stress, endothelial dysfunction,
inflammatory activation, autonomic dysregulation, and vascular instability [19].

The elevated cardiovascular impact associated with intermittent hypoxia is largely explained by persistent sympathetic
overactivation, nocturnal blood pressure variability, increased myocardial oxygen demand, endothelial injury, and
proarrhythmic conditions [19], [20]. Numerous studies have associated intermittent hypoxia with hypertension, atrial
fibrillation, coronary artery disease, stroke, and heart failure progression [19]. Recurrent oxygen fluctuations also
increase vascular stiffness and impair nitric oxide-mediated vasodilation, further amplifying cardiovascular risk.

Neurological vulnerability is similarly elevated during intermittent hypoxia because repeated desaturation episodes
may compromise cerebral perfusion, promote neuroinflammation, and impair neuronal metabolic stability [15], [18].
Cognitive impairment, attention deficits, daytime somnolence, executive dysfunction, mood disturbances, and memory
alterations are frequently observed in patients with chronic sleep-disordered breathing [18], [19]. Experimental
evidence additionally suggests that repeated hypoxia-reoxygenation cycles may accelerate neuronal oxidative injury
and contribute to long-term neurodegenerative processes.

The figure also demonstrates that hypoxic patterns should not be interpreted exclusively through oxygen saturation
values alone. Two patients with similar levels of arterial desaturation may experience different systemic consequences
depending on whether hypoxia is acute, sustained, or intermittent. This distinction is clinically important because each
pattern activates different adaptive and pathological mechanisms involving pulmonary physiology, vascular regulation,
autonomic function, inflammatory pathways, and neuronal metabolism [3], [5].

Another important observation derived from the figure is that chronic and intermittent hypoxia tend to produce greater
multisystemic consequences than isolated acute episodes. Acute hypoxia often produces dramatic but rapidly
identifiable clinical deterioration, whereas chronic and intermittent hypoxia may generate progressive subclinical
injury that accumulates over time [18], [20]. Consequently, patients may develop significant cardiovascular and
neurological dysfunction before severe respiratory symptoms become clinically evident.

Overall, the figure supports the concept that hypoxia should be understood as a dynamic physiological continuum in
which exposure pattern strongly influences systemic injury distribution. Acute hypoxia predominantly destabilizes
respiratory physiology, chronic hypoxia progressively impairs cardiovascular and neurological homeostasis, and
intermittent hypoxia generates disproportionate inflammatory, vascular, autonomic, and neurocognitive consequences
(51, [19], [20].
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Figure 6.

Integrated pulmonary-cardiovascular-neurological interaction model.

The figure presents an integrated model illustrating the dynamic interaction between pulmonary dysfunction,
cardiovascular adaptation, systemic inflammation, autonomic imbalance, and neurological injury during hypoxic
states. Rather than functioning as isolated systems, the lungs, heart, vascular system, and brain participate in a
continuous physiological network in which dysfunction affecting one component may progressively destabilize the
others.

Pulmonary dysfunction appears as the initiating factor within the model because respiratory impairment commonly
represents the primary origin of systemic hypoxemia. Diseases such as chronic obstructive pulmonary disease, acute
respiratory distress syndrome, pulmonary fibrosis, pneumonia, and sleep-related breathing disorders compromise gas
exchange efficiency through ventilation-perfusion mismatch, alveolar collapse, diffusion abnormalities, and impaired
oxygen transfer [1], [6], [11]. As pulmonary oxygenation deteriorates, arterial oxygen content decreases and systemic
hypoxemia develops.

Hypoxemia occupies a central position in the figure because it acts as the principal trigger for downstream
cardiovascular, inflammatory, autonomic, and neurological responses. Reduced oxygen availability stimulates
peripheral chemoreceptors and activates compensatory physiological mechanisms intended to preserve tissue perfusion
and cellular metabolism [4], [5S]. However, persistent activation of these pathways may progressively become
maladaptive and contribute to systemic injury.

One of the earliest cardiovascular responses represented in the model is pulmonary vasoconstriction. Under
physiological conditions, hypoxic pulmonary vasoconstriction attempts to redistribute blood flow toward better
ventilated alveoli in order to optimize oxygen exchange [8]. Nevertheless, when hypoxia becomes diffuse or chronic,
persistent vasoconstriction contributes to pulmonary vascular remodeling and increased pulmonary arterial resistance
[8], [10]. The figure demonstrates how this progression may ultimately result in pulmonary hypertension, one of the
most clinically significant cardiovascular complications associated with chronic hypoxic states.
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Pulmonary hypertension subsequently increases right ventricular afterload, producing progressive right ventricular
overload and impaired cardiac efficiency [8], [9]. Initially, compensatory ventricular hypertrophy may preserve
pulmonary circulation; however, prolonged hemodynamic stress eventually impairs myocardial performance and
reduces effective systemic perfusion. Reduced systemic perfusion further compromises oxygen delivery to peripheral
tissues and vital organs, particularly the brain, which possesses high metabolic demand and limited tolerance to oxygen
deprivation [17].

The neurological pathway illustrated in the figure demonstrates that hypoxemia may directly stimulate
neuroinflammatory responses and indirectly worsen cerebral oxygenation through impaired cardiovascular
performance. Neuroinflammation contributes to oxidative stress, endothelial dysfunction, altered neurotransmission,
and neuronal injury [15], [17]. Persistent inflammatory activation within the nervous system has been associated with
cognitive impairment, executive dysfunction, memory alterations, psychomotor slowing, and reduced neurological
resilience [18]. Consequently, neurological dysfunction in hypoxic patients frequently results from combined effects
of direct oxygen deprivation, vascular compromise, inflammatory injury, and metabolic instability.

The model additionally highlights autonomic dysregulation as an important systemic consequence of hypoxia.
Activation of sympathetic pathways initially serves adaptive functions by increasing heart rate, vascular tone, and
perfusion pressure [5]. However, sustained autonomic activation may promote arrhythmias, vascular dysfunction,
hypertension, endothelial injury, and inflammatory amplification [19]. In disorders characterized by recurrent
intermittent hypoxia, such as obstructive sleep apnea, chronic sympathetic overstimulation may persist even during
normoxic periods, contributing to long-term cardiovascular and neurological risk [19], [20].

Systemic inflammation occupies another important position within the integrated model because inflammatory
mediators create a self-perpetuating cycle of organ dysfunction. Cytokine release, oxidative stress, endothelial
activation, and microvascular instability worsen pulmonary injury and further impair gas exchange [3], [15]. This
creates a vicious cycle in which pulmonary dysfunction exacerbates systemic inflammation while inflammatory injury
simultaneously worsens pulmonary physiology. Similar mechanisms contribute to vascular instability, coagulation
abnormalities, and neuronal injury, explaining the multisystemic nature of severe hypoxic states [3], [13].

An important interpretation derived from the figure is that systemic hypoxia cannot be adequately understood using a
single-organ approach. Pulmonary dysfunction may initiate the process, but cardiovascular adaptation, endothelial
injury, inflammatory activation, and neurological vulnerability collectively determine disease severity and progression.
This integrated perspective is particularly important in critical care medicine because deterioration in one organ system
frequently accelerates dysfunction in others [15], [16].

The model also reinforces the importance of multidisciplinary clinical management. Pulmonologists, cardiologists,
neurologists, intensivists, and general physicians frequently encounter patients whose symptoms originate from
interconnected hypoxic mechanisms rather than isolated disease processes. Recognition of these interactions may
improve diagnostic interpretation, therapeutic planning, hemodynamic stabilization, neurological monitoring, and
long-term patient outcomes.

Overall, the figure demonstrates that hypoxia should be interpreted as a dynamic systemic disorder characterized by
continuous interaction between respiratory failure, cardiovascular adaptation, inflammatory activation, vascular
dysfunction, autonomic imbalance, and neurological injury. Understanding these relationships is essential for modern
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medical education and for the development of integrated approaches to patient care in both acute and chronic hypoxic
conditions [5], [15], [19].

DISCUSSION

The present review highlights hypoxia as a multidimensional pathological process capable of simultaneously affecting
pulmonary, cardiovascular, and neurological homeostasis through interconnected physiological and molecular
mechanisms. The evidence analyzed throughout this investigation demonstrates that oxygen deprivation should not be
interpreted solely as a respiratory abnormality but rather as a systemic condition involving inflammatory activation,
vascular dysfunction, autonomic imbalance, oxidative stress, mitochondrial impairment, and progressive organ injury
[3], [5]- This integrative perspective is increasingly important in modern clinical practice because many diseases
associated with hypoxia exhibit multisystem manifestations that cannot be adequately explained through isolated
organ-based approaches.

One of the principal findings identified in this review is the central role of pulmonary dysfunction as the initiating
mechanism of systemic hypoxemia. Ventilation-perfusion mismatch, diffusion impairment, alveolar hypoventilation,
shunt physiology, and reduced inspired oxygen pressure remain the most important mechanisms contributing to
impaired oxygenation [1]. These findings are consistent with previous physiological studies demonstrating that
pulmonary gas exchange abnormalities represent the foundation upon which cardiovascular and neurological
consequences subsequently develop [1], [6]. However, the results additionally demonstrate that the severity of systemic
injury is not determined exclusively by oxygen saturation values but also by the duration, pattern, and physiological
context of hypoxic exposure.

The review also demonstrates that cardiovascular adaptation to hypoxia initially functions as a compensatory response
but may progressively evolve into maladaptive systemic dysfunction. Sympathetic activation, pulmonary
vasoconstriction, endothelial injury, and vascular remodeling initially aim to preserve tissue perfusion and optimize
oxygen distribution [4], [5]. Nevertheless, chronic stimulation of these mechanisms contributes to pulmonary
hypertension, right ventricular overload, arrhythmogenic instability, and impaired systemic circulation [8], [9]. These
observations support the concept that cardiovascular complications associated with chronic hypoxia are not secondary
phenomena but rather integral components of disease progression.

The relationship between hypoxia and pulmonary hypertension deserves particular attention because it illustrates how
adaptive physiology may become pathologic when oxygen deprivation persists over time. Chronic alveolar hypoxia
promotes sustained pulmonary vasoconstriction and progressive remodeling of pulmonary vasculature, increasing
pulmonary vascular resistance and right ventricular workload [8], [10]. The findings of this review are consistent with
contemporary evidence indicating that pulmonary hypertension significantly worsens functional capacity, quality of
life, and survival in patients with chronic respiratory disease [8]. Furthermore, right ventricular dysfunction reduces
effective systemic perfusion and may indirectly compromise cerebral oxygen delivery, thereby linking pulmonary and
neurological deterioration through cardiovascular pathways.

Neurological vulnerability emerged as another major finding of the review. The central nervous system possesses high
metabolic demand and limited capacity for anaerobic compensation, making neuronal tissue particularly susceptible
to oxygen deprivation [17]. The results demonstrate that both acute and chronic hypoxia may produce
neuroinflammation, excitotoxicity, cerebral autoregulatory dysfunction, endothelial injury, and cognitive impairment
[15], [17], [18]. Importantly, many neurological manifestations associated with hypoxia may initially appear subtle,
including attention deficits, executive dysfunction, psychomotor slowing, and memory impairment [18]. These
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findings emphasize the importance of early recognition of neurocognitive alterations in patients with chronic
respiratory and cardiovascular disease.

Intermittent hypoxia, particularly in obstructive sleep apnea, represents one of the most clinically relevant patterns of
oxygen deprivation discussed in this review. The evidence analyzed demonstrates that repetitive desaturation-
reoxygenation cycles produce disproportionate cardiovascular and neurological consequences due to sustained
oxidative stress, autonomic dysregulation, inflammatory activation, and endothelial dysfunction [19], [20]. Unlike
isolated acute hypoxia, intermittent hypoxia may produce cumulative subclinical injury that progressively contributes
to hypertension, arrhythmias, cerebrovascular disease, cognitive decline, and metabolic dysfunction [19]. These
findings reinforce the importance of recognizing sleep-related breathing disorders as major systemic diseases rather
than exclusively respiratory conditions.

Another important aspect highlighted by the review is the role of oxidative stress and inflammatory activation as
common mechanistic pathways linking pulmonary, cardiovascular, and neurological injury. Hypoxia-induced reactive
oxygen species generation contributes to endothelial dysfunction, mitochondrial impairment, vascular remodeling, and
neuronal damage [3], [5]. Simultaneously, inflammatory cytokines amplify tissue injury by increasing vascular
permeability, promoting leukocyte activation, and disrupting cellular homeostasis [3]. The coexistence of oxidative
stress and systemic inflammation explains why severe hypoxic states frequently progress toward multisystem organ
dysfunction, especially in critical illness and acute respiratory failure [11], [13].

The concept of brain-lung interaction also emerged as a highly significant topic within this review. The findings
demonstrate that pulmonary dysfunction may compromise cerebral physiology through hypoxemia, hypercapnia,
inflammatory mediator release, and altered perfusion, while neurological injury may simultancously worsen
pulmonary outcomes through autonomic dysregulation, ventilatory instability, aspiration risk, and neurogenic
pulmonary edema [15], [16]. This bidirectional interaction has major implications in intensive care medicine because
deterioration in one system frequently accelerates dysfunction in the other. Consequently, management strategies in
critically ill patients should incorporate integrated cardiopulmonary and neurological monitoring rather than isolated
organ-specific evaluation.

An important contribution of this review is the comparison between acute, chronic, and intermittent hypoxia. Acute
hypoxia predominantly destabilizes pulmonary physiology and produces rapid clinical deterioration, whereas chronic
hypoxia gradually alters vascular, cardiovascular, and neurological homeostasis [5]. Intermittent hypoxia, despite often
appearing less dramatic clinically, may generate substantial long-term systemic consequences due to repetitive
oxidative and inflammatory injury [19], [20]. This distinction is clinically relevant because therapeutic approaches
may differ significantly depending on the temporal pattern of oxygen deprivation.

The review additionally supports the interpretation that tissue hypoxia cannot always be evaluated solely through
arterial oxygen measurements. Conditions such as sepsis demonstrate that adequate arterial oxygenation may coexist
with impaired microcirculatory perfusion, endothelial dysfunction, mitochondrial injury, and defective cellular oxygen
utilization [13]. Therefore, systemic oxygen balance depends not only on pulmonary gas exchange but also on cardiac
output, vascular integrity, hemoglobin concentration, tissue perfusion, and mitochondrial metabolic function [2]. This
broader physiological perspective is essential for improving clinical reasoning and patient management.
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From an educational perspective, the findings of this review reinforce the importance of interdisciplinary medical
training. Medical students and healthcare professionals frequently study pulmonary, cardiovascular, and neurological
physiology independently; however, real clinical scenarios often involve simultaneous dysfunction of these systems
[5], [15]. Understanding hypoxia through an integrated physiological framework may strengthen diagnostic
interpretation, therapeutic planning, and multidisciplinary collaboration.

The international perspective incorporated into this review is also relevant because chronic respiratory disease,
cardiovascular morbidity, obesity, sleep-disordered breathing, and critical illness continue to represent major public
health challenges worldwide, including in Mexico, Colombia, and Ecuador. Healthcare disparities, environmental
exposures, smoking prevalence, altitude-related physiology, and limited access to specialized care may influence the
clinical impact of hypoxic disorders within these populations. Consequently, strengthening education and awareness
regarding systemic hypoxia may contribute to earlier diagnosis and improved patient outcomes in diverse healthcare
contexts.

Despite the broad scope of the review, certain limitations should be acknowledged. As a narrative integrative review,
the study depends on previously published scientific evidence and does not include direct clinical experimentation or
statistical meta-analysis. Additionally, some physiological mechanisms discussed may vary according to disease
severity, patient age, comorbidities, environmental conditions, and healthcare availability. Nevertheless, the
integration of evidence from pulmonology, cardiology, neurology, and critical care medicine strengthens the
interdisciplinary value of the investigation.

Future research should continue exploring the molecular and systemic interactions associated with hypoxia,
particularly regarding neuroinflammation, endothelial injury, mitochondrial dysfunction, autonomic imbalance, and
long-term neurocognitive outcomes. Further investigation into biomarkers of tissue hypoxia, individualized oxygen
therapy strategies, pulmonary vascular remodeling, and integrated critical care monitoring may also improve
understanding and management of hypoxia-related diseases.

CONCLUSION

Hypoxia represents a complex multisystemic condition capable of simultaneously affecting pulmonary, cardiovascular,
and neurological homeostasis through interconnected physiological, molecular, inflammatory, and vascular
mechanisms. The evidence analyzed throughout this review demonstrates that oxygen deprivation should not be
interpreted exclusively as a respiratory abnormality, but rather as a dynamic systemic process involving progressive
interaction between impaired gas exchange, cardiovascular adaptation, endothelial dysfunction, autonomic imbalance,
oxidative stress, and neuronal vulnerability [3], [5].

The pulmonary system plays a fundamental role in the initiation of hypoxemia through mechanisms such as ventilation-
perfusion mismatch, diffusion impairment, alveolar hypoventilation, and shunt physiology [1]. However, the systemic
consequences of hypoxia extend far beyond respiratory compromise. Cardiovascular responses initially attempt to
preserve tissue oxygen delivery through sympathetic activation and pulmonary vasoconstriction, yet persistent
stimulation frequently promotes pulmonary hypertension, right ventricular overload, endothelial injury,
arrhythmogenic instability, and impaired systemic perfusion [8], [9]. These findings reinforce the concept that chronic
hypoxia progressively transforms adaptive physiology into maladaptive cardiovascular dysfunction.
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Neurological vulnerability also emerged as one of the most significant consequences associated with systemic hypoxia.
Due to the high metabolic requirements of neuronal tissue, oxygen deprivation may rapidly compromise cerebral
autoregulation, mitochondrial function, neurotransmitter balance, and neuronal survival [17]. Acute, chronic, and
intermittent hypoxic exposure were all associated with neuroinflammation, cognitive impairment, excitotoxicity,
endothelial dysfunction, and hypoxic-ischemic injury [15], [18]. Importantly, many neurocognitive alterations may
develop progressively and remain underrecognized in patients with chronic respiratory and cardiovascular disease.

The review additionally demonstrates that the temporal pattern of hypoxia strongly influences systemic consequences.
Acute hypoxia predominantly destabilizes pulmonary physiology and may rapidly progress toward respiratory failure,
while chronic hypoxia progressively alters vascular and cardiovascular homeostasis [5]. Intermittent hypoxia,
especially in obstructive sleep apnea, generates repetitive oxidative and inflammatory injury capable of producing
substantial long-term cardiovascular and neurological complications [19], [20]. These observations emphasize the
importance of individualized interpretation of hypoxic states according to exposure pattern, clinical context, and
associated systemic responses.

Another major finding of this investigation is the central role of oxidative stress, inflammatory activation, endothelial
dysfunction, and mitochondrial impairment in the progression of systemic injury. These mechanisms explain how
localized respiratory dysfunction may evolve into widespread organ damage affecting cardiovascular integrity,
vascular regulation, tissue perfusion, and cerebral function [3], [5]. The coexistence of these pathways reinforces the
interpretation of hypoxia as a generalized biological disturbance rather than a single-organ pathology.

The integrated pulmonary-cardiovascular-neurological model developed throughout this review supports the
importance of interdisciplinary clinical approaches. Pulmonologists, cardiologists, neurologists, intensivists, and
general healthcare professionals frequently manage patients whose manifestations arise from simultaneous dysfunction
of multiple organ systems. Consequently, understanding the physiological interaction between the lungs, heart,
vasculature, and brain is essential for improving diagnostic interpretation, clinical monitoring, therapeutic planning,
and long-term patient outcomes.

From an educational perspective, this review contributes to strengthening multidisciplinary understanding of oxygen
homeostasis and systemic hypoxic injury among medical students and healthcare professionals. Integrating concepts
from pulmonology, cardiology, neurology, critical care medicine, and vascular physiology facilitates broader clinical
reasoning and promotes more comprehensive approaches to patient care.

The international perspective included in this review, with relevance to healthcare contexts such as Mexico, Colombia,
and Ecuador, further highlights the public health importance of chronic respiratory disease, cardiovascular morbidity,
sleep-related breathing disorders, and critical illness within diverse populations. Increased awareness regarding the
systemic nature of hypoxia may contribute to earlier diagnosis, improved multidisciplinary management, and reduction
of long-term complications associated with oxygen deprivation.

In conclusion, hypoxia should be recognized as a systemic pathological process involving continuous interaction
between pulmonary dysfunction, cardiovascular adaptation, inflammatory activation, vascular injury, autonomic
imbalance, and neurological compromise. Advancing understanding of these mechanisms is essential for improving
medical education, strengthening interdisciplinary healthcare strategies, and optimizing clinical outcomes in patients
affected by acute, chronic, and intermittent hypoxic disorders.
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