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scribed its major features in 1849 (go). Rohrer, 70 years later, developed a

unifying and quantitative approach to the subject (224, 225, 227) which his
pupil, Wirz (257), and his pupil’s colleague, Neergaard (196, 197), applied to ex-
periments. These names, plus those of a few contemporaries, would furnish a bibli-
ography encompassing most of the ideas and techniques in this field—but compara-
tively few measurements. The measurements have come for the most part within
the past 15 years, greatly assisted by electrical recording and the acceptance of a
simple indirect method for measuring pleural pressure.

THE FIELD OF RESPIRATORY MECHANICS is both old and young. Donders de-

GLOSSARY OF SYMBOLS

(Less frequently used symbols are defined as they appear in the text.)

Measured quantities:

V—volume in liters, or milliliters, ml

V—volume ratc of change or flow in liters
per second, liters/sec

—volume acceleration in liters/sec?

P—pressure in cm H:O, relative to atmos-
pheric, Pg, unless otherwise specified

AV, AP, etc.—changc in volume or change in
pressurc

Parts of the respiratory system:

L—lungs including tissue, air spaces, air-
ways (intrathoracic and extrathoracic),
and gas

G—gascous part of L

Ti—tissue part of L

W—chest wall or thorax, including intra-
thoracic but cxtrapulmonary structurcs,
chest wall, diaphragm, abdominal con-
tents, and abdominal wall

Boundaries of the parts:

ao—airway opening, i.e. mouth or nose

alv—terminal air spacces in lung

pl—pleural space
bs—body surface
Dcrived quantities:

P,;—elastic component of pressure

P,.,—flow-resistive component of pressure

P;,—inertial component of pressure

C—compliance, the slope of a static volume-
pressurc curve at a point, or the linear
approximation of a nearly straight part of
such a curve, expressed in liters/cm H,Q
or ml/cm H.O

E—elastance, the inverse of C

Cy,n—dynamic compliance, the ratio of the
tidal volume to the change in pressure
between the points of zero flow at the
extremes of the tidal volume: V,/AP,,
expressed in liters/cm H;O or ml/cm H;O

R—flow-resistance, the ratio of P, to simul-
taneous V, expressed in cm HyO/liters /sec

Cy—conductance, the inverse of R

I—inertance, the ratio of P;, to simultancous
¥, expressed in cm H:O/liters/sec?
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This article reviews just one aspect of respiratory mechanics and even within
the limits implied by the title does not attempt to be comprehensive. Instead, spe-
cific topics are taken up in detail. Rohrer’s method of analysis is the basis for most
measurements of respiratory mechanics. It is presented here in an introductory
section in order to set it forth in one place along with its assumptions and limita-
tions. This may seem presumptuous and unnecessarily elementary to those already
familiar with it and tedious to others. Some may want to skip it and refer to it as
necessary. A large share of the remainder deals with the elastic behavior of lungs
and the contribution of surface phenomena to it. Major advances have been made
in this area over the past 10 years and it seems particularly important to discuss
them in detail.

For reviews of the contribution of the thorax, the reader is referred to arti-
cles by Fenn (105, 106) and to the monograph by Campbell (55). The bibliography
includes articles on the work of breathing and the related topic of mechanical fac-
tors in the control of breathing (15, 19-19, 38, 54, 56, 64, 65, 76, 79, 80, 102, 118-
121, 159, 163-165, 170, 188-191, 195, 231) that have appeared since Otis’ review
of this topic (205). Also included are references to more general reviews and to a
number of the articles in areas not covered by this review (4, 5, 26, 39, 52, 73, 74,
87, 92, 99, 100, 107, 115, 130, 136, 155, 199, 204, 217, 219, 225, 227, 236, 238,
249).

~ No common usage of symbols exists in this field. The ones used here represent
an effort to select a meaningful set with as little ambiguity as possible. A glossary of
these symbols, along with definitions of some frequently recurring terms, is in-
cluded before the bibliography. In general an attempt has been made to use terms
as they are defined by Landowne and Stacy in the monograph Tissue Elasticity

(152).
THEORY

Mechanical analysis consists of three steps: 1) description of the motion of a
system and its parts; 2) description of the forces applied to and developed by the
system and its parts; 3) relation of the motion and forces in accordance with phys-
ical laws so as to gain understanding of the underlying mechanisms and properties
of the system.

Motion of the Respiratory System and Its Parts

For mechanical analysis the respiratory system may be thought of as consisting
of three parts: the gas (in the airways and air spaces), the lung structure containing
the gas, and the thorax containing the lungs. The result of motion in this system is
compression and/or displacement of gas. Since the gas volume is included in, or
contained by, each of the parts, the change in volume, AV, of each part is identical
to that of the other parts. The number of degrees of freedom of a mechanical system
is equal to the number of variables required to describe the configuration of the
system at any time. The configuration of the respiratory system may be expressed
in terms of a single variable, volume.

For practical reasons the gas, airways and lung tissue are frequently considered
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together. The words lungs or pulmonary and the letter L will be used to stand for
these, i.e. all parts from the visceral pleura of the lungs to the airway opening. To
distinguish the gas and tissue, the first will be referred to by the letter G and the
second by the letters Ti. The words thorax or thoracic and the letter W will stand
for all of the parts in the wall surrounding the lungs, including the intrathoracic
extrapulmonary structures such as the heart and great vessels as well as the chest
wall, diaphragm, abdominal contents, and abdominal wall.

Forces Applied to and Developed by the Respiratory System and Its Parts

In a mechanical system where motion is expressed in terms of volume, it is
logical to express forces in terms of pressures. A particular restatement of Newton’s
third law of motion would then be: Any pressure applied to a body is opposed by
an equal pressure developed by the body. Let Pg, Pr;, and Py represent, respec-
tively, the opposing pressures developed by the gas, lung tissue, and thorax; and
let Pqy, Pazys Ppi, and Py, represent the pressures at their ‘boundaries’ (where a0 =
airway opening; alv = alveoli; pl = pleural space; bs = body surface). The pres-
sure applied to each part is equal to the difference in pressure at the boundaries of
the part, and Newton’s third law can be expressed as follows for each part.

Pari Opposing Pressure - Applied Pressure
Gas P (] = P, a0 = Papy
Lung tissue Prs = Pary — Ppy
Thorax Py = P, — P,

During breathing P,, is ordinarily the same as P,,, i.e. barometric or atmos-
pheric pressure, P, This being the case, if the sum of the opposing pressures is
equated to the sum of the applied pressures, the following result is obtained for the.
total respiratory system:

Pg + Pr; + Pw = Pg — Poiy + Paty — Ppi + Pyt — Pp =0

This result expresses D’Alembert’s principle (the algebraic sum of forces ap-
plied to a body is zero) which is the mechanical equivalent of Kirchhoff’s electro-
motive force law (the algebraic sum of the electromotive forces around a closed
circuit is zero). The use of electrical analogs for analysis of mechanical systems de-
pends on this equivalence.

When volume events are measured the measuring apparatus constitutes an
additional part of the system. In this case

(Pe¢ + Py + Pw) + Pg, = 0

where Py, represents the opposing pressure developed by the equipment—valve
system, spirometer, body chamber, flow meter, etc. With the exception of pleural
pressure, Py, the methods for measuring pressures and volumes are not discussed
in this review. The references listed cover most of the methods used for volume and
flow measurements (27, 28, 75, 111, 124, 157, 185, 207, 241, 242, 246, 253).

The following expressions summarize what has been said up to this point about
the configuration of the respiratory system and its parts and the forces developed
by these parts, TR denoting the total respiratory system.
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AVyrr = AVg = AVp; = AVw
Prgp = Pg + Pr; + Py

Mechanical analysis seeks to express the relationship between these two ex-
pressions; that is, between the movement of the respiratory system and the forces
associated with these movements.

Relationship Between the Motion of the Respiratory System and the Forces Applied to It

Equations expressing relationships between motion of mechanical systems and
the forces applied to them are appropriately called ‘equations of motion.” For ex-
ample, the equation of motion of a rectilineal mechanical system with one degree
of freedom and with linear elements is F, = Kl + Rv + Ma, (where F, is the force
applied; /, », and a represent rectilineal distance, velocity, and acceleration; and
the coefficients K, R and M are constants representing, respectively, linear elas-
tance, frictional resistance, and inertia). Rectilineal means all the motion can be
described as motion along straight lines, hence the appropriate variable expressing
motion is linear distance or length. One degree of freedom means that the motion
in all of the elements is identical; they all move the same distances, at identical
velocities, and accelerations. The sum of the terms on the right-hand side of the
equation represents the total force developed by the system in opposition to the
applied force; hence the equation is an expression of Newton’s third law of motion.
These terms represent opposing forces proportional to position, velocity, and ac-
celeration and are attributable, respectively, to specific physical properties of the
system: elasticity, frictional resistance, and inertia. Although these properties may
be distributed in some unspecified fashion throughout the physical system, they are
represented discretely in the equation of motion and may be considered as separate
elements. Linear elements means that the coefficients K, R, and M, of the elastic,
resistive, and inertial terms, respectively, are constants.

Figure 1 presents a diagrammatic representation of this mechanical system,
along with an analogous three-dimensional mechanical system and an analogous
electrical system. The three-dimensional mechanical system is presented as a step
toward the equation of motion of the respiratory system. The electrical system is
presented to point out the analogy between mechanical and electrical systems
(201). This analogy has been put to considerable use in studies of mechanical sys-
tems for two reasons. First, electrical circuits have been extensively analyzed, and
solutions to analogous mechanical problems are frequently more easily found in
textbooks of electrical circuit theory than in textbooks on mechanics or mechanical
engineering. Second, electrical-circuit diagrams are far easier to draw and to ‘think
with’ than diagrams of mechanical systems.

In most real mechanical systems the elements are nonlinear. The equation of
motion of a volume-pressure system with one degree of freedom and nonlinear
elements may be written P, = F1(V) + F2(V) + F3(V), where P, is the applied
pressure, and where F1(V), F2(V), and F3(¥) are unspecified functions of volume
(V), volume rate of change, or flow (), and volume acceleration (¥). If we let
P, = 51(V), P,., = F2(V) and P;, = F3(V), where ¢l stands for ‘elastic,’ res for
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‘flow-resistive’ and iz for ‘inertial,” we are ready to represent the equation of motion
for the total respiratory system and its parts essentially as Rohrer proposed it (224,
225, 227). Before these equations are written, it needs to be pointed out that the
gas is treated as being incompressible, and the forces developed by the respiratory
muscles are considered as exerting an applied pressure to the respiratory system.
This pressure, P,,,, is the equivalent of the net effect of respiratory muscle force.

Part Applied Pressure = Opposing Pressure
Gas Paa - Palv = Pmo + p‘ﬂﬂ
Lung tissue Poty — Py = tari + Prazi + Pings
Thorax Pyt — Py + Ppue = taw + traw + pinw

Summing the applied and also the opposing pressures yields the equation of
motion of the total respiratory system:

Pm” = ﬁ“TR + ﬁmrg + I’&n”;

where Dagp = (polf{ + ’olw)
trorg = (fragi + Prug + broy)
and ﬁiﬂra = (ﬁl‘mr.' + ﬁ‘ng +ﬁ"‘w)

The equation of motion for the lungs is obtained by summing equations for
the gas and for the lung tissue:

Py = Py — Py = pay + Prasy, + biny,

where ﬁclb = ﬁuﬁ
brap, = Prag; + Prag.
and bing, = Dinp; + Ding

Put in words, these equations state that the instantaneous pressures applied to
the respiratory system or its parts are equally opposed by pressures developed
within the respiratory system. These opposing pressures represent the sum of pres-
sures arising from the physical properties of these parts. These properties include
elasticity, flow-resistance, and inertia; the opposing pressures related to these prop-
erties are unspecified functions, respectively, of volumes, rates of volume change,
and volume accelerations.

Further Consideration of the Assumptions Underlying the Analysis

The major part of work in respiratory mechanics may be thought of as de-
scribing the ‘unspecified functions’ in the equations of motion and interpreting
them in terms of particular mechanisms. The strengths and shortcomings of this
approach become apparent as experimental results are discussed, but at the outset
certain of the assumptions underlying the analysis need to be dealt with explicitly.

Assumptions as to volumes. The equations of motion for the respiratory system
assume one degree of freedom, as has been pointed out. This is the case for the
motion of the respiratory system and the three parts as delineated, i.e. AVyp =
AVg = AVy; = AVy, but it is not necessarily the case for movements taking place
within the parts. Whereas the lungs and thorax may be considered as operating in
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(L_, Rectilineal Mechanical (length-f:orcc; &) .
Km Elements Egquations of Motion
/ R, = frictional resistance fa = Kml + Rul + Ml
fa M 7 (linear)
K, = linear elastance fo = Kul + Rwv + Ma

Rm””7 7/ /77 M = mass

,C Three Dimensional (volume-pressure; V-P)
R = flow-resistance P. = lZ' V+ RV + IV
R — I C = compliance
R/ I = inertance

Electrical (charge-voltage; ¢-E)

4__0_—) R = ohmic resistance E, = éq + Rg + Lj
. "R”' I L C = capacitance E,=:—:fidt+Ri+L‘£
a c L = inductance

Fio. 1. Three analogous linear systems with one degree of freedom and their respective
equations of motion. The rectilineal mechanical system consists of a mass, sliding on a film of
oil and attached by means of a spring to a fixed point. The three-dimensional system consists
of an elastic bellows and tube containing fluid. The inertance in this case is not discretely repre-
sented but is distributed between the moving parts of the fluid and wall of the bellows. The

electrical system is a series circuit including ohmic (linear) resistance, capacitance, and induct-
ance.

series in terms of volume change (see fig. 1, electrical analogy), the ‘parts’ within
these parts operate in parallel, e.g. the branched airways, separate lobes and air
spaces, and separate motion of the chest and abdominal walls. Parallel systems
behave like systems with one degree of freedom only under particular circum-
stances; namely, when the motion of all of the parts are in fixed proportion to the
total motion. In this case a single variable, AV, still determines the motion of all
parts of the system. It is reasonable to expect that such fixed relationships might
prove the exception rather than the rule in the respiratory system.

Assumptions as to pressures. A further implication of the equations of motion is
that the pressures at the ‘boundaries’ of the parts are the same at all points on the
respective boundaries. Three of the boundaries have gas on one side normally, i.e.
the airway opening, the alveolar surface and the body surface. In these instances
the assumption of uniform pressure at the boundary is correct if the gas is in con-
tinuity and not flowing. This is the case, or very nearly so, at the body surface all
the time, at the airway opening when no gas is flowing, and in the alveoli if all of
the airways are patent and all gas flow has stopped. It is very nearly so at the airway
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opening at all times if the cross section of the flowing air stream is large, and it is
apparently true in the alveoli during gas flow under particular circumstances of
distribution of lung and airway mechanical properties. The remaining boundary,
the pleural surface, normally has tissue on both sides and the distribution of pres-
sure cannot be predicted in any simple way. The degree of uniformity can be ob-
served experimentally, but only when the space is opened, as in open-chest experi-
ments or studies made on excised lungs, is uniformity of pressure, at least at the
exposed portions of the pleural surface, assured.

Assumptions as to the physical properties responsible for the terms in the equation of mo-
tion. To speak of elastic, flow-resistive, and inertial terms is to imply knowledge as
to the responsible physical properties. This is probably justified for the inertial
term, since mass inertia is the only likely possibility in this instance. On the other
hand, it is not justified for the ‘elastic’ term. It is safe to say that elasticity of tissues
accounts for part of the ‘elastic’ term, but it is also certain that other properties,
e.g. the force of gravity on the abdominal contents and of surface tension in the
alveolar lining, which are not elastic in nature, contribute.

PuLMONARY STATICS
Mechanical Behavior of the Lungs Under Nearly Static Conditions

Donders (9o, 91) was the first to point out that lungs collapse on opening the
chest wall because of their own elastic retraction and that this retractive force
(measured in terms of airway pressure) increases as the lungs are inflated. At ap-
proximately the same time Hutchinson published results obtained on two human
lungs immediately post mortem (144). His values furnish the earliest volume-
pressure curves for lungs (fig. 24). The linear relationship was not mentioned by
Hutchinson and went unnoticed by later workers. Sixty-five years later Cloetta, in
a paper which proved to be very influential, obtained a similar result on lungs of
dogs, cats, rabbits, and monkeys (71). His measurements were made on living ani-
mals by lowering pressure around the lung rather than by raising tracheal pressure.
He concluded that under these circumstances the lungs manifest very nearly perfect
elasticity hoth in the quantitative sense, expressed by the linear relationship be-
tween volume and pressure, and the qualitative sense, to the extent that they re-
turned completely to their previous volumes when inflating pressures were reversed.
Setnikar (236) has presented the fallacies in these conclusions. Linear elasticity of
the tissue elements responsible for lung retractive-pressures would not be expected
to lead to linearity of volume and pressure. (Volume varies approximately as the
cube of the length of tissue elements, whereas pressure has a different and more
complex relationship, as will be brought out in the discussion of the roles of surface
and tissue forces in pulmonary retraction.) Furthermore, Cloetta’s published
tracings themselves do not show the complete reversibility he claimed (fig. 2C). As
to the importance which Cloetta attached to his ‘physiological’ means of pressure
application and to the living state: Hutchinson obtained a similarly linear relation-
ship with dead lungs, inflated by way of the trachea. It has become apparent that
the linearity observed depended on two factors: r) Inflation was initiated from the
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Fi6. 2 A-E. Static volume-pressure curves obtained on lungs in the open chest or excised.
A4, from data given by Hutchinson (144) for two human lungs studied post mortem (O : 28-year-
old female, ht 175 cm; @: 29-year-old male, wt 56 kg, ht 175 cm). Measurements were made
only during inflation. B, from volume-pressure tracing given by Mcllroy [(160), fig. 3, p. 287]
showing deflation as well as inflation and demonstrating static hysteresis. Dasked line is from
Hutchinson. C, from volume-pressure tracing given by Cloetta [(71), fig. 11, p. 354] showing
static hysteresis. Scales are linear but arbitrary. D, volume-pressure graph obtained by Lieber-
meister [(154), fig. 1, p. 646] on collapsed right cat lung measured only during inflation. E, vol-
ume-pressure graph obtained by Radford [(217), fig. 3, p. 185) on excised cat lung showing
static hysteresis for air filling. Dashed line was obtained on gas-free lung filled with saline and
shows very little hysteresis. F, composite volume-pressure diagram based on data obtained by
Mead and Collier (184) @ —— @ plus the extended volume-pressure curves obtained by Bern-
stein (30). Measurements are for lungs in the closed chest.

partially inflated state—care being taken never to allow the lungs to collapse.
2) Measurements were limited to inflation only.

Heynsius used Donder’s methods to measure retractive pressures at various
volumes and got variable results (140). He noted that if the lungs were allowed to
collapse re-expansion was not even and tracheal pressure was greater or smaller
according to the number of alveoli open at the same air volume. Liebermeister
published volume-pressure curves for excised lobes of cat and human lungs inflated
from the collapsed state (154) (fig. 2D). As pressure was increased little volume
change took place until levels of 8 to 10 cm H3O were reached, whereupon the
lungs filled markedly with only small further increases in pressure. He attributed
this to closure of air passages in collapsed lungs which was reversed, re-establishing
continuity between the trachea and the air spaces as the pressure was increased.

None of these workers included measurements made during deflation. Had
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Liebermeister done so he would have found (as anticipated by Heynsius’ observa-
tion) smaller pressures during deflation, and the complete volume-pressure cycle
from the collapsed state would have been a hysteresis loop.! More recent results
obtained by Radford with cat lungs (21%) and by Mcllroy (160) in human lungs
demonstrate this hysteresis (fig. 2E and 2B).

Curves during deflation were published by Neergaard in 1929 in the first in-
vestigation of the contribution of surface tension in the alveolar surface to the re-
tractive pressure of the lungs. It has since been shown that surface phenomena are
indeed responsible for the major part of the static hysteresis of the lungs. Neergaard
did not obtain inflation curves and failed to make this association.

Surface Tension and the Volume-Pressure Behavior of the Lungs

Neergaard first called attention to the contribution of surface tension to the
retraction pressure of the lungs some 30 years ago (198). He considered the forma- -
tion of a bubble on the end of a capillary tube as an analog for the surface geometry
within the lungs (fig. 3). Such a bubble would be a segment of a sphere and hence
would exert a pressure according to the relationship P = 2v/r.2 As the bubble was
formed, r would decrease to a minimum value when the bubble radius equaled the
radius of the opening, and then would increase again. The pressure would have a
maximum corresponding to the minimum radius of the bubble. (Expressing ¥ in
dynes (d)/cm and the radius in microns, g, the maximum pressure in cm H;O =
20v/r.) He considered the alveoli as spherical segments which only at maximum
inflation approached hemispherical shape and never, except in pathological cir-
cumstances, exceeded it (fig. 3, # < 7). With this view, which he supported only
indirectly, he had no need to consider such phenomena as opening pressures (3,
133) and the nonstabilizing influence of the surface, which have played a promi-
nent role in more recent work, and which depend on the second region of the curve,
where volume and pressure bear a reciprocal relationship.

To measure the contribution of surface tension to the retractive pressure of the
lungs, Neergaard compared volume-pressure curves after air filling with those ob-
tained after liquid filling. He used fresh, excised lungs and obtained static deflation
curves, having first inflated the lungs nearly maximally. He then removed the gas
from the lungs by a vacuum method, filled them and the chamber containing them
with a 7% gum-arabic solution, and obtained a stepwise volume-pressure curve

during emptying.

1 The terms hysteresis and hysteresis loop are used as defined by Landowne and Stacy (152):
““Hysteresis is the failure of a system to follow identical paths of response upon application of and
withdrawal of a forcing agent. The result of this failure to retrace the same path on withdrawal as
on application is the formation of a hysteresis loop.”

3 If r; and re are the principal radii of curvature at a point on the surface, the pressure dif-
ference ‘across’ the surface (P), is related to these radii and the tension in the wall, T, by La

4]

T
Place’s expression: P = T(I— +:—) For a spherical segment, 7y = r3 = r,and P = 3'—; for a
2

T
cylindrical section where r;, = o, P = —. For a ‘bubble’ with a single surface T = v, where
r

v = surface tension.
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Fia. 3. Volume-pressure diagram for a bubble on a tube. The bubble is regarded as having
a single surface; v stands for its surface tension which is considered to be constant. The equations
are given because those published by Neergaard include several typographic errors.

Curves obtained on sheep, pig, and human lungs showed essentially the same
relationships: r) On the average, surface forces accounted for from 24 to 3{ of the
total retractive pressure. 2) In the volume range of normal expiration tissue retrac-
tion fell to zero. [Neergaard’s finding of zero tissue retractive force at normal end-
expiratory levels has not been confirmed, and there is no apparent explanation for
this discrepancy (149).] 3) Surface retractive pressures increased as lung volume
was increased. To get some idea of the magnitude of surface tension at the alveolar
surface, Neergaard made measurements on lung extracts, reasoning that any sur-
face-active material would according to the Gibbs-Thompson law (23) move to the
surface of such extracts, and found values of 35 to 51 d/cm.

To summarize the main features of Neergaard’s contributions, he demon-
strated that surface phenomena account for a large part of the retractive force
exhibited by excised lungs. He proposed the bubble formed on a capillary as a
model of the expanding alveolar surface; and he said that the alveoli were, even
during maximum inflation, less than hemispheres. In his view the degree of in-
ternal curvature of the lung increased with lung volume (i.e. the radius of curva-
ture decreased) and this increased curvature resulted in increased surface retractive
pressures as lung volume increased.

Recent work in this area has centered on the magnitude of tension in the al-
veolar surface, the relationships of this tension to the problem of the stability of the
air spaces, and the closely associated phenomena of pulmonary hysteresis.

Magnitude of tension of the alveolar surface. Radford described an ingenious ap-
proach to the measurement of surface area of the air spaces from surface energy
considerations (214). The total free energy in a surface under constant tension is
equal to the product of the surface area and surface tension. The area between fluid
and gas volume-pressure curves such as Neergaard obtained represents energy re-
leased from the surface. If it is assumed that tissue retractive pressures are the same
function of volume in both instances, and if it is further assumed that none of the
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air spaces closes off during deflation until the lungs have completely emptied, this
area represents the total free energy of the gas-liquid surface and one needs only
the value of the surface tension in addition to calculate the surface area. Radford
chose to use the value of 50 d/cm which is approximately that of serum. By this
method he obtained values for rat, cat, and dog lungs, and also made estimates for
human lungs, concluding that the true surface area of human lungs lies between 5
and 10 m?, or approximately one-tenth the values estimated from anatomic measure-
ments. He thought it highly unlikely that this 10-fold difference could be due to
error in the assumed surface tension and concluded that the errors were probably
on the side of assumptions made in anatomic measurements.

Shortly thereafter, Pattle presented evidence that surface tension in the lungs
was considerably less than 1 d/cm (208). This surprising conclusion came from a
study of the efficacy of antifoaming agents in the treatment of pulmonary edema,
and it is a notable example of a result of far broader significance than the question
asked. Pattle found pulmonary edema foam to be highly resistant to the direct
application of antifoaming agents in contrast to foams produced by agitation of
pulmonary edema fluid or blood serum, which were readily attacked. This sug-
gested that the edema foam formed in the lung brought some stabilizing factor with
it from the lung itself. He also obtained stable bubbles by squeezing the cut surface
of normal lungs under water. Such foam bubbles remained stable despite repeated
washing with water, but lost their resistance to antifoaming agents following incu-
bation with proteolytic enzymes and were destroyed by various protein precipi-
tants. Pattle concluded that the stability was due to a relatively insoluble protein
layer lining the bubbles. Assuming a film density appropriate for a protein, he esti-
mated the thickness of the film to be about 50 Angstrom units, a value consistent
with that of a monomolecular protein film. Gastric mucus was the only material,
other than lung, from which stable foams could be produced. Although this sug-
gested that the film might be mucoprotein in nature, the lining substance differed
markedly in its staining reaction from ordinary mucin, and Pattle felt that it should
not be described as a mucoprotein.

Pattle attempted to measure the surface tension of the bubbles with two sorts
of experiments. He observed size changes of individual bubbleg in water saturated
with room air; whereas bubbles with appreciable surface tension rapidly disap-
peared as the gas under pressure within them passed into solution, bubbles from
lungs became somewhat smaller and then remained stable for extended periods
without further volume decrease. That this was not due to impermeability to gas
of the lining layer was suggested by the rapid disappearance of these bubbles in
gas-free water. Pattle calculated the upper limit of the surface tension that could
account for the observed volume changes to be 0.026 d/cm. He also observed the
shape of bubbles trapped in water under glass microscope slides. The buoyancy of
the bubble presses it against the glass and distorts it from the spherical shape it
would assume if surface tension alone were operating. The ratio of the bubble
height to the diameter of a bubble of given size in a liquid of known density is de-
termined by surface tension. Values were again less than o.1 d/cm. Pattle con-
cluded that the stability of bubbles obtained from the lung is due to a “true surface
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film which exerts a surface pressure almost equal to the surface tension of the liquid
in which they are immersed” thus reducing the surface tension of the bubble almost
to zero.

Since blood never formed stable bubbles, Pattle reasoned that the lining sub-
stance could not be a blood transudate. Similarly the mucus of the tracheal bron-
chial tree appeared to be ruled out by the lack of the material in tracheal mucus.
He concluded that it was secreted in the “depths of the lungs, below the level at
which the ciliated epithelium terminates; for otherwise it would be swept upward
and appear in the tracheal mucus.” Macklin had postulated a layer of mucus lining
the alveoli on histological grounds, and suggested that granular pneumonocytes
secreted the substance (168). Pattle proposed that Macklin’s mucous layer and the
lung-lining substance were one and the same.

As to the functional significance of a lung-lining layer, Pattle emphasized the
role of surface tension in influencing the “distribution of liquid between blood and
alveoli. This is the effect of surface tension in causing a porous body to soak up
liquid.” For a surface tension of 55 d/cm, the value of blood serum, the surface of
an alveolus of 40 p diameter would produce a pressure difference across the surface
of 41 mm Hg, which would be roughly twice the net pressure for resorption in pul-
monary capillaries, and would thus lead to filling of the alveolus with blood tran-
sudate. This emphasis on transudation is probably misplaced as will become ap-
parent when the influence of surface tension on the stability of the air spaces is con-
sidered.

Brown and Clements were stimulated to resolve the extremes represented by
Neergaard and by Radford on the one hand and by Pattle on the other. From en-
tirely different approaches they reached the conclusion that the lung inflates with
a high surface tension of approximately the value Neergaard measured, and de-
flates with a surface tension that falls off rapidly to low values—i.e. the surface ex-
hibits marked area-tension hysteresis—though not so low as Pattle proposed.

Brown measured the volume-pressure relationships of bubbles blown from
nasal mucus and several-day-old human pulmonary edema fluid (44, 45) (it should
be noted that these were materials which did not give rise to stable bubbles in Pat-
tle’s experiments), and demonstrated marked reductiong in surface tension during
deflation. He also made measurements on excised lungs. By assuming that all sur-
faces were segments of spheres and that all spatial coordinates changed propor-
tionately, he was able to express changes in lung surface area as proportional to
changes in volume to the two-thirds power. He then applied Radford’s approach
to measurements of fluid- and gas-filled lungs but limited his measurement to the
upper portion of the curve, where he assumed # to be 50 d/cm. From the total area
calculated for these levels and the assumed area-volume relationship, he could es-
timate the area change at lower volumes, and with the associated surface energy
changes, estimate the surface tension at any volume. The derived surface and sur-
face-tension relationships were similar to those found for the nasal mucus and pul-
monary edema bubbles; the reductions based on an assumed maximum tension of
50 d/cm were to levels between 5 and 10 d/cm.

Clements (67, 68) made direct measurements of the area-tension relationships
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of lung extracts, principally with a modified Wilhelmy balance. A platinum wire
stirrup was raised through the surface until it supported a surface film which ex-
erted a vertical pull on the stirrup. This vertical force developed by the surface film
was measured as the area of the extract surface was changed by moving a barrier in
the surface. The results were essentially the same for normal saline which had been
rinsed in and out of gas-free lungs, for minced whole lung in saline strained through
cotton, and for normal saline to which slices of lung tissue had been applied. During
expansion of the surface, ¥ remained nearly constant at values neighboring 40
d/cm, whereas during compression of the surface, v fell off rapidly at first and then
more gradually to values neighboring 10 d/cm.

Possible weaknesses in the work of both Brown and of Clements lie in the as-
sumptions that were necessary. The fact that very different approaches led to simi-
lar results lends support, however, as do a number of observations to be taken up in
the following two sections.

Stability of the air spaces. Pattle stated: “It is clearly essential to the life of a
being with a highly convoluted lung, that the tendency of the air-lung interface to
contract should be reduced” (208). Although he saw a high surface tension, and
hence a high tendency of the surface to contract, as a threat principally to the dry-
ness of the lung, it has been argued that it poses an even greater threat to the sta-
bility of the fine airways and air spaces (68). A soap bubble blown on a tube serves
as an example of what is meant by stability in this sense. Such a bubble is stable up
to the point where the radius of curvature starts increasing, and unstable beyond
this point. In the stable region the volume of the bubble remains steady for a steady
applied pressure and shifts with changes in applied pressure so as to produce equal
opposing pressures. In the unstable region volume may remain steady for brief
intervals if applied pressure is properly adjusted, but such an equilibrium is un-
stable. Volume changes induced by changes in applied pressure are associated with
inappropriate changes in opposing pressure which tend to sustain rather than arrest
the change. Volume then increases indefinitely until the bubble bursts or decreases
until it attains stability at less than hemispheric shape.

The stable and unstable regions may be distinguished graphically by the slope
of the volume-pressure curve (fig. 44). The stable region everywhere has a positive
slope (dv/dp > o) and the unstable region a negative slope (dv/dp < o). The con-
ditions determining the sign of the slope may be seen by inspection of the La Place

expression for a sphere: P = -2—'7—‘ A bubble with a constant surface tension can be

stable up to the hemispheric shape because r decreases as volume increases. For P
to continue to increase beyond this volume, i.e. for do/dp to remain >o, T must
increase and at a relative rate greater than that for r. The following expression
defines the necessary condition for stability beyond the hemispheric shape:

dT , r
EXT>L

A bubble with constant tension could never be stable by itself beyond the
hemispheric stage, no matter what the value of its surface tension. A rubber balloon
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Fig. 4. Volume-pressure dia-
grams for a ‘bubble’ 4, and a
hypothetical air space B showing
how tissue force might confer
stability on the air spaces (vol-
ume: ordinate; pressure: ab-
‘‘‘‘‘‘ scissa). The bubble is unstable
at all volumes above the hemis-
, UNSTABLE  pheric shape (fig. 3). For the air

space the pressure is the sum of
————— the surface and tissue pressures;
STABLE STABLE the latter increases at higher
volumes and confers stability
BUBBLE AIR  SPACE on the air space.

\ STABLE
UNSTABLE

has a wall tension which increases as the balloon is stretched; the expression just
given defines how this tension must change if such a balloon is to remain stable,

If one deals with a single balloon or bubble a factitious stability may be estab-
lished at any volume simply by closing off the airway to prevent volume changes.
In this instance the stability resides in the obstruction, not in the balloon or bubble.
In the lungs, air spaces are connected to a common airway and cannot remain in a
condition of instability except transiently. How are the air spaces stabilized? Three
mechanisms have been described; two of them involve the surface and a third the
tissue surrounding the surface. The first is the case that Neergaard considered (fig.
3, & < n) where all surfaces are less than hemispheres and radii of curvature
decrease as volume increases. It will be referred to as geometric stability. The
second operates beyond the hemispheric shape and involves the change in tension
with area discovered by Brown and by Clements. It will be referred to as surface
film stability. The third stabilizing influence depends on the tissues surrounding
the air spaces. Its operation may be described as follows:

The surface and the tissue elements containing the surface may be thought of
as operating in series. That is to say, the net pressure developed by the surface and
the tissue is the sum of separate surface and tissue pressures at any volume. Stability
demands a positive compliance (dv/dp > o). Its reciprocal, elastance, must also
be positive. The elastance of the surface and tissue at any volume, i.e. dp/dv, is the
sum of the separate surface and tissue elastances. It follows that any air space can
be stable as long as the sum of its surface and tissue elastances is greater than zero.
The burden of this formidable series of statements is more easily presented as a
graph (fig. 4B). If tissue elastance is positive in sign at all volumes and increases
with volume (which appears likely from a study of curves of fluid-filled wholelungs),
whereas surface elastance is negative in sign and increases in magnitude as volume
decreases (which would be the case where radii of curvature decrease with de-
creasing volume) then, as Clements et al. have said, “It is reasonable to suppose
that when the alveoli are extended tissue forces predominate while at moderate
to small volumes, surface forces predominate’ (68). In such a case stability would
be favored at high lung volumes; as lung volumes decreased, instability, with re-
sulting collapse of air spaces, would be expected.
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In discussing the influence of the tissue on the stability of the air spaces the in-
fluence of neighboring air spaces on one another has been neglected. Indeed,
though some such interdependence must exist, nothing is known as to its nature.
This unexplored feature which has, among other matters, to do with the distribu-
tion of forces within the lung may have an important bearing on air-space stability.
We are here forced to limit evaluation to the relative roles of the remaining three
influences on stability for which experimental evidence exists.

Role of geometric stability. Neergaard compared air and liquid volume-pressure
curves only during emptying and concluded that the increase in surface retraction
at high volumes reflected increased curvature of the surface (i.e. redueed radii of
curvature) and that radii nowhere increase with volume. In contrast to liquid filling
which is continuous and uniform to outward appearance (as is liquid emptying),
air filling from the gas-free state is discontinuous and nonuniform ( 139, 140, 153,
154, 160, 181, 182, 21%). Some areas remain gas-free while others ‘pop’ open. This
suggests that the spaces that suddenly fill are passing through unstable states. The
presumption is that this instability arises because the radii of curvature in these
areas decrease and then increase again, as might be the case for a surface developing
within an alveolar duct of greater potential radius than the bronchiole leading to it.

The conclusion that radii of curvature increase at some stage of inflation
does not imply that they continue to increase throughout inflation. For example,
the filling of alveoli on alveolar ducts presents new opportunities for radii to de-
crease. It is possible that such alveoli also pass beyond the hemispheric shape and
through another unstable state to stability confirmed by the elastance of the alve-
olar wall. The observations of Radford and McLaughlin of the subpleural air
spaces of rat lungs during air filling suggests this train of events (216). With initial
filling large spaces appeared, which they interpreted as being alveolar ducts. With
further filling the average cross-sectional area of the air spaces decreased as smaller
units filled (presumably alveoli). It is not possible from their observations to say
whether or not the alveoli fill beyond the hemispheric stage. Moving pictures of
the surface of cat lungs show sudden filling of structures of alveolar dimensions,
suggesting that the hemispheric shape is exceeded (182). The possibility remains
that the conditions for geometric stability may exist in alveoli.

Role of surface film stability. Clements was the first to point out that a low coeffi-
cient of surface film compressibility (which expresses the sharp drop-off of tension
during deflation) would have a stabilizing influence if present in the air spaces
(67). At the time this mechanism was proposed the evidence that it operated in the
lungs was entirely indirect. Recently Clements has presented more direct evidence
supporting his proposal (70). He reports a high degree of correlation between the
volume of air remaining in lungs after deflation from full expansion to a pressure of
5 cm H30, and the amount of surface activity of extracts made from these lungs.
Additional evidence has been presented by Radford (218). He rinsed out lungs
with a solution of Tween 20, a nonionic but water-soluble surface-active agent with
v about 45 d/cm in pure solution. Inflation pressures with air were not markedly
different from those at similar volumes in untreated lungs, but deflation pressures
were considerably increased, and almost all of the air spaces were emptied before
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pressures had been decreased to 8 cm H;O. As Clements et al. noted, it is difficult
to explain this change on the basis of a high and constant value for alveolar surface
tension in normal lungs during deflation (68). Radford and McLaughlin’s further
observation of the dimensions of air spaces near the surface of the lung along with
simultaneous measurement of transpulmonary pressure offers additional support to
Clement’s thesis (see ref. 68, fig. 9). The mean radius of these spaces at a pressure of
5 cm H;O during deflation was about 25 p. Assuming, as an extreme, that the ra-
dius of curvature for the cross section at right angles to that observed is infinite
(i.e. that the section is cylindrical) and neglecting tissue forces, an upper limit of 13
d/cm for the surface tension can be derived. For a spherical surface the value would
be one-half this estimate.

Role of tissue forces in air-space stability. Clements concluded from measurements
on lung extracts that surface tension on inflation was approximately 40 d/cm—
very nearly the same value as that obtained by Neergaard—and that it changed
relatively little as long as surface area increased. The measurements of ‘opening
pressures’ made in lungs are consistent with such a value for surface tension at least
initially during inflation. If surface tension changes little (i.e., if the coefficient of
surface compressibility is high), and if radii of curvature increase with volume, only
tissue restraints remain to explain the stability attained once the air spaces open
and while they continue to inflate. This stability would continue during deflation
as long as tissue elastance exceeds the negative elastance of the surface. The Tween
20 observations of Radford suggest that instability resulting in air-space collapse
occurs at relatively high volumes if the surface tension is fixed at levels near 40
d/cm. It would appear that tissue restraints account for most of the stability of the
air spaces while the lung is inflating, and that surface-film stability accounts for
much of the range of stability during deflation.

Surface tension and pulmonary hysteresis. There is experimental evidence that most
of the hysteresis observed in excised gas-filled lungs is due to surface phenomena.
Lungs of adult dogs, cats, and rats, carried through several cycles of liquid filling
and emptying, show comparatively little hysteresis, and in the instance of cat lungs,
practically none (181, 217) (fig. 2E).

Lungs of mature guinea pig, cat, and goat fetuses do show marked hysteresis
during liquid filling (3). Based on this observation, Agostoni et al. have reasoned
that the similarly marked hysteresis of gas-filled adult lungs is due to tissue proper-
ties. The near absence of tissue hysteresis in adult lungs rules out this possibility.
Unique and irreversible rearrangements of pulmonary structures accompany the
very first instances in which they are appreciably stressed. Tissue hysteresis in fetal
lungs must reflect, at least in part, these changes.

Hughes et al. have concluded that tissue stress relaxation (a decrease in stress
which takes place in the course of time under constant strain) accounts for a sub-
stantial part of pulmonary hysteresis particularly at high lung volumes (143). Their
experiments do not permit separation of tissue and surface contributions, but it is
true that the time course of tissue stress-relaxation would in general be so short that
it could not contribute to hysteresis during fluid filling which has been slow (min-
utes), but still might account for the considerable drop-off in pressure that occurs
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at high lung volume following rapid inflation (seconds) (such as illustrated in ref.
49, fig. 6). The time dependence of ‘static’ hysteresis as well as the dynamic proper-
ties of the alveolar surface remain to be worked out. Some findings regarding the
former will be taken up in a following section.

The previous section dealing with the stability of the air spaces has indicated
two ways in which surface tension might contribute to lung hysteresis. One has to
do with differences between inflation and deflation phases in the number of air
spaces sharing any given volume (29, 49, 181); the other, with the possible volume-
pressure representation of the area-tension hysteresis described by Brown and by
Clements. The way in which the quantity of lung inflated might contribute to pul-
monary hysteresis has been described as follows (181): During inflation from the
gas-free state the total number of air spaces sharing the volume increases pro-
gressively. Volume increase of the lungs in this circumstance is partly accompanied
by further expansion of air spaces already open and partly by recruitment of new
air spaces (30). During deflation the air spaces remain open over much of the vol-
ume range. In this way a given volume is shared by a larger number of air spaces
at any volume during deflation than during inflation. The larger the number of air
spaces sharing the volume, the smaller the stresses on any single air space and the
smaller the pressure developed by the lungs. All pressures during inflation would
then exceed those at equal volumes during deflation and a volume-pressure cycle
would exhibit hysteresis.

Clements has pointed out that area-surface tension hysteresis would contribute
to this mechanism to the extent that it extends the range of stable behavior of air
spaces during deflation, and that it would be expected to contribute on its own as
well by producing volume-pressure hysteresis of the individual air spaces. The rela-
tive contribution of the surface hysteresis itself as compared to its influence on the
numbers of air spaces open is as yet unknown. The distinction is important since the
implication of the two mechanisms on the capillary surface area exposed to gas and
on the relative distribution of ventilation and perfusion is altogether different (78,
184). This differentiation is fundamental to an understanding of gas exchange in
the lungs and it is a major unsolved problem of pulmonary mechanics.

The existence of a substantial degree of pulmonary hysteresis attributable to
surface phenomena plus the observation of greater pressures, in general, during air
than during liquid filling of lungs rules out the possibility of lung surface tension
being nearly zero as suggested by Pattle. By his methods he could say nothing about
surface tension of his bubble ‘lining layer’ during expansion. Furthermore, it is
possible that his stable bubbles had a degree of surface compression and hence sur-
face tension reduction never attained in the lung surface. His contribution was far
greater than any controversy as to the precise number to be assigned to alveolar
surface tension. The fact remains that he deduced a fundamental property of the
lungs simply by observing the properties of bubbles expressed from them.

Role of Tissue Forces in Pulmonary Retraction

Klein was the first to relate retractive pressures of the lung to the length-force
characteristics of its tissue elements, and to point to a paradox in these relationships
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(150). Donders had observed that retractive pressures became greater with lung
inflation (g91). Klein proposed to show that retractive pressures arising from the
tissues of the lungs might actually decrease as the lungs were stretched. He made
volume-pressure measurements on thin-walled rubber balloons and length-tension
measurements on strips cut from them. Although tension increased progressively
with lengthening, pressure in the balloons rose, and then fell, sometimes to rise
again as the balloons were progressively inflated.? (The relationship between
increases in tension and radius which accounts for these changes has been discussed
in the section dealing with the stability of the air spaces.) Klein studied the be-
havior of balloons connected to a common airway as well, and concluded from his
observations that one pressure could be associated with two or more different de-
grees of filling in the same balloon, and that the same total filling of many inter-
connected balloons could develop many different pressures. He suggested that
rubber-like elastic bands would confer similar behavior on the air spaces which
they surround: this might, then, explain the observation by Heynsius (140) that
the lungs at the same volume could exert greater or lesser retractive pressures.

It has since been shown that surface phenomena, not ‘rubber balloon insta-
bility,” can cxplam Heynsius’ observation. When the influence of surface forces is
minimized, as in the case of fluid-filled lungs, pressure increases progressively with
volume (showing a greater rather than a lesser increase at high lung volumes), and
differences at the same volume are small (i.e. long-term volume-pressure hysteresis
is of small degree) (181, 217). How then, are the considerations introduced by
Klein to be resolved with the observed behavior of the lungs? Setnikar and Meschia
have given extensive consideration to this problem (234). They have pointed out
that if tissue elements lengthen approximately as the cube root of lung volume, the
combined elastic modulust of such elements would have to increase (i.e. linear
compliance decrease) with lung volume for retractive pressure to increase pro-
gressively with lung volume as well. They suggest collagen fibers as the most prob-
able source of this restraint.

It is useful to summarize very briefly what is known about the elastic proper-
ties of elastin and collagen and their respective contributions to the mechanical
properties of connective tissues. Elastic fibers are made up of elastin, an amorphous,
noncrystalline protein polymer exhibiting rubber-like elasticity (8) (in which
stresses are due to heat motion of its molecules) while collagen fibers are made up
of collagen, a highly ordered crystalline protein polymer with ‘normal body’ elas-
ticity (in which stresses are due to stretching and bending of chemical bonds), and
an elastic modulus some 400 times greater than that of elastin (46, 47).

With a notable exception (221, 222) these conclusions have depended on
measurements made on whole tissues (such as tendons and elastic ligaments) or ex-
tracted fibrous networks, rather than on individual fibers (134, 141, 187, 258). The
contribution of what Bull aptly called ‘nylon-stocking elasticity’ (46)—that is to

3Klein mentions a contemporary account describing similar phenomena (169).

¢ Elastic modulus, as defined by Landowne and Stacy (152) is the ratio of the infinitesimal
change of stress to a corresponding infinitesimal change in strain. It is essentially rectilineal elas-
tance.
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say elasticity having as its ‘principal origin the histologic arrangement of the tissue
elements’—has been a point at issue. Earlier workers, on the basis of the curls and
undulations of fibers seen in histologic sections suggested that so-called ‘elastic’
fibers had a high elastic modulus and that a mesh of fibers was elastic by virtue of
bending of the fibers rather than lengthening (247). Redenz has since presented
convincing evidence of the high extensibility (up to 140 % of unstretched length)
of individual elastic fibers dissected from ox ligamentum nuchae (221) and from human
aortas (222).

It is undoubtedly true that ‘nylon-stocking elasticity’ contributes to the be-
havior of elastic tissues, nevertheless. Hoeve and Flory noted, as have others, that
length-tension curves obtained on segments of ligamentum nuchae (which contain
predominantly elastic fibers) were very nearly linear up to about 70 % extensions
above resting length (141). This was not to be expected for single fibers of rubber-
like polymers, and, the authors suggest, was probably the result of a fortuitous
arrangement of elastic fibers which are curled to various degrees in the tissue so
that the proportion of fibers contributing to tension increases with lengthening of
the tissue. Recently Carton and Dainauskas have obtained length-tension measure-
ments on individual elastic fibers which confirm this view (60).

The jump from the neck ligament of the ox to the lung would appear impos-
sibly large. The stretched elements in the lung include epithelium, endothelium
and smooth muscle, as well as the fibrous structures and the intercellular substances
in which they are embedded. These form a complex of air passages, air spaces,
blood vessels, and surrounding integuments that make the ‘nylon stocking’ seem a
very simple structure indeed by comparison (135, 166, 192). The results of experi-
ments to date suggest that matters may not be as complicated as they at first seem.
It would appear that the fibers predominate in determining the retractive pressures
developed by the tissues of the lung in a manner quite similar to that observed in
elastic ligaments.

First it should be stressed that the over-all static volume-pressure behavior of
lung tissue is simpler than that for other hollow structures in the body (7, 223).
Once surface phenomena have been minimized, long-term volume-pressure hys-
teresis of the lungs is practically nil (181, 21%). This in itself suggests that smooth
muscle does not play an appreciable role, since it typically contributes to hysteresis
(7, 223). This conclusion is supported by the studies of Radford and Lefcoe who
found in excised, fluid-filled lungs only small changes in retractive pressures
following induced contraction and relaxation of the smooth muscle in the
tracheobronchial tree (215). [The influence of smooth muscle on retractive pressures
in the air-filled lung is quite another matter, as these authors and others have
pointed out (198,215).]

There is very little change in lung retraction with temperature between 20° C
and 37° C, and with time, at least up to several hours after death (E. P. Radford,
Jr. and N. R. Frank, personal communication). Furthermore variations in colloid
and total osmolarity of the solution used to fill the lungs, as well as induced capil-
lary transudation of these same fluids, have only small effects (78). The relative
‘hardiness’ of lung tissue retraction thus demonstrated, along with the small degree
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of long-term hysteresis, supports the possibility that its retraction depends prin-
cipally on fibrous elements.

This view is further supported by the length-tension studies performed by
Radford on lung tissue slices (21%). He found curves of the same shape as these
reported for elastic ligaments and aortic rings, structures whose properties depend
on tissue fibers, with upper limits in the neighborhood of 80 % extension. Assuming
volumes to be proportional to the cube of linear dimensions he calculated a 6:1
ratio for the fully expanded to the relaxed volume which corresponded quite well
with observed values.

Setnikar proposed a model for the behavior of elastic and collagenous fibers
in lungs (237) which was the same as that suggested by Burton for their combined
behavior in blood vessels (47). The two elements are considered to be operating in
parallel with each other, the collagen fibers initially somewhat curled and at less
than their unstretched length. Setnikar developed a mathematical approximation
of this relationship. Taking /o as the unstretched length of the combined system of
fibers, and /,,, as the maximum length (i.e. the length at which all of the collagen
fibers are under stretch), he said the linear compliance of the system, d//dF, could
be expressed as a function of the length of the system, /, at any time as follows:

al lne — 1
F-2 T (1)

where B is the compliance of the fibers with linear elasticity. But this expression
does not fit the proposed condition that the compliance of the system be equal to
that of the fibers with linear elasticity when the system is unstretched (by expression
(1) the compliance is infinite at / = /o). The appropriate expression for the pro-
posed condition would be:

dl Ins — »

=B

aF — (2)

where the linear compliance equals B at [ = l¢ and zero at !l = [,,,.
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Setnikar tested his expression with volume-pressure data obtained on lungs
during air deflation and re-expansion, conditions under which surface phenomena
must have accounted for a substantial part of the pressures observed. It is of interest
to repeat such tests with measurements made under conditions such that surface
factors had been minimized. Two such comparisons are presented in figure §. In
the first, predicted length-tension curves are presented, along with Radford’s
length-tension data on lung strips (217); and in the second, predicted volume-
pressure curves are presented, along with observed volume-pressure data on fluid-
filled dog and cat lungs® (181, 217). The expression which more nearly fits the
conditions proposed by Setnikar predicts length-tension and volume-pressure rela-
tionships of a general form close to that of the observed relationships.

Vascular distention and lung retraction. Although the contribution of the blood
vessels themselves to lung retraction is not known, the influence of vascular disten-
tion has been studied quite extensively. In 18847 Basch described two effects (21,
22): congested lung3 tended to be stiffer and to contain more gas than uncongested
lungs. Both effects have been confirmed. An acute rise in pulmonary capillary
pressure of 50 cm H;O is associated with a fall in pulmonary compliance of about
25% in cat (117), dog (34, 78), and rabbit lungs (142) [and the change is probably
no greater in human lungs (31, 32)]. Frank and co-workers have shown that at low
lung volumes acute congestion tends to reduce retraction pressure (116, 117) (i.e.
to increase lung volume at a given applied pressure). Basch proposed alveolar
capillary erection to explain this effect, and others have suggested it as an impor-
tant mechanism in the initial expansion of the lungs at birth (1, 33, 148). The
forces involved appear to be too small for the latter (13), but they may very well
play an important role in the stability of the air spaces. It is tempting to speculate
that these forces may tip the balance and afford local autoregulation of ventilation
and perfusion. For example, the increased depth of breathing in exercise might
open air spaces which would then be prevented from closing by their simultane-
ously increased perfusion. The paradox of reduced compliance in association with
reduced pulmonary vascular pressures, accompanying hemorrhagic shock in dogs,
may be explained on the basis of air-space closure (12, 131).

Combined Roles of Surface and Tissue Forces in Stability of Lungs—a Summary

The ‘static’ retractive pressure of the lungs arises from two sources: r) the gas-
tissue interface and 2) the tissues themselves. To the extent that the lungs are made
up of distensible units in parallel, the potential instability of such systems comes
into play. This instability is typified by the behavior of soap bubbles in parallel, in
the case ot the surface, and by rubber balloons in parallel in the instance of the
tissues. The stability of the tissues is indicated by their behavior when freed from

8 The expressions for length vs. tension were obtained by integrating (z) and (2). The
volume-pressure predictions were based on the further assumption that volume is proportional to

length cubed, and that the linear forces are applied circumferentially, such that T" = Qi and P =
xr
2T F F

r Aty
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surface influences. This stability appears to depend on the high elastic modulus of
collagenous fibers. The unstable behavior of the gas-filled lung is manifested by the
outward appearance of the lungs during inflation, and, in a certain measure, by
their marked volume-pressure hysteresis. A degree of stability is made possible in
the gas-filled lungs principally by two factors: r) the low compressibility of the
surface, discovered by Brown and Clements, and 2) the high elastic modulus of
collagen. The effect of the first is to permit the largest possible number of air spaces
to remain open, and of the second to prevent hyperexpansion of some air spaces at
the expense of the remainder.

To this point we have discussed the retractive pressure of whole lungs. As to
the contribution of its various anatomic divisions into lobes, secondary and pri-
mary lobules, very little appears to be known. Martin and Proctor have made
volume-pressure measurements on segments of the tracheobronchial tree, but these
will be taken up in a later section (175). Frank has reported measurements made on
individual lobes of dog lungs (114). A recent conference entitled “The Morphologic
Basis of Pulmonary Mechanics”® served principally to reawaken pulmonary physi-
ologists and morphologists to their relative isolation. The physiologist speaks of
‘airways’ and ‘air spaces’ for want of better knowledge as to the shape of things in
the lung during life. It is to be hoped that the classical studies of Macklin and Hart-
roft on alveolar dimensions of various species will be reported in the open literature
(16%), and that similar studies in a carefully fixed specimen will be made on the
dimensions of alveolar ducts and terminal bronchioles, hopefully as a function of
the degree of inflation. Further improvements in the methods of fixation are to be
expected as the physical properties of the lungs are taken into account in the tech-
niques used. Certainly, fruitful comparisons of morphologic and chemical attri-
butes of lungs (35, 36, 212, 213) along with their mechanical properties will be
made with respect to lung development and growth and aging, with respect to
species differences and with respect to pathologic processes.

Measurement of Pleural Pressure (Pyy)

The measurements discussed up to this point have all been made on ‘free
lungs,’ either excised or in the open chest, and share the advantage of compara-
tively unambiguous pressure measurement. Before moving on to measurements
made on lungs in the intact chest it is necessary to examine the problem of measur-
ing and interpreting pleural pressures. To what extent is it possible to speak of a
uniform pressure at the surface of the lungs when they are subjected to external
constraints? Two potential sources of local differences in pressure may be antici-
pated: For excised lungs hanging freely, the force of gravity is equally opposed by
elastic forces in the trachea. In the chest, additional forces support the lungs by
way of their surfaces. Statically, the net effect of forces applied to the lungs at
their surface can be thought of as a vector which is equal and opposite to the
vector sum of the force of gravity and the force applied to the lungs by way of the
trachea and its hilar attachments. In the upright posture an upward-directed force

6 See: Report on the Second Aspen Conference on Research in Emphysema. 4m. Rev. Res-
pirat. Diseases 81: 734, 1960.
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equal to the difference between the weight of the lungs and the force at the hilus
must be applied at the lung surface. If the hilar forces were negligible, so that all
of the weight of the lungs were supported at the surface, the pressure would be
greater at the base than at the apex by perhaps 2 cm HzO in human subjects
(assuming as a rough approximation 1000 g distributed on a 500-cm? surface).
But hilar support might be appreciable and even approach that for freely hanging
lungs; there is, therefore, no necessity for local pressure differences on this basis.

A second potential source of local difference in pleural pressure has to do with
the shape of the lungs. If lungs had precisely the same shape in the chest as when
passively inflated at the same volume outside the chest, pressure at all points at the
surface of the lungs would be the same. Therefore, local differences in pressure
(apart from the supporting pressure already mentioned) can exist only to the
extent that the lungs are distorted from their freely inflated shape. It follows from
this that any method for measuring pleural pressures which distorts the lung may
produce local changes in pressure. But, again, a possibility rather than a necessity
is suggested.

Certainly, the outstanding study of local differences in pleural pressure is that
of Farhi et al. carried out on dogs (104). These workers took great care in assuring
adequate recording characteristics of the two manometer systems and in avoiding
leaks of air into the pleural space. Direct inspection of the 13-gauge blunt-type
needle tip in the pleural space by means of a nasopharyngoscope revealed a volume
of air in the form of small bubbles, estimated to be less than 1 ml. Pressures meas-
ured at points between the third and eighth interspace both anteriorly and poste-
riorly varied from one another by no more than 1.0 cm HyO and usually by less
than 0.5 cm HyO. On the other hand, pressures measured at the apex were more
negative at end-expiration, and less negative at end-inspiration than those meas-
ured at intervening points, while the reverse was the case for measurements made
from the diaphragmatic sinus near the posterior vertebral gutter. It is possible that
the differences between pressures at the apex and base of the lungs reflect local
distortions of the lung (by the shape of the chest cavity to which they conform).
The possibility exists, as well, that these changes arise from supporting forces.
Forces operating in the caudal direction at end-inspiration and cephalad at end-
expiration, such as might arise from the lungs’ hilar attachments during deep
breathing, would produce changes the same in direction as those observed.

Of particular interest from the point of view of the effects of local distortion were
the following observations by these workers: “Purposeful measured introductions
of small quantities of air produced measurable changes in pressure, even when the
amount introduced was only 5 ml. . . . The change in pressure took place not only
at the point at which air was introduced but in all parts at which pressure was
being measured in the same side of the chest. . . . No air could be recovered from
points other than the one at which the air was introduced.” They concluded that
the observed equal changes in pressure at different points indicated that . . . the
lung behaves as a' continuous elastic system so that pressure re-equilibrates by
rearrangement of forces within the lung.”” Here then is direct evidence that under
certain circumstances, namely with moderate-sized needles carefully placed, local
deformation does not produce local pressure changes.
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Unfortunately, equally good data are not available on further questions of the
topography of pleural pressure. Evidence presented to the effect that mediastinal
pleural pressures and pleural pressures in the region of the heart are less sub-
atmospheric are all open to question in the matter of local artefacts (42, 72, 186,
256). There is great need for better information both as to the surface topography
of lung pressure and the distribution of forces and their equivalents in terms of
pressure within lungs.

Esophageal pressure and pleural pressure. Wirz gives an excellent critical summary
of measurements of pleural pressure prior to 1923 (257). In considerable part
recent advances in respiratory mechanics depend on a method which he dismissed
as inadequate: the measurement of esophageal pressure (156, 228). Beginning with
the studies of Buytendijk (52) 11 years ago this method has received increasing use.
Since 1896 when Aron put a needle in the chest of an accommodating ‘house
servant’ and made the first measurements of pleural pressure in a healthy man (10),
the total number of direct measurements in subjects with normal lungs has prob-
ably been fewer than 10. The reported measurements from the esophageal site
over the past decade are well into the hundreds.

The most widely used system for sensing esophageal pressure, first described
by Fry et al. (122), consists of a thin-walled rubber balloon about 15 cm long and
2.5 cm in circumference, sealed around a polyethylene catheter. Although details
of this method have been adequately described (81, 122, 178, 233), comparatively
little has been written as to the factors determining the pressures recorded from
such balloons. If the balloon is surrounded by a uniform pressure, the pressure
inside the balloon is the same as that outside as long as the intervening rubber wall
is unstretched. If the pressure outside the balloon is nonuniform, gas will be dis-
placed from regions where the surrounding pressure is high to parts of the balloon
where the surrounding pressure is lower. The pressure inside the balloon will in
this circumstance equal the pressure outside the balloon at the points of inflection
between the inward and outward stretched regions of the balloon wall. This can be
demonstrated when such a balloon is exposed to a hydrostatic gradient by sub-
mersion in water. As it is inflated the inflection between the upper more expanded
portion and the lower compressed portion moves downward, and the pressure
recorded from the balloon at any degree of inflation is equal in cm H:O to the
distance from the surface to the level of the inflection.

It is then apparent that when exposed to a nonuniform pressure the pressure
recorded will depend on the degree of inflation of the balloon. At low balloon
volumes it will approximate the lowest pressure around the balloon, and as balloon
volume is increased, progressively higher pressures, until it equals the highest
pressureat any point onitssurface. To theextent that thereare pressure differences
at different points within the esophagus the pressure in the slightly inflated balloon
will tend to approximate the lowest of these.

With the balloonintheesophagustheesophageal wall and itsadjacentstructures
become part of the recording system. The esophagus has its own volume-pressure
characteristics which are reflected in changes in balloon pressure as a function of
volume. A most extensive and useful study of this has been made by Petitnd a
Milic-Emili (20g). They obtained volume-pressure curves in balloons of various
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perimeters and lengths and at various positions in the esophagus. Pressure in-
creased approximately linearly with balloon volume in all instances. Above a
perimeter of 4.8 cm the rate of increase was constant for balloons of equal length.
For such balloons the rise in pressure per ml of volume increase expressed per cm
of balloon length was constant over the lower 15 cm of the esophagus in the upright
posture. They termed this ratio the ‘specific elastance’ of the esophagus; in five
subjects it averaged 16.0 &= 2.6 cm H;O/ml/cm and did not change with changes
in lung volume. The authors point out that esophageal elastance will lead to errors
in recording changes in pleural pressure to the extent that such pressures produce
changes in balloon volume (and hence ‘transesophageal’ pressure). They estimate
that the errors from the commonly used balloon (ca. 15 cm long, 25 mm~-30 mm
perimeter) might be as great as 24 % for a measuring system with a volume-pressure
coefficient of .04 ml/cm H;O. Mead et al. present esophageal volume-pressure
data with such a balloon showing in nine subjects a mean increase over a 3-ml
range of 1.25 cm H,O/ml, or about one-half that obtained by Petit and Milic-Emili
for balloons of this perimeter (178). For the observed value of 1.25 cm HsO/ml the
volume-pressure coefficient for a system permitting a 1% error in recording of
pressure variation would be 0.008 ml/cm HO. The displacement coefficient of
most electrical pressure transducers used for such measurements is much smaller
than this, and may be neglected. The volume-pressure coefficient from gas com-
pressibility in ml/cm H,O is very nearly 10~3 times the gas volume in ml. The total
gas volume could then be as great as 8 ml and still permit only a 1% error. It
appears that errors of the sort described by Petit and Milic-Emili have probably
been smaller than they estimate.

Some authors have used water manometers to measure esophageal pressure.
Knowles et al. used a U-tube manometer with tubing of 2.5 mm i.d. (151). From
the data given it may be estimated that the total gas volume in their system was
approximately 7 ml, and the manometer displacement about .045 ml/cm H,O.
The volume-pressure coefficient of ca. 50 X 10~% ml/cm H;O would lead to an
error in estimating pleural pressure changes of about 6 % for such a system if the
value of 1.25 cm HyO/ml for esophageal plus balloon elastance is used. Butler et al.
used narrower tubing for the manometer and somewhat larger balloons and must
have had smaller errors (48).

Direct comparisons in human subjects of esophageal and pleural pressure have
been made by a number of workers (11, 49, 62, 93, 100, 122, 161, 183), the most
extensive studies being those of Cherniack et al. in recumbent subjects (62), and
by Mead and Gaensler (183). Cherniack et al. reported “extreme variability of the
correlation between esophageal and intrapleural pressure.” Mead and Gaensler
published similar graphs showing considerably less variation, at least in the upright
posture. In subjects studied supine as well, esophageal pressure became less sub-
atmospheric than pleural pressure in every instance and the difference between
pleural and esophageal pressure changes increased. They concluded that in the
supine posture mediastinal structures compressed the esophagus. This conclusion
was reached by Knowles et al. (151) and by Ferris et al. (108) in studies of the
postural influences on esophageal pressure.

To summarize knowledge as to the pressure at the surface of lungs in the chest:
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The best data available suggest that these differences are small over much of the
outer surface but there is need for more information on this point and on the
general question of the distribution of forces and their pressure equivalents in the
lungs. As far as the use of esophageal pressure as a measure of lung surface pressure
is concerned, it appears to be about as good as directly measured pleural pressure,
at least in the upright posture in human subjects.

Finally, a comment on the venerable question: What holds the lungs against the
chest wall? One view, which in the writer’s opinion is adequate, is to regard occu-
pancy of the chest cavity as a competition between solids, liquids and gases. The
liquids are removed down to a vestige because the capillary pressure in the visceral
pleura is considerably lower than its colloid osmotic pressure, a matter first brought
forth and beautifully elucidated by Agostoni and co-workers (2). The gases are
removed, as Fenn (105) and others have pointed out, because the total gas pressure
in venous capillary blood is considerably less than atmospheric due to the relative
capacity of the blood for carbon dioxide and oxygen. The lungs, chest wall, and
diaphragm are then pressed into service by atmospheric pressure and occupy the
space, as it were, by default.

Static Volume-Pressure Behavior of Lungs in the Chest

The sigmoid inflation curve and marked static hysteresis of excised lungs occur
when they are inflated from the collapsed state. The exact equivalent is not possible
with the lungs in the chest, but it may be approached by producing slow volume
cycles over as wide a range of volume change as is practical. Under these conditions
lungs in the chest exhibit a similar, but less marked degree of static hysteresis.
This has been observed in humans (49, 59, 181), cats and dogs (181, 214) and with
pressures measured directly in the pleural space as well as indirectly from the
esophagus.

The hysteresis is of smaller degree becauseitisnot possible to collapse the lungs
as far or for so long a time with the chest intact. When excised lungs, or living lungs
in the open chest, are not allowed to collapse completely, the curves are similar to
those obtained with the chest closed (217). In fact, it would appear that live and
dead lungs probably behave very much alike in terms of slow volume-pressure
behavior. More evidence is needed on this question but certainly the large changes
in mechanical properties, said to take place with death, occur with changes in the
volume history of the lungs which would in themselves be associated with apparent
changes in mechanical properties.

Expression of pa, = F(V). For smaller volume cycles in the range of spon-
taneous breathing, static hysteresis is much reduced and frequently not detect-
able (49, 181). Furthermore, static pressures change very nearly linearly with
volume in the normal tidal range. In this circumstance an explicit expression for

pa, = F(V) may be given: p,;, = Po + 15 AV, where P, is the static pressure at

end-expiration and AV is the volume change from this level. The constant, C, is
the slope of the volume-pressure relation at Py and expresses the compliance of the
lungs.
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Sources of variability in measurements of pulmonary compliance. It should be apparent
at this point in the discussion that no single number will adequately describe the
elastic properties of lungs. Measurements of pulmonary compliance (or the inverse
relationship, elastance) have gained considerable acceptance in just this sense,
however, and the reasonsare not hard to find. Cloetta arrived at the generalization
that lung volume elasticity is linear (771) just at the time that Rohrer was develop-
ing his comprehensive analysis of respiratory mechanics. The convenience of being
able to express elastic behavior with a constant must have been attractive to
Rohrer and, indeed, it has proved attractive to many investigators since his time.

The first restraint to Cloetta’s generalization came with experiments showing
that at high lung volumes the relationship was curved in the direction of smaller
volume increments for a given change in pressure (146, 245), and hence lower
values for C. In fact, as Butler has emphasized, the relation is everywhere curved
(49) and only approximately linear in the midrange.

‘A second restraint relates to observations first made by Setnikar et al. (235).
These workers ventilated excised dog lungs slowly and at a constant rate with a
fixed pattern of applied pressure. After a few cycles a fairly constant volume
change was produced. When the amplitude of applied pressure was increased for
several cycles (resulting in an increased tidal volume) and then returned to the
original levels, tidal volume remained somewhat increased. Stretching of the
lungs appeared to increase their ‘distensibility.’

A similar sort of behavior has been described for lungs in the chest, in anesthe-
tized paralyzed rabbits by Bernstein (2g), in anesthetized dogs by Mead and
Collier (184), and in conscious human subjects by Ferris et al. (110). Common to
these experiments has been the observation that compliance tends to decrease with
time and that these reductions can be reversed by single near-maximal inflations.

Figure 2F presents a composite diagram based on the measurements of Mead
and Collier and the extended volume-pressure curves of Bernstein. Bernstein pro-
posed that the differences observed reflected the number of alveoli open and partic-
ipating in ventilation. “ The deflation curve from any volume or pressure repre-
sents the truly elastic behavior of all those alveoli which have been inflated up
to that volume or pressure, but the ‘inflation’ curves represent the combination
of two processes, elastic expansion and recruitment of alveoli, and so change curva-
ture at the point at which the second process starts” (30). The gradual reduction
in compliance was attributed to progressive closure of air spaces (29). The finding
of areas of atelectasis in the lungs of animals not receiving intermittent forced
inflations supports this possibility (94, 184, 250). It does not preclude other con-
tributing factors, such as, for example, lowering of surface compressibility with
‘aging’ of the alveolar surface (23). As brought out in the discussion of static hyster-
esis above, the distinction between changes involving the number of air spaces
participating in ventilation, in contrast to changes more or less equally shared
throughout the lung, is an important one from the standpoint of gas exchange.

Whatever the underlying mechanisms may be, the changes in mechanical be-
havior are real and substantial. The elastic ‘constant,” C, that describes the linear
and reversible behavior of the lungs for small volume changes is in fact quite
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variable: It changes with volume, and it can change at the same volume depending
on the previous inflation state of the lungs.

Another source of variability in pulmonary complianceis lung size, wheresizeis
meant in the sense of the weight or volume of lung tissues. In other systems size is
taken into account by expressing deformation in terms of fractional changes from
resting (i.e. unstressed) levels. What is the resting volume of the lungs? Slagter and
Heemstra (243), on the basis of rises in esophageal pressure at low lung volumes,
and Cheng et al. (61), on the basis of increases in flow-resistance, have suggested
that human lungs may be collapsed in the elastic sense at residual volume levels.
It is doubtful that esophageal pressures can be relied upon at low lung volumes
(151), and the resistance changes may well have a dynamic basis (145) (see below).
Cloetta used the collapsed volume of the lungs in the open chest as a reference (71),
but since gas is then trapped in air spaces (139) this probably exceeds the resting
volume. On the other hand the volume of gas-free lungs is probably less than resting
volume, since saline-filled cat and dog lungs empty passively to volumes approxi-
mately twice their tissue volumes (but still less than the volume of collapsed lungs
containing gas).

Neither free collapse nor tissue volume is readily measured in intact animals
(58). Furthermore, none of the pulmonary subdivisions is suitable as a measure of
lung size since each depends on elastic properties of the lungs and thorax (along
with muscle forces) as well as on lung size. (Presumably the correlation between
compliance measured in the tidal range and such volumes as the vital capacity
and functional residual capacity in normal subjects reflect their commondepend-
ence on lung size (77, 113, 174).) At present the best reference is probably lung
weight as predicted from body height or weight (88). Static volume-pressure curves
obtained during expiration from maximal inspiratory levels (preceded by several
maximally deep inflations) based on total lung-gas volumes expressed relative to
predicted lung weights or tissue volumes probably would show less variability
than other measurements and would be useful for comparisons of elastic retraction
of lungs.

Certainly all comparisons of elastic behaviorneed to beevaluated in terms of the
sources of variability that have been described. It would be helpful, whenever
possible, if results included information as to body size (or lung size when avail-
.able), total gas volume as well as changes in volume, the volume history prior to
measurement, any changes in volume history during measurement, and, in addi-
tion to these—as will be taken up in the next section—the pattern and frequency of
breathing.

PuLmoNary DynNawmics
Dynamic Volume-Pressure Hysteresis of Lungs
In breathing, an additional form of volume-pressure hysteresis comes into play
due to flow-resistance of the gas and tissues. This flow-resistive hysteresis is seen in
pure form when volumes of gas are displaced ‘in and out’ through a flow-resistive

element such as a tube. Bayliss and Robertson pointed out that if the resistance is
linear and the volume change sinusoidal the volume-pressure pattern is an ellipse,
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the major axis being one-half the tidal volume and the minor axis a pressure pro-
portional to the magnitude of the resistance, the tidal volume and the cycling
frequency (25). In their classic study of the visco-elastic properties of cat lungs these
investigators then used the area of volume-pressure loops obtained on lungs
ventilated at constant tidal volumes as a measure of what they termed viscance of
the lungs. From measurements at various frequencies using hydrogen as well as air,
they concluded that gas viscance could account for only a small part of the total at
physiologic frequencies. Essentially the same conclusion was reached by Mount in
rat (193) as well as cat lungs (194) and by Dean and Visscher for dog lungs (84).
On the other hand, measurements on unanesthetized human subjects suggest that
tissue resistance plays a comparatively small role (see below). The explanation of
these differences lies in the nature of the hysteresis. Bayliss and Robertson used
open-chest preparations with low end-expiratory applied pressures (and conse-
quently small end-expiratory lung volumes) and large tidal volumes (about g3 X
spontaneous levels). Essentially the same conditions apply to the studies of Mount
and of Dean and Visscher. As has been pointed out, under these conditions the
contribution of static hysteresis must have been appreciable.

Flow-resistive hysteresis for a given tidal volume increases with cycling fre-
quency. What can be said as to static hysteresis in these circumstances? There is
some evidence suggesting that it changes in the opposite direction, becoming less
as the rate of volume change is increased. Mount published graphs of the area of
hysteresis loops against frequency (193). As frequencies were increased, loop area
decreased slightly before it increased. When hydrogen was used instead of air so as
to reduce gas viscance, loop area decreased throughout the frequency range used.
Setnikar and Meschia also found decreases in hysteresis with increases in cycling
frequency (from 1 to 20 BPM) in dog lungs (work referred to in ref. 236). Setnikar
suggested that nonlinear viscosity or thixotropic behavior of the tissues could
explain this. Whatever the explanation, frequency sensitivity of tissue flow-re-
sistance might possibly account for the difference in the estimates of its magnitude
(see below).

Dynamic Compliance of Lungs (Cayn)

How can static and flow-resistive hysteresis be separately studied? One method
depends on: the assumption that the linearity and reversibility of elastic pressures
established for small, slow volume changes are uninfluenced when the volume
changes are produced more rapidly. Neergaard and Wirz described the approach
which has been used to investigate this question (1g6). At two points in the respira-
tory cycle, namely at the instants of zero flow between the phases, all flow-resistive
pressures should be zero, and (neglecting inertial pressures) the pressure at these
instants should reflect only elastic forces. The question is: Do these pressures bear
the same relationship to volume as the pressures measured under static condi-
tions? The dynamic volume-pressure relationship has been measured in terms of
what has been called the dynamic compliance (Cayn)? of the lungs. It is derived as

7 Also variously, equivalent compliance, effective compliance, functional compliance and
just compliance!
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follows: At end-inspiration

1
bay = Py + Com Vr.

At end-expiration
P"L = Po.
Subtracting,
1
Apay, = Com Vr and
Vr
Apat L

Cayn =

A number of studies have shown that in most normal lungs Cy,. is independent
of breathing frequency from ¢static’ conditions to frequencies in the neighborhood
of 60 to go BPM (49, 63, 85, 176, 179, 206, 220). The implications of this finding
as to the distribution of ventilation within the lungs have been brought out by Otis
et al. (206). In a system comprising parallel pathways such as the lungs, Cayn
would be independent of the frequency of cycling only if the volume change in
each of the pathways to the various parts of the lung remained in fixed proportion
to the total volume change of the lungs at all frequencies. (In the section dealing
with theory this was indicated as the necessary condition for a parallel system to be
regarded as having one degree of freedom.) In an electrical network consisting of
separate branches in parallel, the necessary condition for the distribution of
current in the branches of the network to be independent of frequency would be
that the electrical impedance in each branch change proportionately with fre-
quency. For a system comprised of capacitors and resistors and no inductors
(i.e. by analogy, elastic and flow-resistive elements but no inertia) this condition
would be met only if the product of the resistance and capacitance in each branch,
i.e., the time constant of the branch, was the same. To the extent that the com-
pliance and flow-resistance may be considered to be approximately linear in the
lungs the separate pathways may be regarded as having mechanical time con-
stants, and the observation that Cga,» is independent of frequency leads to the con-
clusion that the mechanical time constants of the pathways are the same.

Otis etal. alsopredicted thatif the time constantsof separate pathwaysdiffered,
Cayn (and the ‘dynamic resistance’ as well) would decrease as breathing frequency
increased. The prediction as to Cay» changes has been borne out in normal subjects
following induced bronchoconstriction (206), in asthmatic patients (206, 232)
(with partial reversal following bronchodilation) and in patients with chronic
obstructive emphysema (24, 63, 66, 179, 206). Indeed, in the latter, Cyy» even at
rest may be markedly reduced from static values.

Measurement of Flow-Resistive Pressures (pres;)

We have now completed the list of known circumstances under which com-
pliance measured in the tidal range may change in the same lungs simply on the
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basis of the breathing pattern. The list includes changes with lung volume per se,
with the volume history of the lungs prior to measurement, and with the frequency
of breathing. For normal lungs undergoing small volume changes over a consider-
able range of frequencies, compliance may be regarded asconstantfor a given tidal
volume. Within these limits the following expressions can be used to solve for the
opposing pressures developed by the lungs and gas other than those relating to
elastic forces.

The equation of motion for the lungs and gas contained, as developed in the
section on theory, is P, = poi, + pres, + pin,. Under the stated conditions,

pay = Po+ =~

c (AV), we may re-express the equation of motion for the lungs as
dyn
follows:

ooy, + Ding, = Pp, — [P. + C‘#” (AV)].

In practical circumstances inertial pressures are very small (see below) and
have been neglected. In this case

PmL=‘PL"[PO+C'dL'(AV)]-
yn

The solution of this expression has been accomplished in a variety of ways.
Neergaard and Wirz, the first to suggest this approach (196, 257), made graphic
solutions from time plots. Others have used volume-pressure graphs directly
recorded by a variety of means (9, 95, 176, 200). The underlying principles and
limitations remain the same.

In the other commonly used method for measuring p,..,, the solution is ac-
complished mechanically. If the airway opening is suddenly closed, e.g. by a valve
in the mouthpiece, the pressure difference between the airway and the pleural
surface changes abruptly by an amount equal to the flow-resistive pressure existing
at the instant of interruption.

Before interruption (again neglecting inertia)

PL; = Py, + bruy,
After interruption
Pry = pa,,

Thus, pre;, = P1, — Pyp,. This method was first used by Vuilleumier (251, 252)
and has been extensively applied by Fry et al. (123). It has the advantage of being
uninfluenced by the shape of the volume-elastic pressure function or the degree of
static hysteresis. In circumstances such that Cay. changes with respiratory fre-
quency its meaning is ambiguous.

Pulmonary Flow-Resistance [pyee, = F(V)]

From measurements of flow-resistive pressures and the rates of volume change
associated with them (hereafter referred to simply as flow), the function p,e,, =
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F(V) can be obtained empirically. Investigations of this relationship have been in
three areas: 1) the shape of the function p,., = F(V) and the mechanisms re-
sponsible for this shape; 2) the partitioning of flow-resistive pressures, both between
tissues and gas, and between the various air passages; 3) the influence of static and
dynamic changes in the dimensions of the air passages on flow-resistance. Measure-
ments of the relative contributions of gas and tissue flow-resistance will be dis-
cussed first since the remaining points concern only the gas component.

Separation of total pulmonary flow-resistance into gas and tissue components. This
separation can be accomplished by measuring the flow-resistive pressure applied
to the gas and subtracting it from the total (fresp; = Pres; — Presg). The pressure
applied to the gas is equal to the difference in pressure between the airway opening
and the alveoli (P, = Py, — Pa;,). Neergaard and Wirz described a method for
measuring alveolar pressure (197) that has also been used by Vuilleumier (252)
and by Otis and Proctor (203). They reasoned that because of the large alveolar
volume relative to that in the airways, the pressure in the airway following inter-
ruption of the stream should equilibrate in a very short time to a value very near to
the one that existed in the alveoli prior to interruption. It has since been estimated
that alveolar pressure would have changed substantially prior to such equilibra-
tion (137, 177), and that the pressure should more nearly approximate the total
flow-resistive pressure, including any tissue component. This conclusion is sup-
ported by the finding that flow-resistance by this method is actually slightly
greater rather than less than total pulmonary resistance (69, 177). [The interrupter
technique as ingeniously modified by Ainsworth (6) and by Clements (69) con-
tinues in use as a method for estimating total pulmonary resistance (61, 240).]

A second approach has been to change the physical properties of the gas, thus
altering gas flow-resistance while leaving tissue resistance unchanged. Bayliss and
Robertson used hydrogen for this purpose (25). They found comparatively small
changes and concluded that most of lung viscance is in the tissues, which, as dis-
cussed above, was probably the case under the conditions of the experiments. Fry
et al. came to the opposite conclusion in measurements on human subjects breath-
ing argon-oxygen mixtures (123). Mcllroy et al. pointed out that these previous
studies had underestimated the effects of changes in the gas properties on Reyn-
old’s number and hence in the distribution of turbulence in the airways (162).
They used gas mixtures of equal kinematic viscosity (the kinematic viscosity is the
ratio of viscosity to density) in order to assure similar distribution of turbulence
within the airways at a given flow. For such mixtures the pressure necessary to pro-
duce a given flow is proportional to either the density or the viscosity of the flowing
gas. Knowing these quantities it was possible to solve for tissue resistive pressures
from measurements made with any two such mixtures of differing viscosity. These
authors estimated tissue resistance to be approximately linear and to be on the
average 30 to 40 % of total pulmonary resistance.

The third and most versatile approach has been to measure alveolar pressure
indirectly from measurements of alveolar gas compression and expansion. The
method was proposed and attempted by Sonne (244), but its first practical appli-
cation was made by DuBois et al. who overcame the problems of measurement
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with great ingenuity (97). A subject in a closed chamber produces changes in
chamber pressure to the extent that he changes the temperature, the number of
molecules, or the volume of some part of the gas. Synchronously with inspiration
he does all three—warming and adding water vapor to the inspired gas® as well as
expanding it to the extent that alveolar pressure is less than chamber pressure. If
chamber gas is saturated at body temperature the temperature and water vapor
effects could be removed, but this is not a convenient solution (16, 20). Instead
DuBois et al. magnified the effects of alveolar gas compression and expansion and
minimized the other changes by having the subject pant shallowly through a
flowmeter. They then calibrated the fluctuations in chamber pressure in terms of
alveolar pressure by closing off the airway and having the subject continue panting
efforts. With flow stopped, airway pressure equalled alveolar pressure. The rela-
tionship between alveolar and chamber pressure was thereby established and could
be applied to the measurements prior to airway closure. The relationship between
airway and chamber pressure during obstruction could also be used to measure
total intrathoracic gas volume by Boyle’s law (96). [Again a method long known in
principle but here first put to practical use (128, 210).] Pulmonary tissue resistance
was estimated (by subtracting gas flow-resistance from total pulmonary flow-
resistance simultaneously measured) to be about 20% of the total, or approxi-
mately one-half that estimated by Mcllroy et al. (172).

In the experiments of Mcllroy et al. subjects inspired a total volume of about
one liter in about 0.5 seconds, or at a frequency equivalent to 60 to 100 BPM. In
the method of DuBois et al. the tidal volume is 100 to 200 ml delivered at a fre-
quency somewhere between 120 to 200 BPM. It is possible that the differencesin
estimated tissue resistance relate to these differences in breathing pattern. (As
mentioned in connection with the static volume-pressure hysteresis seen in lungs
in open-chest preparations, there is evidence that it decreases with frequency.)
Whatever the explanation of the differing estimates it is clear that lung tissue
resistance has been estimated only under conditions that differ appreciably from
spontaneous breathing. )

Shape of the flow-resistance function [pres, = F(V)]. Rohrer thought direct meas-
urement of the gas flow-resistance so remote a possibility he undertook the for-
midable task of estimating it by applying laws governing the flow of gas through
tubes to post-mortem measurements of the dimensions of the air passages (224).
To this day the theory of flow through highly branched systems is fragmentary and
for distensible branched systems virtually nonexistent. Furthermore, morbid
dimensions of the air passages bear a largely unknown relationship to dimensions
in life. Rohrer’s study is nevertheless of great value quite apart from the accuracy
of his predictions.

Robhrer distinguished two sources of gas flow-resistance. One he called ‘ tubu-
lar’ such as occurs in cylindrical tubes. The other he referred to as‘additional’ and
by this he meant resistance due to sudden changes in cross section or to bends in
the passages. He calculated, incorrectly, that all tubular flow would be laminar in
character even during rapid breathing. According to the Hagen-Poiseuille law,

8 The additional changes due to the respiratory quotient are here neglected.
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tubular flow-resistive pressures would then be directly proportional to flow; the
pressures due to ‘additional’ resistances would be proportional to flow squared,
and total flow-resistive pressure could be expressed as follows:

trag = Fa(V) + Ky(P)2

K;(V) is the laminar flow term with K containing the viscosity of the gas and
the tubular geometry. K(V)? is the ¢ additional resistance’ term, where K; includes
the density of the gas and the cross section and bend geometry.

As was pointed out by Gaensler and Maloney (129), Rohrer made an arith-
metical mistake in calculating Reynold’s numbers leading to a tenfold overescima-
tion of the velocity at which the transition from laminar to turbulent flow would
occur Rohrer’s assumption that all tubular flow would be laminar was correct
only for quiet breathing (254) (see table 1).

For turbulent flow, pressures are approximately proportional to flow squared.
In this case an expression such as Rohrer’s might still give a reasonable fit to flow-
pressure relationships, but as Mcllroy et al. (162) and others (171) have pointed
out. the ‘constants’ have altogether different meanings from the ones Rohrer in-
tended. The results obtained by Mcllroy et al. on subjects breathing gas mixtures
of differing viscosities and densities show that K; and K: should not be referred
to as ‘laminar’ and ‘turbulent’ constants as has been done. Helium, which satu-
rated at body temperature is about one-fifth as dense as air and slightly more
viscous, would be expected to cause changes in K; and a slight increase in K;. In
fact, it produced substantial changes in both. Ethane, about one-sixth more dense

TABLE 1
vmcrrvm REYNOLDS’ NUMBER, R,*
DIAMETER i
mm n;\gv;m V= 33liter/ V =3.33liters/ V = 1oliters/
TRACHEA sec sec sec

Nasal canal 5 1.4 400 4,000 12,000
Pharynx 12 1.1 800 8,000 24.,000
Glottis 8 3.4 1600 16,000 48,000
Trachea 21 1.0 1250 12,500 37,500
Bronchi 17 0.9 [1{] 9,100 27,300
9 1.3 700 %,000 21,000
6 1.6 570 5,700 17,100
4 0.8 190 1,900 5,700
2.5 0.5 74 740 2,220
1 0.6 35 350 1,050
Lobular bronchioles 4 o.1 2 20 60

Reynolds’ numbers at various points in the airways at flows corresponding to peak
levels during quiet breathing (V = .33 liter/sec), moderate hyperventilation (V" = 3.3 liters/
sec, minute volume about 60 liters), and maximal efforts (¥ = 10 liters/sec) as based on
airway dimensions given by Rohrer (224). Critical Reynolds’ number = 2000.

*R'=pvd

: 9 = viscosity; p = density; » = linear velocity; d = diameter.
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and half as viscous as air would be expected to influence K, considerably and K,
moderately. In fact, it had little discernible effect on either. The finding with
ethane seems particularly remarkable and serves to underline the inadequacy of
present knowledge as to the aerodynamics of the respiratory passages.

Partitioning of airway resistance. Rohrer predicted that nasal resistance would
account for 50% of the total during quiet breathing (224). Butler found nasal
resistance to be from 50 to 75% of total gas flow-resistance (51). From Rohrer’s
data it may be estimated that upper airway resistance including that of the glottis
would account for about 25% of the total during quiet mouth breathing (224).
Opie et al. measured intratracheal pressure from needles passed through the crico-
thyroid membrane in the normal subjects during mouth breathing and found that
resistance above that point averaged 28 % of total pulmonary resistance (202).
In similar experiments Hyatt and Wilcox found a value of about 20% (147%).
Rohrer predicted that most of the ¢ additional resistance’ (Kas(V)) would be above
the trachea and that lower airway resistance would be nearly linear. Ferris et al.
found that lower airway resistance was linear at least up to flow rates of 1.2 liters/
sec (109).

Rohrer estimated that more than 70 % of lower airway resistance would be in
bronchi 1 mm and smaller, i.e. from lobular bronchioles. There is no objective
measurement testing this prediction. It is probable Rohrer underestimated the
diameters of the small bronchi. This follows from the finding by Martin and
Proctor of increasing distensibility of small as compared to larger bronchi. At end-
expiration it can be estimated from their data that radii of the trachea, 5 mm and
2 mm bronchi are, respectively, 102 %, 145 %, and 200 % of resting (i.e. undis-
tended) values (175).

Rohrer was the first to consider in detail the influence of local mechanical
factors on the distribution of ventilation (224, 226). Fowler (112), secking explana-
tions for the unequal distribution of ventilation in normal human lungs, has re-
ferred to Rohrer’s conclusion that air passages leading to centrally located air
spaces, i.e. those near the hilus, have less flow-resistance than those serving more
peripheral regions. If Otis et al. (206) are correct in inferring from the dynamic
behavior of normal lungs that pathway time constants (the product of flow-re-
sistance and compliance) are everywhere the same, then central regions with low
flow-resistance would have to be more compliant than peripheral regions. These
regions would then be better ventilated than peripheral ones. In normal lungs this
spatial inequality would be independent of the breathing pattern. As Otis et al.
have indicated, in the case of unequal time constants for the separate pathways the
degree of inequality would change with breathing frequency and even during the
breathing cycle. Single-breath gas analysis supports this prediction. (As peinted
out by Otis et al. (206) and recently re-emphasized by DeFares and Donleben
(85), inequality or equality of pathway time constants have implications as to
possible changes in the distribution of ventilation with respiratory frequency. They
do not in themselves determine distribution.)

Rossfound no evidence of regional differences in flow-resistance from measure-
ments of bronchial dimensions made on casts of dried dog lungs-(230). He dis-
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cussed a variety of applications of bronchial geometry on.gas exchange. There is
need for extension of studies such as those of Rohrer and Ross, hopefully with better
information as to in vivo dimensions.

In summary, nasal flow-resistance makesup a substantial part of total gas flow-
resistance. During mouth breathing, upper airway resistance accounts for about
one-quarter of the total and probably nearly all of the nonlinearity of flow-re-
sistance. The distribution of flow-resistance along and between the unequally
branching pathway from trachea to the air spaces is unknown. Whatever may be
the particular distribution of flow-resistance to various parts of the lung, it appears
to relate to the volume-elastic characteristics of the separate pathways so as to
permit a distribution of ventilation which is independent of the breathing pattern
in normal lungs.

Atrway conductance and volume of the lungs. Within a given species differences in
the volume of the lungs (the volume of the gas and tissue) can be accounted for in
terms of growth, individual variation, and degree of inflation. Airway resistance
has been shown to be inversely related to volume in all three instances: in children
as compared to adults (37, %7), in adults of various sizes (37, 77, 174), and in an
individual breathing at different lung volumes (37, 50, 123, 176). This section
examines the extent to which observed relationships between airway resistance and
lung volume reflect particular changes in the dimensions of the airway. This is
done by applying concepts developed by Rohrer to actual measurements made in
human subjects, principally those of Briscoe and DuBois who measured airway
resistance in children and adults at various degrees of lung volume (3%).

Rohrer predicted changes in total airway resistance that would accompany
regular changes in the dimensions of the airways (224). The solid lines in figure 6
illustrate some of the cases he considered. Conductance (1/R) is used rather than
its inverse because the correlation is then positive in most instances. Considering
all flow to be laminar, when changes in radius and length are equal, the relation-
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ship between conductance and airway volume is linear (curze r). Curves 2 and 3
are the limiting case for unequal changes in radius and length. Martin and Proctor
observed radius changes to be greater than length changes in dog bronchi during
passive distention, while the reverse was true for the trachea (175). Curves A and B
are based on their data.

The relationships for turbulent flow in tubes, and for ‘additional resistance’
can also be represented. In the first case all conductances are increased by the
factor Ar. For example, curve 1 becomes transposed to curve 2. For ‘additional
resistance’ conductance is proportional to Ar* and length does not enter in,
hence curve 2 applies.

To make the step from airway to lung volume the relative changes of these
two must be known. If it is assumed that lung volume changes in direct proportion
to airway volume, the relationships in figure 6 would hold for lung volume as well.
Disproportionate increases in conductance relative to lung volume could then
arise from one or a combination of three factors: 7) greater changes in radius
relative to length; 2) turbulent tubular flow; and 3) the contribution of changes in
‘additional’ resistances. Disproportionate increases in volume relative to con-
ductance would result only from greater changes in length relative to radius.

If airway volume increased (or decreased) out of proportion to lung volume,
since conductance and airway volume are positively correlated in the majority
of cases (fig. 6), it would be expected that airway conductance would also increase
(or decrease) out of proportion to lung volume.

For adults of similar age but different lung size, all linear dimensions of the
lungs and airways probably change nearly equally, with the possible exception of
the smallest air spaces and airways. It follows that lung volume and conductance

LUNG SIZE DEGREE OF INFLATION LUNG GROWTH
21Ce ./ 1Ca ,7
] ° ../ 2] ll
| o7 h ’-syrs
o °
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FiG. 7. Observed and predicted changes in airway conductance (Cd) for changes in lung
volume (V) relating to size, degree of inflation, and growth. Changes with lung size are ex-
pressed relative to average values for the group (vef. 37); open circles are females, dots are males.
Changes with degree of lung inflation are expressed relative to the smallest volumes obtained.
The solid line represents the average observed relationship (ref. 37). The dashed lines are predictions
based on a fixed upper airway resistance equalling 25% of the total at resting FRC. Lin¢ a is for
equal changes in length and radius and laminar flow (fig. 6, line r). Line b is for equal changes in
length and radius and turbulent flow (fig. 6, /ine 2). Changes with lung growth are expressed rela-
tive to the value for the 12-year-olds. Dots represent data from ref. 77. The X is from ref. 37 and
is average adult data relative to that observed in eight children of average age: g years.
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should increase together, with a somewhat disproportionate increase in con-
ductance to the extent that ‘additional’ resistances and turbulent tubular flow
contribute. Figure 7 shows data of Briscoe and DuBois for 6 females and 10 male
adults (37). In view of the scatter of points a larger group, hopefully wich greater
size differences, is needed before the correspondence with the predicted relation-
ships can be tested. A comparison of jockeys and basketball players would probably
suffice.

For changes in lung volume caused by lung inflation and deflation the rela-
tionship to airway conductance is better established. Briscoe and DuBois found
that in every instance lung volume and airway conductance were nearly linearly
related (37). The average relationship in 11 male adult subjects producing volume
changes from minimum levels that ranged from 1.6 to 4-fold is shown in figure %
(the somewhat greater changes in conductance relative to volume reflects the
observation that the regression line intercepted the volume axis at a positive
value). They noted that if changes in length and radius are equal in the airways
responsible for the conductance changes, the observed linear relationship means
that the airways and air spaces must be equally compliant (239). (Rohrer’s pre-
dictions also lead to this conclusion.) This consideration assumes the major part of
airway resistance to be in the smaller airways. If the upper airways account for
25 % of the total resistance at a flow of 0.5 liter/sec, which appears to be a reason-
able estimate, and if upper airway conductance did not change with lung inflation,
the predicted relationship shown by the dashed lines in figure 7 would hold. The
discrepancy between the observed and predicted curves could be explained if
upper airway conductance were negligible, or increased with lung inflation, and
to some extent if radius changes in radius of the lower airways were dispropor-
tionate to changes in length. The findings of Martin and Proctor (fig. 6) suggest
the possibility that changes in radius may predominate in small airways (175).
Measurements of upper airway conductance at different lung volumes have not
been reported.

Although Briscoe and DuBois studied children and found smaller conductance
values than in adults, they did not comment on the relative changes in lung volume
and conductance between these groups. Taking their average data, adult con-
ductance is increased disproportionately as compared to lung volume. A similar
relationship is found in the data presented by Cook et al. between total pulmonary
conductance and lung volume (77). These workers quote average measurements
for some 85 children and adolescents between the ages of 6 and 16 (138). Average
data for three age groups along with data on young adults are presented in figure %
relative to the values obtained in the 12-year-old children. The average data of
Briscoe and Dubois are included. Among the children and adolescents, lung
volume increases disproportionately compared to conductance.

One is tempted to conjecture from these results that as the lung grows at
least from age 8 through 14, the size and/or number of individual air spaces in-
creases out of proportion to the size of the airways; and that this is followed by a
period of further growth when the airways (through radius increases including
those in the larynx) more than catch up. Available anatomic data are not good
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enough to test this possibility (14, 103). One approach might be to measure, by
gas-dilution methods, and compare the growth of dead space and alveolar volumes.

Dynamic changes in airway resistance. In a paper published in 1892 (101), Ein-
thoven theorized about the influence intrathoracic pressures might have on the
widths of the various parts of the tracheobronchial tree. Under static conditions,
when there is no flow, airway pressures are atmospheric throughout. Since pleural
pressure is less than atmospheric, to the extent that the outer walls of the airways
are exposed to this pressure, there is a tendency for the airways to be widened.
This tendency increases at greater degrees of lung inflation as pleural pressure
becomes more subatmospheric.

Under dynamic conditions additional pressures are applied to the walls of
the tracheobronchial tree. During inspiration pleural pressures become more
negative and the widening tendency is increased. But airway pressures are no
longer everywhere equal; because of the flow-resistance of the airways, pressures
are most negative in the alveoli, less so in the bronchi, and closest to atmospheric
in the trachea. As a result the increased widening tendency associated with flow is
distributed along the tracheobronchial tree, being greatest in the large airways
and least in the small ones.

During expiration, with reversal of flow, pleural pressure rises decreasing the
widening tendency. Indeed if flow becomes high enough so that pleural pressure
rises above atmospheric, the pressure outside some of the airways may even be
greater than the internal pressures, and widening will be replaced by narrowing.
Again these dynamic effects are distributed along the tracheobronchial tree, and
again they would be most marked in the large airways where intraluminal pres-
sures are nearest to atmospheric.

Sixty years intervened before Einthoven’s theories were confirmed by experi-
ment. His predictions have been supported in detail both by roentgenographic
observations and measurements of flow resistance. Indeed, it has been shown that
dynamic increases in airway resistance during expiration set the limit on the
ventilatory capacity of the respiratory system in normal and diseased lungs alike
and are perhaps the most common cause of ventilatory disability.

Dayman in a paper that is a classic among writings on the pathophysiology of
the lungs (82), demonstrated very marked rises in resistance during expiration in
patients with pulmonary emphysema. He independently proposed the same
mechanisms as Einthoven and added another. He suggested that radial forces
directly applied by tissue elements to the walls of small airways might be of im-
portance in protecting them from dynamic narrowing. In effect, then, lung elastic
retraction might make distinct contributions to the ‘widening tendency,” one
indirectly through its influence on pleural pressure, and the other directly by way
of local tissue forces. In pulmonary emphysema Dayman suggests that high
expiratory resistance probably represents various combinations of three predis-
posing factors: intrinsic narrowing of peripheral airways, loss of radial support of
airways by tissue elements, and decrease in the over-all retractive force of the lungs
(with attendant rises toward atmospheric of the ‘static’ component of pleural
pressure).
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Since these same widening and narrowing tendencies operate in normal
lungs, it is not surprising that increases in expiratory flow-resistance are found
during rapid expiratory efforts and that these increases are more readily produced
at low than at high lung volumes (53, 57, 123, 176). Dekker et al. have concluded
from direct measurements of intrabronchial pressures at various levels that at
least in normal subjects the increased resistance occurs predominantly in the large
bronchi (86). On the other hand, Martin and Proctor found progressively smaller
pressures required to collapse dog tracheas, 5 and 2 mm bronchi (175). It would
appear that the larger airways which bear the brunt of these dynamic pressures
are to some extent mechanically protected or, as Dayman has expressed it, are
““armored against collapse by cartilage” (82). Whittenberger et al. (255) and Ross
et al. (229) have pointed out that partial collapse of the large bronchi and the
trachea may be an important part of the cough mechanism, assuring high stream
velocities necessary for effective expectoration (229).

No comparable decreases in airway resistance occur during rapid inspiration
when, according to Einthoven, dynamic widening of the airways might be ex-
pected. It has been suggested that the discrepancy between the phases is explain-
able on the basis that the increase in expiratory resistance is self-augmenting (with
airway narrowing leading to increased resistance which in turn leads to increased
narrowing downstream), while decreases in resistance during inspiration would
be self-canceling (widening leading to smaller flow-resistive pressures and hence
less widening) (176).

A particularly useful view of dynamic changes in resistance has been taken by
Fry and his co-workers (125-127, 145, 146) [and a similar one by Dayman (83)].
Over a considerable portion of an expired vital capacity the maximum flow attain-
able is limited not by muscular effort but by dynamic increases in airway resistance.
These flow maxima decrease with lung volume, presumably as the ‘widening
tendency’ provided by elastic retraction diminishes. Hyatt et al. have described a
simple way of recording this important relationship by plotting flow against
volume during a moderately forced expiratory vital capacity (145). Roughly the
lower two-thirds of such curves is found to be reproducible, relatively uninfluenced
by upper airway or external resistance and largely independent of effort.

Fry has developed a mathematical model in an attempt at interpreting these
curves in terms of properties of the lungs, airways, and flowing gas (125). Apart
from the promise this approach gives toward specific interpretation, more general
implications of the flow-volume curves are already clear (12%). Tests of ventilatory
capacity (such as the maximum breathing capacity and the various timed expira-
tory vital capacities) test principally the degree of dynamic narrowing occurring
in the intrathoracic airways. Their usefulness is greatly enhanced because results
depend only to a minor degree on muscular effort (158). The patient with pulmo-
nary emphysema even at rest may be expiring along his maximum flow-volume
line. His only means of increasing minute ventilation are to spend less time breath-
ing in and to breathe at a higher lung volume. Einthoven’s prediction for asth-
matic patients holds equally well here: “expiration would have to be superficial
and of little power to avoid airway narrowing. In these circumstances a powerful
expiration would be useless and a waste of energy” (101).
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In closing this section on dynamic changes in airway resistance a further point
about airway pressures needs mention. Part of the change of pressure at the inside
wall of an airway has nothing to do with the flow-resistance (i.e. pressures related
to energy losses in laminar and turbulent flow) but is the result of the Bernoulli
effect (89). This pressure relates to the kinetic energy of the air stream, and hence
to the density of the gas, p, and the square of its linear velocity, #2. Taking both
the Bernoulli effect and flow-resistance into account, the pressure, p, at the inner
wall of an airway differs from atmospheric, P, as follows:

p = Pp & P — li':

28
Dres, the pressure loss due to flow-resistance of the airways through which gas flows
between the point in question and the ambient air, adds or subtracts according to

the direction of flow. The pressure due to the Bernoulli effect, ‘2’—%2, (g being the

acceleration of gravity) is always negative and hence in the direction to produce
airway narrowing. Its magnitude in cm HyO, assuming the density to be near that
of ambient air may be calculated from the following:

- 0.56(1")’
(4)2

y 4

with V in liters/sec and 4, the cross-sectional area in cm?.

This pressure is small under ordinary circumstances (less than —.05 cm H,O
in the trachea during quiet breathing and about — 5 cm H:O during a maximally
rapid inspiration) but may become large and contribute significantly to narrowing
during forced expirations when linear velocities in narrowed airways must be
high.

The Bernoulli effect is mentioned here in some detail because it needs to be
taken into account in the measurement of flow-resistive pressures. Failure to do so
can lead to appreciable errors when, for example, mouth pressure is sampled from
a side tap in a mouthpiece of small cross section. At least part of reported differ-
ences in resistance between the respiratory phases relates to this factor (123).

Pulmonary Inertance [pin, = 1(V)]

The most extensive measurements of the inertial properties of the respiratory
system have been made by DuBois, Brody, and co-workers (40, 41, g8). Compara-
tively few measurements have been made in the lungs. Mead estimated the inertial
component of esophageal pressure fluctuations during voluntary panting (180)
at points of zero flow between the phases by assuming that p,;, was unchanged at
these frequencies and that therefore:

1 .
biny, = Pp — [C—T,_.. (AV)],at V=0
The ratio of this pressure to simultaneous volume acceleration appeared to be

linear and expressed the inertance of the lung tissue and gas. By making measure-
ments at increasing ambient pressures he found that inertance increased approxi-
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TABLE 2. APPROXIMATE VALUES FOR COEFFICIENTS IN EQUATION OF MOTION
FOR ADULT HUMAN LUNGS (A'l‘ RESTING FRC IN THE UPRIGHT POSTU'RB)

Equations of motion:

P, = Py + cﬁ“’"’ K@) + Ba(): + 1(9)

& Py + —— AV + RV
Cd”

Py at FRC 5 cm HO (43, 59, 115, 151, 178, 183, 245)
at TLC 25 cm H;O (43, 59, 115, 151, 179, 245)
at RV +=? (61, 243)
Cayn 200 ml/cm H,O (11, 43, 49, 52, 113, 174, 176,
K 6 cm HyO/liter/ “45)
1 1.6 cm H3O/liter/sec
K, 0.4 cm H,O/ (litcr/scc)‘} (3, 123, 176)
R  quiet breathing 2.0 cm HyO/liter/sec
rapid inspiration 7.0 cm HyO/liter/sec (11, 63, 115, 123, 145, 176)
rapid expiration 10-30 + cm HjO/liter/sec
R,. = Rg + Rr; with Rg = 60-85% of total (97, 152, 172)
o.o1 cm HyO/liter/sec?
I;, = JIg + Ir; with Ig = ca. 100% of total (180)

Numbers in parentheses are references.

mately in direct proportion to gas density, and he concluded from the observed
relationship that tissue inertance was negligible. During quiet breathing the
amplitude of p:s, was estimated to be about 0.02 cm H3O or some 0.5% of the
total applied to the lungs. During heavy exercise p;s, might increase 100-fold but
would contribute less than 5 % of the total pressure fluctuation.

CoMMENT ON THE EQUATION OF MOTION FOR THE LUNGS
AND A FurTHER LiMrTATION IN ITs USE

The various relationships that have been discussed may be combined in a single
expression.

Pp = Py — Py = [1'. + C%.. AV] + [Kx(V) + K:(V)’] + [IV]

The bracketed quantities are the elastic, flow-resistive, and inertial terms.
During quiet breathing, flow-resistance is nearly linear and inertial pressures are
negligible; the expression then simplifies to the following:

Py = Py — pl-P0+-£"AV+RV
Cayn

This article has attempted to discuss in detail the restrictions placed on the
quantities and terms in these expressions. Comparatively few values have been
given for the various coefficients. Thereader is referred to original articles for these.
Approximate values for some of the coefficients are given in table 2.

In closing, a further restriction on the use of the equations of motion needs to
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be discussed. One of the conditions necessary for the development of the equation
of motion is that all motion be accountable in terms of a single variable. The ob-
servation that Cg,n does not change with respiratory frequency is an indication
that in normal lungs distribution of volume is also independent of frequency. In
this case lung configuration and motion are determined by a single variable and
application of the equation of motion is uncomplicated. What of the case where
Cayn changes with frequency? This is a common finding in abnormal lungs and, as
has been discussed, probably reflects changes in the distribution of volume with
changes in respiratory frequency. The equation of motion is still meaningful in
such a case, but an additional restriction is imposed. For a fixed frequency (at a
particular average volume and volume history) the distribution of volume change
is also fixed. The terms and coefficients in the equation of motion then pertain to
the lungs at that particular frequency only. Clearly confusion can arise if measure-
ments made at different frequencies are compared without bearing this in mind.

The measurement of p,., by airway interruption serves as an example of
this, as Cherniack has indicated (63). At the instant before interruption, P, is
appropriate to the frequency content of the breath at that time. After interruption,
gas within the lungs redistributes to static conditions, and the pressure corresponds
to a frequency of zero. The pressure change corresponds to no single frequency and
in instances where Cayn is frequency dependent its meaning is ambiguous.

Interpretation of airway resistance measured by the gas compression method
of DuBois et al. (97) also is complicated in these circumstances. Estimation of the
pressure in the air spaces becomes dependent on the distribution of volume among
the air spaces when differences in air-space pressures exist. Such differences are to
be expected when time constants of the pathways differ, particularly during the
panting maneuver used for the measurement. The pressure in the air spaces with
large volumes would then have a greater influence on the pressure measuted than
those with small volumes, quite apart from the distribution of volume change.
There is no reason to believe that esophageal pressures would be similarly weighted.
It is doubtful that valid estimates of lung tissue resistance based on these measure-
ments can be made in patients with asthma or emphysema, where substantial
changes in Cayn with frequency exist and where in all probability considerable
differences in the volume of air spaces occur (173).

It is a pleasure to acknowledge the invaluable assistance of Miss Stefana Puleo in preparing
the manuscript of this article.
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