
EFFECT OF GAS DENSITY AND VISCOSITY ON THE MAXIMAL
EXPIRATORY FLOW-VOLUME RELATIONSHIP

Donald P. Schilder, … , Albert Roberts, Donald L. Fry

J Clin Invest. 1963;42(11):1705-1713. https://doi.org/10.1172/JCI104856.

Research Article

Find the latest version:

https://jci.me/104856/pdf

http://www.jci.org
http://www.jci.org/42/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI104856
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/104856/pdf
https://jci.me/104856/pdf?utm_content=qrcode


Joxrnal of Clinical Investigation
Vol. 42, No. 11, 1963

EFFECT OF GAS DENSITY AND VISCOSITY ON THE MAXIMAL
EXPIRATORYFLOW-VOLUMERELATIONSHIP

By DONALDP. SCHILDER,* ALBERT ROBERTS,t AND DONALDL. FRY

(From the Section of Clinical Biophysics, Cardiology Branch, National Heart Institute,
Bethesda, Md.)

(Submitted for publication March 18, 1963; accepted July 18, 1963)

It has been shown that a functional relationship
exists between transpulmonary pressure, respira-
tory gas flow, and the degree of lung inflation (1,
2). This relationship may be expressed in the
form of a family of isovolumetric pressure-flow
(PF) curves, each obtained at different degrees of
lung inflation. Figure la shows four expiratory
isovolumetric PF curves from a normal subject.
The shape of each curve is different. Expiratory
flows on PF curves 1, 2, and 3 were measured at
volumes low in the vital capacity. Flow in-
creases to the maxima A, B, and C, and then
diminishes with increasing pressure. On PF
curves high in the vital capacity, such as curve 4,
effort adequate to achieve flow maxima cannot
be developed. If the maximal flows from curves
1 through 4 are plotted against the volume at
which each was measured, a maximal expiratory
flow-volume (FV) curve results (Figure lb).
On the basis of the PF curves, this FV curve may
be divided into two segments, the a-/3 segment
and the ,8-y segment. The a-/8 segment (the solid
portion of the curve in Figure lb) extends over
the lower portion of the vital capacity and corre-
sponds to the PF-curve maxima. The 8--y seg-
ment (the dashed portion of the curve in Figure
ib) is the remaining part of the FV curve and
extends over the upper portion of the vital ca-
pacity. The /-3y segment corresponds to the ends
of the isovolumetric PF curves not having
maxima.

In practice, it is not necessary to obtain the
FV curve from PF curves as outlined above un-
less careful identification of the /3 point is de-
sired. The FV curve may be simply and directly
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Bureau of State Services, U. S. Public Health Service,
Department of Health, Education, and Welfare, Wash-
ington, D.C.

obtained by plotting expiratory flow on the y axis
and volume on the x axis of some recording de-
vice, such as an oscilloscope. If the subject per-
forms expiratory vital capacity maneuvers of
sufficiently varying effort (from gentle to maxi-
mal effort), then the outer perimeter of the su-
perimposed loops representing each effort will
be very close to the maximal expiratory flow rate
that the subject can develop at every point in his
vital capacity, or the FV curve for that subject.

The FV curve meets the requirements of a
practical clinical or mass survey test of ventila-
tory function (3-7). It is relatively simply and
quickly obtained, causes no discomfort to the pa-
tient, and is reproducible. Furthermore, the a-#
segment of the curve is determined entirely by the
properties of the lung parenchyma, respired gas,
and intrathoracic airways (8, 9). Consequently,
the a-/3 segment should be uniquely sensitive to
intrapulmonary disease processes, and so give
valuable clinical information. The major obstacle
in the clinical use of the FV curve has been re-
lated to the quantification, analysis, and interpre-
tation of the curve. So far, several empirical ap-
proaches have been used.

First of all, since the FV curve in various dis-
ease states varies greatly from normal curves
(2, 3, 5, 6), useful information may be had by sim-
ple inspection and comparison of curves, noting
maximal flows at particular volumes, or by com-
puting the time course of flow and volume from
the curve. The curve has therefore been sug-
gested as a useful method of presenting at a glance
an integrated picture of all the information con-
tained in the usual tests of ventilatory function
(3, 5, 6, 9).

Another approach is that suggested by Dayman
(3). Although he obtains a somewhat different
type of FV curve from that described above, it
has the same general shape and probably con-
tains essentially the same information. He ana-

1705



DONALDP. SCHILDER, ALBERT ROBERTS, AND DONALDL. FRY

/~I
I . i /I/ I-

-15 -10 -5 0 + 5 + 10 +15 +20 +25
PRESSURE-CmH20

0
I ' n

1.0 2.0 3.0 4.0
VOLUME(L from residual volume)

FIG. 1. a. A PLOT OF TRANSPULMONARYPRESSUREAND EXPIRATORY FLOWFOR A NORMALSUBJECT AT DIFFERENT

DEGREESOF LUNG INFLATION. Curves 1, 2, 3, and 4 were measured at 0.6, 1.2, 1.7, and 3.0 L, respectively, above
residual volume. b. A PLOT OF MAXIMAL ACHIEVABLE EXPIRATORY FLOW AGAINST DEGREE OF LUNG INFLATION.

Flow and volume coordinates of points A, B, C, and D from Figure la are plotted on this curve. The a-# seg-
ment of the flow-volume (FV) curve corresponds to the maxima (A, B, and C) on the isovolumetric pressure-
flow (PF) curves. Point D, the point of peak flow on isovolumetric curve 4, represents the maximal flow, but
unlike A, B, and C, is not a maximum, since flow is still increasing with pressure.

lyzes the FV curve by fitting the a-,8 segment
with two straight-line segments, a long, steep line
describing the major portion of the descending
limb of the curve, and a shorter, less steep line
describing the foot of the curve. He observed
that the slope of the steeper portion of the curve
was essentially constant for all normal subjects
regardless of lung size. Subjects with obstructive
disease, or increased lung compliance, or both,
showed a marked decrease in this slope. Sub-
jects with decreased compliance showed an in-
creased slope. The slope of the foot of the curve
in both health and disease was less consistent.
Dayman therefore suggested that the most useful
measurement to be taken from the curve is the
slope of the steep portion. Moreover, the corre-
lation of these slope measurements with compli-
ance measurements has led him to postulate that
lung compliance is one of the major determinants
of the FV curve. Others have reached generally
similar conclusions (2, 6, 8-10).

Curves obtained by our methods do not clearly
show the two linear components described by
Dayman, so, originally, an empirical exponential

function was fitted to the FV curve and tentatively
used as a method of quantifying it (2). Subse-
quent experience has indicated that the curve de-
viates from the assumed function enough that this
approach requires more art than science and is
thus unsatisfactory.

Burger (6) has found empirically that the
curve is best expressed as a quadratic relationship
between volume and flow, i.e., flow is proportional
to the square of volume. For clinical purposes,
however, his group has found it most useful simply
to characterize the curve by flow values measured
at various specified points in the vital capacity.
Burger emphasizes the value of these measure-
ments in the early diagnosis of emphysema.

The most fruitful interpretation of the FV
curve would be one establishing a correspondence
between measurements from the curve and the
physiological properties of the pulmonary system,
but such an approach is possible only if one has a
realistic mathematical model of the lung. Since
the lung is a very complicated mechanical system,
the search for a realistic model is a formidable
task.
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The first step in attacking such a problem is
to determine the gross behavior of the simplest
model that is consistent with the major anatomical
features as well as with the known pressure-

flow-volume relationships of the human lung.
One such model has been analyzed theoretically
(8). Inferences drawn from this analysis have led
to the conclusion that the a-,8 segment of the FV
curve must be determined exclusively by intrinsic
pulmonary factors, i.e., the physical properties of
certain portions of the lower airways as well as the
density and viscosity of the expired gas, whereas
the,8/-y segment of the FV curve is determined by
the relationship of the total load presented by the
respiratory system to laws governing muscular
motor function.

The present study was designed to explore fur-
ther the role of various factors intrinsic to the
lung in determination of the a-,8 segment of the
FV curve and the role of other factors in deter-

mination of the fl-y segment. Known changes
were produced in the physical properties of the
gas breathed in four normal subjects, and the
effects on the a-,8 and 8f-y segments were observed.
Changes in the a-fl segment were compared with
changes predicted from the behavior of a simple
lung model; changes in the 8-y segment were

compared with changes predicted from theory of
muscle behavior.

METHODS

FV curves were obtained repeatedly over 3 weeks on

four trained, normal subjects while they expired gases

of predetermined density and viscosity. The composi-
tion and physical properties of these are listed in Tab!e
I. Curves obtained with the subject expiring normal
expired gas (gas C) were considered control curves.

Curves were also obtained while the subject expired a

gas with the same density as gas C but with a 44%o
greater viscosity (gas V), and while he expired a gas with
approximately the same viscosity as gas C but with a

44% greater density (gas D,). The 44%o difference in

TABLE I

Physical properties of the various gas mixtures used

Density of Viscosity of
expired gas/ expired gas/

Composition Composition Viscosity density viscosity
Gas of inspired of resulting Density of of expired of expired of expired

Gas components gas expired gas expired gas gas gas C gas C

%0 % Og/L, 370 C, ;spoise
750 mmHg

C, control 02 20.9 14.7
CO2 4.9
H20 6.3
N2 79.1 74.1 1.08 180

V, viscous 02 20.9 14.7
CO2 4.9
H20 6.3
Ne 74.2 69.5
SF6 4.9 4.6 1.08 259 1.0 1.44

Di, dense 02 20.9 14.7
CO2 4.9
H20 6.3
N2 68.0 63.7
SF6 11.1 10.4 1.56 181 1.44 1.01

D2, more cOense 02 20.9 14.7
CO2 4.9
H20 6.3
N2 32.6 30.5
SF6 46.5 43.6 3.11 166 2.88 0.92

D3, most dense 02 20.9 14.7
CO2 4.9
H20 6.3
SF6 79.1 74.1 4.53 158 4.19 0.88

L, light 02 20.0 13.8
CO2 4.9
H2O 6.3
Hle 80.0 75.0 0.375 202 0.35 1.12
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density or viscosity (with the other factor held constant)
is the maximal difference that can be achieved unless
one uses hydrogen, anesthetic gases, less than 21% 02 in
the inspired gas mixtures, or a pressurized chamber for
the entire study. For a variety of reasons, none of
these techniques were chosen. Expired gas density can
be altered considerably, however, if viscosity is allowed
to vary. In order to study the effect of larger changes
in gas density, curves were also obtained with the sub-
jects expiring gases much lighter or heavier than gas C,
i.e., gases L, D2, and D, described in Table I.

Volume and flow were measured with a Med-Science
Electronics model 350 Servo-Spirometer. The calibra-
tion of this flow-measuring system is independent of
the gas breathed. The dynamic response of this spirom-
eter was found adequate to measure all but the initial
rapid rise on the FV curve (initial part of dotted seg-
ment near y point as shown in Figure lb). The peak
flow value and the descending limb of the FV curve were
found to be accurately recorded. Flow was plotted on
the y axis and volume on the x axis of a Sanborn model
670A x-y recorder having a uniform response ± 5%
through 50 cycles per second.

A Tissot gasometer was filled with the gas mixture
to be studied. The compositions of these gases ap-
pear in the "inspired gas" column of Table I. The den-
sity and viscosity that influence the FV curve are those
of the expired gas, and are shown in the "expired gas"
column of Table I. The subject's ventilating system was
rinsed with the test gas from the gasometer before the
FV curves were taken. Control curves were obtained
after an identical rinsing procedure from a gasometer
filled with room air. Toward completion of the rinse,
the subject inspired maximally, and his respiratory stream
was switched into the Servo-Spirometer so that the
first forced expiratory vital-capacity effort could be
measured. At the completion of this vital capacity
effort, his respiratory stream was abruptly turned back
to the rinse gasometer, from which he breathed quietly
to avoid hypocapnia. The subject again inspired maxi-
mally from the rinse gasometer, and then his respira-
tory stream was turned into the Servo-Spirometer for
another expiratory effort. This procedure was re-
peated 7 to 9 times for each gas mixture. The subject
was carefully trained and coached to exert varying ef-
forts with each expiration so that the maximal perimeter
or envelope of the flow-against-volume diagram could
be obtained. Three such envelopes or "FV curves" were
obtained with gases C, V, D1, and D. in every subject,
with gas L in three subjects, and with gas D. in a single
subject. The three curves were averaged, and a mean
curve was constructed for each gas in every subject.

In spite of the effort dependence of the 8-,y segment
of the FV curve, the subjects were observed to achieve
approximately the same peak flow. with a given gas
when instructed to give repeated maximal expiratory
efforts. This consistent response suggests that maxi-
mal neuromuscular effort, the load, and the flow are not
independent. Therefore, isovolumetric PF curves from
a single subj ect were also measured while he breathed

gases C, L, and D2, to examine maximal achievable pres-
sure as a function of flow and volume. The intrathoracic
pressure in this subject was estimated with an intra-
esophageal pressure-measuring system having adequate
recording characteristics.

RESULTS

The a-: segment. The results of this study in-
dicate that variation in the viscosity and density
of expired gas in these subjects caused unique and
consistent changes in the FV curve. Three mean
FV curves from one subject breathing gases C, V,
and Di appear in Figure 2. Gas viscosity was
found to affect the FV curve significantly only
over the lowermost portion of the a-,8 segment.
Increased viscosity caused a diminished flow and
decreased slope of the curve in this region. To
quantify this difference, the average slope for the
gas C curve was compared with the average slopes
of the curves obtained by expiring gas V and D1.
Since the lower part of the a-,8 segment is curvi-
linear, the average slopes were taken as the slope
of the respective chords drawn from zero volume
to the flow at 15%o of the vital capacity (arrow 1

2

10 \ - GASC

'% \ ~ AS

|{ \ ---- GASD,
8

(1

3:~ ~ ~ ~~'
9. 4

2

5 4 3 2 0
VOLUME(L From residual volume)

FIG. 2. MEANFV CURVESOBTAINED WITH GASES C, V,
AND D1 IN A SINGLE SUBJECT. Numbered arrows indi-
cate regions of curve where effects of gas density and
viscosity are compared and discussed. Arrow 1, lower-
most portion or "foot" of a-3 segment. Arrow 2, region
of steepest slope of the a-,8 segment. Arrow 3, point of
peak expiratory flow, in the ,8-y segment.
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FIG. 3. MEANFV CURVES OBTAINED WITH GASES L, C,
D2,f AND, D, IN A SIN-GLE SUBJECT.

in Figure 2). Gas D, (with a 44%7 increase in
gas density) caused a 9.7 +1 3.5%o mean decrease
in slope, whereas gas V (with a 44 7o increase in
gas viscosity) caused a 23.6 +- 4.2 % mean de-
crease in slope.' The average slope at the foot of
the FV curve is thus significantly more depressed
by an increase in viscosity than it is by an equal
increase in density.

The upper part of the a-,8 segment is much more
linear than the lower portion, so the effect of ~vary-
ing viscosity and density on this portion of the
curve can be studied with a method similar to
Dayman's by measuring the tangent or true slope
of the curve in this region (arrow 2 in Figure 2).
A 44 'o increase in gas viscosity did not alter the
slope of the upper part of the a-,8 segment sig-

I Expressed as mean +I SE X t with 3 degrees of free-
doin and a probability of .975. This specifies a 95%o
confidence interval on the true percentage difference
from control values.

nificantly, whereas a 44%o increase in gas density
caused a significant change in slope. To explore
this difference further, curves obtained with ad-
ditional gases of widely varying densities were
studied (gases D, D., and L). Curves obtained
in the same subject with these gases appear in
Figure 3. The effect of gas density was quanti-
fied by the ratio of the steepest slope on the gas-C
curve to the maximal slope of the respective test-
gas curves. These slope ratios were plotted
against the ratios of the respective gas densities in
Figure 4. The slope of the upper part of the
a-,8 segment varies inversely with the density of
the gas breathed. Moreover, this linear, logarith-
mic plot suggests that the relationship between
slope and density could be expressed empirically
by an equation of the form

slope 1 k (density 1 -n

slope 2 density 2 1 [1]

where n is about + 0.4.
It is apparent, then, that the slope of the lower

part of the a-fl segment is most strongly influenced
by gas viscosity, whereas the slope of the upper
part of the a-fl segment is most strongly influenced
by gas density.

The fl-y segment. The f8-y segment of the FV
curve was affected predominantly by gas density.
A 44% increase in gas density produced a sig-
nificant mean percentage decrease of 10.6 +
6.6% 1 in the peak expiratory flow achieved (ar-
row 3 in Figure 2). On the other hand, a 44%o
increase in gas viscosity produced no significant
change in peak expiratory flow. With all gases
used, peak flow was decreased with increased

co 2
a.
0
-J
(n _

(o-
6-E

W 4.8
I- -., .7

on l
4 .1

GAS
GASD3

GASC
GASD2 GASC

GASD D
GASC
GASV i

.2
I I

3 .4 .5 .6 7.8.9
RATIO OF GAS DENSITIES

GASC
GASL

2 3

FIG. 4. RATIO OF THE STEEPEST SLOPE ON THE FV
CURVE OBTAINED WITH GAS C TO THAT OBTAINED WITH
THE OTHERGASES PLOTTED AGAINST RATIO OF THE DENSITY

OF GAS C TO THE OTHERGASES.
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gas density as shown by the curves in Figure 3
for a single subject. The average decrease in peak
flow for all subjects was 31%o for gas D, (188%o
more dense than gas C) and 47%o for gas D,
(319%o more dense than gas C). With gas L
(only 35% of the density of gas C), a mean in-
crease of 46.1%o in expiratory flow was achieved.
Thus, gas density strongly influences the 8--y seg-
ment of FV curve.

Maximal isovolumetric pressure-flow relation-
ship. Three isovolumetric PF curves measured
at a lung inflation of 3,800 cm3 from the residual
volume while one subject breathed three different
gases (L, C, and D2) appear in Figure 5.
Circled points represent the maximal pressure and
flow that could be achieved with each gas. The
circled point on the abscissa is the maximal sta-
tic pressure that the subject could exert. The
dashed curve represents the maximal pressure-
flow relationship for this subject at a lung infla-
tion of 3,800 ml.

16

14 -

12 -

l0 \
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(/) 8

MJ

-20 0 +20 +40 +60 +80 +100 +120 +140
PRESSURE-CmH20

FIG. 5. ISOVOLUMETRIC PF CURVES OBTAINED WITH
GASES L, C, AND D2 IN A SINGLE SUBJECT AT A LUNG IN-
FLATION 3,800 ML ABOVETHE RESIDUAL VOLUME. The zero
flow-pressure point was obtained during a forced ex-
piratory effort against a closed valve at the same lung
volume. Circled points represent maximal intrathoracic
pressures developed at this lung volume and gas flow.
The dashed line drawn through these points to the zero
flow point is the isovolumetric maximal pressure-flow
relationship.

DISCUSSION

The a-A segment. As mentioned earlier, it
would be most useful to analyze the FV curve
in terms of the physiologic properties of the lung
that determine its shape. Certain theoretical ex-
plorations to this end have led to the concept of
a "flow-limiting segment" (8). With the lung
assumed to be symmetrical and to have an even
ventilatory distribution, the shape of the a-1 por-
tion of the FV curve was shown to be uniquely
determined by the physical properties of the lung
parenchyma, the flow-limiting segment, and that
portion of the conduit system between this seg-
ment and the alveoli. Moreover, the curve was
shown to be independent of all events downstream
from the flow-limiting segment.

A tutorial discussion of the salient features of
the theory using a grossly simplified model has
also been presented (10). It is instructive to
compare the results of our study and other pub-
lished observations with the predicted behavior
of this simple model. In it, that portion of the
lung extending from alveolus to the flow-limiting
segment was represented by a chamber (chest
cavity) containing a single elastic air space
(lung parenchyma) ventilating to the atmosphere
through an elastic airway (bronchial system from
alveolus to flow-limiting segment). The model
predicts that the maximal expiratory flow (Q)
that can be achieved at any degree of lung infla-
tion (V) is given by

[2]I R_ 2 RoV IK2V2
Q= _~+2K, 2K2 C 2 C2

where K1 is a flow "resistance coefficient" of the
intrathoracic airways, R0 is the resting radius of
the elastic tube, K2 is a circumferential rigidity
coefficient for the tube, and C is the compliance of
the elastic airspace. Inspection of Equation 2
shows that flow is a quadratic function of volume
and thus represents a curve that will resemble the
experimental a-,8 portion of the FV curve as
found by Burger (6). The slope of the a-,8 seg-
ment of the model's FV curve will be given by
the derivative of Equation 2:

slope = dV=KlC[K 2 + 2C [3]

The slope of the curve at any point will thus be
proportional to 1/K1C, where K,C is the product
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of lung compliance times the flow "resistance
coefficient." By electrical analogy, this product
may be called a "time constant." Therefore, the
slope of the a-fl portion of the FV curve will vary
inversely with the "time constant" of the lung
from the flow-limiting segment peripherally. Cer-
tain published data are interesting for correlation
of this prediction with previous observations.

As mentioned earlier, Dayman (3) and also
Branscomb (4) have shown that the slope of the
FV curve is relatively constant from person to
person in normal subjects regardless of their size.
Interpreted by the model above, this constancy
would suggest that the K1C product was inde-
pendent of body size. Frank, Mead, Siebens, and
Storey (11) have shown a positive correlation of
lung compliance (C) with height, body surface
area, and observed vital capacity. Briscoe and
DuBois (12) have showed a positive correlation
of the total airway conductance (the reciprocal of
airway resistance) with lung volume. Since
lung volume and body size are correlated, lung
conductance should show a positive correlation
with body size. Although these conductance
measurements were made at relatively low flows
and for the airway as a whole, it is reasonable to
assume that portions of the airway between corre-
sponding points in different persons might also
show a positive correlation between conductance
and body size. To the extent, then, that the flow-
limiting segment is the same from person to per-
son in normal subjects, the fraction 1/K1 should
also show a positive correlation with body size, or
conversely, K1 should vary inversely with size.
It follows that C, which is about proportional to
size, x K1, which is inversely proportional to size,
should become relatively independent of size,
i.e., K1C should be constant from person to person
in normal subjects. This inference, drawn from
considerations of airway resistance and lung com-
pliance measurements, is consistent with the ob-
servation that the slope of the FV curve is also
independent of body size if these observations are
interpreted with the predictions of the model
(Equation 3). These considerations support Day-
man's original contention that the slope of the
FV curve appears empirically to contain the most
useful clinical information and that lung compli-
ance appears to be an important determinant of
the FV curve.

Now let us see how the model fits our findings.
Consider the flow "resistance coefficient" K1. Iln
the original derivation of Equation 2, K1 was
greatly simplified for tutorial purposes. As dis-
cussed elsewhere, this simple "constant" should,
in fact, be replaced by a series of equations repre-
senting the viscous effects, turbulent effects, the
Bernoulli effect, and all other complex pressure-
flow relationships occurring in elastic tubes (8,
9), but a hopelessly complicated set of equations
would result. Therefore, as a first approximation
for the sake of simplicity, K1 may be replaced by
a "flow resistance" expression modified from
Rohrer (13),

K1 = (kjl + k2pQ), [4]
where k. and k2 are constants determined from
certain geometric considerations of the airway,
Q is the flow, and u and p are the viscosity and
density of the expired gas. In Equation 4, the
pressure drop along the tube is assumed to be the
sum of a linear Poiseuille-type pressure drop plus
a quadratic density-dependent pressure drop re-
lated to energy loss in eddy formation. Also,
bronchial compression during expiration is as-
sumed to affect both terms proportionately. Al-
though the effect of true turbulence and its distri-
bution along the tube is ignored, this constitutes
only a minor objection, since these turbulent ef-
fects are probably only important in the airway
above the flow-limiting segment, and so would
have no influence on the FV relationships (8).
Thus, the flow resistance as usually defined,
namely, as the ratio of the pressure drop along
a given airway to the corresponding flow, becomes
a function of gas viscosity, gas density, the flow,
and certain geometrical properties. With K1 re-
placed in the derivation of Equation 2, the slope
of the a-fl segment at a given volume in a given
person can be shown to vary inversely with
k1tt + 2k2pQ. Therefore, the ratio of the slope of
the a-fl segment when the subject is breathing a
gas with a viscosity u, and density Pi to the slope
at the same volume when he is breathing a gas
of viscosity j¾ and density P2 would be given ap-
proximately by

Si _ klM2 + 2k2p2Q
S2 kliy + 2k2plQ

[5]

Note that as flow approaches zero, this ratio ap-
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proaches the reciprocal of the viscosity ratios, and
density becomes unimportant. Thus, the slope
will be most sensitive to viscosity changes at low
flows, or at the foot of the model's a-fl segment.
As was shown above, the a-/3 segments obtained
during expiration of gas V (more viscous) had
a significantly lower average slope than gas C or
gas D at the foot of the curve. As a matter of
fact, even gas-L curves (much less dense but
12% more viscous) dipped below the control
curves in every subject (Figure 3). The model's
prediction for the effect of viscosity agrees quali-
tatively with the observed data.

The limit of Equation 5 at very high flows is
controlled by the ratios of the densities and be-
comes relatively insensitive to viscosity. Thus,
the steepest slope of the model's a-fl segment ap-
pears to vary approximately inversely with the
gas density. The steepest slopes of the experi-
mental curves, shown in Figure 4, varied in-
versely with the gas density. Once again, the
prediction from the simple model agrees quali-
tatively with our data from studies in man.

Maximal isovolumetric pressure-flow relation-
ship. As discussed earlier, the f8-y segment of
the FV curve depends on the maximal muscu-
lar effect the subject can exert. Since small
changes in effort greatly alter the upper por-
tions of these curves, it is interesting that sub-
jects instructed to perform with maximal effort
respond with surprising consistency. This sug-
gests that the respiratory neuromuscular system
responds to a command from the central nervous
system for "maximal effort" in a way perhaps
analogous to a maximally stimulated muscle.
Hill (14) has shown that a maximally stimulated
skeletal muscle shortens with a velocity that varies
inversely with the load that the muscle must over-
come. Agostoni and Fenn (15) have suggested
that the classical force-velocity relationship might
be applied to the respiratory musculature during
maneuvers of maximal effort. They were able
to demonstrate an inverse relationship between
an estimate of mean inspiratory flow and mean
airway pressure over the mid-range of the vital
capacity during respiratory efforts against vary-
ing airway obstructions.

Our study shows in Figure 5 that maximal
flow varies inversely with pressure in a manner
consistent with but not necessarily indicating an

underlying classical force-velocity relationship.
The dashed line drawn through the maximal pres-
sure points that can be achieved at that particu-
lar lung volume and flow could be called an iso-
volumetric maximal PF relationship. Although
for present purposes the maximal PF curve was
obtained by variation of intrathoracic airway re-
sistance, it could have been obtained just as well
by variation of extrathoracic airway resistance.

The significance of this maximal PF curve is
that it represents the limit of effort that is avail-
able for ventilation in a given subject. A subject's
ability to sense the relationship between this limit
and the magnitude of the imposed ventilatory load
suggests one potentially fruitful approach to the
complex problem of dyspnea.

SUMMARY

The maximal expiratory flow that can be de-
veloped throughout the vital capacity is called the
flow-volume (FV) curve. This curve is divided
into the a-fl and the fl-y segments. The a-fl seg-
ment spans the lower two-thirds of the vital ca-
pacity and corresponds to the maxima of the iso-
volumetric pressure-flow (PF) curves in this re-
gion. The l,-y segment spans the remainder of
the vital capacity and corresponds simply to the
maximal effort that can be developed. The a-fl
segment of the FV curve is determined entirely
by the properties of the lung, respired gas, and
intrathoracic airway. The l,-y segment of the
FV curve is determined by the mechanical im-
pedance of the over-all pulmonary system and
the laws governing motor function. Variation of
the viscosity and density of expired gas caused
unique and consistent changes in the FV curve.
The lower part of the a-fl segment is most strongly
influenced by gas viscosity, whereas the upper part
is most strongly influenced by gas density. The
results agree qualitatively with theoretical pre-
dictions based on a simple lung model. This
model also predicts that the slope of the a-fl seg-
ment of the FV curve would vary inversely with
the product of lung compliance and a lower airway
"resistance constant." Published evidence sup-
ports this hypothesis. These considerations sug-
gest that the slope of the FV curve should be a
clinically useful index relating lung compliance
to airway resistance.
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