306e-2

Luminal Area

Vital
Capacity

Tidal
Volume

Functional
Residual
Capacity

Total
Lung
Capacity

Expiratory
Reserve
Volume
Residual
Volume

Figure 306e-2 Spirogram demonstrating a slow vital capacity
maneuver and various lung volumes.

PART 11
Disorders of the Respiratory System

In addition, a passive resting point of the respiratory system is attained
when alveolar gas pressure equals body surface pressure (i.e., when the
transrespiratory system pressure is zero). At this volume (called the
functional residual capacity [FRC]), the outward recoil of the chest wall
is balanced exactly by the inward recoil of the lung. As these recoils are
transmitted through the pleural fluid, the lung is pulled both outward
and inward simultaneously at FRC, and thus its pressure falls below
atmospheric pressure (typically, −5 cmH2O).
The normal passive respiratory system would equilibrate at the FRC
and remain there were it not for the actions of respiratory muscles. The
inspiratory muscles act on the chest wall to generate the equivalent
of positive pressure across the lungs and passive chest wall, while the
expiratory muscles generate the equivalent of negative transrespiratory
pressure. The maximal pressures these sets of muscles can generate
vary with the lung volume at which they operate. This variation is
due to length-tension relationships in striated muscle sarcomeres and
to changes in mechanical advantage as the angles of insertion change
with lung volume (Fig. 306e-1). Nonetheless, under normal conditions,
the respiratory muscles are substantially “overpowered” for their roles
and generate more than adequate force to drive the respiratory system
to its stiffness extremes, as determined by the lung (total lung capacity [TLC]) or by chest wall or airway closure (residual volume [RV]);
the airway closure always prevents the adult lung from emptying
completely under normal circumstances. The excursion between full
and minimal lung inflation is called vital capacity (VC; Fig. 306e-2)
and is readily seen to be the difference between volumes at two unrelated stiffness extremes—one determined by the lung (TLC) and the
other by the chest wall or airways (RV). Thus, although VC is easy to
measure (see below), it provides little information about the intrinsic
properties of the respiratory system. As will become clear, it is much
more useful for the clinician to consider TLC and RV individually.
Flow-Related Mechanical Properties—Dynamics The passive chest wall
and active neuromuscular system do exhibit mechanical behaviors
related to the rate of change of volume, but these behaviors become
quantitatively important only at markedly supraphysiologic breathing frequencies (e.g., during high-frequency mechanical ventilation)
and thus will not be addressed here. In contrast, the dynamic airflow
properties of the lung substantially affect its ability to ventilate and
contribute importantly to the work of breathing, and these properties
are often deranged by disease. Understanding dynamic airflow properties is therefore worthwhile.
As with the flow of any fluid (gas or liquid) in any tube, maintenance of airflow within the pulmonary airways requires a pressure
gradient that falls along the direction of flow, the magnitude of which
is determined by the flow rate and the frictional resistance to flow.
During quiet tidal breathing, the pressure gradients driving inspiratory
or expiratory flow are small owing to the very low frictional resistance
of normal pulmonary airways (Raw, normally <2 cmH2O/L per second).
However, during rapid exhalation, another phenomenon reduces flow
below that which would have been expected if frictional resistance
were the only impediment to flow. This phenomenon is called dynamic
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Figure 306e-3 Luminal area versus transmural pressure relationship. Transmural pressure represents the pressure difference across
the airway wall from inside to outside.

airflow limitation, and it occurs because the bronchial airways through
which air is exhaled are collapsible rather than rigid (Fig. 306e-3). An
important anatomic feature of the pulmonary airways is its treelike
branching structure. While the individual airways in each successive
generation, from most proximal (trachea) to most distal (respiratory
bronchioles), are smaller than those of the parent generation, their
number increases exponentially such that the summed cross-sectional
area of the airways becomes very large toward the lung periphery.
Because flow (volume/time) is constant along the airway tree, the
velocity of airflow (flow/summed cross-sectional area) is much greater
in the central airways than in the peripheral airways. During exhalation, gas leaving the alveoli must therefore gain velocity as it proceeds
toward the mouth. The energy required for this “convective” acceleration is drawn from the component of gas energy manifested as its local
pressure, which reduces intraluminal gas pressure, airway transmural
pressure, airway size (Fig. 306e-3), and flow. This is the Bernoulli
effect, the same effect that keeps an airplane airborne, generating a lifting force by decreasing pressure above the curved upper surface of the
wing due to acceleration of air flowing over the wing. If an individual
tries to exhale more forcefully, the local velocity increases further and
reduces airway size further, resulting in no net increase in flow. Under
these circumstances, flow has reached its maximum possible value, or
its flow limit. Lungs normally exhibit such dynamic airflow limitation.
This limitation can be assessed by spirometry, in which an individual
inhales fully to TLC and then forcibly exhales to RV. One useful spirometric measure is the volume of air exhaled during the first second
of expiration (FEV1), as discussed later. Maximal expiratory flow at
any lung volume is determined by gas density, airway cross-section
and distensibility, elastic recoil pressure of the lung, and frictional
pressure loss to the flow-limiting airway site. Under normal conditions, maximal expiratory flow falls with lung volume (Fig. 306e-4),
primarily because of the dependence of lung recoil pressure on lung
volume (Fig. 306e-1). In pulmonary fibrosis, lung recoil pressure is
increased at any lung volume, and thus the maximal expiratory flow
is elevated when considered in relation to lung volume. Conversely, in
emphysema, lung recoil pressure is reduced; this reduction is a principal mechanism by which maximal expiratory flows fall. Diseases that
narrow the airway lumen at any transmural pressure (e.g., asthma or
chronic bronchitis) or that cause excessive airway collapsibility (e.g.,
tracheomalacia) also reduce maximal expiratory flow.
The Bernoulli effect also applies during inspiration, but the more
negative pleural pressures during inspiration lower the pressure outside of airways, thereby increasing transmural pressure and promoting
airway expansion. Thus inspiratory airflow limitation seldom occurs
due to diffuse pulmonary airway disease. Conversely, extrathoracic airway narrowing (e.g., due to a tracheal adenoma or post-tracheostomy
stricture) can lead to inspiratory airflow limitation (Fig. 306e-4).
The Work of Breathing In health, the elastic (volume change–related)
and dynamic (flow-related) loads that must be overcome to ventilate
the lungs at rest are small, and the work required of the respiratory muscles is minimal. However, the work of breathing can

