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Pulmonary Lecture 4: 

Learning objectives 

 

At the end of the lecture, you should be able to: 
- Be comfortable with basic pressure volume temperature gas laws 
- Describe how air composition changes in the airways 
- Explain the alveolar gas equation 
- Describe factors that determine alveolar CO2 
- Explain regional differences in ventilation 
- Explain alveolar and dead space ventilation 
- Differentiate between anatomical and physiological dead space 
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Composition of air in the airways 
 

Ambient air: Atmospheric/ barometric pressure at sea level: 
 

79% N2 760 mmHg 
21% O2 
1% water vapor 
0.1% argon 
0.04% CO2 
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When air enters the respiratory system by ventilation, besides being filtered of airborne particles 
and dust, it is warmed to body temperature (37 ºC) and completely humidified (100%). Water 
vapor pressure is 47 mmHg at 37 ºC and “dilutes” the other gases. 

 

 
When tracheal air reaches the alveolar spaces gas composition changes drastically. Here down 
diffusion gradients oxygen constantly flows from the alveolar space to pulmonary capillary blood 
whereas carbon dioxide flows in the opposite direction. In reality the PAO2 and PACO2 values 
fluctuate with the respiratory cycle, but on average, PAO2 = 102 mmHg and PACO2 = 40-45 mmHg. 
PN2 = 563 mmHg remains constant because the human body neither produces nor consumes 
nitrogen gas. 

 
Alveolar Gas Equation 
The alveolar gas equation considers the reciprocal relationship between PAO2 and PACO2. If one 
knows the partial pressure of inhaled oxygen and the average partial pressure of alveolar carbon 
dioxide, it is possible to predict what the alveolar oxygen partial pressure will be. 
The computation does require a knowledge of the respiratory gas exchange ratio, which typically 
is 0.8 in a normal person. 

 
Example: 
What is the alveolar PO2 (PAO2) if you breathe 100% oxygen and the PACO2 is 45 mmHg 
(R=0.8)? 

 
PIO2 = (760 mmHg – 47 mmHg (=water vapor)) x 1 (=100% oxygen) = 713 mmHg 

PAO2 = 713 mmHg – 45 mmHg/0.8 = 657 mmHg 
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Alveolar Partial Pressure of Carbon Dioxide 
 

The fraction of alveolar CO2 is determined by metabolism and rate of elimination (alveolar 
ventilation). 

 
Alveolar PCO2 is inversely proportional to alveolar ventilation and directly proportional to CO2 
production. 

 
In the resting state, the body has a CO2 production rate of about 250 mL/min. The alveolar 
ventilation is adjusted to 5 L/min in order to keep alveolar PACO2 near 40 mm Hg. If one 
hyperventilates to 10 L/min (breathing more than required metabolically) the increased alveolar 
ventilation will blow off excess CO2 and reduce the PACO2 to 20 mm Hg. 

 
Alveolar PCO2 as a function of alveolar ventilation in the lung. Each line corresponds to a given 
metabolic rate associated with a constant production of CO2. Normally, alveolar ventilation is 
controlled to maintain an alveolar PCO2 of about 40-45 mmHg. Thus, at rest, when CO2 production 
is approximately 250 mL/min, alveolar ventilation of 5 L/min will result in an alveolar PCO2 of 40 
mmHg. A 50% decrease in ventilation at rest (i.e., from 5 to 2.5 L/min) results in doubling of 
alveolar PCO2. During exercise, CO2 production is increased and to maintain a normal PCO2, 
ventilation must increase (in this case to 15 L/min). Again, however, a 50% reduction in 
ventilation (15 to 7.5 L/min) will result in doubling of PCO2. 
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DISTRIBUTION OF PULMONARY VENTILATION 
 

The distribution of inspired air into the vertical lung is not uniform. From radioactive xenon 
studies, inhaled Xe133 is distributed more to the base of the lung (near the diaphragm) than the 
apex of the lung (near the clavicle). 

 

Regional differences in ventilation - gravitational effects: 
 

There are two reasons for inspired air being preferentially shunted to the lung base. 
 

First, the 5 lobes of the lung form a triangular structure with the widest part at the base and the 
narrowest part at the apex. Thus, anatomically, the base of the lung has more alveoli to receive 
more air. 

 
Second, at FRC the base of the lung is more compliant than the apex of the lung. Thus, 
physiologically, equal changes in intrapleural pressure at both the base and apex produces a 
greater volume change in the base (more compliant) than apex (stiffer). 

 
Regional distribution of lung volume, including alveolar size and location on the pressure- 
volume curve of the lung at different lung volumes. 

 
Because of suspension of the lung in the upright position, the pleural pressure (Ppl) and 
translung pressure (PL) of units at the apex will be greater (more negative) than those at the 
base. These lung units will be larger at any lung volume than units at the base. The effect is 
greatest at residual volume (RV), is less at functional residual capacity (FRC), and disappears 
at total lung capacity (TLC). Note also that because of their location on the pressure-volume 
curve, inspired air will be differentially distributed to these lung units; the lung units at the apex 
are less compliant (= smaller increase in volume at any given pressure change) and thus will 
receive a smaller proportion of the inspired air than the lung units at the base, which are more 
compliant (i.e., reside at a steeper part of the pressure-volume curve, = larger increase in volume 
at any given pressure change). 
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Regional differences in ventilation – variable 
resistances/compliances: 

 
The rate at which alveolar unit fills with air depends 
upon two factors, its resistance (R) and compliance 
(C). The R x C product is the time constant (τ) for the 
unit. The smaller the τ the faster the lung unit fills 
(normal τ = 0.7 x 0.8 = 0.56). Increased resistance 
increases the time constant and slows the filling. 
Decreased compliance decreases the time constant 
and the filling is speeded, but the unit is stiffer and 
only fills to half capacity. 

 
The Figure on the right shows examples of local 
regulation of ventilation as a result of variation in the 
resistance (R) or compliance (C) of individual lung 
units. 
In the schema are shown the individual resistance 
and compliance of three different lung units. In the 
lower graph are shown the volume of these three 
lung units as a function of time. In the upper schema, 
the normal lung has a time constant of 0.56 second. 
This unit reaches 97% of final equilibrium in 2 
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seconds, the normal inspiratory time, as shown in the lower graph. The unit at the right has a 
twofold increase in resistance; hence its time constant is doubled. That unit fills more slowly and 
reaches only 80% equilibrium during a normal breath (graph). The unit is underventilated. The 
unit on the left has reduced compliance (stiff), which acts to reduce its time constant. This unit 
fills faster than the normal unit but receives only half the ventilation of a normal unit. 

 
Single-Breath Nitrogen Washout Test to assess uniformity of ventilation. 

 

 

While breathing atmospheric air, the lung is constantly filled with 79% nitrogen gas. If one 
exhales to residual volume (RV) and then takes a deep breath of 100% oxygen gas to the total 
lung capacity (TLC), the nitrogen in the lung gets diluted. Since the base of the lung receives the 
largest distribution of ventilation, the basal alveoli experience the highest N2 dilution (e.g. to 40%) 
whereas the apical alveoli experience the lowest N2 dilution (e.g. to 70%).Now the subject is 
asked to exhale slowly through a N2 meter at a constant flow rate from TLC to RV. N2 
concentration (%) is then plotted as a function of volume exhaled. Four parts of the N2 curve 
result: 1) the %N2 remains fixed at zero as the dead spaces filled with O2 empty; 2) there is a 
rapid upswing in %N2 as alveolar regions start to empty; 3) an alveolar plateau is reached where 
there is equal emptying of all lung zones from base to apex (%N2 = 50%); 4) finally at the end of 
the plateau there is a second increase in %N2 due to slowly emptying alveoli. 
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Ventilation 
 

Ventilation = frequency (f, breath/min) x tidal volume (Vt) 
= 15 x 500 mL = 7500 mL/min 

 
As the lung can be partitioned into dead space (non-alveolated airways) and live space 
(alveolated airways), the tidal volume first fills the dead space (VD) and then the alveolar space 
(VA). Thus, ventilation consists of dead space and “life space” ventilation. 

 
Vtotal = f x (VD + VA) = f x Vt 

 
Dead space ventilation= f x VD (does not contribute to gas exchange) 

Alveolar ventilation (effective for gas exchange):  V· A  = f • VA  = f • (Vt  - VD) 

 
 
 

The Single-Breath Nitrogen Washout 
Test described above can be used to 
determine anatomical dead space 
and is known as Fowler’s method. 
Anatomical dead space is found on the 
single-breath nitrogen washout curve 
at the beginning of the first N2 upward 
inflection just below TLC (e.g. VD = 150 
mL). 

 
N2 is plotted against expired volume. 
Dead space is the volume up to the 
vertical dashed line, where areas A 
and B are equal. 
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Physiological dead space is the 
total volume that does not 
participate in gas exchange = 
anatomical dead space + alveoli 
that are ventilated but not perfused. 

 
Expired CO2 (red dots) comes from 
the alveolar gas, but not from the 
dead space. 

 
The expired fraction (FE) of CO2 x 
the exhaled tidal volume (VT) thus 
equals the alveolar ventilation (VA) 
x the alveolar fraction (FA) of CO2. 

 
VT X FE = VA x FA = (VT – VD) X  FA 

 
  VT  X FE  = VT X FA – VD X FA 

 
  VD X FA  = VT  X FA –VT X FE 

 
 VD/VT = (FA – FE) / FA 

 

Physiological dead space can be calculated from the fraction of expired CO2 and the PaCO2 in 
arterial blood, which in normal individuals is identical to the alveolar PCO2. 

 
VD/VT = PaCO2 – Pexpiratiory CO2 / PaCO2 = Bohr equation 

 
The normal ratio VD/Vt is 0.2 – 0.35. In normal individuals, anatomical and physiological dead 
spaces are almost identical. In lung diseases, physiological dead space can be considerably 
larger. 
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Key concepts 

- The sum of the partial pressures and partial volumes of a gas is equal to 
the total pressure and total volume (Dalton/Amagat) 

 
- Conducting airways do not participate in gas exchange. Thus, the 

partial pressures of oxygen, nitrogen and water vapor in humidified air 
remain unchanged in the airways until the gas reaches the alveolus. 

 
- The partial pressure of oxygen in the alveolus is given by the alveolar 

gas equation. 
 

- The relationship between CO2 production and alveolar ventilation is 
given by the alveolar CO2 equation. There is an inverse relationship 
between alveolar PCO2 and alveolar ventilation. 

 
- Regional differences in ventilation (base higher than apex) 

are due to gravitational effects and variable resistances/compliances of 
alveolar units 

 
- Tidal ventilation is comprised of dead space and alveolar ventilation. To 

increase alveolar ventilation, an increase in tidal volume is more 
effective than an increase in the frequency of breathing. 

 
- Anatomical dead space can be measured with Fowler’s method; the 

Bohr equation can be used to determine physiological dead space. 
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