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Abstract:

Background: Ventilation-perfusion (V/Q) matching is a fundamental determinant of effective alveolar gas
exchange. In healthy lungs, a delicate balance between ventilation (airflow) and perfusion (blood flow) ensures
optimal oxygen uptake and carbon dioxide removal. In chronic obstructive pulmonary disease (COPD), structural
airway changes, mucus hypersecretion, airflow limitation, and emphysematous destruction disrupt this balance,
leading to regions of low V/Q (poor ventilation relative to perfusion) and high V/Q (poor perfusion relative to
ventilation). During COPD exacerbations, these mismatches are further pronounced due to increased airway
inflammation, bronchoconstriction, and dynamic hyperinflation, resulting in worsened alveolar ventilation and an
impaired capacity to maintain arterial oxygenation and carbon dioxide elimination. Hypoxic pulmonary
vasoconstriction (HPV) is a key compensatory mechanism that constricts pulmonary arterioles in poorly ventilated
areas, thereby diverting blood flow to better-ventilated lung regions. While beneficial in acute, localized hypoxia,
in widespread disease states such as COPD exacerbations, HPV contributes to increased pulmonary vascular
resistance and redistribution inefficiencies. The consequence is an amplified V/Q mismatch, elevated
physiological dead space, and progression toward hypoxemia and hypercapnia. Compensatory increases in cardiac
output are often insufficient to correct the disrupted gas exchange, aggravating right ventricular afterload and
promoting the development of pulmonary hypertension. This review synthesizes current understanding of the
interplay between V/Q mismatch, HPV, and gas exchange inefficiency during COPD exacerbations, highlighting
how these physiological disturbances underpin clinical manifestations such as dyspnea, hypoxemia, and exercise
intolerance. Recognizing these mechanisms is crucial for targeted management strategies aimed at improving
ventilation, minimizing pulmonary vascular burden, and enhancing patient outcomes during acute COPD
exacerbations.

Conclusion: This study demonstrates that acute exacerbations of Chronic obstructive pulmonary disease are
associated with significant ventilation—perfusion (V/Q) : mismatch and impaired alveolar gas exchange efficiency.
A high proportion of patients exhibited hypoxemia, elevated alveolar—arterial (A—a) oxygen gradient, and
hypercapnia, indicating substantial disruption of normal pulmonary physiology during exacerbation episodes.
Keywords: Ventilation—perfusion mismatch; Alveolar gas exchange efficiency; Hypoxic pulmonary
vasoconstriction; Chronic obstructive pulmonary disease (COPD); COPD exacerbation; Hypoxemia;
Hypercapnia; Pulmonary hypertension; Pulmonary vascular resistance; Dead space ventilation; Right ventricular
afterload; Airflow limitation.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
progressive respiratory disorder characterized by
persistent airflow limitation, chronic airway
inflammation, and structural lung changes including
small airway remodeling and emphysematous
destruction. It is a major cause of morbidity and
mortality worldwide and is strongly associated with
long-term exposure to noxious particles and gases,
particularly tobacco smoke and biomass fuel. Acute
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exacerbations of COPD represent episodes of
worsening respiratory symptoms—most commonly
dyspnea, cough, and sputum production—and are
frequently triggered by respiratory infections or
environmental pollutants. These events significantly
impair pulmonary function and accelerate disease
progression. Efficient pulmonary gas exchange
depends on optimal matching between alveolar
ventilation (V) and pulmonary perfusion (Q). In
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healthy lungs, regional differences in ventilation and
blood flow are tightly regulated to maintain arterial
oxygenation and carbon dioxide elimination. In
COPD, however, airflow obstruction, mucus
plugging, airway collapse, and alveolar destruction
disrupt this balance, producing regions of low
ventilation—perfusion (V/Q) ratios and areas of
increased physiological dead space. These
abnormalities become more pronounced during
exacerbations due to heightened inflammation,
bronchospasm, and dynamic hyperinflation, leading
to worsening hypoxemia and, in severe cases,
hypercapnia.

Hypoxic pulmonary vasoconstriction (HPV) is an
intrinsic ~ compensatory response in  which
pulmonary arterioles constrict in poorly ventilated
lung regions, diverting blood flow toward better-
ventilated alveoli to preserve gas exchange
efficiency. While beneficial in localized hypoxia,
widespread and persistent hypoxia—as occurs in
advanced COPD and during exacerbations—tesults
in diffuse pulmonary vasoconstriction. This
increases pulmonary vascular resistance, contributes
to ventilation—perfusion heterogeneity, and places
an additional burden on the right ventricle,
potentially leading to pulmonary hypertension and
cor pulmonale. Understanding the interplay between
V/Q mismatch, impaired alveolar gas exchange
efficiency, and the physiological consequences of
hypoxic pulmonary vasoconstriction during COPD
exacerbations is essential for guiding therapeutic
strategies. Targeted interventions aimed at
improving ventilation, optimizing oxygen delivery,
and reducing pulmonary vascular strain are critical
to improving clinical outcomes in affected patients.

Materials and Methods

Study Design: This prospective observational study
was conducted in the Department of Physiology and
Respiratory Medicine at Nalanda Medical College
and Hospital Patna, Bihar. over a period of 12
months. The study aimed to evaluate ventilation—
perfusion mismatch, alveolar gas exchange
efficiency, and the physiological consequences of
hypoxic pulmonary vasoconstriction during acute
exacerbations of Chronic obstructive pulmonary
disease.

Study Population: A total of 58 patients diagnosed
with acute exacerbation of COPD were enrolled in
the study.

Inclusion Criteria

e Age>40 years

e Previously diagnosed COPD based on
spirometric  criteria  (post-bronchodilator
FEV/FVC <0.70)

e Presentation  with  acute  exacerbation
characterized by worsening dyspnea, cough,
and/or sputum production
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Exclusion Criteria

Known bronchial asthma
Interstitial lung disease
Pulmonary embolism

Active pulmonary tuberculosis
Left ventricular failure
Hemodynamic instability

Clinical Assessment: All patients underwent
detailed history taking and physical examination.
Severity of dyspnea was graded using the Modified
Medical Research Council (mMRC) scale. Vital
parameters including respiratory rate, heart rate,
blood pressure, and oxygen saturation were recorded
at admission.

Laboratory and Imaging Investigations

e Arterial Blood Gas (ABG) analysis was
performed at admission to measure PaO:,
PaCO., pH, and bicarbonate levels.

e The alveolar—arterial (A—a) oxygen gradient
was calculated to assess gas exchange
efficiency.

e Chest radiography was done to exclude
alternative diagnoses.

e Two-dimensional  echocardiography  was
performed to assess pulmonary artery systolic
pressure (PASP) as an indirect marker of
hypoxic pulmonary vasoconstriction and
pulmonary hypertension.

e Spirometry (previous stable records or post-
recovery testing) was used to assess baseline
airflow limitation severity.

Assessment of Ventilation—Perfusion Mismatch:
Ventilation—perfusion mismatch was inferred from:

e Flevated A—a gradient

e Presence of hypoxemia (PaO. < 60 mmHg)

e Increased physiological dead space (estimated
using PaCO: and end-tidal CO: difference when
available)

Statistical Analysis: Data were entered into
Microsoft Excel and analyzed using SPSS software.
Continuous variables were expressed as mean =+
standard deviation (SD). Categorical variables were
expressed as percentages. Correlation between
arterial oxygenation, A—a gradient, and pulmonary
artery pressure was assessed using Pearson’s
correlation coefficient. A p-value < 0.05 was
considered statistically significant.

Results

A total of 58 patients with acute exacerbation of
Chronic  obstructive pulmonary disease were
included in the study. The majority were males (n =
36, 62.1%) and females constituted 22 (37.9%). The
mean age of the study population was 64.3 + 8.7
years.
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Clinical Parameters

e  Mean respiratory rate: 26.8 + 4.2 breaths/min

e Mean oxygen saturation (SpO:) at admission:
86.4+5.3%

e  Mean mMRC dyspnea grade: 3.1 + 0.6

Arterial Blood Gas (ABG) Analysis

Mean PaO:: 54.6 = 8.9 mmHg

Mean PaCO2: 52.3 + 10.4 mmHg

Mean arterial pH: 7.33 £ 0.05

Mean bicarbonate (HCOs"): 27.8 £ 4.6 mEq/L

Hypoxemia (PaO: < 60 mmHg) was observed in 44
patients (75.9%), while hypercapnia (PaCO. > 45
mmHg) was present in 38 patients (65.5%).

Alveolar—Arterial (A—a) Oxygen Gradient: The
mean calculated A—a gradient was 34.7 = 9.6 mmHg,
indicating significant impairment in alveolar gas
exchange efficiency. Elevated A—a gradient (>25
mmHg) was seen in 46 patients (79.3%), suggesting
marked ventilation—perfusion (V/Q) mismatch.

Pulmonary Hemodynamics
Two-dimensional echocardiography revealed:

e Mean Pulmonary Artery Systolic Pressure
(PASP): 41.2 £ 8.5 mmHg

e Evidence of pulmonary hypertension (PASP >
35 mmHg) in 35 patients (60.3%)

Correlation Analysis

e  Asignificant negative correlation was observed
between PaO. and PASP (r = —0.52, p < 0.01),
indicating worsening hypoxemia associated
with higher pulmonary artery pressures.

e A positive correlation was noted between A—a
gradient and PASP (r = 048, p < 0.01),
suggesting that greater ventilation—perfusion
mismatch was associated with increased
pulmonary vascular resistance, likely secondary
to hypoxic pulmonary vasoconstriction.

Summary of Key Findings: The majority of
patients demonstrated significant hypoxemia,
elevated A—a gradient, and evidence of pulmonary
hypertension during COPD exacerbation. These
findings highlight substantial ventilation—perfusion
mismatch and reduced alveolar gas exchange
efficiency, with hypoxic pulmonary
vasoconstriction ~ contributing  to  increased
pulmonary vascular load.

Discussion

The present study evaluated ventilation—perfusion
(V/Q) mismatch, alveolar gas exchange efficiency,
and the physiological consequences of hypoxic
pulmonary  vasoconstriction  during  acute
exacerbations of Chronic obstructive pulmonary
disease. The findings demonstrate significant
hypoxemia, elevated alveolar—arterial (A—a) oxygen
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gradient, hypercapnia in a substantial proportion of
patients, and a high prevalence of pulmonary
hypertension, underscoring the complex
pathophysiological interplay  during COPD
exacerbations. V/Q mismatch is the principal
mechanism responsible for hypoxemia in COPD.
Structural airway narrowing, mucus plugging, and
emphysematous destruction create lung regions with
reduced ventilation relative to perfusion (low V/Q),
while capillary bed loss produces areas of high V/Q
and increased physiological dead space. During
exacerbations, heightened airway inflammation and
bronchospasm further impair airflow, worsening
regional heterogeneity in ventilation distribution.
The significantly elevated A—a gradient observed in
our study supports the presence of substantial
impairment in alveolar gas exchange efficiency.
Hypercapnia, observed in a majority of patients,
reflects not only V/Q mismatch but also alveolar
hypoventilation and respiratory muscle fatigue.
Dynamic hyperinflation increases the work of
breathing, reduces tidal volume efficiency, and
contributes to carbon dioxide retention. The
coexistence of hypoxemia and hypercapnia indicates
advanced ventilatory impairment during acute
exacerbations. Hypoxic pulmonary vasoconstriction
(HPV) acts as a compensatory mechanism by
diverting blood flow from poorly ventilated to
better-ventilated alveoli, thereby attempting to
optimize gas exchange. In localized lung disease,
this mechanism is protective. However, in COPD
exacerbations where hypoxia is widespread,
generalized vasoconstriction increases pulmonary
vascular resistance. The elevated pulmonary artery
systolic pressure (PASP) observed in our patients
reflects this physiological response. The significant
negative correlation between PaO. and PASP
suggests that worsening hypoxemia intensifies
pulmonary vasoconstriction, thereby increasing
right ventricular afterload. Persistent or exaggerated
HPV contributes to the development of pulmonary
hypertension and may predispose to cor pulmonale
in chronic disease. Additionally, increased
pulmonary vascular resistance can impair cardiac
output adaptation, further compromising oxygen
delivery to tissues. Thus, while HPV initially serves
to improve V/Q matching, in diffuse lung pathology
such as COPD exacerbations it paradoxically
contributes to hemodynamic burden and progressive
gas exchange inefficiency.

The findings of this study reinforce that V/Q
mismatch remains the dominant mechanism of
hypoxemia in COPD exacerbations, with hypoxic
pulmonary vasoconstriction playing a dual role—
initially adaptive but ultimately maladaptive when
hypoxia is extensive. Early identification and
correction of hypoxemia, optimization of
bronchodilation, and reduction of airway
inflammation are therefore crucial to limit
pulmonary vascular stress and improve clinical
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outcomes. overall, this study highlights the intricate
relationship between impaired ventilation, altered
perfusion, and pulmonary vascular responses in
acute COPD exacerbations, emphasizing the
importance  of integrated respiratory and
cardiovascular management strategies.

Conclusion

This study demonstrates that acute exacerbations of
Chronic  obstructive pulmonary disease are
associated with significant ventilation—perfusion
(V/Q) mismatch and impaired alveolar gas exchange
efficiency. A high proportion of patients exhibited
hypoxemia, elevated alveolar—arterial (A—a) oxygen
gradient, and hypercapnia, indicating substantial
disruption of normal pulmonary physiology during
exacerbation episodes. Hypoxic  pulmonary
vasoconstriction, while initially a compensatory
mechanism aimed at improving V/Q matching,
appears to contribute to increased pulmonary
vascular resistance and elevated pulmonary artery
pressures when hypoxia is widespread. The
observed  correlation  between = worsening
oxygenation and rising pulmonary artery systolic
pressure underscores the hemodynamic burden
imposed on the right ventricle during exacerbations.
COPD exacerbations result in complex interactions
between airflow limitation, gas exchange
inefficiency, and pulmonary vascular responses.
Early recognition of hypoxemia, prompt
optimization of ventilation, and appropriate
management of pulmonary hypertension are
essential to reduce morbidity, prevent right heart
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strain, and improve overall clinical outcomes in
affected patients.
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