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Uniform alveolar ventilation implies that dur-
ing inspiration all alveoli simultaneously receive
gas of the same chemical composition and of the
same volume (relative to the previous preinspira-
tory volume) and that this mixes almost in-
stantaneously with the preinspiratory alveolar gas.
Studies with single or multiple inhalations of
“reference” gases have shown that alveolar venti-
lation is nonuniform (uneven) in most normal
men (2). The two principal theoretic explana-
tions for this observation have been a) that in-
spired gases are stratified in the peripheral alveolar
spaces or b) that different regions (central versus
peripheral spaces of a lobe or segment; different
lungs, lobes or segments) are ventilated at dif-
ferent rates. Although Roos, Dahlstrom and
Murphy (3) again proposed the stratification
theory, it was noted by Forster (4) that some of
their experimental results could be equally con-
sistent with a regional explanation.

The elimination rate (clearance) of pulmonary
nitrogen (N,) from the total lungs during in-
halation of oxygen was found by Lundin (5) and
by Svanberg (6) to be retarded in persons in the
lateral decubitus position as compared with the
rate in supine persons. The clearance curves of
helium from the total lungs failed to demonstrate
that alveolar ventilation was less uniform in the
lateral decubitus than in the supine position (7).
The present study was undertaken, in part, to

* A portion of this material is included in the thesis
submitted by Dr. Lillington to the Faculty of the Graduate
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ment of the requirements for the degree of Master of
Science in Medicine.

+ This investigation was supported in part by Research
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determine whether analysis of N, clearance curves
from the total lungs would clarify the nature of
the retarded elimination of N, seen in the lateral
decubitus position. Such studies on a few nor-
mal persons were sufficient to confirm the results
of Lundin (5) and of Svanberg (6), and to in-
dicate further that the retardation of complete
elimination of N, was caused by both a reduction
of alveolar dilution per breath and an increased de-
gree of uneven ventilation.

In the lateral decubitus position, differences be-
tween the superior and the inferior lung in the
clearance rates of alveolar gases were first shown
directly in dogs (8) and later were shown (6)
and calculated (9) to exist in man. In the present
study, partial anatomic localization and further
analysis of the uneven ventilation were obtained
by measuring N, clearance curves and the respira-
tory dead space of individual lungs during bron-
chospirometry with the subjects in several posi-
tions. The results, which are in essential agree-
ment with. those reported by Svanberg (10),
indicate that uneven ventilation exists within and
between lungs, and that the latter difference is
subject to postural variations.

Several theoretic but unrecognized alterations
that have arisen in Lundin’s modification (5, 10,
11) of the original method for analysis of pul-
monary clearance curves reported by Fowler,
Cornish and Kety (12) also will be indicated.

PROCEDURES AND METHODS

Studies on total lungs. The subjects were five normal
men 30 to 40 years of age, with an average height of 183
cm. (175 to 193 cm.) and weight of 82 Kg. (68 to 95 Kg.).
After resting supine for 10 or more minutes, they breathed
99.5 per cent oxygen, using an open circuit, mouthpiece
and nose clip, until the maximal N, concentration of end-
tidal gas, as recorded continuously throughout each breath,
was reduced to about 2 per cent. The expired volume was
measured with a 120 L. spirometer. This was done with
the subjects in the supine and the right and left lateral
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decubitus positions in varying orders. For three of the
subjects, duplicate measurements in each position were
made, and the concentration of expired N, and the ex-
piratory flow also were recorded continuously, as noted
below.

Studies on individual lungs. The subjects were five
healthy male physicians 27 to 44 years of age and 179
cm. in average height. Premedication and introduction
of a Carlens bronchospirometric catheter were done as
outlined by Wright and Michelson (13), and the proper
location of the catheter was confirmed by fluoroscopy.
The subject first assumed the left lateral (three subjects)
or the right lateral decubitus position, with one pillow
supporting the head; subsequently, he assumed the su-
pine and then the other lateral decubitus position. The
leak-free placement of the Carlens catheter was tested
before and usually after each change of position. The
lungs were connected to the four-way valves of an oxy-
gen-filled, double, closed circuit spirometer (Gaensler-
Collins) via tubing and a two-channel rotary valve con-
taining the sampling needle of a N, meter that was used
to analyze gases passing to and from one lung. The
closed circuits were modified with large bore, three-
way stopcocks and valves so that, while room air was
being breathed, each circuit could be converted to an
oxygen-filled open circuit for later measurement of the
pulmonary N, clearance rate. Gases expired from either
lung on an open or closed circuit could be passed through
a heated pneumotachograph similar to that of Lilly (14),
a differential transformer-amplifier system being used as
the transducer. In the initial lateral position and there-
after during changes of position, double closed circuit
recordings were made to measure tidal volume and
changes of the functional residual capacity. In the two
lateral positions, N, clearance rates were measured for
the dependent and the superior lung in turn. In the in-
tervening supine position, the N, clearance rate was
measured first on the previously dependent lung and
then on the previously superior lung. Prior to any
measurement of N, clearance, both lungs breathed room
air until the end-tidal N, concentration was about 80 per
cent; during each measurement of N, clearance, the op-
posite lung continued to breathe room air.

Continuous recordings of N, concentration and of ex-
piratory flow were made with oscillographic galvanom-
eters and a photokymograph at a paper speed of 25 mm.
per second. The Lilly type of N, meter was calibrated
for each subject with five known gas mixtures saturated
at 37° C. It provided an accuracy of about = 2 per cent
N, at high concentrations, =1 per cent N, at concentra-
tions from 10 to 30 per cent and = 0.5 per cent N, at lower
concentrations. In the studies on total lungs, the N,
concentration of tidal gases was measured at the mouth-
piece. With bronchospirometry, the sampling needle of
the N, meter was located so that tubing dead spaces of
12 and 31 ml. existed between it and the Carlens catheter
and the four-way valve, respectively. The mean N,
concentration of gases expired during breathing of O, as
“seen” by the N, meter was, therefore, greater than the
true value, depending on the size of the tidal volume.

.equals the rate of elimination by the “O, lung.”
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The appropriate correction, averaging 14 per cent, was
applied to values for lung volume calculated from mean
expired concentrations and mean tidal volume. A meas-
ured correction of 0.1 second was applied to account for
lag of the N, meter behind the simultaneous flowmeter
recordings. Calibration of the flowmeter, from which
the volumes pertaining to N, clearance curves during
bronchospirometry were derived, was made for each
subject from the area of flowmeter recordings of two
or more expirations, obtained with simultaneous meas-
urements of volume by the spirometer.

Pulmonary N, clearance rates were determined by the
method of Fowler, Cornish and Kety (12). One modi-
fication was made in estimating the fractional concentra-
tion (F») of the N, in expired gas that was eliminated
from the blood during bronchospirometry. This was
necessary because N, was eliminated from the blood
traversing the one lung that breathed O, but was added
to the blood traversing the other lung that breathed air.
If it is assumed that half the cardiac output (Q) traverses
each lung and that the alveolar pN, of the “O, lung” is
initially reduced abruptly to near zero, this lung initially
will eliminate N, from the blood at a maximal rate equal
to 0.5 (Q X C3), where Cs equals the N, concentration in
mixed venous blood when the body is in N, equilibrium
with atmospheric air. Thereafter, the rate of elimination
of N, by this lung will decrease to a minimal constant
value of 025 (Q X Cs), which occurs when the mixed
venous concentration equals 0.5 Cs. This equilibrium is
reached when the rate of uptake of N, by the “air lung”
The
amount (milliliters) of N, eliminated when both lungs
breathe O, for seven minutes, called here the “Cournand
factor” (15), approximately equals 0.5 (O X Cs) X 7
minutes. Therefore, the correction factor used here, as-
suming the minimal constant elimination rate for the “O,
lung” was Fb», equals 0.5 Cournand factor divided by the
number of breaths in seven minutes X Vr, where Vr is
tidal volume. This correction is appropriate for the later
parts of the pulmonary N, clearance, when alveolar N,
concentrations are small; it will cause only negligible er-
ror in the early parts, when alveolar N, concentrations
are large.

In several instances, progressive changes in tidal vol-
ume occurring during N, clearance precluded an ac-
curate analysis of the total clearance curve. In these
instances, the functional residual capacity was measured
by summating the amounts (milliliters) of N, eliminated
on successive individual expirations (corrected for the N,
of blood and inspired gas) until the expired alveolar con-
centration was 5 per cent or less and dividing by the
change of alveolar concentration, as by the method of
Darling, Cournand and Richards (16).

The respiratory dead space for each lung was recorded
as the average of measurements on two or more expira-
tions, obtained from simultaneous records of N, concen-
tration and flow, using the ‘“estimation” method of
Fowler (17). The subcarinal dead space was obtained by
substracting 22 and 29 ml. from the measured values for
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In the supine and right lateral decubitus positions, re-
spectively, tidal volume was 550 and 537 ml., and func-
tional residual capacity was 2,170 and 2,700 ml.

right and left lungs, respectively. These corrections
represented the actual volume of channels of tubing and
catheter (27 ml. on the left and 24 ml. on the right),
with a 5 ml. adjustment estimated to account for the
asymmetric location of the catheter in the carinal region.
The total dead space, as used .in certain calculations, was
the measured value plus 31 ml. of distal tubing.

RESULTS

Total lungs

Typical clearance curves are illustrated in Fig-
ure 1 and the results of their analysis are given in
Table I. The tidal volumes in Table I were
measured spirometrically, but the values for func-
tional residual capacity and dead space were ob-
tained by analysis of clearance curves. All clear-
ance curves, plotted semilogarithmically, were
nonlinear, but they could be resolved into two or
three components, representing fractions of the
functional residual capacity having different clear-
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ance or replacement rates.! When the subject was
supine, the more slowly ventilated component
comprised about 80 to 90 per cent of the func-
tional residual capacity ; its fractional replacement
per breath was about 10 per cent. For the total
lungs, molecules of N, remained for an average of
about eight breaths, which was 24 per cent longer
(delay in pulmonary clearance) than if alveolar
ventilation had been uniform. The concentration
of N, in end-tidal gas was reduced to 5 per cent
and 2 per cent in 1.8 and 2.8 minutes, respectively.

Results for the two lateral positions were com-
bined, since consistent differences were not ap-
parent. Here, the complete clearance was less
rapid than it was in the supine position, as shown
by significantly different mean values for both the
time and the volumes required to reduce the end-
tidal concentration of N, to 5 and 2 per cent, and
by values derived from analysis of the clearance
curves (Table I). These values indicated that the
slower clearance was the result of @) reduction of

1 The method used for analysis of N, clearance curves
(12) is based on equations for a cyclically ventilated sys-
tem of one or more bellows, within each of which ventila-
tion is uniform, and from which the separate expired
tidal volumes are combined. The N, concentration
within any one bellows will be reduced on each succes-
sive breath of O, to a fraction of its preceding value,
designated as w, the alveolar dilution factor, when

w=Vy,+V.L+ (VT_VD) and

where Vy, is the volume in which N, is contained at the
end of expiration, Vr is the tidal volume and Vp is the
volume of the dead space. The fractional replacement per
breath equals I-w. If there are two or more bellows or
regions having different clearance rates, their alveolar
dilution factors are w,, w, and so forth, and f, and f,
denote their respective decimal fractions of the total end-
expiratory volume. Experimentally, the mean expired
N, concentration of successive breaths is measured and
the semilogarithmic plot (Figure 1) is resolved graphi-
cally into one or more components. From the slopes and
intercepts of the components, values of w and f are ob-
tained; from these values, one can calculate the average
interval during which molecules of N, remained in the
total system (actual average number of breaths), thus
characterizing the clearance rate of the total system, and
also the average interval during which molecules of N,
would remain in a uniformly ventilated system having
the same total tidal volume, dead space and functional
residual capacity as the components (ideal average num-
ber of breaths). A delay in pulmonary clearance indi-
cates the extent to which complete clearance of N, is
retarded by the presence of uneven ventilation, that is,
different replacement rates of various regions.
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TABLE I
Pulmonary N clearance of total lungs in supine and lateral decubitus positions™*

Supine Lateral decubitus

Rowt Factor Value No. Value No.
1 End-tidal Fyy to 0.051 min. 1.83 £ 0.16 8 2.86 & 0.16 15
L. 13.1 £ 1.5 8 189 + 1.1 15
2 End-tidal Fxy to 0.02}  min. 2.79 & 0.23 8 4.12 + 0.22 15
L. 19.7 = 1.6 8 27.3 £ 1.6 15
3 Tidal volume, ml. 625 =+ 65 8 602 + 46 15
4 Functional residual capacity (F.R.C.), ml. 2,160 + 246 6 2,950 &+ 274 11
5 Dead space, mi. 170 + 18 6 155 £ 11 11
6 Respirations per min. 122 + 1.1 8 11.8 £ 0.7 15

7 Fractional replacement per breath (1 — wz)
of rapidly ventilated component§ 0.40 + 0.034 6 0.34 & 0.028 9

8 Fractional replacement per breath (1 — wy)
of slowly ventilated component} 0.114 =+ 0.005 6 0.069 =+ 0.03 11

9 Slowly ventilated component fraction (f) ’

of I-Y.R.C. 86.3 + 2.8 6 86.1 =19 11
10 Actual average number of breaths} 8.13 == 0.29 6 13.4 £ 0.62 11
11 Ideal average number of breaths} 6.62 + 0.32 6 9.15 £ 0.41 11
12 Pulmonary clearance delay, %t 24 + 4.1 6 47 = 4.1 11

* Volumes are BTPS (body temperature, ambient pressure, saturated).

mean. No. is number of observations.

Values are mean =+ standard error of

t Definition of Rows 7 through 12 are given in text Footnote 1.

I Mean values differ significantly.

Interindividual variation in functional residual capacity produces nonsignificant

difference in the group mean, but all lateral values exceed supine values for the same subject.
§ Two of the lateral decubitus curves contained a small third component (ws3).

fractional replacement per breath for both the
more slowly ventilated component (smaller value
of 1-w,) and for the total lungs (larger ideal
average number of breaths), the latter being
caused by an increase of functional residual ca-
pacity without a corresponding increase of ef-

LEFT LUNG
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fective tidal volume, and b) an increase in the
nonuniformity of ventilation (increased delay in
pulmonary clearance).

Despite the considerable increase of end-in-
spiratory lung volume in the lateral positions, a
significant change in the dead space was not ob-

RIGHT LUNG

RIGHT

LATERAL TU k

Tttt

-

B B S N N

LEFT
LATERAL —

ECG

EXP. FLOW

—

<4 seconds +

F16. 2. CoNCENTRATION OF N, AND ExpIrRATORY FLoWw oF INDIVIDUAL LunNgs During First Two
BreaTHs oF OxYGEN By ONE SuBJECT

Records read from left to right. See text.



2030

LILLINGTON, FOWLER, MILLER AND HELMHOLZ

SUPINE RIGHT LATERAL LEFT LATERAL

R’GHT 100 E T T T T T T T T T T T T T T
LUNG 50 |= 3
:.$. .$ \'o :
10 F— .“. "o .
% Ng 5 = o. .. ¢ % N E
: .0 .‘ ..° ]
i .“ o. °, . -
L] .Q-

! I | 1 (1] 1 1 1 1 1 1 1 1 1 1 1

0 20 40 o0 20 40 60 0 20 40 60
LEFT 100 F——7— — 1 — T —— T3
LUNG 50 N : .
" -‘. c.. . 0.. -
10 E 5 : LI v =
%Ng 5 E .o. ‘e ..o 3
- B ]

ALY
i) S T L1 Lo 1 P S SO R
o 20 40 © 20 40 60 0 20 40 60

NUMBER OF BREATHS

Fic. 3. MEeAN CoNCENTRATION OF ExPIRED N, DURING CLEARANCE FROM INDIVIDUAL LUNGs OF ONE
SuBjecT IN DIFFERENT PosITIONS

served. However, calculation of the dead space
from clearance curves is of limited accuracy (12).
Simultaneous records of the concentration of ex-
pired N, and flow, needed for measurement of dead
space on individual breaths (17), were available
for three subjects. However, this method re-
quires that expired alveolar gas be identifiable as
a “plateau” of concentration, as is illustrated in
the records from individual lungs (Figure 2).
Suitable “plateaus” were observed in the supine
position without bronchospirometry, but not in
the lateral positions. After the initial increase in
the concentration of N, early in expiration, large
and irregular variations of concentration, both in-
creases and decreases, were frequently observed
during the later part of expiration, precluding the
identification of a plateau. This presumably re-
sulted from a variable asynchrony of emptying
of the two lungs. Further study of this phe-
nomenon and of the dead space in the lateral posi-
tions is needed.

Individual lungs

Figure 2 shows typical recordings of the first
two expirations while the subject breathed oxygen
in various positions. In each expiration, the

“alveolar plateau” showed a progressive variation
in N, concentration, qualitatively indicating un-
even alveolar distribution of inspired O,. Also
noted were variations in alveolar N, concentra-
tion and expiratory flow occurring periodically at
cardiac frequency (18); these will not be con-
sidered further in this report. The rate of de-
crease on successive breaths of the concentration
of expired alveolar N, was similar for both lungs
in the supine position, but the rate in the lateral
positions was less for the superior lung. Figure
3 presents typical corrected curves of the mean
concentration of expired N, vs. the number of
breaths. These curves were in all cases nonlinear,
indicating the presence of nonuniform alveolar
ventilation, and they could be resolved into two
components. The slower rate of clearance of N,
from the superior lung is evident.

Table II presents mean values derived from
analysis of the clearance curves and also values
of the respiratory dead space measured on in-
dividual breaths by the “estimation method” (17).

Supine position. The volume of the right lung
was larger than that of the left, averaging 57 per
cent of the total functional residual capacity. The
right lung contained about 62 per cent of the total
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subcarinal dead space. However, the greater &,
. . S8 | ey Qo Ny
tidal volume of the right lung, about 55 per cent Fgg |00 98 A
of the total, and its distribution were such that the ©
average clearance rates of the two lungs were simi-
lar, as were tht? clearance rates of the rapidly and 13| 22 =3 =3
the slowly ventilated components. The latter com- g £ 2] So S+ «c
priseq about 80 per cent of the functional residual g 2| =g 2r g
capacity of each lung. The average interval during ;.v 3| <= oS- wG
which molecules of N, remained in the lungs was 4 |
about one minute, corresponding to about 10 55
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breaths, or a 10 per cent replacement of alveolar = 123 OIING= §2
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gas per breath. This was about 30 per cent less g g
rapid than it would have been if alveolar ventila- 4 13| 92 93 %o
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from the supine position to either of the lateral _
decubitus positions, the functional residual capacity fgg £3e g 23 =y
. . =83 0 o
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. . 3=
whereas that of the superior lung increased by % ?é’ >
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a greater percentage of both total and effective &3
tidal volume than did the same lung when the 3 i o e ?m
subject was supine.? The clearance rate of the i éggégg fad e oa §§
right lung was slightly more rapid when de- 3 s eT 25
pendent than when supine, as indicated by smaller g 85;
. -~ [
values of the actual average number of breaths in E ‘QEE;’ - gg gg §§ ‘é":;”
four subjects and by a more rapid reduction of EB5a FOS o) o gg
the end-tidal N, concentration in a fifth subject, £
whose clearance curves were not all suitable for E;g
graphic analysis. More rapid clearance was EE‘E :E :: g: %g
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. . 7]
placement per breath and in the respiratory fre- 88
quency (about one breath per minute) - gE
) SES8 | ¥WY 88 9% | EE
The clearance rate of the left lung was not con- ngss 23
. >
Q.
2 The measurements in Table II were not obtained si- . § o
multaneously on the two lungs. Simultaneous measure- 2E 3 O g KO c\n/§
ment by spirometry showed the percentage of total tidal i:-"§ N o™ —o & 3
volume received by the right lung to average 54, 43 and mg
64 per cent for the supine, left lateral and right lateral " 08
positions, respectively, which corresponds with the con- § M A AN :-5
secutively measured tidal volumes in Table II. The per- “E’ a
centage of effective tidal volume of the dependent lung 55
increased when it was calculated from the total dead space g e T LT >
of each lung and tidal volumes recorded either simultane- g ‘B &8 58 e
ously or as in Table II. [ @ 33 23
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sistently different when it was supine and when it
was dependent.

The clearance rate in superior lungs was uni-
formly slower than it was in the same lungs when
supine. In six instances, the average interval
during which molecules of N, remained was one
minute in the supine position, whereas this was
increased in the superior position to mean values
of 1.7 and 2.7 minutes for the right and left lungs,
respectively. In four instances in which clearance
curves could not be analyzed, reduction of the end-
tidal concentration of N, to 5 per cent required
two to three minutes in the supine position and
five to 11 minutes in the superior position. In
four of five subjects, the clearance rate of the
superior lung was slower for the left lung than for
the right. These retarded clearance rates were
largely the result of reduction of effective tidal
volume of the superior lung, which was par-
ticularly pronounced for the left lung. Fractional
replacement per breath was reduced for both the
rapid and slow components.

Consistent variations with changes in position
were not observed in the fractional volume of the
slowly ventilated component or in the magnitude
of nonuniform ventilation within an individual
lung, as shown by values for delay in pulmonary
«clearance.

DISCUSSION

The finding that complete N, clearance from the
total lungs is slower in the lateral decubitus than
in the supine position and is produced largely by
a reduced clearance rate of the more slowly ven-
tilated fraction agrees with the results of Lundin
(5) and Svanberg (6, 10). However, Blair and
Hickam (7), using helium clearance curves, did
not observe such a difference in the most slowly
ventilated space and did not find that ventilation
‘was less uniform in the lateral position.

The different methods used are probably re-
sponsible for these varying results. The limited
analytic range for helium permitted measurement
-of only the terminal 6 per cent of the total clear-
ance curve, probably making it difficult to detect
differences that become apparent when the total
clearance curves can be described, as in Figure 1.

The clearance curves recorded from individual
lungs by bronchospirometry were largely similar
to those of Svanberg (10), except that in the
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present bronchospirometric studies the clearance
times were longer than those of Svanberg’s sub-
jects and of our subjects studied without bron-
chospirometry. This retardation was apparently
the result of reduced minute volumes attributable
to medication. Our subjects undergoing broncho-
spirometry received not only morphine, as did
Svanberg’s, but also 1.5 grains of secobarbital
(Seconal®) and at times were nearly asleep.

Svanberg observed, as we did in this study,
that functional residual capacities were larger with
bronchospirometry than without, and he suggested
that the resistance to flow imposed by the catheters
was responsible (10). However, a pause between
the end of expiratory flow and the start of in-
spiration, as estimated from the N, recordings
(Figure 2), was commonly seen. This would in-
dicate that elastic rather than resistive forces were
determining the end-expiratory volume. The
larger functional residual capacities observed dur-
ing bronchospirometry may be the result of the
multiple systemic and tracheobronchial medica-
ments used. Our data, and those of Svanberg
(10), show that the average ratio of total tidal
volume to total functional residual capacity was
several per cent smaller with bronchospirometry
than it was without. Thus, the fractional alveolar
replacement per breath normally may be slightly
greater than that occurring during bronchospir-
ometry. The absolute values of the dead space of
individual lungs also must be taken with some
reservation, in view of possible alterations by the
drugs employed.

The bronchospirometric results indicate that at
least four different alveolar clearance rates may
exist throughout the lungs, particularly in the
lateral positions. This was thought previously to
be probable (12, 19). Our inability to resolve
more than two or three components in N, clear-
ance curves of total expired gases is caused largely
by limitations in defining the terminal parts of
the curve, where the slowest components must be
separated but where analytic accuracy for N, has
been limited and where errors in the estimated
correction for blood N, may have a relatively large
effect. The terminal curve probably can be de-
fined better with helium analyses, and results of
such studies (7) suggest that fractional replace-
ment rates even smaller than 3 to 4 per cent per
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breath, noted in the superior lungs in this study,
may exist normally.

Other current problems in the analysis of N,
clearance curves may be noted. When the method
of Fowler and associates (12) was modified by
Lundin, Svanberg, Bouhuys and Hagstam (5, 10,
11), several apparently unrecognized consequences
were introduced. The modification was that of
measuring end-tidal concentration rather than the
mean expired concentration as used originally
(12). The use of the latter, which is a more
difficult measurement, was proposed because the
expired alveolar concentration may vary within
the course of a single expiration, particularly with
pulmonary disease, whereas only one value exists
for mean expired concentration. The modification
was justified by Lundin and co-workers for use in
normal subjects by the experimental finding of
similar values of dilution factors and fractional
volumes obtained from either end-tidal values or
the equivalent of mean expired concentrations.
We also have found that this is generally true for
normal subjects. However, by using the defini-
tions and assumptions of the original theoretic
treatment (12), one can derive several differ-
ences. In a uniformly ventilated system, either
the mean expired concentration or the alveolar
concentration may be used with identical results.
However, in an unevenly ventilated system, the
original method yields the end-expiratory frac-
tional volumes having particular dilution factors,
whereas the use of alveolar concentrations and
the modified algebraic treatment (5) yields the
end-inspiratory fractions, provided that the alveo-
lar concentration selected equals the mean expired
_alveolar concentration. If it does not, the derived
end-inspiratory fraction will be incorrect. By defi-
nition, the end-expiratory fractional volume of a
relatively underventilated component is greater
than its end-inspiratory fraction. Further values
derived from fractional volumes and dilution
factors also differ. The use of end-inspiratory
fractions in the original equations (12) yields
smaller values for a) the average number of
breaths during which molecules of N, remain in
the system and &) the number of breaths during
which molecules of N, would have remained if
ventilation had been uniform. The calculated
value for delay in pulmonary clearance is also
altered.

2033

Although uneven alveolar ventilation has been
known to exist for a long time, its nature (al-
veolar stratification vs. regional variations) and
anatomic location are becoming apparent only cur-
rently. The difference in clearance rates between
lungs in the lateral positions represents a regional
type of uneven ventilation, and it results at least
in part from differing percentage volume changes
of the two lungs. Uneven ventilation within
single lungs also is present. It has been found
that N, clearance is more rapid in the right lower
lobe than in the right upper lobe of healthy per-
sons in the erect position (20), and evidence of
uneven intralobar ventilation has been found in
man (20) and dogs (8). The variations between
lungs with change in position show that relatively
retarded alveolar ventilation is not restricted to a
particular anatomic location. The responsible
thoracic mechanics requires further study, although
the ventilatory implications of the anatomy of the

lungs and bronchi are becoming more evident
(21, 22).

SUMMARY

Healthy subjects breathing oxygen had a slower
rate of clearance of pulmonary nitrogen in the
lateral decubitus position than when they were
supine. Analysis of clearance curves showed this
retardation to be the result of two factors. First,
the total functional residual capacity was increased
without an accompanying increase of total effec-
tive minute volume. Secondly, the proportion of
the total effective minute volume that was dis-
tributed to the underventilated fraction (about 85
per cent) of the functional residual capacity was
further reduced in the lateral positions.

A partial anatomic localization of the variously
ventilated regions was attempted by measuring
nitrogen clearance rates and the dead space of
individual lungs of five normal men in the supine
and both lateral decubitus positions by use of
bronchospirometric catheters. Clearance curves
of multiple exponential form were found, as Svan-
berg has noted, indicating the presence of uneven
ventilation within individual lungs in all positions.

In the supine position, the tidal volume, dead
space and functional residual capacity were greater
for the right lung than for the left, but the clear-
ance rates and relative magnitude of slowly and
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rapidly ventilated regions of both lungs were
similar.

In lateral decubitus positions, the ventilatory
pattern of the dependent lung was similar to that
of the same lung in the supine position. The
superior lung had an increased functional residual
capacity and a decreased tidal volume. The clear-
ance rates of both rapidly and slowly ventilated
components of a lung were only half as great
when it was in the superior position as they were
in the same lung when the subject was supine.

The slow clearance rates of the superior lung
appear to be largely responsible for the retarda-
tion of nitrogen clearance from the total lungs ob-
served in lateral decubitus positions. This repre-
sents a regional type of uneven alveolar ventila-
tion. The variations between lungs with change
in position show that relatively retarded alveolar
ventilation is not always restricted to a particular
anatomic location.
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