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Abstract: Chronic obstructive pulmonary disease (COPD) is a leading global cause of morbidity and mortality, now recognized as
a complex, heterogeneous disorder driven by environmental exposures, genetic susceptibility, immune dysregulation, and accelerated
lung aging rather than solely by airflow limitation. This shift in understanding has fundamentally altered perspectives on its
development and treatment. This narrative review synthesizes recent advances from 141 studies identified through a structured
literature search of PubMed and Web of Science. It explores the molecular and cellular mechanisms of COPD pathogenesis and the
resulting structural and functional lung changes. The review highlights innovations in diagnostics, including advanced imaging,
physiological assessments, and biomarkers that enable more precise patient classification beyond spirometry. Progress in pharma-
cotherapy includes personalized inhaled therapies and targeted anti-inflammatory agents, while non-pharmacological approaches such
as pulmonary rehabilitation and digital health technologies are increasingly integral to comprehensive management. Despite these
advances, challenges persist, including inconsistent early detection, a lack of disease-modifying treatments, and significant variability
in disease course and treatment response. This review provides a cohesive overview of current knowledge, identifies ongoing research
needs, and outlines priorities for advancing personalized, mechanism-based care for COPD patients.

Keywords: chronic obstructive pulmonary disease, airway inflammation, emphysema, precision medicine, inhaled therapy, pulmonary
rehabilitation

Introduction

Historical Evolution of Chronic Obstructive Pulmonary Disease
COPD is one of the most studied diseases that exists today, and it has had the same basic symptoms for over a hundred years,
however, our perception or description of those symptoms have evolved slowly over time. In the late 1800’s pathologists
identified two different disease processes that they referred to as chronic bronchitis and emphysema. Both chronic bronchitis
and emphysema are described as having specific physical changes and symptom characteristics. Chronic bronchitis patients
would typically have a productive cough for at least three months in each year for at least two years, and their bronchial tubes
contained enlarged mucus glands.' Patients diagnosed with emphysema would experience permanent (irreversible) increase
in size of the air spaces of the lungs and destruction of the walls of the alveoli.* ® Historically these two diseases were thought
to be secondary to repeated infections, exposure to pollutants, occupational exposures, etc, prior to the widespread knowledge
of tobacco smoking as the primary risk factor for developing COPD.

Following the increased use of cigarettes during the last half of the twentieth century, epidemiologic studies found
a very significant association between cigarette smoke and chronic airflow limitation.”® As such, chronic bronchitis and
emphysema became categorized as part of a single disease process known as COPD.'"'? This created a broadened
understanding of COPD that focused on the loss of lung function due to an irreversible narrowing of the airways of the

lungs.'* > This understanding influenced diagnosis and treatment options for decades and as such led us to overlook
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other factors such as early life lung development, other types of environmental exposures (beyond smoking), and
epigenetic modifications that mediate gene-environment interactions in disease pathogenesis. While rare monogenic
conditions such as alpha-1 antitrypsin deficiency account for approximately 1-3% of all COPD cases and confer
markedly increased susceptibility to early-onset emphysema, the vast majority of COPD cases arise from complex
interactions between environmental exposures and epigenetic regulatory mechanisms.'® The historical view of COPD as
a single disease entity contributed to a delay in recognizing the biological complexity of COPD and thus hindered the
development of new treatments that could potentially modify the course of the disease. Importantly, the predominant
etiological drivers of COPD differ markedly between geographic and socioeconomic contexts, with significant implica-
tions for disease phenotype and underlying molecular biology. In high-income Western countries, cigarette smoking
remains the primary risk factor for COPD and has shaped much of the existing mechanistic understanding of the
disease.!” In contrast, in low- and middle-income countries, household air pollution from biomass fuel combustion for
cooking and heating constitutes the dominant cause of COPD.'® Biomass smoke-associated COPD exhibits distinct
clinical and pathophysiological features compared to cigarette smoke-induced COPD, including a slower decline in lung
function, greater airway involvement with less emphysematous destruction, and a different inflammatory signature.'®
These differences underscore that COPD is not a uniform disease entity but rather a syndrome whose biological
underpinnings are shaped by the nature of the inciting environmental exposure, necessitating context-specific approaches
to both research and clinical management.

Contemporary Understanding of Pulmonary Structure and Functional Decline
Advancements in respiratory physiology and lung biology have transformed our understanding of how normal pulmonary
structure supports both effective ventilation and gas exchange, and how these processes are disrupted in COPD. The coordination
among conducting airways (small), alveoli, extracellular matrix scaffolds and the vascular system is critical to maintaining low
resistance flow through the lung, and adequate matching between ventilation and perfusion.’® ** Additionally, the structural
integrity of the alveolar walls provides the necessary elasticity for recoil of the lungs, while the intact epithelial layers and
mucociliary clearance mechanisms serve as a protective barrier to insult from inhaled pathogens.** >

In COPD, these carefully regulated systems are progressively and unevenly damaged. Early in the course of the
disease, small airway pathology develops with inflammation, thickening of the walls of the airways, and narrowing of
their lumen occurring before destructive loss of the alveoli occurs.> 2 Loss of structural support of the alveolar unit as
a result of degradation of the extracellular matrix results in an increase in size of the alveolar unit, and therefore impaired
gas exchange.?®’ Importantly, recent imaging and physiological studies have shown that this does not occur equally
across all lung regions or in all individuals. Therefore, the variability in the extent of damage across the lung explains the
significant difference in symptom burden and disease progression experienced by two individuals with similar levels of
spirometry impairment, which further underscores the need for diagnostic methods that go beyond measurement of
global lung function.

Evolution of Pathophysiological Concepts

Research on the pathophysiology of COPD has greatly increased beyond the initial focus on chronic inflammation only.?®
Research initially focused on the effects of toxic inhalation exposures (such as cigarette smoke), resulting in neutrophilic
inflammation and subsequently in airway injury and mucus hypersecretion. However, today researchers understand that
inflammation represents only one aspect of the many interconnected biological pathways involved in COPD.

Presently, research into the pathophysiology of COPD continues to show that there are complex immune system
abnormalities at both the innate and adaptive levels.”” The persistent activation of macrophages, neutrophils, and
lymphocytes results in tissue injury; however, due to a failure in resolution mechanisms of inflammation, inflammation
persists even after removal of the original insult.>° Oxidative stress has been identified as another key molecular
mechanism, allowing for the linkage of environmental insults to DNA damage, altered cellular signaling and to
corticosteroid resistance.’’ Additionally, the disruption of the protease-antiprotease balance results in disruptions of
the homeostatic equilibrium of the extracellular matrix thereby creating conditions which promote emphysematous

destruction and loss of mechanical integrity of lung parenchyma.*?
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Recent developments have further broadened the existing framework for the pathogenesis of COPD by implicating defects
in epithelial repair, mitochondrial dysfunction, and cellular senescence in COPD.**° These findings provide evidence that
COPD may not only be characterized by chronic injury, but also by a failure in the normal regenerative capacities of the lung,
suggesting that COPD is a model for the process of accelerated lung aging. The finding that the lung microbiome has been
disrupted and that there are host-microbiome interactions, which can influence each other in a bidirectional manner, provides
another level of complexity to the study of COPD, emphasizing that the relationship between the airway environment and
immune responses are interactive. Overall, these expanding concepts of COPD highlight how a multitude of mechanisms
interact across molecular and cellular scales to support the chronicity of the disease.

Advances in Therapeutic Approaches and Clinical Management

While treatment options have progressed in sync with increased knowledge of COPD’s pathology, it is crucial to
underscore that smoking cessation remains the single most effective intervention capable of altering the natural history
of the disease and slowing the accelerated decline in lung function. Building on this foundation, management techniques
have transitioned from strictly symptomatic treatments using short acting bronchodilators and supportive care (eg,
oxygen, pulmonary rehabilitation) to include evidence based, clinically proven treatments such as long acting bronch-
odilators and combinations of inhaled agents which have greatly improved symptoms, exercise capacity and reduced
frequency of exacerbations.’” Additionally, advancements in inhaler design and formulation have further optimized the
delivery of medication to the peripheral lung parenchyma.

The shift toward personalized or individualized management has been supported by recognition of the importance of
patient specific factors including phenotypic characteristics and inflammatory profiles. For example, it is now recognized
that the primary population that derives a benefit from inhaled steroids are patients who exhibit chronic inflammation.*®
This represents a paradigmatic shift in the direction of “precision” medicine. Concurrently, an increasing emphasis on
non-pharmacologic interventions has emerged as the appreciation grows that pharmacotherapy alone will never be able to
adequately manage the entire scope of the disease burden associated with COPD. Pulmonary rehabilitation, ventilator
support, nutritional counseling, and psychological and social support services have become important components of
comprehensive care for patients with COPD, highlighting the systemic nature of the disease.*”

Current Clinical Significance

Although significant progress has been made with regards to COPD as a public health issue; it still presents an immense
challenge for global health. COPD affects approximately 350 million people worldwide and ranks as the third leading
cause of death globally, accounting for 3.7 million deaths annually.*® Over half of all cases and approximately 68% of
COPD-related deaths and disability-adjusted life-years occur in low- and middle-income countries, where diagnostic
resources and access to care remain severely limited.*' The global prevalence among individuals aged 40 years and older
is estimated at 12.64% (95% CI: 10.75714.65%).42 Furthermore, the absolute number of cases, deaths, and disease
burden is projected to continue rising through 2045, driven largely by population aging and growth.*’ It is often under-
diagnosed, especially in early stages of disease, which would allow for interventions that could have the greatest benefit.
Late-stage diagnoses lead to irreparable structural damage and will limit the therapeutic effects of available treatments.
Additionally, there is a large variability in how the disease progresses, how symptoms are expressed and how patients
respond to treatments, all of these factors contribute to decision-making for clinicians, and highlight the remaining gaps
between the ability to stratify patients based on prognosis and severity of disease.

Currently, no treatment exists that can reliably halt or reverse structural lung destruction and many existing therapies
provide minor benefits that include relief from symptoms and/or reducing the number of exacerbations. In addition,
comorbidities further complicate the management of the disease, as they add to functional limitations, increase healthcare
utilization and contribute to increased risk of mortality. The recent COVID-19 pandemic underscored the heightened
vulnerability of COPD patients to viral exacerbations and poor outcomes. Retrospective analyses from high-burden
regions such as Punjab, Pakistan, have demonstrated that patients with COPD who contract SARS-CoV-2 face
a significantly increased risk of mortality and prolonged recovery times.**** These studies further identified that clinical
symptoms such as cough, lower respiratory tract infection, and body aches serve as independent predictors of adverse
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outcomes in this patient population during the pandemic. These ongoing unmet needs emphasize the need for continued
research into earlier detection of the disease; therapies directed at the mechanisms involved in disease pathology and
delivery of comprehensive care models that address both the pulmonary and systemic manifestations of the disease.

Rationale of the Review

As new research emerges rapidly across molecular, clinical, and translational fields, it is both imperative and timely that
there be an overall synthesis of the most recent developments in COPD as they relate to disease mechanisms, diagnostic
innovations, drug development, and support services. This review will synthesize these recent findings into an integrated
and cohesive model for understanding COPD. This review will assess critically all of the available evidence and identify
the key challenges and future directions for COPD research and practice; the ultimate goal is to create a structured base
from which to improve, through the creation of more efficient, personalized, and equitable treatment strategies for
patients with COPD.

Cellular and Molecular Mechanisms Underlying COPD Progression

COPD is a multilevel pathologic continuum resulting from the translation of molecular perturbations into cellular
dysfunction, tissue remodeling, and irreversible structural and functional changes of the lung, rather than a linear disease
process. COPD development is influenced by the cumulative effects of genetic susceptibility, environmental injury,
immune dysregulation, and impaired repair mechanisms at molecular, cellular, tissue, and organ-system scales.
A comprehensive multi-scale perspective is necessary to understand disease heterogeneity and variable responsiveness
to treatment.***®

Oxidant-rich environmental stimuli, primarily cigarette smoke and airborne pollutants, initiate and maintain COPD at the
molecular level. The oxidative stress generated by these stimuli overwhelms the body’s endogenous antioxidant systems (eg,
superoxide dismutase, catalase, and glutathione) and introduces high concentrations of reactive oxygen and nitrogen species
into the airway microenvironment. The oxidative stress directly damages DNA, lipids, and proteins; leads to genomic
instability, altered protein folding, and dysfunctional signaling cascades; and activates redox-sensitive transcription factors
(eg, NF-kB and AP-1), which regulate the expression of pro-inflammatory genes and support chronic inflammation.*’

The molecular disturbances produced by oxidative stress lead to significant cellular dysfunction. Airway epithelial
cells were previously viewed as passive structural components, but are now recognized as central contributors to COPD
pathogenesis. Injury to the airway epithelium disrupts tight junctions, increases epithelial permeability, and facilitates
pathogen invasion.”®>' Chemokines, cytokines, and alarmins released from injured epithelial cells recruit and activate
immune cells and impair mucociliary clearance.’*>> Goblet cell hyperplasia and altered epithelial differentiation
contribute to mucus hypersecretion and promote airflow obstruction and bacterial colonization.”* >

Innate immune cells are responsible for the amplification of the inflammatory response in COPD(23). Alveolar
macrophages in COPD exhibit abnormal polarization states characterized by increased pro-inflammatory activity and
decreased ability to phagocytose pathogens.’® Dysfunctionally polarized macrophages secrete TNF-alpha, ILs, and
matrix-degrading enzymes and are unable to efficiently remove apoptotic cells, referred to as defective efferocytosis.
Large numbers of neutrophils are recruited to the airway lumen, releasing proteases, myeloperoxidase, and neutrophil
extracellular traps (NETSs), further enhancing tissue injury and oxidative stress.”’ Collectively, the abnormalities in innate
immunity result in an ongoing inflammatory environment that does not resolve.

Adaptive immunity also contributes to the progression of disease in COPD by causing prolonged lymphocytic
infiltration into the lungs and disrupting immune homeostasis.’®>’ Elevated numbers of cytotoxic CD8+ T-cells infiltrate
the airways and alveoli, inducing apoptosis of epithelial and endothelial cells via mechanisms involving perforin and
granzymes.®® The Th1 and Th17 CD4+ T-cell responses are skewed towards pro-inflammatory phenotypes, whereas the
number of regulatory T-cells is reduced, decreasing immune tolerance and the capacity to resolve inflammation.®'-%*
Advanced disease is characterized by the formation of ectopic lymphoid follicles, indicating that the adaptive immune
system contributes to the persistence of disease in COPD.

A key interface between inflammation and structural destruction of the lung in COPD is the balance between
proteases and antiproteases. Activated neutrophils and macrophages release proteolytic enzymes that degrade
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elastin and collagen within the extracellular matrix, compromising the integrity of the alveolar wall.®> When the
antiprotease defense mechanism is insufficient, progressive emphysema occurs, characterized by dilated airspaces
and a reduction in elastic recoil. Matrix degradation caused by proteolytic enzymes disrupts cell-matrix signaling,
impairs mechanotransduction, and limits tissue repair.® Ultimately, the combined effect of these processes results
in a fragile lung structure that is susceptible to mechanical stress and declines in function.

Impaired regeneration in addition to inflammation and proteolysis has been identified as another hallmark of COPD.
Cellular senescence accumulates within various lung cell types, including epithelial cells, fibroblasts, and endothelial
cells. Cells undergoing senescence exhibit irreversible growth arrest accompanied by a senescence-associated secretory
phenotype that promotes chronic inflammation and matrix degradation. Impaired mitochondrial function contributes to
this process by decreasing cellular energy availability and increasing reactive oxygen species production, thus reinforcing
oxidative stress and senescence pathways.>”®> As such, aging-related mechanisms linking COPD progression to
accelerated lung aging have been identified.®

In addition to the processes described above, accelerated aging mechanisms have emerged as central to COPD
pathogenesis. COPD is now widely recognized as a disease of premature lung aging, driven in part by telomere dysfunction
and immunosenescence.®’ Telomeres, the protective nucleoprotein structures at chromosomal ends, shorten with each cell
division and under oxidative stress. In COPD patients, leukocyte telomere length is significantly reduced compared with age-
matched controls, reflecting accelerated biological aging at the cellular level.® Telomere attrition contributes to genomic
instability and limits the replicative capacity of lung progenitor cells, thereby impairing normal tissue repair and regenera-
tion. Concurrently, immunosenescence, the age-related decline in immune function, further compounds the inflammatory
burden. In COPD, immunosenescence is characterized by diminished anti-infection capacity, heightened activation of
neutrophils and macrophages, T cell infiltration, and aberrant B cell activity, all of which perpetuate airway inflammation
and lung injury.”” Beyond these aging-related changes, epigenetic alterations provide a critical mechanistic link between
environmental exposures and persistent gene expression changes in COPD. Epigenetic mechanisms, including DNA
methylation, histone modifications, and non-coding RNAs, regulate gene activity without altering the underlying DNA
sequence.’’ Exposure to environmental stressors such as cigarette smoke and biomass fuel combustion disrupts normal
epigenetic regulation in structural and immune cells of the lung, giving rise to aberrant DNA methylation patterns and altered
histone acetylation. These modifications disturb the precise control of gene expression governing inflammatory signaling, the
protease—antiprotease equilibrium, and tissue repair mechanisms.”"

Finally, the molecular and cellular abnormalities described above converge to cause characteristic structural changes
in tissues and organs of the lung. Fibrosis of small airways, smooth muscle remodeling and luminal narrowing of small
airways, and destruction of alveolar units due to emphysema decrease gas exchange surface area and increase airflow
resistance.”*”* Additionally, vascular remodeling and endothelial dysfunction reduce pulmonary perfusion, contributing
to ventilation-perfusion mismatch and hypoxemia. The structural changes identified above occur clinically as progressive
dyspnea, limited exercise capability, and susceptibility to acute exacerbations.

There is emerging evidence that alterations in the composition of the respiratory microbiome impact disease
expression across the aforementioned scales. Reduced microbial diversity and over-representation of pathogenic taxa
enhance inflammatory signaling and disrupt host-microbe homeostasis, especially during exacerbations. Interactions
between the microbiome and immune system can modulate both innate and adaptive immune responses, suggesting
a reciprocal relationship between the ecological status of the microbiome and inflammatory phenotypes of the host. The

integration of these molecular, cellular, and macroscopic mechanisms is summarized in Figure 1.”*

Advances in Diagnostic Strategies and Disease Phenotyping

Beyond Spirometry: Expanding Physiological Characterization and Early Detection

Although spirometry has remained fundamental in establishing whether there has been chronic airflow limitation;
however, the degree to which spirometry assesses the full biological and clinical spectrum of COPD remains
limited.” Spirometry’s forced expiratory measurements represent diverse structural and inflammatory pathologies within
a singular global measure, thus potentially failing to capture early small-airway pathology, differentiating between the
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Figure | Mechanisms underlying COPD development. Multiple risk factors including cigarette smoke and other irritants activate alveolar macrophages and epithelial cells in
the respiratory tract leading oxidative stress followed release of multiple inflammatory mediators. These inflammatory mediators, particularly chemokines, attract
neutrophils and monocytes as well as T helper cells. The activated alveolar macrophages and epithelial cells also release proteases such as neutrophil elastase and matrix
metalloproteinase-9 (MMP-9), which damage the lung parenchyma resulting in lung vascular remodeling, alveolar wall destruction and mucus hypersecretion. In addition, the
activated macrophages and epithelial cells release fibrogenic mediators, such as TGF} which causes EMT and eventually small airway fibrosis.

most common mechanisms responsible for obstructing airflow and failing to account for the large proportion of patients’
symptom burdens. This deficit is notably evident in those who are symptomatic with preserved or near-preserved
spirometry, where dyspnea and exercise limitation may result from small-airway dysfunction, dynamic hyperinflation,
gas-exchange impairments or cardiopulmonary interactions instead of a notable reduction in the patient’s forced
expiratory volume.”®”’® Therefore, contemporary physiological evaluations increasingly aim to establish physiologically
identifiable, treatable functional defects that predict outcome and help direct individualized management beyond
traditional spirometric staging of COPD.

Assessment of lung volume and static and dynamic hyperinflation have taken center stage in the development of this
broader physiological assessment strategy. Static hyperinflation refers to an increase in the end-expiratory lung volume at
rest, while dynamic hyperinflation refers to an additional increase during physical activity as a result of expiratory flow
limitation and decreased expiratory time.”” Both conditions increase the mechanical load of breathing, flatten the
diaphragm and reduce the patient’s inspiratory capacity resulting in exertional dyspnea that may be out of proportion
to the degree of spirometric impairment.*>®' The use of plethysmographic assessment of residual volume, functional
residual capacity and total lung capacity provides important mechanistic data on air-trapping and mechanical restriction

relevant to patient symptoms and exercise intolerance.®? Additionally, these measurements demonstrate utility in
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assessing the patient’s response to bronchodilator therapy, lung-volume reduction therapy, and rehabilitation interven-
tions as increases in inspiratory capacity can correlate with clinical improvement even when changes in forced expiratory
volume are minimal.

The additional dimension provided by gas-transfer testing assesses the integrity of the alveolar-capillary interface and
the degree of pulmonary microvascular involvement. A reduced diffusing capacity can be indicative of emphysematous
destruction of surface area, capillary bed rarefaction, ventilation-perfusion mismatch or pulmonary vascular disease each
of which may have unique implications regarding long-term prognosis.*> The extension of gas-transfer testing by
exercise oximetry and cardiopulmonary exercise testing allows for the assessment of ventilatory inefficiency, dynamic
hyperinflation during exercise and the relative contribution of ventilatory, cardiovascular and peripheral muscle
limitation.**®¢ Assessments such as these are being utilized to better understand complex symptom profiles, to
differentiate between respiratory and non-respiratory factors contributing to limitation, and to identify patients that
would be ideal candidates for targeted interventions.

Small-airway dysfunction represents one of the earliest substrates of COPD and is increasingly assessed using
methods that measure peripheral airway resistance and ventilation heterogeneity.*”*® Impulse oscillometry and other
forced-oscillation techniques assess the frequency-dependent changes in resistance and reactance measured during
expiration that may indicate peripheral airway narrowing and loss of elastic recoil.* In addition to impulse oscillometry,
multiple breath washout and other measurements of ventilation distribution are providing increasing sensitivity to early
airway disease and are able to detect subtle ventilation inhomogeneities prior to significant spirometric abnormality.
Together, these expanded physiological assessments are changing how diagnosis and phenotyping occur by identifying
functional patterns of disease - hyperinflation-dominant, gas transfer-limited, ventilation heterogeneity-dominant or
mixed - thereby allowing for the establishment of mechanistic anchors for subsequent imaging and molecular profiling.

Structural Imaging and Quantitative CT: From Visual Descriptors to Measurable
Phenotypes

Structural imaging has changed how clinicians assess COPD through the ability to visually examine the anatomic bases
of airflow obstruction and impaired gas exchange.”® Structural imaging through high resolution computerized tomogra-
phy (HRCT) provides details on the spatial distribution and severity of emphysema, as well as the degree of airway wall
thickening, luminal narrowing, and evidence of loss of small airways. The advantage of HRCT lies in its ability to
directly visualize the heterogeneity of COPD; emphysema can predominate in the upper lobes, airway remodeling can
occur in central or segmental airways and small airway pathology can be present throughout but invisible to spirometry.
Through the use of HRCT imaging clinicians are able to map out the heterogeneity of COPD and support disease
subtyping and improve the clinico-pathological correlation.”’

The application of quantitative imaging techniques converts the qualitative data from HRCT into quantitative data
that can be compared and correlated with patient symptoms, risk of future exacerbations, and progression of disease.’*
Quantitative imaging of the lungs using densitometry provides a measure of emphysema burden and allows for long-
itudinal measurement of parenchymal loss.”* Morphometric analysis of the airways allows clinicians to quantify the
caliber of the lumen and the thickness of the walls. The combination of the two measurements allow clinicians to
differentiate between patients with predominant emphysema from those with predominant airway involvement and
identify patients who have mixed forms of the disease and therefore may require different treatment emphases. In
addition to providing a method of classification, quantitative imaging has shown that small airway loss and remodeling
can occur prior to significant emphysematous damage, suggesting a pathophysiological model where early small airway
pathology leads to subsequent irreparable parenchymal changes.’® This finding has significant implications for develop-
ing new methods of early detection and understanding why some patients with similar spirometric values demonstrate
different rates of disease progression.

Imaging based phenotypes also provide mechanistic explanations for the presence of symptoms and functional
impairments associated with COPD.’® Phenotypes characterized by predominance of emphysema often correlate with
reductions in diffusing capacity and the presence of exercise-induced desaturation, while those characterized by
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predominance of airway disease often correlate with chronic bronchitis symptoms and increased susceptibility to
exacerbations.”” The regional distribution of emphysema influences candidacy for surgical interventions such as lung
volume reduction surgery and the potential benefits of surgical intervention.”® Furthermore, imaging provides informa-
tion relevant to evaluating comorbidities by identifying the presence of coronary artery calcification, pulmonary artery
dilatation and interstitial disease that can affect the outcome of therapies and guide their selection.”®*'%°

While structural imaging has many advantages, there are several factors that will affect the interpretation and
integration of structural imaging data into clinical decision-making. These include variability in acquisition protocol,
reconstruction parameter and image segmentation methods that result in differences in quantitative output. As a result,
standardized protocols will be required for both research and clinical applications. Additionally, structural imaging
requires radiation exposure and carries a cost, which limits its application to all patients with COPD. Finally, imaging
findings must be placed in the appropriate clinical context to avoid misinterpreting normal variants or age-related
changes as indicative of disease. Despite the limitations and challenges presented by structural imaging, it has become
a fundamental tool in defining phenotypes due to its ability to link anatomy to physiology, provide measurable end points
for longitudinal assessments and facilitate the integration of advanced computational approaches.

Functional Imaging and Regional Mechanics: Capturing the Dynamics of Airflow

Obstruction

Although structural imaging shows anatomically abnormal areas of the lungs, functional imaging examines how those
anatomical irregularities result in regional variations in ventilation and airflow behavior during breathing.'®' It is this
difference which is important since, in many cases, symptoms of COPD and the risk of experiencing acute exacerbations
result from dynamically changing respiratory behaviors (eg, air trapping during exhalation, ventilation heterogeneity during
physical activities, etc.) rather than the anatomically abnormal structures themselves. As such, functional imaging provides
a way to bridge the gap between pathological findings and physiological events through creation of “function maps”
showing the regional “function” of the lungs in relation to symptoms and predicting clinically significant outcomes.'*>

One of the major contributions of functional imaging has been the separation of emphysematous destruction from
functional small-airway disease in situations where both types of disease exist simultaneously.'*®> Techniques comparing
the inspiratory and expiratory CT images will show the area(s) of air trapping and altered density changes indicating
small-airway obstruction. This is important, as small-airway disease represents an early or potentially reversible form of
disease whereas established emphysema indicates irreversible loss of lung tissue. Practically, separating these compo-
nents of disease allows for better mechanistic phenotyping and may provide guidance on the direction of therapeutic
emphasis, ie, focusing on bronchodilators and inhaled drug delivery strategies directed toward distal airways when there
is significant functional small-airway disease.'®*

The use of regional imaging techniques demonstrates the patchwork nature of the mechanical dysfunction of COPD.
Ventilation may occur normally in certain parts of the lungs while being severely impaired in other parts; this produces
ventilation-perfusion mismatches and limits exercise performance, even when global indices indicate a relatively stable
condition of lung function.'® The regional heterogeneity of lung function explains why some individuals with mild
spirometric impairment experience extreme shortness of breath due to localized air trapping and hyperinflation resulting
in mechanical constraints to inspiratory capacity and increased ventilatory demands.'®® Therefore, functional imaging can
be used to help explain apparent discrepancies between clinical presentations and test results.

In addition, functional imaging techniques are increasingly recognized as having the capability for longitudinal
monitoring. Changes in regional indices of air trapping and ventilation inhomogeneity over time may not be reflected in
spirometric values and could serve as markers of disease progression or responses to treatment. These measurements are
particularly useful in research studies in order to provide physiologically relevant endpoints for mechanistic trials.'®”
Clinically, functional imaging has the potential for selecting patients who would most benefit from treatments that target
specific regional aspects of lung mechanics, eg, volume reduction procedures and targeted bronchoscopic interventions;
however, the use of functional imaging for routine selection of patients remains limited.
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There are several limitations to standardizing functional imaging including differences in how subjects are coached
regarding their breath holds, differences in the lung volumes present at the time of image acquisition, and differences in
the algorithms employed to analyze the data. However, the conceptual implications of using functional imaging are
considerable; they create a framework for assessing COPD as a disease of dynamic obstruction and mechanical constraint
of the lungs, connecting anatomical damage to functional consequences and establishing a basis for developing
a unifying model of COPD that incorporates biomarkers and clinical phenotypes based upon mechanisms.

Biomarkers and Molecular Endotyping: From Inflammation Signatures to

Mechanism-Linked Stratification

COPD biomarker research has extended beyond COPD anatomical and physiological phenotypic characteristics and has
provided an opportunity for the molecular characterization of disease mechanisms. The primary goal is to develop
measurable indicators of disease process which can provide insight into the biological basis of the disease, allow
clinicians to predict when clinical events will occur, and assist in the selection of the most effective treatments for
each individual patient’s disease mechanism.'”® There is now growing evidence that COPD is not characterized by
a uniform inflammatory response; different individuals with COPD may exhibit distinctly different immune responses,
remodeling pathways, and systemic effects on their body systems that are likely to affect their risk of experiencing an
exacerbation of the disease and how they respond to available treatments.'-''?

One of the first practical biomarkers to emerge was blood eosinophil counts. Blood eosinophil counts have been used in
a number of settings to serve as an indicator of eosinophil-related inflammation and help clinicians determine whether an
individual with COPD is likely to derive benefit from use of an inhaler containing an inhaled corticosteroid in the proper
clinical context.''" However, eosinophils are just one aspect of the complex biology of COPD and therefore their ability to
predict outcomes is influenced by variability in the biology of each individual, comorbidities, and the presence of multiple
types of inflammation in the same individual. Other biomarkers that are part of the larger landscape of biomarkers include
systemic inflammatory markers, indicators of oxidative stress, and proteins related to the remodeling of tissues and the
breakdown of extracellular matrix. Some of the biomarkers in this category have been found to be associated with increased
risks of exacerbations, higher levels of symptoms, and the presence of comorbidities; however, many biomarkers in this
category suffer from limitations such as a lack of specificity, a high degree of overlap with biomarkers of other chronic
inflammatory diseases, and variable consistency in their performance across different populations.''?

Another type of biomarker that offers greater proximity to lung processes is airway-derived biomarkers. Biomarkers
derived from sputum cytology, inflammatory mediators in sputum, and analyses of exhaled breath can capture the presence
of inflammation in the airways, signs of infections in the airways, and oxidative chemistry more closely than biomarkers
obtained through blood samples. Breath condensate analysis and volatile organic compound (VOC) analysis of exhaled
breath provide non-invasive methods of performing molecular phenotyping; however, both VOC and breath condensate
analyses require additional study regarding variability in methods and the need for standardization before either technique
can be used widely.''® Airway-based approaches to biomarker development may be especially relevant to the identification
of chronic bronchitic inflammation, signals of microbial dysbioses in the airways, and high-risk exacerbation biology.

The advent of high-dimensional molecular profiling has created opportunities for the development of endotypes—
classification of disease based on shared mechanisms of disease progression rather than solely on the clinical presentation.
Transcriptomic, proteomic, and metabolomics analyses have identified molecular signatures that are associated with suscept-
ibility to exacerbations, severity of emphysema, systemic inflammation, and impaired repair processes.''* Molecular
signatures have also distinguished biological subgroups within COPD that do not correlate well with the degree of obstruction
measured by spirometry, providing support for a precision medicine model that identifies predominant mechanisms of disease
and directs therapies accordingly.''* However, for these signatures to be translated into clinical practice, they must demon-
strate reproducibility, lower costs, and feasibility of simplification into assays that retain their predictive capability. Another
factor to consider in developing endotypes is the potential for molecular signatures to change over time due to factors such as
changes in smoking status, infections, treatment exposures, and aging, suggesting that endotypes may need to be dynamically
reassessed rather than assigned at one point in time.
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A potentially more effective approach to biomarker development in COPD is the use of multimarker panels,
combining multiple biomarkers that measure complementary aspects of disease mechanisms.''®> This approach recog-
nizes that the progression of COPD results from the interplay of multiple biological pathways and that few, if any, single
biomarkers explain sufficient variance in disease outcome.''® Furthermore, the combination of biomarkers with data from
imaging and physiologic assessments can enhance the strength of mechanistic phenotyping, improve the accuracy of
predictions of risk, and facilitate the selection of therapies that target specific disease mechanisms as they become

. . . 108,117,118
increasingly available.'*®''7:

Clinical Phenotypes and Integrated Multidimensional Models: Toward Actionable

Precision in Practice

The use of clinical phenotyping translates complex biology and structure into practical classifications used to guide
management decisions. Traditional staging of COPD using spirometry alone does not provide adequate information
regarding symptom burden and exacerbation risk, which are the primary predictors of outcome; contemporary
approaches to defining COPD phenotypes include symptom burden and exacerbation history, comorbid conditions, and
treatment response patterns to characterize the clinically relevant phenotype groups including frequent exacerbators,
chronic bronchitic presentations, emphysematous predominant disease, and eosinophil associated inflammatory patterns.
These phenotypes have relevance in terms of their prediction of differing trajectories of illness and differing therapeutic
needs; however, these phenotypes are increasingly being recognized as dynamic states rather than static entities.''*'%°

One of the major insights from recent research is that COPD phenotypes exhibit considerable variability over time.
Changes in the rate of exacerbations with optimized therapy, smoking cessation, changing levels of infection exposure,
and evolving comorbidities; and changes in symptom burden due to physical deconditioning, mood disorders (eg,
depression, anxiety), cardiac disease, and worsening hyperinflation are all potential sources of variation. Thus, long-
itudinal phenotyping, ie, repeated assessment of symptom patterns, risk of exacerbations, physiology, and biomarkers
over time, will be required to provide a comprehensive description of an individual’s disease state, and to move beyond
the use of a single point-in-time classification.'*!

In this context, the treatable traits approach to the diagnosis and management of COPD has gained popularity as
a conceptual framework. Instead of assigning patients to one of several rigid subtypes of COPD (based upon symptoms
and/or physiological findings), clinicians will identify multiple “modifiable” traits of disease that are present in the
patient, such as eosinophilic inflammation, chronic bronchitic mucus production, a tendency to experience frequent
exacerbations, deconditioning, anxiety, or hypoxemia, etc.; and, apply evidence-based treatments to reduce the presence
and impact of each identified trait.'*

Multidimensional indices that measure multiple aspects of COPD disease are superior to unidimensional indices for
predicting the future course of disease in patients, since they account for the multifactorial nature of both disability and
mortality. Multidimensional models of COPD disease are developed by combining various measures of physiological
impairment, symptom burden, exercise capacity, and body composition, to reflect the systemic nature of COPD.'*
Future generations of multidimensional models will also include additional types of data including quantitative imaging
measurements and biomarker panels, and will be designed to link clinical decision-making directly to the underlying
pathophysiology of the disease. This integration is facilitated by computational techniques that enable the use of high
dimensional data sets and identification of relationships between variables that may not be evident through standard
analytical techniques. As a result, there is increasing potential for these approaches to predict the likelihood of future
exacerbations of COPD, to identify individuals who are at higher risk of progressing rapidly, and to match patients with
specific therapies that are most likely to lead to positive health outcomes; provided that these models are validated in
diverse populations and remain easily interpretable for clinical use.

Table 1 identifies the diagnostic modalities and emerging biomarker classes that form the basis of contemporary phenotyping,
describes what each tool captures mechanistically, and outlines the main constraints that limit their current utility.

The combination of contemporary diagnostic methods and phenotypic assessment is an example of a shift from
single-dimension (airflow) evaluation to multi-dimensional (physiology, structure, region, biology) evaluations, as such
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Table | Contemporary Diagnostic Tools and Biomarker Domains Supporting COPD Phenotyping

Domain

Representative Tool or
Measure

Mechanistic Signal Captured

Primary Clinical Value

Principal Constraint

SpirometryI24

Lung volumes'?®

Gas exchange'?®

Small-airway function'?’
Structural imaging'*®
Functional imaging'?’
Blood biomarkers'*®

Multi-omics'>'

Post-bronchodilator airflow
indices
Residual volume, inspiratory
capacity, hyperinflation indices

Diffusing capacity and

exertional desaturation

Oscillometry; ventilation
heterogeneity measures
Quantitative CT emphysema
and airway metrics
Regional air trapping and
ventilation mapping
Eosinophils; systemic
inflammatory panels
Transcriptomic/proteomic/
metabolomic signatures

Global expiratory flow limitation

Air trapping and mechanical
constraint

Alveolar-capillary integrity and

vascular involvement

Peripheral airway resistance and
elastic recoil loss
Parenchymal destruction; airway
remodeling; regional heterogeneity
Functional small-airway disease
versus emphysema contribution
Inflammatory milieu and systemic
activation
Pathway-level endotypes and

repair/remodeling biology

Diagnostic confirmation; severity staging

Explains dyspnea; tracks response to
bronchodilation and volume-targeted
interventions
Identifies emphysema-predominant or
vascular-complicated disease; prognostic
utility
Early detection; mechanistic phenotyping
when spirometry is nondiagnostic
Phenotype definition; progression monitoring;
procedural selection support
Links regional mechanics to symptoms;
supports mechanistic trials
Risk stratification and therapy alignment in
selected contexts
Mechanism-based stratification and

therapeutic targeting research

Insensitive to early small-airway disease; limited
mechanistic specificity
Requires specialized equipment; interpretation
influenced by technique and comorbid restriction

Affected by anemia, pulmonary vascular disease,
and technical variability

Limited standardization and availability; normative
thresholds vary

Radiation, cost, protocol dependence, and analytic

variability

Standardization challenges; limited routine clinical

implementation
Biological variability; overlap with non-COPD
inflammation; limited specificity
High cost, complexity, and evolving signatures over
time
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a shift will allow for better stratification of both clinical risk and response to treatment, however, this will require
standardized and scalable tools that will convert current advanced phenotyping into standard medical practices without
expanding health disparities.

Pharmacological Innovations and Precision Therapeutics

Pharmacologic treatments for COPD continue to evolve from a general, symptom-oriented approach to a more indivi-
dualized, mechanism-based strategy. As the understanding of COPD as a multi-faceted, biologically heterogenous
disease progresses, so too does the goal of current pharmacologic treatments, which include not only alleviating
symptoms, but also modulating the risk of exacerbations, improving function and selecting treatments based upon
inflammatory and structural phenotypes.

Bronchodilators are the cornerstone of COPD treatment, and produce their primary effect through the relaxation of
airway smooth muscles and a reduction in dynamic hyperinflation. Long acting muscarinic receptor antagonists
(LAMAS) inhibit bronchoconstriction mediated by acetylcholine, while long acting beta-2 agonists (LABAS) increase
cyclic AMP levels to induce sustained bronchodilation. The synergistic combination of LAMAs and LABAs acts on
different pathways, producing greater improvement in lung function and symptom burden when used in combination,
compared to either agent when used alone. Bronchodilators may also reduce air-trapping and improve inspiratory
capacity, both of which are likely responsible for the reduction in exertional dyspnea and increased exercise tolerance
observed in some individuals treated with bronchodilators.'*? Therefore, the physiologic effects of bronchodilation
provide evidence of its utility, independent of changes in forced expiratory volumes.

A prime example of how precision pharmacology is being applied in COPD is through the refined use of inhaled
corticosteroids (ICS). ICS were previously widely prescribed in COPD, but their use is now more selective due to the
recognition that ICS have varying degrees of benefit dependent upon the presence or absence of eosinophilic inflammation
in the airway. Clinical evidence supports the use of ICS in preventing future exacerbations in patients with eosinophilic
inflammation, and this is consistent with the overlap between COPD and asthma of type 2 immune pathway involvement. In
contrast, patients who do not have eosinophilic inflammation derived little benefit from ICS treatment while continuing to
be at risk for adverse effects such as pneumonia and systemic side effects.'** The inclusion of blood eosinophil counts in
clinical decision making for the initiation of ICS therapy serves as an example of how biomarker research can be translated
into routine clinical practice and demonstrates the trend towards biologically directed therapy selection.

Systemic anti-inflammatory agents have also been developed to address specific pathogenic mechanisms of COPD,
outside of the inhaled therapies listed above. Phosphodiesterase-4 (PDE4) inhibitors prevent the degradation of intra-
cellular cyclic adenosine monophosphate (cAMP), and as a result decrease the release of inflammatory mediators from
immune cells.'** The clinical application of PDE4 inhibitors appears greatest in patients with chronic bronchitis
phenotypes who experience frequent exacerbations; in these patients, inflammation is not limited to the airway lumen,
but extends into the systemic compartment. However, the relatively small degree of benefit and the potential for dose
limiting adverse effects related to the gastrointestinal and neuropsychiatric systems highlight the difficulty in treating
systemic inflammation in a chronic disease that is caused by immune imbalance rather than immune hyperactivity.

Biologic therapies, which target specific components of the inflammatory cascade in COPD, offer another advance-
ment in the application of precision medicine in COPD.'*® However, the role of biologics in COPD is significantly less
defined than it is in asthma. Monoclonal antibodies targeted against cytokines involved in eosinophilic and type 2
inflammation have produced variable results across clinical trials, suggesting that there is both biologic variability and
variability in patient selection across studies. Together, these observations suggest that only a portion of patients with
COPD will have inflammatory pathways that are amenable to cytokine-targeted therapies. Early failures of biologic
therapies for COPD have nonetheless provided insight into the endotyping of disease and reinforce the need for robust
biomarkers to identify responsive populations.

There is increasing focus on developing pharmacotherapeutic modalities to treat oxidative stress and dysfunctional
cellular homeostasis in COPD. Oxidative injury is an overarching mechanism that links environmental exposures to
inflammation, corticosteroid resistance, and tissue destruction.'>> A number of pharmacologic approaches to restore
redox balance in COPD have included antioxidant supplementation and agents that target pathways involved in oxidative
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signaling. To date, clinical benefits have been inconsistent. However, ongoing advances in the molecular targeting of
drugs and drug delivery systems may ultimately allow for more effective modulation of oxidative stress in selected
patient populations.

While there have been significant advances in pharmacologic treatments for COPD, there remain significant limita-
tions to the effectiveness of pharmacologic treatments for COPD. Variability in treatment response, limited impact of
treatments on disease modification, and the challenge of identifying reliable surrogate endpoints for clinical trials are just
a few examples of the challenges that exist in the pharmacologic treatment of COPD. Despite these limitations, the
trajectory of pharmacologic innovation reflects a progressive alignment of pharmacologic treatment with biological
mechanisms, clinical phenotypes, and patient-specific characteristics. This evolving precision-based approach to the
pharmacologic treatment of COPD represents a necessary step in the development of comprehensive COPD care that
incorporates pharmacologic treatments with non-pharmacologic and supportive interventions.

Non-Pharmacological and Supportive Interventions in Contemporary
COPD Care

Non-pharmacologic and supportive interventions are essential components of a complete, comprehensive COPD manage-
ment plan. Additionally, there is increasing recognition that non-pharmacologic interventions are a key factor in
achieving long term outcomes in patients with COPD. Since COPD affects multiple body systems and extends beyond
airflow limitation to include skeletal muscle dysfunction, metabolic disturbances, psychological distress, and decreased
social participation, addressing each of these factors is necessary to develop effective interventions. Recent research has
strengthened the biological and clinical rationale for developing individualized care pathways that include supportive
strategies, regardless of the degree of irreversible structural lung damage present in the patient.

Pulmonary rehabilitation represents the most validated form of non-pharmacologic intervention for patients with
COPD, regardless of stage. Pulmonary rehabilitation programs utilize a combination of structured aerobic and resistance
training, patient education, and behavioral interventions to help reduce the effects of physical deconditioning and
symptom-related anxiety.'*® Exercise training improves the oxidative capacity of skeletal muscle, increases the efficiency
of mitochondria, and optimizes peripheral oxygen utilization, resulting in reduced ventilatory demands during exertion.
Improved exercise tolerance, reduced dyspnea, and improved health-related quality of life are the clinical manifestations
of these adaptations. In addition, pulmonary rehabilitation has consistently demonstrated a reduction in hospitalizations
due to acute exacerbations, including those occurring in patients with advanced COPD. Emerging evidence also suggests
that initiating pulmonary rehabilitation prior to the development of severe disease may slow the rate of decline in
functional capacity and potentially prevent disability.

Recent innovations in the delivery of pulmonary rehabilitation have made it possible to expand access to this
beneficial intervention to larger segments of the population and make it more adaptable to different settings. Studies
have demonstrated that home-based and remotely supervised pulmonary rehabilitation programs can be as effective as
center-based models of pulmonary rehabilitation in selected populations, especially when they are provided with
structured protocols and digital monitoring. Both types of pulmonary rehabilitation programs provide solutions to several
of the barriers that exist for individuals who wish to participate in a pulmonary rehabilitation program, including limited
mobility, geographic location, and the availability of healthcare resources.

Wearable sensors and activity monitors will enable “precision pulmonary rehabilitation” through tailored exercise
prescription, objective monitoring of compliance, and continuous adjustment of training intensity. As such, wearable
devices and activity monitors will represent an advancement of pulmonary rehabilitation toward precision health.'’
Long term oxygen therapy is a core component of supportive care for patients with chronic hypoxemia; it has a well
established survival benefit in severe resting hypoxemia and thus represents a clear example of when a physician must
transition from a symptom based approach to one that is individualized and based upon physiology. The advent of new
portable oxygen delivery systems has significantly enhanced patient mobility, and, therefore, adherence, and real world
effectiveness.'*® Non-invasive ventilation (NIV) is becoming an increasingly important treatment option in advanced
COPD, especially in chronic hypercapnic respiratory failure, in which nocturnal use has been shown to improve gas
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exchange, reduce the work of breathing, enhance sleep quality, and decrease hospital readmission rates.'*® In addition,
there is evidence of decreased respiratory muscle fatigue and systemic inflammation with nocturnal NIV in advanced
COPD. Tobacco cessation continues to be the most effective intervention for changing the course of disease and
decreasing mortality associated with COPD. Tobacco cessation using a combination of behaviorally based strategies
(counseling) and pharmacologically based strategies, in addition to multiple forms of counseling, and/or digital plat-
forms, results in higher rates of sustained tobacco abstinence than single modality interventions.'*® Malnutrition,
sarcopenia, and weight loss all have adverse effects on prognosis in COPD and thus both nutrition and metabolic
interventions are essential components of comprehensive COPD management. Individualized nutritional support com-
bined with resistance training can improve muscle strength. Psychological and psychosocial support are additional
components of comprehensive COPD management that address anxiety, depression, and social isolation, which have
a significant effect on perceived symptoms, compliance, and overall quality of life in COPD. Digital health technology
integrates these various supportive strategies through remote monitoring and predictive analytics and enables the early
identification of impending clinical deterioration and proactive intervention and, ultimately, the definition of the long-
term impact of digital health technology on COPD outcomes.

Table 2 provides a summary of the primary non-pharmacologic and supportive interventions, their mechanism(s), and
clinical implications, and highlights their complementary roles in an integrated management plan.

Both non-pharmacologic and support interventions collectively address those factors contributing to COPD burden
beyond the lung function impairment aspect of COPD. The combination of non-pharmacologic and pharmacologic
approaches are necessary to provide a comprehensive, patient-centered, multi-dimensional approach to improve both
functional status and health-related quality of life for individuals living with COPD today. The multidimensional nature
of non-pharmacological and supportive interventions is illustrated in Figure 2, which depicts an integrated model of
comprehensive COPD management encompassing rehabilitation, ventilatory support, behavioral interventions, and

digital health integration.'*!

Limitations, Challenges, and Future Research Directions

Although there has been considerable advancement in the understanding and management of COPD, the potential for
continued meaningful disease modification and equalizing care delivery continues to be impeded by many existing
issues. The most significant of which continues to be the underdiagnosis and delayed diagnosis of COPD. Many people
are diagnosed with COPD when irreversible airflow limitation and structural lung damage have already occurred. The
reason for this delay includes; the dependency on symptomatic presentation, limited access to spirometry in many regions
and incorrect attribution of early respiratory symptoms to the natural aging process or other related comorbidities.
Therefore, many opportunities for early intervention and preventing disease progression are lost.

Another fundamental issue is the heterogeneity of COPD. COPD is a complex condition that encompasses a broad range of
biological processes, clinical manifestations and patterns of disease progression. However, current classification systems only
marginally account for the diversity of COPD. Phenotypic and endotypic frameworks have enhanced our conceptualization of
the complexity of COPD, however, these frameworks remain inadequately standardized and are not universally applied in
daily clinical practice. Many COPD phenotypes are dynamic, changing in response to environmental exposures, age-related
changes, and treatments. This variability makes it difficult to develop effective strategies to categorize patients, reduces the
generalizability of clinical trial results and results in inconsistencies in treatment responses.

Additionally, therapeutic development is also being limited due to the absence of reliable disease modifying
endpoints. Although commonly used measures including lung function decline, frequency of exacerbations and symptom
based measures provide important clinical information, they do not reliably reflect the underlying pathological progres-
sion of COPD. Lung function decline can be slow and irregular, exacerbation frequency is influenced by factors
including access to healthcare services and how exacerbations are reported, and symptom based measures exhibit
large inter individual variability. The lack of validated surrogate markers for disease in the small airways, progression
of emphysema and impaired repair mechanisms represents a major impediment to both the development of drugs and the

long term assessment of treatment outcomes.
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Table 2 Major Non-Pharmacological and Supportive Interventions in COPD

Intervention Domain

Primary Mechanisms

Clinical Benefits

Key Limitations

Pulmonary rehabilitation'3¢

Home-based and tele-
rehabilitation'*’
Long-term oxygen therapy|38

Non-invasive ventilation'?°

Smoking cessation supportI40

Improved muscle oxidative capacity, reduced ventilatory
demand
Remote supervision, personalized exercise monitoring
Correction of chronic hypoxemia

Reduced respiratory muscle load, improved gas exchange

Elimination of ongoing toxic exposure

Enhanced exercise tolerance, reduced dyspnea, fewer
hospitalizations
Improved accessibility, sustained functional gains
Improved survival in severe hypoxemia

Fewer admissions, improved quality of life

Slowed disease progression, reduced mortality

Limited access, variable referral rates

Requires digital literacy and
infrastructure
Limited benefit outside defined
indications
Patient tolerance, need for careful
selection
High relapse rates without sustained

support
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Chronic Obstructive Pulmonary Disease: A Narrative Synthesis of Its Halimarks for Palliative Care Clinicians

COPD is a highly prevalent condition, which ranks An interdisciplinary management strategy
among the leading causes of death and suffering encompassing the early integration of PC for people
worldwide. Patients are burdened with a myriad of with COPD may improve the management of dyspnea,
physical and psychological symptoms which fatigue, pain, anxiety and depression while fostering the
negatively affect their quality of life. development of prognostic awareness.

Advanced therapies do exist, but aren’t Addressing the complex psychological needs is key

always feasible to holistic COPD care

Integrating palliative care with
disease-directed treatment
enhances patient well-being

Age and concomitant comorbidities
may hinder the possibilities of
adequate pharmacological
palliative interventions

An interdisciplinary approach ’ /" D
involving respiratory therapists, HALL MAR.K d F
dietitians, and PC specialists ) [ / coPD F \ People with COPD are burdened
among others is vital for | PALLIATIVE RE % with multiple physical

personalized COPD care symptoms other than dyspnea,

impairing their quality of life

W' &

Integrating palliative and
conventional care improves the
management of COPD
exacerbations and reduces
negative outcomes

Dyspnea is the most common,
debilitating and difficult-to-treat
symptom in people with COPD

People with COPD are often burdened with a Early ACP promotes patient-centered care, reduces the
marked impairment in daily activities number of hospitalizations and the use of invasive
o procedures

Figure 2 The hallmarks of COPD for palliative care clinicians caring for people with COPD. Visualization of the narrative review including background, its conclusions, and
the featured hallmarks of chronic COPD, alongside practical tips for palliative care clinicians caring for these patients.
Abbreviations: PC, palliative care; ACP, advanced care planning.

Imaging and molecular profiling have provided significant advancements in characterizing COPD through the
application of new technologies. However, the integration of these new technologies into clinical practice is restricted
by many factors. While quantitative imaging technologies provide detailed structural and functional information about
COPD, variability exists in the acquisition protocols, analytical methods and interpretive standards for quantitative
imaging technologies limiting its widespread use. Additionally, although molecular and omics based profiling provides
promising avenues for identifying biologically relevant endotypes for COPD, high costs, technical complexities and
limited availability currently restrict these approaches from being used in everyday clinical practice. A critical area of
need is to bridge the technology development gap to make these new technologies accessible in the clinical environment.

While pharmacologic development has increased in sophistication and produced significant improvements in treating
COPD, the overall impact of these new treatments on the long-term trajectory of disease in most patients remains limited.
Many treatments target downstream consequences of airway obstruction and inflammation rather than the underlying
causes of disease, such as impaired lung development, disrupted epithelial integrity and accelerated cellular aging. Even
targeted treatments produce benefits in relatively narrow subpopulations of patients, emphasizing the need for precise
patient stratification while raising concerns regarding the accessibility of these treatments. In order to maximize the
impact of new treatments, parallel advancements in early detection and patient stratification will be required.

Finally, the presence of comorbid diseases adds a layer of complexity to the management of COPD. Patients with
COPD experience a disproportionate burden of cardiovascular disease, metabolic disorders, skeletal muscle dysfunction,
osteoporosis, anxiety and depression. These diseases often share common inflammatory and pathophysiologic pathways
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with each other and with COPD, however, they are usually treated independently of each other. In addition to reducing
the effectiveness of both respiratory and non-respiratory interventions, fragmented care models highlight the need for
developing comprehensive and interdisciplinary approaches to addressing COPD as a systemic disorder.

Healthcare inequities and implementation barriers are two additional challenges that are limiting progress in the
management of COPD. The prevalence and severity of COPD are disproportionately higher in populations exposed to
biomass fuel combustion, occupational pollutants and socioeconomic disadvantage. In addition, the availability of
diagnostic tools, inhaled medications, pulmonary rehabilitation programs and long term supportive therapy programs
varies widely between and within countries. As new diagnostic and therapeutic options become available for COPD,
there is a risk that disparities in the availability of these resources will increase unless equity focused implementation
strategies are developed and implemented concurrently with the development of new scientific innovations.

Therefore, future research efforts should focus on shifting the paradigm of COPD toward earlier identification,
mechanism-based stratification and prevention of irreversible structural damage. Key areas for research include the
development of scalable risk-based screening strategies, clinic ready multimodal endotyping tools, and validated
biomarkers that reflect disease activity and progression. Longitudinal studies, adaptive trial design and the utilization
of real world evidence will all be essential to capturing the complexity of COPD and the effectiveness of treatment across
different patient populations. Ultimately, the success in improving the outcomes of patients with COPD will depend on
the alignment of biological discovery, clinical innovation and health system implementation to produce sustainable

improvement in patient outcomes.

Conclusion

COPD is an evolving and multifaceted clinical disorder involving the interplay of different processes at various levels
including molecular, cellular, structural and systemic. The modern scientific approach has transitioned from a view of
COPD as a single cause of airflow limitation to an appreciation for COPD as a heterogeneous disorder driven by multiple
pathological pathways, life course influences, and environmental exposures. This conceptual model provides greater
clarity in distinguishing among the biological mechanisms and clinical presentations of COPD, and thus provides better
insight into disease onset and progression.

Mechanistic studies have established the role of chronic inflammation, oxidative stress, proteolytic — antiproteolytic
balance, defective repair of the epithelium and premature aging of the lungs in causing permanent structural damage.
These findings have led to a redefinition of COPD as a disorder of failure of resolution and regeneration, as well as
simply a disorder of persistent injury. There has been a parallel advancement in the development of diagnostic strategies.
Spirometry-based assessments are now recognized as being inadequate for capturing the heterogeneity of disease and for
guiding personalized care, while the use of integrative assessment methodologies (ie, physiological measures, imaging
and biomarkers) provide more accurate assessment of the spectrum of disease severity in patients with COPD.

Pharmacologic treatment options for COPD have also advanced to be more closely aligned to the phenotypic and
inflammatory profile of each patient, and there has been improvement in drug delivery and digital integration. Non-
pharmacologic treatment modalities have emerged as equally important components of treatment for COPD. In addition
to addressing the physical deconditioning associated with COPD, non-pharmacologic treatment modalities address both
the psychosocial burden and systemic dysfunction that significantly impact both morbidity and quality of life in patients
with COPD. Collectively, these advancements highlight the need for a comprehensive and patient-centered model of
management of COPD that extends beyond solely airway-directed treatments.

Notwithstanding these recent advancements, several areas of unmet need remain. There are few disease modifying
agents available to treat COPD, and early diagnosis continues to be inconsistent; there continue to be inequities in access
to care for patients with COPD. Meeting these unmet needs will require continued integration of mechanistic discovery,
translational research and implementation science. Ultimately, future advancements in the treatment of COPD will
depend upon the ability to successfully translate biological insights into scalable diagnostic tools, targeted interventions
and equitable pathways to care that can alter the long-term prognosis for individuals with COPD worldwide.
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Abbreviations

COPD, chronic obstructive pulmonary disease; HRCT, high-resolution computed tomography; LAMA, long-acting
muscarinic antagonist; LABA, long-acting beta-2 agonist; ICS, inhaled corticosteroids; PDE4, phosphodiesterase-4;
NIV, non-invasive ventilation; MMP-9, matrix metalloproteinase-9; EMT, epithelial-mesenchymal transition; NETs,
neutrophil extracellular traps; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; AP-1, activator
protein-1; VOC, volatile organic compound.

Data Sharing Statement
As this research is a review, we did not generate or analyze primary datasets. All data presented here are retrievable from
PubMed and Web of Science.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Funding

There is no funding to report.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Widysanto A, Goldin J, Mathew G. Chronic bronchitis. In: StatPearls. StatPearls Publishing; 2025. doi:10.1007/springerreference 110130
2. Zhang J, Wurzel DF, Perret JL, Lodge CJ, Walters EH, Dharmage SC. Chronic bronchitis in children and adults: definitions, pathophysiology,
prevalence, risk factors, and consequences. J Clin Med. 2024;13(8):2413. do0i:10.3390/jcm13082413
3. Everard ML, Priftis K, Koumbourlis AC, Shields MD. Time to re-set our thinking about airways disease: lessons from history, the resurgence of
chronic bronchitis / PBB and modern concepts in microbiology. Front Pediatr. 2024;12:1391290. doi:10.3389/fped.2024.1391290
4. Peo C. Chronic pulmonary emphysema. In: Occup Ther Older Adults-E-Book Occup Ther Older Adults-E-Book. 2022:p.342.
5. Bhatt SP, Bodduluri S, Reinhardt JM, Nakhmani A. Mechanically affected lung and progression of emphysema. Am J Respir Crit Care Med.
2025;211(8):1409-1417. doi:10.1164/rccm.202409-18200C
6. Ong KC. Pulmonary emphysema-recent updates: recent updates, BoD—books on demand. 2024. doi:10.5772/intechopen.1005625
7. Sinha SK, Haider MN. Tobacco and health effects, tob PUBLIC health tob community well- worldw health crisis. 2024. 101.
8. Glynn L, Moloney E, Lane S, et al. A smartphone app self-management program for chronic obstructive pulmonary disease: randomized
controlled trial of clinical outcomes. JMIR Mhealth Uhealth. 2025;13:¢56318. doi:10.2196/56318
9. Liao S, Chen D, Long H, et al. Hydrogen sulfide attenuates oxidative stress-induced cellular senescence via the Sirt3/SOD?2 signaling pathway
in chronic obstructive pulmonary disease. Chin Med J. 2026;139(6):866—879. doi:10.1097/cm9.0000000000003452
10. Celli B, Fabbri L, Criner G, et al. Definition and nomenclature of chronic obstructive pulmonary disease: time for its revision. Am J Respir Crit
Care Med. 2022;206(11):1317-1325. doi:10.1164/rccm.202204-0671PP
11. Kahnert K, Jorres RA, Behr J, Welte T. The diagnosis and treatment of COPD and its comorbidities. Dtsch Arztebl Int. 2023;120(25):434-444.
doi:10.3238/arztebl.m2023.027
12. MacLeod M, Papi A, Contoli M, et al. Chronic obstructive pulmonary disease exacerbation fundamentals: diagnosis, treatment, prevention and
disease impact. Respirology. 2021;26(6):532-551. doi:10.1111/resp.14041
13. Walters EH, Shukla SD, Mahmood MQ, Ward C. Fully integrating pathophysiological insights in COPD: an updated working disease model to
broaden therapeutic vision. Eur Respir Rev. 2021;30(160):200364. doi:10.1183/16000617.0364-2020
14. Godwin Okwute P, Mofolorunso AM, Oghenetega O, Oluwatunase G, Asafa Y, Olalekan S. The complex interplay: unfolding the mechanisms
of chronic obstructive pulmonary disease. In: Jones SA, editor. COPD - Pathology, Diagnosis, Treatment, and Future Directions. London:
IntechOpen; 2024. doi:10.5772/intechopen.1003917.
15. Nasirova GR. Understanding structural changes in the respiratory tract in chronic disease. Acad J Sci Technol Educ. 2025;1(6):82-85.
16. Alwadani FA, Adams R, Alshahrani M, Pittaway H, Pye A, Turner AM. Optimising pulmonary rehabilitation for alpha-1-antitrypsin deficiency:
a qualitative study of patient and clinician perspectives. ERJ Open Res. 2026;12(2):00332-2025. doi:10.1183/23120541.00332-2025
17. Jiang E, Fu Y, Wang Y, Ying L, Li W. The role and clinical significance of myeloperoxidase (MPO) and TNF-alpha in prognostic evaluation of
T-COPD. BMC Pulm Med. 2025;25(1):192. doi:10.1186/s12890-025-03655-4
18. De Luca SN, Vlahos R. Targeting accelerated pulmonary ageing to treat chronic obstructive pulmonary disease-induced neuropathological
comorbidities. Br J Pharmacol. 2024;181(1):3-20. doi:10.1111/bph.16263

18 https: International Journal of Chronic Obstructive Pulmonary Disease 2026:21


https://doi.org/10.1007/springerreference_110130
https://doi.org/10.3390/jcm13082413
https://doi.org/10.3389/fped.2024.1391290
https://doi.org/10.1164/rccm.202409-1820OC
https://doi.org/10.5772/intechopen.1005625
https://doi.org/10.2196/56318
https://doi.org/10.1097/cm9.0000000000003452
https://doi.org/10.1164/rccm.202204-0671PP
https://doi.org/10.3238/arztebl.m2023.027
https://doi.org/10.1111/resp.14041
https://doi.org/10.1183/16000617.0364-2020
https://doi.org/10.5772/intechopen.1003917
https://doi.org/10.1183/23120541.00332-2025
https://doi.org/10.1186/s12890-025-03655-4
https://doi.org/10.1111/bph.16263

Wang et al

19.

20.

21.
22.

23.

24.
25.

26.

27.
28.

29.
30.
31.
32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

SI.

52.

53.

Ortiz-Quintero B, Martinez-Espinosa I, Pérez-Padilla R. Mechanisms of lung damage and development of COPD due to household
biomass-smoke exposure: inflammation, oxidative stress, MicroRNAs, and gene polymorphisms. Cells. 2022;12(1):67. doi:10.3390/
cells12010067

Lin C, Zheng X, Lin S, Zhang Y, Wu J, Li Y. Mechanotransduction regulates the interplays between alveolar epithelial and vascular endothelial
cells in lung. Front Physiol. 2022;13:818394. doi:10.3389/fphys.2022.818394

Beachey W. Respiratory Care Anatomy and Physiology E-Book: Foundations for clinical Practice. Elsevier Health Sciences; 2022.

Ng WH, Varghese B, Ren X. Understanding and engineering the pulmonary vasculature. Adv Exp Med Biol. 2023;1413:247-264. doi:10.1007/
978-3-031-26625-6_12

Malik M, Kumar N, Dixit CP. Pathophysiology of Respiratory Disorders. In: Fundamentals of Veterinary Pathophysiology. 2025:140—151.
doi:10.1201/9781003426837-13

Popper H. Pathology of lung disease: morphology—pathogenesis—etiology. Springer nature. 2021. doi:10.1007/978-3-030-55743-0

Cereghetti GM, Christe A. Airways and Inhalational Lung Disease. In: Hodler J, Kubik-Huch RA, Roos JE, editors. Diseases of the Chest,
Heart and Vascular System 2025-2028. Switzerland: Springer Nature; 2025:1-11. doi:10.1007/978-3-031-83872-9 1

Burgess JK, Harmsen MC. Chronic lung diseases: entangled in extracellular matrix. Eur Respir Rev. 2022;31(163):210202. doi:10.1183/
16000617.0202-2021

Nwozor K. Accelerated ageing in COPD: epithelial barrier dysfunction as a driver of abnormal lung tissue repair and remodelling. 2024.
Rodrigues SO, Cunha C, Soares GMV, Silva PL, Silva AR, Gongalves-de-Albuquerque CF. Mechanisms, pathophysiology and currently
proposed treatments of chronic obstructive pulmonary disease. Pharmaceuticals. 2021;14(10):979. doi:10.3390/ph14100979

Kotlyarov S. Involvement of the innate immune system in the pathogenesis of chronic obstructive pulmonary disease. Int J Mol Sci. 2022;23
(2):985. doi:10.3390/ijms23020985

Soliman AM, Barreda DR. Acute inflammation in tissue healing. Int J Mol Sci. 2022;24(1):641. do0i:10.3390/ijms24010641

Barnes PJ. Oxidative stress in chronic obstructive pulmonary disease. Antioxidants. 2022;11(5):965. doi:10.3390/antiox11050965

Kajla D, Mannan A, Kumar S, Mittal A, Mittal N, Devi S. Free radicals and Chronic Obstructive Pulmonary Disease (COPD). Role Free Rad
Pathol. 2025;457-479. doi:10.1201/9781003560579-19

He Q, Li P, Han L, et al. Revisiting airway epithelial dysfunction and mechanisms in chronic obstructive pulmonary disease: the role of
mitochondrial damage. Am J Physiol Lung Cell Mol Physiol. 2024;326(6):L754-1769. doi:10.1152/ajplung.00362.2023

Fujimoto S, Hirano Y, Kawajiri K, et al. Extracellular vesicle cargo from lipofibroblasts mitigates COPD by alveolar type II cell restoration. Am
J Respir Crit Care Med. 2026. doi:10.1093/ajrccm/aamag025

Patel N, Baydur A. Molecular and structural changes, and skeletal muscle strength and endurance in chronic obstructive pulmonary disease and
interstitial lung disease: practical applications of assessment and management. Bioengineering. 2026;13(3):329. doi:10.3390/
bioengineering13030329

Lee CM, Kim J, Song J, et al. Endothelial cell senescence shapes T cell activity in late-stage of chronic obstructive pulmonary disease. Cell
Death Discov. 2026;12(1):160. doi:10.1038/s41420-026-03020-2

Matera MG, Cazzola M, Page C. Prospects for COPD treatment. Curr Opin Pharmacol. 2021;56:74-84. doi:10.1016/j.coph.2020.11.003

Lea S, Higham A, Beech A, Singh D. How inhaled corticosteroids target inflammation in COPD. Eur Respir Rev. 2023;32(170):230084.
doi:10.1183/16000617.0084-2023

Sharma S, Salibi G, Tzenios N. Modern approaches of rehabilitation in COPD patients. Spec J Med Acad Life Sci. 2023;1(6). doi:10.58676/
sjmas.v1i6.39

Shuai L, Zhou C, Zhou J, et al. Application of discrete event simulation models for COPD management: a systematic review. Int J Chron
Obstruct Pulmon Dis. 2025;20:685-698. doi:10.2147/copd.S501054

Ihantamalala FA, Bonds MH, Randriamihaja M, et al. Geographic barriers to establishing a successful hospital referral system in rural
Madagascar. BMJ Glob Health. 2021;6(12):007145. doi:10.1136/bmjgh-2021-007145

Luo Y, Wang F, Zeng X, et al. Prevalence of chronic obstructive pulmonary disease in adults aged 40 years and older in china from 2014 to
2024: a systematic review and meta-analysis. Asia Pac J Public Health. 2025;37(5):467-481. doi:10.1177/10105395251329194

Fan Q, Zhang F, Wang H, et al. Association between cardiovascular-kidney-metabolic syndrome and chronic obstructive pulmonary disease: a
cross-national analysis from global, US, and Chinese populations. Respir Res. 2026;27(1):156. doi:10.1186/s12931-026-03556-y

Muneeb Hassan M, Ameeq M, Jamal F, Tahir MH, Mendy JT. Prevalence of covid-19 among patients with chronic obstructive pulmonary
disease and tuberculosis. Ann Med. 2023;55(1):285-291. doi:10.1080/07853890.2022.2160491

Hassan MM, Tahir MH, Ameeq M, Jamal F, Mendy JT, Chesneau C. Risk factors identification of COVID-19 patients with chronic obstructive
pulmonary disease: a retrospective study in Punjab-Pakistan. /mmun Inflamm Dis. 2023;11(8):¢981. doi:10.1002/iid3.981

Fujino N, Saito T, Yamada M, Sugiura H. Genetic susceptibility, terminal bronchiole pathology, and inflammation: an integrated mechanisms of
the pathogenic process in chronic obstructive pulmonary disease. Respir Investig. 2026;64(3):101420. doi:10.1016/j.resinv.2026.101420
Bracke KR, Brusselle GG. Update on the pathogenetic hallmarks of chronic obstructive pulmonary disease. Presse Med. 2026;55(1):104315.
doi:10.1016/j.1pm.2025.104315

Zhou K, Wen Q, Zuo Y, Bai G, Sun R. Pathogenic cell in COPD: mechanisms of airway remodeling, immune dysregulation, and therapeutic
implications. Int J Chron Obstruct Pulmon Dis. 2025;20:2925-2943. doi:10.2147/copd.S523519

Astori E, Garavaglia ML, Colombo G, et al. Antioxidants in smokers. Nutr Res Rev. 2022;35(1):70-97. doi:10.1017/S0954422421000093
Raby KL, Michaeloudes C, Tonkin J, Chung KF, Bhavsar PK. Mechanisms of airway epithelial injury and abnormal repair in asthma and
COPD. Front Immunol. 2023;14:1201658. doi:10.3389/fimmu.2023.1201658

Carlier FM, de Fays C, Pilette C. Epithelial barrier dysfunction in chronic respiratory diseases. Front Physiol. 2021;12:691227. doi:10.3389/
fphys.2021.691227

Nedeva D, Kowal K, Mihaicuta S, Guidos Fogelbach G, Steiropoulos P, Jose Chong-Neto H. Epithelial alarmins: a new target to treat chronic
respiratory diseases. Expert Rev Respir Med. 2023;17(9):773-786. doi:10.1080/17476348.2023.2262920

Gustafsson JK, Hansson GC. Immune regulation of goblet cell and mucus functions in health and disease. Annu Rev Immunol. 202543
(1):169—189. doi:10.1146/annurev-immunol-101721-065224

International Journal of Chronic Obstructive Pulmonary Disease 2026:2| https: 19


https://doi.org/10.3390/cells12010067
https://doi.org/10.3390/cells12010067
https://doi.org/10.3389/fphys.2022.818394
https://doi.org/10.1007/978-3-031-26625-6_12
https://doi.org/10.1007/978-3-031-26625-6_12
https://doi.org/10.1201/9781003426837-13
https://doi.org/10.1007/978-3-030-55743-0
https://doi.org/10.1007/978-3-031-83872-9_1
https://doi.org/10.1183/16000617.0202-2021
https://doi.org/10.1183/16000617.0202-2021
https://doi.org/10.3390/ph14100979
https://doi.org/10.3390/ijms23020985
https://doi.org/10.3390/ijms24010641
https://doi.org/10.3390/antiox11050965
https://doi.org/10.1201/9781003560579-19
https://doi.org/10.1152/ajplung.00362.2023
https://doi.org/10.1093/ajrccm/aamag025
https://doi.org/10.3390/bioengineering13030329
https://doi.org/10.3390/bioengineering13030329
https://doi.org/10.1038/s41420-026-03020-2
https://doi.org/10.1016/j.coph.2020.11.003
https://doi.org/10.1183/16000617.0084-2023
https://doi.org/10.58676/sjmas.v1i6.39
https://doi.org/10.58676/sjmas.v1i6.39
https://doi.org/10.2147/copd.S501054
https://doi.org/10.1136/bmjgh-2021-007145
https://doi.org/10.1177/10105395251329194
https://doi.org/10.1186/s12931-026-03556-y
https://doi.org/10.1080/07853890.2022.2160491
https://doi.org/10.1002/iid3.981
https://doi.org/10.1016/j.resinv.2026.101420
https://doi.org/10.1016/j.lpm.2025.104315
https://doi.org/10.2147/copd.S523519
https://doi.org/10.1017/S0954422421000093
https://doi.org/10.3389/fimmu.2023.1201658
https://doi.org/10.3389/fphys.2021.691227
https://doi.org/10.3389/fphys.2021.691227
https://doi.org/10.1080/17476348.2023.2262920
https://doi.org/10.1146/annurev-immunol-101721-065224

Wang et al

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.
82.

83.
84.

85.

. Abrami M, Biasin A, Tescione F, et al. Mucus structure, viscoelastic properties, and composition in chronic respiratory diseases. Int J Mol Sci.
2024;25(3):1933. doi:10.3390/ijms25031933

NandyMazumdar M. Chapter 2 - Airway mucus, infection, and therapeutic strategies. In: Bagchi D, Das A, Downs BW editors. Viral, Parasitic,
Bacterial, and Fungal Infections. Academic Press; 2023:19-28. doi:10.1016/B978-0-323-85730-7.00056-4

Kim G-D, Lim EY, Shin HS. Macrophage polarization and functions in pathogenesis of chronic obstructive pulmonary disease. Int J Mol Sci.
2024;25(11):5631. doi:10.3390/ijms25115631

Finicelli M, Digilio FA, Galderisi U, Peluso G. The emerging role of macrophages in chronic obstructive pulmonary disease: the potential
impact of oxidative stress and extracellular vesicle on macrophage polarization and function. Antioxidants. 2022;11(3):464. doi:10.3390/
antiox 11030464

Kheradmand F, Zhang Y, Corry DB. Contribution of adaptive immunity to human COPD and experimental models of emphysema. Physiol Rev.
2023;103(2):1059-1093. doi:10.1152/physrev.00036.2021

Li H, Wang Y, Duan H, et al. Immune cell regulatory networks in chronic obstructive pulmonary disease: mechanistic analysis from innate to
adaptive immunity. Front Immunol. 2025;16:-2025. doi:10.3389/fimmu.2025.1651808

Williams M, Todd I, Fairclough LC. The role of CD8 + T lymphocytes in chronic obstructive pulmonary disease: a systematic review. Inflamm
Res. 2021;70(1):11-18. doi:10.1007/s00011-020-01408-z

Thomas R, Qiao S, Yang X. Th17/Treg imbalance: implications in lung inflammatory diseases. Int J Mol Sci. 2023;24(5):4865. doi:10.3390/
ijms24054865

Alves LHV, Ito JT, Almeida FM. Phenotypes of regulatory T cells in different stages of COPD. Int Immunopharmacol. 2024;140:112765.
doi:10.1016/j.intimp.2024.112765

Zhu Y, Huang Y, Ji Q, et al. Interplay between extracellular matrix and neutrophils in diseases. J Immunol Res. 2021;2021(1):8243378.
doi:10.1155/2021/8243378

Cantor J. The role of the extracellular matrix in the pathogenesis and treatment of pulmonary emphysema. Int J Mol Sci. 2024;25(19):10613.
doi:10.3390/ijms251910613

Araya J, Kuwano K. Cellular senescence—an aging hallmark in chronic obstructive pulmonary disease pathogenesis. Respir Invest. 2022;60
(1):33-44. doi:10.1016/j.resinv.2021.09.003

Budde J, Skloot G. Aging and susceptibility to pulmonary disease. Compr Physiol. 2022;12(3):3509-3522. doi:10.1002/j.2040-4603.2022.
tb00221.x

Barnes PJ. Pulmonary Diseases and Ageing. Biochem Cell Biol Ageing. 2019. 45-74. doi:10.1007/978-981-13-3681-2_3

Subedi S, Guntipally M, Suwal N, et al. Cellular senescence in chronic obstructive pulmonary disease: molecular mechanisms and therapeutic
interventions. Ageing Res Rev. 2025;110:102813. doi:10.1016/j.arr.2025.102813

Devulder JV. Unveiling mechanisms of lung aging in COPD: a promising target for therapeutics development. Chin Med J Pulm Crit Care Med.
2024;2(3):133—141. doi:10.1016/j.pccm.2024.08.007

Ritzmann F, Brand M, Bals R, Wegmann M, Beisswenger C. Role of epigenetics in chronic lung disease. Cells. 2025;14(4):251. doi:10.3390/
cells14040251

Ragusa R, Bufano P, Tognetti A, Laurino M, Caselli C. Recent evidences of epigenetic alterations in Chronic Obstructive Pulmonary Disease
(COPD): a systematic review. Int J Mol Sci. 2025;26(6):2571. doi:10.3390/ijms26062571

Eapen MS, Lu W, Hackett TL, et al. Increased myofibroblasts in the small airways, and relationship to remodelling and functional changes in
smokers and COPD patients: potential role of epithelial-mesenchymal transition. ERJ Open Res. 2021;7(2):00876-2020. doi:10.1183/
23120541.00876-2020

Suki B, Bates JHT, Bartolak-Suki E. Remodeling of the aged and emphysematous lungs: roles of microenvironmental cues. Compr Physiol.
2022;12(3):3559-3574. doi:10.1002/j.2040-4603.2022.tb00223.x

Arezina R, Chen T, Wang D. Conventional, complementary and alternative medicines: mechanistic insights into therapeutic landscape of
chronic obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis. 2023;18:447-457. doi:10.2147/copd.S393540

Agusti A, Fabbri LM, Baraldi E, et al. Spirometry: a practical lifespan predictor of global health and chronic respiratory and non-respiratory
diseases. Eur J Internal Med. 2021;89:3-9. doi:10.1016/j.ejim.2021.04.027

Morelli T, Geeves ME, Mohammed A, et al. Beyond spirometry: understanding copd origins to support a new diagnostic approach. ERJ Open
Res. 2025;00885-2025. doi:10.1183/23120541.00885-2025

Harries TH, D’Cruz R, Gilworth G, et al. Parasternal electromyography in participants with mild or moderate chronic obstructive pulmonary
disease in primary care: cohort study to assess technical and clinical application. BMJ Open Respir Res. 2026;13(1):¢003418. doi:10.1136/
bmjresp-2025-003418

Depta F, Sedlak V, Koblizek V, Bodnarova S, Pobeha P. Pulmonary dynamics of the bronchodilator response in volume-responsive asthma and
COPD. Chest. 2026. doi:10.1016/j.chest.2026.02.040

de Jongh F. Static and dynamic lung volumes. In: ERS Handbook of Respiratory Medicine. European Respiratory Society; 2025:55-61.
doi:10.1183/9781849842037.024523

Popalwar HJ. Pulmonary rehabilitation. 2023. Available from: https://www.researchgate.net/profile/Harshanand-Popalwar-2/publication/
380543935 Pulmonary Rehabilitation/links/6643066708aa54017a0801d2/Pulmonary-Rehabilitation.pdf. Accessed April 30, 2026.

Jackman R. Dynamic Hyperinflation and Exertional Dyspnea in COPD Patients Pre-and Post-Lung Transplant. University of British Columbia; 2024.
Berton DC, Hijleh AA, Silva FO, et al. Resting lung volume phenotypes in COPD: implications for exertional dyspnoea and exercise tolerance.
ERJ Open Res. 2025;11(6):00076-2025. doi:10.1183/23120541.00076-2025

Alamoudi AO. Assessment of Inhomogeneity in Gas Exchange Using a Novel Methodology. University of Oxford; 2024.

Behnia M, Sietsema KE. Utility of cardiopulmonary exercise testing in chronic obstructive pulmonary disease: a review. Int J Chron Obstruct
Pulmon Dis. 2023;18:2895-2910. doi:10.2147/copd.S432841

Sietsema KE, Rossiter HB. Exercise physiology and cardiopulmonary exercise testing. Semin Respir Crit Care Med. 2023;44(05):661-680.
doi:10.1055/s-0043-1770362

20

https: International Journal of Chronic Obstructive Pulmonary Disease 2026:21


https://doi.org/10.3390/ijms25031933
https://doi.org/10.1016/B978-0-323-85730-7.00056-4
https://doi.org/10.3390/ijms25115631
https://doi.org/10.3390/antiox11030464
https://doi.org/10.3390/antiox11030464
https://doi.org/10.1152/physrev.00036.2021
https://doi.org/10.3389/fimmu.2025.1651808
https://doi.org/10.1007/s00011-020-01408-z
https://doi.org/10.3390/ijms24054865
https://doi.org/10.3390/ijms24054865
https://doi.org/10.1016/j.intimp.2024.112765
https://doi.org/10.1155/2021/8243378
https://doi.org/10.3390/ijms251910613
https://doi.org/10.1016/j.resinv.2021.09.003
https://doi.org/10.1002/j.2040-4603.2022.tb00221.x
https://doi.org/10.1002/j.2040-4603.2022.tb00221.x
https://doi.org/10.1007/978-981-13-3681-2_3
https://doi.org/10.1016/j.arr.2025.102813
https://doi.org/10.1016/j.pccm.2024.08.007
https://doi.org/10.3390/cells14040251
https://doi.org/10.3390/cells14040251
https://doi.org/10.3390/ijms26062571
https://doi.org/10.1183/23120541.00876-2020
https://doi.org/10.1183/23120541.00876-2020
https://doi.org/10.1002/j.2040-4603.2022.tb00223.x
https://doi.org/10.2147/copd.S393540
https://doi.org/10.1016/j.ejim.2021.04.027
https://doi.org/10.1183/23120541.00885-2025
https://doi.org/10.1136/bmjresp-2025-003418
https://doi.org/10.1136/bmjresp-2025-003418
https://doi.org/10.1016/j.chest.2026.02.040
https://doi.org/10.1183/9781849842037.024523
https://www.researchgate.net/profile/Harshanand-Popalwar-2/publication/380543935_Pulmonary_Rehabilitation/links/6643066708aa54017a0801d2/Pulmonary-Rehabilitation.pdf
https://www.researchgate.net/profile/Harshanand-Popalwar-2/publication/380543935_Pulmonary_Rehabilitation/links/6643066708aa54017a0801d2/Pulmonary-Rehabilitation.pdf
https://doi.org/10.1183/23120541.00076-2025
https://doi.org/10.2147/copd.S432841
https://doi.org/10.1055/s-0043-1770362

Wang et al

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Phillips DB, Elbehairy AF, James MD, Vincent SG, Milne KM, de-Torres JP. Impaired ventilatory efficiency, dyspnea, and exercise intolerance
in chronic obstructive pulmonary disease: results from the canCOLD study. Am J Respir Crit Care Med. 2022;205(12):1391-1402. doi:10.1164/
rcem.202109-21710C

Chukowry PS, Spittle DA, Turner A. Small airways disease, biomarkers and COPD: where are we? Int J Chron Obstruct Pulmon Dis.
2021;16:351-365. doi:10.2147/copd.S280157

Yip KP. Novel Insights Into the Clinical and Immunological Aspects of Early Chronic Obstructive Pulmonary Disease. University of
Birmingham; 2023.

Goyal R, Parakh A. Forced oscillation technique and impulse oscillometry: an update on current understanding. J Pediatr Pulmonol. 2023;2(2).
doi:10.4103/jopp.jopp_13_23

Benlala I, Laurent F, Dournes G. Structural and functional changes in COPD: what we have learned from imaging. Respirology. 2021;26
(8):731-741. doi:10.1111/resp.14047

Martinez-Jiménez S, Rosado-de-christenson ML, Garrana S. Specialty Imaging: HRCT of the Lung-E-Book. Elsevier Health Sciences; 2025.
doi:10.1007/500259-025-07669-2

Reddy DVP, Kumari VV, Patrudu BMS, Kumar RS, Rao Ch RNB, Dutt A. Role of HRCT in early detection of emphysema in smokers with
normal chest radiograph. Apollo Med. 2025;09760016251348107. doi:10.1177/09760016251348107

Lu D, Chen L, Fan C, et al. The value of impulse oscillometric parameters and quantitative HRCT parameters in differentiating asthma—COPD
overlap from COPD. Int J Chron Obstruct Pulmon Dis. 2021;16:2883-2894. doi:10.2147/copd.S331853

San José Estépar R, Barr RG, Fain SB, Grenier PA, Hoffman EA, Humphries SM. The use of computed tomography densitometry for the
assessment of emphysema in clinical trials: a position paper from the fleischner society. Am J Respir Crit Care Med. 2025;211(5):709-728.
doi:10.1164/rccm.202410-2012S0O

Kirby M, Smith BM. Quantitative CT scan imaging of the airways for diagnosis and management of lung disease. CHEST. 2023;164
(5):1150-1158. doi:10.1016/j.chest.2023.02.044

Awan HA, Chaudhary MFA, Reinhardt JM. Seeing is believing-on the utility of CT in phenotyping COPD. Br J Radiol. 2025. doi:10.1093/bjr/
tqaf160

Burkes RM, Zafar MA, Panos RJ. The role of chest computed tomography in the evaluation and management of chronic obstructive pulmonary
disease. Curr Opin Pulm Med. 2024;30(2):129-135. doi:10.1097/mcp.0000000000001046

Fuzhi Y, Dongfang T, Wentao F, et al. Rapid recovery of postoperative pulmonary function in patients with lung cancer and influencing factors.
Front Oncol. 2022;12:927108. doi:10.3389/fonc.2022.927108

Yang HM, Ryu MH, Carey VJ, et al. Differential association of COPD subtypes with cardiovascular events and COPD exacerbations. Chest.
2024;166(6):1360-1370. doi:10.1016/j.chest.2024.07.148

Wells JM, Washko GR, Han MK, et al. Pulmonary arterial enlargement and acute exacerbations of COPD. N Engl J Med. 2012;367
(10):913-921. doi:10.1056/NEJMo0a1203830

Bayat S, Wild J, Winkler T. Lung functional imaging. Breathe. 2023;19(3):220272. doi:10.1183/20734735.0272-2022

Karmali D, Sowho M, Bose S, Pearce J, Tejwani V, Diamant Z. Functional imaging for assessing regional lung ventilation in preclinical and
clinical research. Front Med. 2023;10:1160292. doi:10.3389/fmed.2023.1160292

Li Y, Li XY, Yuan LR, Wang HL, Pang M. Evaluation of small airway function and its application in patients with chronic obstructive
pulmonary disease (Review). Exp Ther Med. 2021;22(6):1386. doi:10.3892/etm.2021.10822

Usmani OS, Dhand R, Lavorini F, Price D. Why we should target small airways disease in our management of chronic obstructive pulmonary
disease. Mayo Clin Proc. 2021;96(9):2448-2463. doi:10.1016/j.mayocp.2021.03.016

Olschewski H. Ventilation/perfusion mismatch in pulmonary hypertension associated with chronic lung disease and its therapeutic implications.
Pulm Hypertens. 2025;285. doi:10.1183/2312508x.10020824

Keane R, Brennan V. Assessment of breathlessness: a pulmonologist’s perspective — short of breath, but not short of answers. Breathe. 2025;21
(1):240096. doi:10.1183/20734735.0096-2024

Lynch DA. Functional imaging of COPD by CT and MRI. Br J Radiol. 2022;95(1132):20201005. doi:10.1259/bjr.20201005

Xie C, Wang K, Yang K, et al. Toward precision medicine in COPD: phenotypes, endotypes, biomarkers, and treatable traits. Respir Res.
2025;26(1):274. doi:10.1186/s12931-025-03356-w

Bordag N, Jandl K, Syarif AH, et al. Machine learning assisted immune profiling of COPD identifies a unique emphysema subtype independent
of GOLD stage. iScience. 2025;28(7):112966. doi:10.1016/j.is¢i.2025.112966

Pirera E, Di Raimondo D, D’Anna L, et al. Comparison of the predictive performance of cumulative illness rating scale, charlson comorbidity
index and COMCOLD index for moderate-to-severe exacerbations in elderly subjects with chronic obstructive pulmonary disease. Ann Med.
2025;57(1):2579789. doi:10.1080/07853890.2025.2579789

David B, Bafadhel M, Koenderman L, De Soyza A. Eosinophilic inflammation in COPD: from an inflammatory marker to a treatable trait.
Thorax. 2021;76(2):188—-195. doi:10.1136/thoraxjnl-2020-215167

Pantazopoulos I, Magounaki K, Kotsiou O, et al. Incorporating biomarkers in COPD management: the research keeps going. J Personal Med.
2022;12(3):379. doi:10.3390/jpm12030379

Malerba M, Purghé B, Ragnoli B, Manfredi M, Baldanzi G. Molecular profiling of exhaled breath condensate in respiratory diseases. Ann Med.
2025;57(1):2537910. doi:10.1080/07853890.2025.2537910

Li C-L, Liu S-F. Exploring molecular mechanisms and biomarkers in COPD: an overview of current advancements and perspectives. Int J Mol
Sci. 2024;25(13):7347. doi:10.3390/ijms25137347

Xu Y, Zhang L, Zhu L, et al. Prognostic value of biomarkers in chronic obstructive pulmonary disease: a comprehensive review. Int J Chron
Obstruct Pulmon Dis. 2025;20:3123-3134. doi:10.2147/copd.S531935

Abdel-Hafiz M, Najafi M, Helmi S, et al. Significant subgraph detection in multi-omics networks for disease pathway identification. Front Big
Data. 2022;5:894632. doi:10.3389/fdata.2022.894632

Rea G, Ambrosino P, Candia C, Maniscalco M. Artificial intelligence for the identification of vascular imaging biomarkers in COPD: redefining
phenotypes and enabling precision care. J Clin Med. 2025;14(20):7134. do0i:10.3390/jcm14207134

International Journal of Chronic Obstructive Pulmonary Disease 2026:2| https: 21


https://doi.org/10.1164/rccm.202109-2171OC
https://doi.org/10.1164/rccm.202109-2171OC
https://doi.org/10.2147/copd.S280157
https://doi.org/10.4103/jopp.jopp_13_23
https://doi.org/10.1111/resp.14047
https://doi.org/10.1007/s00259-025-07669-2
https://doi.org/10.1177/09760016251348107
https://doi.org/10.2147/copd.S331853
https://doi.org/10.1164/rccm.202410-2012SO
https://doi.org/10.1016/j.chest.2023.02.044
https://doi.org/10.1093/bjr/tqaf160
https://doi.org/10.1093/bjr/tqaf160
https://doi.org/10.1097/mcp.0000000000001046
https://doi.org/10.3389/fonc.2022.927108
https://doi.org/10.1016/j.chest.2024.07.148
https://doi.org/10.1056/NEJMoa1203830
https://doi.org/10.1183/20734735.0272-2022
https://doi.org/10.3389/fmed.2023.1160292
https://doi.org/10.3892/etm.2021.10822
https://doi.org/10.1016/j.mayocp.2021.03.016
https://doi.org/10.1183/2312508x.10020824
https://doi.org/10.1183/20734735.0096-2024
https://doi.org/10.1259/bjr.20201005
https://doi.org/10.1186/s12931-025-03356-w
https://doi.org/10.1016/j.isci.2025.112966
https://doi.org/10.1080/07853890.2025.2579789
https://doi.org/10.1136/thoraxjnl-2020-215167
https://doi.org/10.3390/jpm12030379
https://doi.org/10.1080/07853890.2025.2537910
https://doi.org/10.3390/ijms25137347
https://doi.org/10.2147/copd.S531935
https://doi.org/10.3389/fdata.2022.894632
https://doi.org/10.3390/jcm14207134

Wang et al

118. Nair G, Xing YJ, Luong A, et al. CT-derived functional imaging biomarkers combined with FEV1 for predicting 10-year all-cause mortality in
COPDGene cohort. NPJ Biomed Innov. 2025;2(1). doi:10.1038/s44385-025-00027-9

119. Christenson SA. COPD Phenotyping. Respir Care. 2023;68(7):871-880. doi:10.4187/respcare.11035

120. Yousuf A, McAuley H, Elneima O, Brightling CE. The different phenotypes of COPD. Br Med Bul. 2021;137(1):82-97. do0i:10.1093/bmb/
1daa043

121. Crapo JD, Gupta A, Lynch DA, Turner AM, Mroz RM, Janssens W. Baseline characteristics from a 3-year longitudinal study to phenotype
subjects with COPD: the FOOTPRINTS study. Respir Res. 2023;24(1):290. doi:10.1186/s12931-023-02584-2

122. McDonald VM, Gibson PG. Treatable traits in asthma and COPD. Archivos de Bronconeumologia. 2022;58(8):583-585. doi:10.1016/j.
arbres.2021.07.003

123. Corlateanu A, Plahotniuc A, Corlateanu O, et al. Multidimensional indices in the assessment of chronic obstructive pulmonary disease. Respir
Med. 2021;185:106519. doi:10.1016/j.rmed.2021.106519

124. Kellerer C, Jorres RA, Schneider A, et al. Prediction of lung emphysema in COPD by spirometry and clinical symptoms: results from
COSYCONET. Respir Res. 2021;22(1):242. doi:10.1186/s12931-021-01837-2

125. Bakker JT, Klooster K, Vliegenthart R, Slebos D-J. Measuring pulmonary function in COPD using quantitative chest computed tomography
analysis. Eur Respir Rev. 2021;30(161):210031. doi:10.1183/16000617.0031-2021

126. Myronenko O, Foris V, Crnkovic S, Olschewski A, Rocha S, Nicolls MR. Endotyping COPD: hypoxia-inducible factor-2 as a molecular
“switch” between the vascular and airway phenotypes? Eur Respir Rev. 2023;32(167):220173. doi:10.1183/16000617.0173-2022

127. Patil S, Toshniwal S, Gondhali G. Small airway disease: a new “phenotype” of obstructive airway disease. AnnMed Sci Res. 2023;2(1):42-50.
doi:10.4103/amsr.amsr 2 23

128. Tahseen S. High-resolution CT characterization of radiologic phenotypes among COPD patients in Sindh, Pakistan. Trends Med Biol Sci. 2025;1
(1):45-51.

129. Marshall H, Wild JM, Smith LJ, et al. Functional imaging in asthma and COPD: design of the NOVELTY ADPro substudy. ERJ Open Res.
2023;9(2):00344-2022. doi:10.1183/23120541.00344-2022

130. Maniscalco M, Candia C, Ambrosino P, Iovine A, Fuschillo S. Chronic obstructive pulmonary disease’s eosinophilic phenotype: clinical
characteristics, biomarkers and biotherapy. Eur J Internal Med. 2025;131:27-35. doi:10.1016/j.¢jim.2024.10.015

131. Gillenwater LA, Helmi S, Stene E, Pratte KA, Zhuang Y, Schuyler RP. Multi-omics subtyping pipeline for chronic obstructive pulmonary
disease. PLoS One. 2021;16(8):¢0255337. doi:10.1371/journal.pone.0255337

132. Cazzola M, Page C, Rogliani P, Calzetta L, Matera MG. Dual bronchodilation for the treatment of COPD: from bench to bedside. Br J Clin
Pharmacol. 2022;88(8):3657-3673. doi:10.1111/bcp.15390

133. Bolger GB. Therapeutic targets and precision medicine in COPD: inflammation, ion channels, both, or neither? Int J Mol Sci. 2023;24
(24):17363. doi:10.3390/ijms242417363

134. Martin C, Burgel PR, Roche N. Inhaled dual phosphodiesterase 3/4 inhibitors for the treatment of patients with COPD: a short review.
Int J Chron Obstruct Pulmon Dis. 2021;16:2363-2373. doi:10.2147/copd.S320211

135. Dailah HG. Therapeutic potential of small molecules targeting oxidative stress in the treatment of Chronic Obstructive Pulmonary Disease
(COPD): a comprehensive review. Molecules. 2022;27(17):5542. doi:10.3390/molecules27175542

136. Lamberton CE, Mosher CL. Review of the evidence for pulmonary rehabilitation in COPD: clinical benefits and cost-effectiveness. Respir
Care. 2024;69(6):686—696. doi:10.4187/respcare.11541

137. Rutkowski S, Buekers J, Rutkowska A, Cieslik B, Szczegielniak J. Monitoring physical activity with a wearable sensor in patients with COPD
during in-hospital pulmonary rehabilitation program: a pilot study. Sensors. 2021;21(8):2742. doi:10.3390/521082742

138. Sami R, Savari MA, Mansourian M, Ghazavi R, Meamar R. Effect of long-term oxygen therapy on reducing rehospitalization of patients with chronic
obstructive pulmonary disease: a systematic review and meta-analysis. Pulm Ther. 2023;9(2):255-270. doi:10.1007/s41030-023-00221-3

139. Dretzke J, Wang J, Yao M, Guan N, Ling M, Zhang E. Home non-invasive ventilation in COPD: a global systematic review. Chronic Obstr
Pulm Dis J COPD Found. 2022;9(2):237. doi:10.15326/jcopdf.2021.0242

140. Wang Z, Qiu Y, Ji X, Dong L. Effects of smoking cessation on individuals with COPD: a systematic review and meta-analysis. Front Public
Health. 2024;12:1433269. doi:10.3389/fpubh.2024.1433269

141. D’Andria Ursoleo J, Bottussi A, Sullivan DR, et al. Chronic obstructive pulmonary disease: a narrative synthesis of its hallmarks for palliative
care clinicians. Eur J Internal Med. 2025;133:25-34. doi:10.1016/j.€jim.2024.12.033

International Journal of Chronic Obstructive Pulmonary Disease Dovepress

Taylor & Francis Group

Publish your work in this journal

The International Journal of COPD is an international, peer-reviewed journal of therapeutics and pharmacology focusing on concise rapid reporting
of clinical studies and reviews in COPD. Special focus is given to the pathophysiological processes underlying the disease, intervention programs,
patient focused education, and self management protocols. This journal is indexed on PubMed Central, MedLine and CAS. The manuscript
management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.
dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-chronic-obstructive-pulmonary-disease-journal

. International Journal of Chronic Obstructive Pulmonary Disease 2026:21
22 EXinO3


https://doi.org/10.1038/s44385-025-00027-9
https://doi.org/10.4187/respcare.11035
https://doi.org/10.1093/bmb/ldaa043
https://doi.org/10.1093/bmb/ldaa043
https://doi.org/10.1186/s12931-023-02584-2
https://doi.org/10.1016/j.arbres.2021.07.003
https://doi.org/10.1016/j.arbres.2021.07.003
https://doi.org/10.1016/j.rmed.2021.106519
https://doi.org/10.1186/s12931-021-01837-2
https://doi.org/10.1183/16000617.0031-2021
https://doi.org/10.1183/16000617.0173-2022
https://doi.org/10.4103/amsr.amsr_2_23
https://doi.org/10.1183/23120541.00344-2022
https://doi.org/10.1016/j.ejim.2024.10.015
https://doi.org/10.1371/journal.pone.0255337
https://doi.org/10.1111/bcp.15390
https://doi.org/10.3390/ijms242417363
https://doi.org/10.2147/copd.S320211
https://doi.org/10.3390/molecules27175542
https://doi.org/10.4187/respcare.11541
https://doi.org/10.3390/s21082742
https://doi.org/10.1007/s41030-023-00221-3
https://doi.org/10.15326/jcopdf.2021.0242
https://doi.org/10.3389/fpubh.2024.1433269
https://doi.org/10.1016/j.ejim.2024.12.033
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Historical Evolution of Chronic Obstructive Pulmonary Disease
	Contemporary Understanding of Pulmonary Structure and Functional Decline
	Evolution of Pathophysiological Concepts
	Advances in Therapeutic Approaches and Clinical Management
	Current Clinical Significance
	Rationale of the Review

	Cellular and Molecular Mechanisms Underlying COPD Progression
	Advances in Diagnostic Strategies and Disease Phenotyping
	Beyond Spirometry: Expanding Physiological Characterization and Early Detection
	Structural Imaging and Quantitative CT: From Visual Descriptors to Measurable Phenotypes
	Functional Imaging and Regional Mechanics: Capturing the Dynamics of Airflow Obstruction
	Biomarkers and Molecular Endotyping: From Inflammation Signatures to Mechanism-Linked Stratification
	Clinical Phenotypes and Integrated Multidimensional Models: Toward Actionable Precision in Practice

	Pharmacological Innovations and Precision Therapeutics
	Non-Pharmacological and Supportive Interventions in Contemporary COPD Care
	Limitations, Challenges, and Future Research Directions
	Conclusion
	Abbreviations
	Data Sharing Statement
	Author Contributions
	Funding
	Disclosure

