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Introduction

Pulmonary ventilation is the fundamental mechanical process by which air moves between the
atmosphere and the alveoli of the lungs. This cyclical movement of air enables oxygen to reach the
pulmonary gas-exchange surfaces while allowing carbon dioxide, to be removed. Although ventilation is
often perceived as a simple act of breathing, it represents a highly coordinated physiological process
involving respiratory muscles, respiratory system elastic properties, airway resistance, and neural

regulatory mechanisms.

The effectiveness of pulmonary ventilation depends on the ability of the respiratory system to generate
pressure gradients that drive airflow into and out of the lungs. These pressure changes are produced
primarily by the contraction and relaxation of respiratory muscles, particularly the diaphragm and
intercostal muscles, which alter the volume of the thoracic cavity. As thoracic volume changes, pressure
within the lungs shifts relative to atmospheric pressure, causing air to flow along the resulting gradient.
This process is governed by fundamental physical principles, including the relationships between

pressure, volume, and flow.

Several structural and functional characteristics of the lungs influence the efficiency of ventilation. The
elastic properties of lung tissue determine how easily the lungs expand and recoil during breathing, a
property known as lung compliance. Surface tension within the alveoli, regulated by pulmonary
surfactant, also plays a crucial role in maintaining alveolar stability and minimizing the work required for
lung inflation. At the same time, the resistance encountered by airflow within the conducting airways

significantly affects ventilatory mechanics, particularly in disease states that alter airway diameter.

A key aspect of pulmonary ventilation is the distinction between total ventilation and effective alveolar
ventilation. Not all inhaled air participates in gas exchange. A portion of each breath occupies the
conducting airways and constitutes the anatomical dead space. Additional regions of the lung may be
ventilated but inadequately perfused, creating alveolar dead space. Together these components form the
physiological dead space, which directly influences the efficiency of gas exchange and the regulation of

arterial carbon dioxide levels.

The volume of air contained within the lungs during different phases of the respiratory cycle can be
described using lung volumes and capacities. These measurements provide valuable insight into

pulmonary mechanics and are widely used in clinical practice to assess respiratory function. Changes in
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lung volumes may indicate restrictive processes that limit lung expansion or obstructive disorders that

impair expiratory airflow and lead to air trapping.

Ventilation is not solely a mechanical process; it is also tightly regulated by neural and chemical control
systems. Respiratory centers within the brainstem continuously adjust the depth and frequency of
breathing in response to metabolic demands and changes in blood gas levels. Chemoreceptors sensitive to
oxygen, carbon dioxide, and pH play a central role in maintaining homeostasis by modifying ventilatory

output when disturbances occur.

The understanding of pulmonary ventilation is essential for interpreting both normal respiratory
physiology and the pathophysiological mechanisms underlying respiratory disease. Disorders such as
asthma, chronic obstructive pulmonary disease, pulmonary embolism, and neuromuscular weakness can

significantly disrupt ventilatory mechanics and compromise gas exchange.

This chapter explores the fundamental principles governing pulmonary ventilation, including the
mechanics of breathing, lung compliance, airway resistance, work of breathing, dead space, and lung
volumes and capacities. By examining these concepts, readers will gain a comprehensive understanding
of how ventilation supports effective gas exchange and how alterations in respiratory mechanics

contribute to disease.
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Overview of Pulmonary Ventilation

Pulmonary ventilation refers to the cyclical movement of air into and out of the lungs, allowing the
exchange of oxygen and carbon dioxide between the atmosphere and the bloodstream.
Ventilation is driven by pressure gradients generated by respiratory muscle activity and influenced by

several physiological factors:

. Respiratory system compliance
. Airway resistance

. Respiratory muscle strength

. Neural control mechanisms

The efficiency of ventilation determines the effectiveness of pulmonary gas exchange and the

maintenance of acid—base balance.
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Mechanics of breathing

Inspiration
Inspiration is an active process produced primarily by contraction of the diaphragm.
During inspiration:

The diaphragm contracts and descends.

Thoracic volume increases.

Pleural pressure becomes more negative.

Alveolar pressure falls below atmospheric pressure.
Air flows into the lungs.

Nk W=

Typical pressure changes during quiet breathing:

Phase Pleural Pressure | Alveolar Pressure
End expiration | =5 cmH20 0 cmH-0
Inspiration —7t0—8 cmH-0 | —1 cmH.0

These pressure differences create airflow according to Boyle’s law, which states that pressure (P) varies
inversely with volume (V) provided the temperature (T) remains constant. If volume decreases, pressure

increases proportionally, and vice versa (P1V1 =P2V2)

Expiration
Expiration during quiet breathing is passive.
It occurs due to:

o Elastic recoil of lung tissue
o Surface tension forces within alveoli

o Relaxation of inspiratory muscles

As lung volume decreases:
1. Alveolar pressure rises above atmospheric pressure
2. Air flows outward

During forced breathing, expiratory muscles become active:

¢ Abdominal muscles

¢ Internal intercostal muscles
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This mechanism is particularly important during coughing, exercise, and respiratory distress.

COMPREHENSIVE LUNG MECHANICS: PLEURAL PRESSURE GRADIENT & TRANS-PULMONARY PRESSURE

INSPIRATION EXPIRATION

(Chest wall moves out) / A s iy phmmer® — Air flows out

RESULTANT TRANS-PULMONARY RESULTANT TRANS-PULMONARY Expiration
PRESSURE (Py, = Py - P,)) @ MIDOLE PRESSURE (Pyy = Py - Py) @ MIDDLE
oo Pleusal space s s Plevral space #
o Pleural space (Py) — s B p=4lem
b Pp|=-?.E|:m Lﬁj More mgaﬂu - 'lduetnre;g# Less Mﬂaﬁ“
Py =0cm H0 intrapleural pressure | | Pu= #3em H,0 intrapleural pressure
Py =0~ (-7.5) = +7.5cm H,0 pulls lungs open | [ Py = #1-(-5) = +6 cm H,0 allows lungs to recoil

Figure 1: Pleural, alveolar, and transpulmonary pressures during inspiration and expiration.
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Respiratory Mechanics

Refer to Respiratory Mechanics Chapter
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Alveolar ventilation

The Alveolar Gas Equation is a critical tool for determining the partial pressure of oxygen within the
alveoli (PAOz), representing the "supply" side of gas exchange. By accounting for atmospheric pressure,
humidity, and the displacement of oxygen by carbon dioxide, it tells us how much oxygen should
theoretically be available for the blood to pick up. When we compare this theoretical value to the oxygen

actually measured in the blood (P.O>), we get the A-a gradient (PAO> - P,O»)

This gradient acts as a diagnostic "stress test" for the lungs: a normal gradient suggests the lungs are
healthy but the patient isn't breathing enough (hypoventilation), while an elevated gradient indicates a
physical problem with the lung tissue itself, such as a shunt, a diffusion defect, or a ventilation-perfusion

mismatch.

PAO; = FiO2 (PAtm - PHZO) —P.CO2/R
Where:

e PAOs: Partial pressure of alveolar oxygen.

e FiOs: Fraction of inspired oxygen (0.21 at sea level).

e Pam: Atmospheric pressure (760 mmHg at sea level).

e Pupo: Water vapor pressure (47 mmHg at body temperature)

e P.COzy: Partial pressure of arterial carbon dioxide.

R: Respiratory quotient (typically 0.8, depending on diet).
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Dead Space

Dead space refers to ventilated areas that do not participate in gas exchange.
Understanding dead space is important because it directly influences alveolar ventilation, which

determines the effectiveness of pulmonary gas exchange.

Alveolar ventilation is defined as the portion of minute ventilation that reaches gas-exchange regions.

Va=Wr=Vp)Xf

Where:
o I,=alveolar ventilation
e Vy=tidal volume
e Vp=dead space volume

e f=respiratory frequency

This equation highlights that increases in dead space reduce effective ventilation, even if total minute

ventilation remains unchanged.

Types of Dead Space
Dead space is generally divided into three major categories.
Anatomical Dead Space

Volume of air occupying the conducting airways, where no gas exchange occurs include: Nose, Pharynx,
Trachea, Bronchi, and Bronchioles. The dead space functions as Air humidification, Warming of inspired
air, Filtration of particles and Regulation of airflow resistance

Typical value = 2.2 ml/kg or 150 mL in adults
Alveolar Dead Space
Alveolar dead space represents alveoli that are ventilated but receive little or no blood flow, preventing

effective gas exchange.

Under normal conditions, alveolar dead space is minimal because ventilation and perfusion are well

matched.

10
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However, alveolar dead space increases in conditions that impair pulmonary perfusion, such as:
Pulmonary embolism, Emphysema, Pulmonary vascular disease, Mechanical ventilation with high

pressures

Physiological Dead Space
Physiological dead space represents the total volume of air that does not participate in gas exchange.

Physiological Dead Space = Anatomical Dead Space + Alveolar Dead Space

In healthy individuals:
Physiological dead space ~ Anatomical dead space.
However, in many lung diseases, physiological dead space becomes significantly larger.

Measurement of Dead Space

Dead space can be measured using the Bohr equation, which relates the concentration of carbon dioxide

in exhaled air to that in alveolar gas.

Vo _ Paco, — Pico,
Vr Paco,
Where:
e Vp=dead space volume
e Vr=tidal volume

o Pyco,= arterial CO2 pressure
o Ppco,= mixed expired CO: pressure

This equation is based on the principle that dead space gas contains little or no carbon dioxide, whereas

alveolar gas contains significant COs..

Clinically, the dead space fraction (VD/VT) is used to assess ventilatory efficiency.

Typical values:

11
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Condition VD/VT Ratio
Normal lungs 0.2-0.35
ARDS 05-0.7

Severe pulmonary embolism > 0.6

Table 1: Dead spance

Type Definition Typical Value

LB TR EEG RS PIV - Alir in conducting airways ~150 mL
Alveolar dead space Ventilated but non-perfused alveoli Variable
| dINO T TG TEIRG RGBS PIEN Total of anatomical + alveolar dead space  Normally = anatomical

No Volume

X

Figure 2: Schematic drawing showing 3 different alveoli with their corresponding capillaries. On the left:
well perfused and ventilated alveolus with effective alveolar volume (VEalv), the middle is a ventilated
but not perfused alveolus and is considered as alveolar dead space (VDalv), and the right one is an
alveolus that is perfused but filled with fluid or collapsed (shunt).

12
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Dead Space Measurement Using Capnography

Physiologic dead space can be estimated noninvasively using capnography, which measures the
concentration or partial pressure of carbon dioxide in exhaled gas during the respiratory cycle. A
Capnometer continuously analyzes expired CO: and generates a graphical representation known as the
Capnogram. Because carbon dioxide in expired gas originates primarily from perfused alveoli, analysis of
the capnogram provides valuable information about the relationship between ventilation and pulmonary

perfusion and allows estimation of dead space.
A single breath, the Capnogram typically displays four phases (Figure 3)

Phae I (Anatomical dead space): The first gas that passes the sensor at the onset of expiration comes
from the airways and the breathing circuit where no gas exchange has taken place = anatomical + artificial
dead space. This gas usually does not contain any COz. Hence the graph shows movement along the X-
axis (expired volume), but no gain in CO> on the Y-axis.

Phase II (Transition phase): Phase II represents gas that is composed partially of distal airway volume
and mixed with gas from fast emptying alveoli. The curve slope represents transition velocity between
distal airway and alveolar gas providing information about perfusion changes and also about airway
resistances.

Phase III (Plateau phase): gas is entirely from the alveoli where gas exchange takes place. This phase is
representative of gas distribution. The final CO; value in Phase III is called end-tidal CO, (EtCOy).

Phase IV (Inspiratory phase): almost zero as air has negligible amount of CO».

13
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Phase | Phase I Phase Il|
FetCO,

Expired CO,

Expired volume

Figure 3: Normal Capnogrram during one breath

Dead space can be quantified by comparing the partial pressure of CO- in arterial blood with that in mixed
expired gas using the Bohr equation. In clinical practice, a modification known as the Enghoff
modification of the Bohr equation is frequently used, where arterial CO: tension (PaCO) is substituted for

alveolar COs: tension. The equation is expressed as:

VD / VT =P,CO; - PECO»
PeCO»

Capnographic estimation of dead space is widely used in both research and clinical settings because it
provides a rapid, continuous, and noninvasive assessment of ventilatory efficiency. An increase in
physiologic dead space may occur in conditions that reduce pulmonary perfusion or disrupt ventilation—
perfusion matching, such as Pulmonary embolism, severe Acute respiratory distress syndrome, or
advanced Chronic obstructive pulmonary disease. Consequently, monitoring dead space with
capnography has become an important tool in critical care, anesthesia, and mechanical ventilation
management, where changes in expired CO: patterns may provide early indications of deterioration in

pulmonary function.

14
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Figure 4: Estimation of dead space and alveolar tidal volume from the volumetric capnometry waveform.
The black dashed line a—b defines equal area q and p in phase II. The volume to the left of this line
represents the anatomical dead space, while the right of the line is the alveolar tidal volume. The blue
dashed line c—d is created so that area A equals area B. The distance from b to d
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[ 1. Normal Capnogram

Phase | Phase Il Phase Il
{Dead space] (Transition) (Alvealar plateau)

g

ETCO:
¥

CO; (mmHg)
R

"

Time (seconds)

= Clear 3 phases (I, Il, lll)
+ Sharp upstroke and flat alveolar plateau
* ETCO; typically 35-45 mmHg
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| 2. Increased Dead Space

ETCO;

CO; (mmHg)
b

Time (seconds)

* Prolonged Phase | (more dead space)

» Slower rise in Phase Il

+ Lower ETCO; (often < 35 mmHg)}

* Seen with pulmonary embolism, low cardiac output,
or increased physiologic dead space

Capnometry: Normal and Abnormal Waveforms

3. Hypocapnia (Hyperventilation)

4 ETCO:

€O, (mmHg)
B

Time (seconds)

+ Normal waveform shape

» Decreased ETCO; (often < 35 mmHg)

= Seen with hyperventilation (e.g., anxiety, pain,
mechanical hyperventilation)

[ a Hypercapnia (Hypoventilation)

50 ETCO;
/ (high)
& 37
s
£
E 2
8
0

Time (seconds)

+ Normal waveform shape

+ Elevated ETCO; (often > 45 mmHg)

= Seen with hypoventilation, CO; retention,
or increased metabolic production

5. Airway Obstruction (e.g., bronchospasm)

50

Shark-fin appearance

w
-

€O, (mmHg)
B

it

Time (seconds)

» Slanted upstroke

*+ No flat alveclar plateau

* Seen with bronchospasm, COPD exacerbation,
or partial airway obstruction

| 6. Rebreathing

37 Elevated baseline

CO; (mmHg)

Time (seconds)

+ Incomplete return to baseline

+ Elevated baseline CO,

= Seen with CO; rebreathing (e.g., circuit malfunction,
excessive dead space, inadequate fresh gas flow)

I 7. Low Cardiac Output

50
37 Delayed upstroke

25

CO; (mmHg)

Time (seconds)

* Delayed and reduced upstroke

+ Lower ETCO;

+ Seen with low cardiac output, shock, or severe
pulmonary embalism

8. “D” Waveform (Neonatal/PEEP Effect)

50

9

Notch

7

Time (seconds)

CO; (mmHg)
B B

+ Slanted upstroke with a notch ("D" shape)

= Seen in neonates (airway closure) or with PEEP
(repetitive alveolar collapse and recpening)

9. Inadequate Exhalation

50
Rising baseline

- 37
&
E
E 25
g
o

0

Time (seconds)

* Incomplete return to baseline

* Gradually increasing baseline over time

+ Seen with inadequate expiratory time, high respiratory
rates, or air trapping (e.g., COPD, asthma)

Figure 5: Examples of some abnormal capnograms.
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Ventilation—Perfusion Relationships

Refer to the Ventilation-Perfusion chapter
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Lung Volumes and Capacities

Refer to Lung Volumes chapter

18



Respiratory Physiology — Ventilation

Conclusion

In summary, pulmonary ventilation is a complex process integrating mechanical, structural, and neural
components of the respiratory system. By examining the principles governing airflow, lung mechanics,
dead space, and lung volumes, this chapter provides a foundation for understanding both normal
respiratory physiology and the pathophysiological mechanisms underlying pulmonary disease. These
concepts are essential for clinicians, researchers, and educators seeking to interpret respiratory function

and apply physiological knowledge to clinical practice.

19
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