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(From the Depariment of Medicine, Duke University School of Medicine, Durham, N. C.)

(Submitted for publication September 27, 1954 ; accepted November 3, 1954)

In many normal people a sizable part of the
lung is ventilated at a much slower rate than the
remainder. Means have been devised for measur-
ing the volume and ventilation rate of these “slow
spaces” (1-4). Itis also established that a change
in body position from sitting to recumbent will
alter the size of the various subdivisions of the
lung volume (5, 6). In the course of some ob-
servations on intrapulmonary gas mixing, it was
found that changes in body position caused sig-
nificant changes in size and ventilation rate of the
“slow spaces.” It is the purpose of this paper to
present the results of a study of the effects of
various body positions on lung volumes and on the
size and ventilation rate of the poorly ventilated
regions of the lung.

METHODS

The functional residual capacity - (FRC) and the vol-
lume (Vs) and minute ventilation rate (Vs) of the most
poorly ventilated lung space were measured by an open-
circuit helium method (4). The subject breathes a mix-~
ture of 50 per cent helium and 50 per cent oxygen for
fifteen minutes to achieve a nearly uniform concentration
of helium throughout the lungs. At the end of a normal
expiration he is switched to tank oxygen, and the ex-
pired gas is thereafter collected for subsequent measure-
ment of volume and helium concentration. In addition,
the helium concentration of the expired gas is continu-
ously followed by a sensitive katharometer between he-
lium levels of 3.30 and 0.05 per cent. When the helium
concentration reaches 0.05 per cent, the analysis is
abandoned. The FRC is calculated, as in other open-
circuit methods, from the total quantity of helium ex-
creted during the washout period and the mean intrapul-
monary concentration of helium at the start of the
washout. For measuring the slow space, a plot of helium
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grant H-1370(C) from the National Institutes of Health,
Public Health Service, and, in part, by the Life In-
surance Medical Research Fund.

2U. S. Public Health Service Post-doctorate Research
Fellow. Present address: University of Colorado Medi-
cal Center, Denver. '

concentration in the expired air against time is made on
semi-logarithmic paper. The terminal part of this curve,
which is produced by helium excretion from the slow
space, approximates a straight line. The emergence of
a straight line indicates that those parts of the lung
which are still excreting helium are being ventilated
enough alike so that they constitute, in effect, a single
homogeneously ventilated lung space. The straight line
toward which the curve tends during the last few min-
utes of the washout is drawn in “by eye.” From the slope
of this line, the point at which it intersects the ordinate
at zero time, and from the minute ventilation rate of the
subject, it is possible to estimate the ventilation rate and
volume of the slow space.

In the present study the expressions k., and f are used
to characterize the slow space. k, is the “turnover rate”
of the slow space, or ratio of its minute ventilation to its
volume (V./V.). For the lung as a whole, k is usually
between 2 and 3 if the subject is in a basal or near-
basal state. For the whole lung, k represents the ratio
between total minute ventilation and the functional resid-
ual capacity. The present subjects were not basal and
the ratio between minute ventilation and FRC was about
4, for seated subjects. The relative size of the slow
space is expressed as the ratio, f, between the volume of
the slow space and the functional residual capacity.

The present method is not well suited to the measure-
ment of rapidly ventilated lung spaces because of the lag
in response of the katharometer to change in helium con-
centration. A 95 per cent response occurs in 20 seconds.
In addition, it requires 5 to 8 seconds for expired gas to
pass from the subject to the sampling point. Although an
allowance can be made for these delays, inexactness in
the allowance may introduce serious errors into the es-
timates of ventilation rate and volume of lung spaces
which have a very rapid turnover rate. The analytical
system can measure accurately k values of at least 3.0,
as demonstrated by results obtained with simulated lungs
having a known volume and ventilation rate. Conse-
quently, the ratio of ventilation rate to volume can be
determined even for a space which is this rapidly washed.
However, the actual values of ventilation rate and vol-
ume also depend on the point where the extrapolated
straight line, whose slope is measured as k, intercepts the
ordinate. The larger the value of k, and the steeper the
resultant slope, the greater will be the error introduced
by inexactness in timing. The error in ventilation rate
and volume is proportional to the error made in deter-
mining the concentration value, C,, where the line in-
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tercepts the ordinate. This error can be calculated for
a given time error from the equation for the line:

In CEO = —kt. If it is assumed that instrumental lag is 15

seconds greater than the allowance, then volume and
ventilation rate of the slow space will be 5 per cent too
great for a k of 0.2; 13 per cent for a k of 0.5; 28 per
cent for a k of 1.0; and 65 per cent for a k of 20. The
absolute magnitude of the error in ventilation rate and
volume depends upon the value of C.. The ventilation
rate of the slow space, Vs, is estimated as: V, = Vg(%, ,
where V. is the total ventilation rate and 0.50 is the
concentration of helium in the space at the start of the
washout (4). If, for example, V. is 10 liters per min-
ute, C, is .075 (or 7.5 per cent), k is 1.0, and the error is
15 seconds, then V, will be calculated as 1920 ml. per
minute instead of the correct value of 1500 ml. per min-
ute. On the basis of these considerations it has been de-
cided not to attempt to calculate volume and ventilation
rate for spaces having a k greater than 1.0 or a C,
greater than .075. This rule is followed in the present
study.

The vital capacity and its subdivisions were measured
with a spirometer in the conventional way.

Measurements of the lung volumes and of the most
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slowly ventilated space were made with the subjects
seated, standing, recumbent (supine), in the right and
left lateral positions, and in a 30° head-down Trendelen-
burg position. The subjects were 12 normal males with
an age range of 23 to 39 years. In all 12 subjects meas-
urements were made of the FRC and, in 11 instances, of
intrapulmonary mixing in the seated, standing, and re-
cumbent positions at a single, uninterrupted study period.
These subjects are designated as “Group A.” In 9 sub-
jects measurements were made in the recumbent, lateral,
and Trendelenburg positions during a single study pe-
riod, and these subjects are designated as “Group B.”
In some instances all measurements were made at a
single session. After each individual measurement a
rest period of several minutes was allowed, during which
the subjects moved freely about and assumed various
body positions at will.

RESULTS
Effect of body position on lung volumes

The data on lung volumes in different body posi-
tions are summarized in Tables IA and IB and
are presented graphically in Figure 1. For cal-

TABLE IA

Postural changes in-lung volumes (liters)
Normal subjects, group A

Sitting Standing Recumbent
Number of

subjects Mean S.D. Mean S.D. Mean S.D.
Vital capacity 9 4.96 .55 4.96 47 4.64* 43
Inspiratory capacity 9 3.18 .50 3.10 44 3.70* .56
Expiratory reserve 9 1.80 .32 1.85 .36 0.94* 21
Functional residual capacity 12 3.30 45 3.79* 40 2.62* .60
Residual capacity 9 1.40 .52 1.81% 40 1.58 .60
Total capacity 9 6.36 .59 6.77% 42 6.22 .65
RC/TC X 100 9 22 7 27% 5 25 8

* Significantly different from the value obtained .in the seated position (p <.01;.

t Significantly different from the value obtained in the seated position (p <.02).

1 Significantly different from the value obtained in the seated position (p <.05).

TABLE 1B
Postural changes in lung volumes (liters)
Normal subjects, group B
lateral Left lateral Trendelenb

(¢ aubiectss %‘ﬁwm) [¢] s::lﬁecu) © mbiect:)m
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Vital capacity 4.64 43 4.43 .33 4.64 .59 4.32* .53
Inspiratory capacity 3.70 .56 3.13* 43 3.23* 46 3.62 .58
Expiratory reserve 0.94 .21 1.31* 47 1.41* 27 0.70* 12
Functional residual capacity 2.47 .55 2.89% .46 2.91¢ 35 2.10t .57
Residual capacity 1.54 A8 1.58 46 1.50 .32 1.41 47
Total capacity 6.18 .75 6.01 .67 6.13 .65 5.72* .74
RC/TC X 100 24 5 26 5 25 5 24 4

* Significantly different from the value obtained in the recumbent position (p <.01§.
1 Significantly different from the value obtained in the recumbent position (p <.02
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There are 12 subjects in Group A and 9 in Group B.

culating the statistical significance of changes in
lung volumes, the sitting position is taken as the
standard of reference for Group A and the re-
cumbent (supine) position as the standard for
Group B.

The residual capacity proved to be quite stable.
In the standing position it was significantly larger
than in the sitting, but otherwise it was not sig-
nificantly changed. Hurtado and Fray (5) and
Whitfield, Waterhouse, and Arnott (6) reported
that the residual capacity decreased on passing
from the sitting to the supine position but this did
not occur in the present study. The functional
residual capacity (FRC), on the other hand, va-
ried considerably with body position. For the
most part, changes in FRC were based on cor-
responding changes in the expiratory reserve.
In broad terms, the FRC, or lung volume at the
relaxation point, was greatest in the standing po-
sition and became progressively less on passing to
sitting, recumbent, and Trendelenburg positions.
The difference in FRC between standing and
Trendelenburg positions was approximately 1700
ml. Changing from the supine to a lateral posi-
tion caused a significant increase in FRC, averag-
ing about 400 ml. The total capacity was largest
in the standing and least in the Trendelenburg
position. The average difference was approxi-
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mately 1000 ml. Except for the residual capacity,
the changes in lung volumes between seated and
recumbent positions are similar to those reported
by others. For the other body positions no data
appear to be available for comparison.

The effect of body position on intrapulmonary gas
mizing

Changes in intrapulmonary gas mixing are ex-
pressed as changes in the volume (V,) and ventila-
tion rate (V.) of the most slowly ventilated lung
space. These values and the relative volume, f,
and relative ventilation rate, ki, of the slow space
are presented in Tables ITA and IIB. No differ-
ence is apparent between the seated and standing
positions (Table ITA). In each position the slow-
est space in four of the 11 subjects was too rap-
idly ventilated to be measured. Assuming the
recumbent position produced a definite change in
intrapulmonary mixing. All but one subject dem-
onstrated a measurable slow space in the recum-
bent position. The relative ventilation rate, ks, of
the slow space for the group as a whole was ap-
proximately half as fast as in the seated or stand-
ing positions. This decrease is statistically sig-
nificant. In addition, the slow space decreased
in size or, in two cases, remained virtually un-
changed on passing from standing or ‘sitting to the
recumbent position. On changing from the re-
cumbent to the Trendelenburg position, k, again
became significantly smaller, but the volume of the
slow space remained about the same. In associa-
tion with the decrease in relative ventilation rate
of the slow space on lying down, there was a small
but statistically significant decrease in total ventila-
tion rate. However, the decrease in functional
residual capacity (Table IA) was proportionately
greater than the drop in total ventilation rate, so
that the relative ventilation rate of the lung as a
whole was increased on lying down. On chang-
ing from recumbent to lateral positions, there was
no significant change in volume or ventilation rate
of the slow space.

In summary, the functional residual capacity
became smaller when a sitting or standing subject
lay down, and it became smaller still in the Tren-
delenburg position. These changes depended pri-
marily upon changes in the expiratory reserve
volume, since the residual air changed very little.



'(§0'> d) uonisod jusqunoal oy snfea ueyy ssa| Apueoyrusis |
"UOIJBIASD PJEPUE}S 9JOUSP UBIUI JI}JE SAN[BA ,

N0 AN 2 SO 4 S 1 ¥

E. BLAIR AND J. B. HICKAM

66 601 TIT ¢0r 06 0.1 01¢ 0SI 9" 6% LY IV 81" LI" ¥T o8I FeT Fle FIy F9¢  uwp
€or  ¥I1 ¥l S6 09 0¥l  0ST 001 oo W Ly ee o L 9r XN X S S 1] 8
96 01T L0 €11 08¢ 0¢€ 0€6  OfT 0L L9 SST S§§ yoo T ssT LT W 6 09 1¥ L
[N S A (4 3 A1) (1] oIr  09¢ o0z¢ e 9% 98 69 8I°  9I' 0¢  oOf 81" VT W 9 9
y01 I'trr o011 0¢ — 0¥l 0S1 o — S LE v — ey Lo — W g
001 901 ¥'6 0s 09 — 08 ¢ ¥ —  9¢ s W — ¥ ST ¥ — b4
€6 (14 SV § S A 0s 08 061 08 vy oy ST 9T Lt st 61t v 0c 1 Le e €
I 811 T'CT 86 08 08 01z O¥I 9¢"  §§° 08 P& e 61" 8I" I’ [44 I8 oF 4
8'9 06 €8 '8 00T 08I 06 0€1 og €S Le  LE 61" €T L7 1T XN S < AN 4N I
3inq e em Judq Binq e e Juaq 3inq 813 Tex juaq 3inq e e Juq 8inq 3¢ e Judq ‘ou
-udpp  -je -3l -wndRy -upp -3 -3l -wnody -uspPp  -3e[ -3B[  -WNddY -udpp  -je[ -3®]  -WNodYy -udpRp  -je[ -je] -wnody  ‘f{qng
-ualr] WT WY UL IPT By UL WRT WYIY Ul PT WBY “udL  PT WY
Cusu/"T) (Cusue/ qu) (s42131) o). €7V A/ N
A ‘el SA ‘9deds mofs SA ‘90eds Ji L
UOKE[IIUAA TejoL JO 3JEI UOHR[IIUIA MO[§ JO dwNoA
g ¢no43 ‘spalqns ppwsonN
+ 2904 3uny payopquan 1samogs ay1 uo a3uvys (ointsod fo 192 fiy
qIl d471dvL
(10> J) °n[ea juaquindsl uey) Jajeasd Appuedyrudig
‘UOIJBIASD PIEpUE]S S]OUIP SUBIW I} Sonjep
‘painseaur 3q 03 pajejpuaa A[pides 0oy aoedg
1 191 ie1 (43 1s¢ 187
FSO0I FIUC¢ FCUO 0z 049 006 4% 911 LT 1T 0¢” Le FY  F08  Fe6 UBsy
88 911 6°6 09 SIT *, 9T 8y * 15 129 * v v §6° I
6 911 9°T1 091  Oo¥L'T 0%9'1 g9 o¥'c LT 8T’ 4] (4% 144 €L 09’ 01
9°6 €11 9°¢l 06 * * oy * * ST * * (44 90°1 19T 6
§6 S'Cl 0cl 001  00¥ 0SS £e’ L 89" oI €T T’ 0¢” % §¢° 8
€11 s'Cl 9°T1 0£C 064 04S, §¢” 134 S6° LU 134 6T’ |54 g¢° 09 L
ot 601 €11 0ze  oge (171 69° Ly 6S°T 0¢” 61" ge” L 6% 8L 9
01t et L'el 0ST * * e * * 145 * * 144 or't 0z't S
£6 101 9°01 (1i4 S6 06 L 54 o¢" 125 115 60° ST €T 0¢* 14
6'¢l 8°S1 £v1 »* * * * * * * * * 6C'T 81°C 981 €
€T 9°¢l el o1y * 078, 09 * 96° (43 * 145 69° 90°T 18 4
€01 601 I 019 002t 08¢l It 00°C 0L1 14 8%’ 6V’ g 09" 18 ¥
usq  3ulpuels  pIjedg juaq  Buppuels pajess juaq  Bulpuejs  pajesag juaq  BUIpUB)S  pajeds uq  Sulpueis  pajess ‘ou
-wnaYy ~wnody -wnoay ~wnoay -wnody *fqng
A.....M:.\owﬁ.é .>A..§n.~ﬁw " . \M&wﬂumw Aozw\ "A) FK_.\.C
uoKEMIuA [BI0L JO 91X UOPERMIUIA M0[8 JO dWNOA -

386

V $nosd ‘spalgns (ouioN
1 290ds Funq paopuaa jsamoqs ay3 uo a3uvys inisod fo paffag
VII 371dV1



EFFECT OF BODY POSITION ON LUNG VOLUME AND GAS MIXING

387

POSTURE AND INTRAPULMONARY MIXING Vs FRC Vs Kg
S26vERRS | Liters Liters cc/min
-1.0
® &
o 4 307 -.80
> 25150
'o‘ .60
o 20145
asf PN 1.5{ |40 -.40
o *
) o® 101135 - 20
3 ots
. LA 1*° Fo
[
'. ° L
05 °° .,
@ ~Stonding
o -Seated - enen Vs
& =~ Recumbent .
s Vg
LI XTI Y] Ks
2 a [3 8 [) 2 4

TIME IN MINUTES

Fi16. 2. THE Errecr oF PosturaL CHANGE oN FuNcCTIONAL RESIDUAL CAPACITY AND INTRA-
PULMONARY GAs MIXING IN A NorMaL PErsoN

* The diagram on the left demonstrates the changes in helium washout curve of a normal sub-
ject resulting from changes in body position. On the right there is a diagrammatic presenta-
tion of the changes in functional residual capacity (FRC), volume of the most slowly ventilated
lung space (Vs), minute ventilation rate of the space (Vs), and ratio of Vs to Vs (ks), with
change in body position. Values in the standing position are represented by solid circles;

seated by open circles; and recumbent, by triangles.

On lying down, the most slowly ventilated space
became smaller and more poorly ventilated, and
in the Trendelenburg position it became still more
poorly ventilated. In the Trendelenburg position,
on the average, about a fifth of the resting lung
volume was being ventilated at about one-twen-

tieth of the mean ventilation rate for the lungs as
a whole. Within the limitations of the method,
lying on the side did not make intrapulmonary
mixing less even than it was in the recumbent
position.

Figure 2 illustrates some of the changes pro-

TABLE I
Postural changes in lung volume and in the slowest ventilated space: Lung disease

W. J. J 30 years M.W. & 52 years J. B. & 60 years
Cystic disease Fibrosis, Emphysema
Seated Recumbent Seated Recumbent Seated Recumbent
Vital capacity 2.20 1.92 2.12 247 2.28 2.18
Inspiratory capacity 1.10 1.12 1.62 1.97 145 1.28
Expiratory reserve 1.10 .81 .50 .50 .83 91
Functional residual capacity 2.33 2.31 4.35 4.29 7.23 6.78
Residual mpacnty 1.23 1.50 3.85 3.79 6.40 5.87
Taotal capaci 3.43 342 6.32 6.26 8.68 8.05
RC/TC X 100 36 44 67 61 74 73
ke .39 41 22 .06 13 A1
f 49 .20 55 46 .53 .50
V. (liters) 1.150 A7 240 1.99 3.80 3.36
Vi (ml./min.) 450 190 120 490 370
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duced in a normal subject by change in body
position.

Table III summarizes the effect on lung vol-
umes and slow space of changing from the seated
to the recumbent position in three patients with
lung disease. One patient had cystic disease and
the other two had emphysema. There is relatively
little change in expiratory reserve and functional
residual capacity between the seated and lying
positions. These subjects do not show the nor-
mal tendency of the resting lung volume to be-
come smaller in recumbency. The two patients
with emphysema have very large, poorly venti-
lated slow spaces. Change in body position pro-
duces no striking change in these spaces.

DISCUSSION

The present data show considerable inequality
of ventilation in the lungs of normal subjects, par-
ticularly in the recumbent and Trendelenburg
positions. In these positions, the most slowly ven-
tilated space amounted, on the average, to about
a fifth of the functional residual capacity. The
ratio of minute ventilation to volume in the slow
space was about one-third in recumbency and one-
quarter in the Trendelenburg position (Table
IIB). If the normal resting pulmonary blood
flow were evenly distributed through the func-
tional residual volume, these low ventilation rates
would result in ventilation-perfusion ratios in the
slow space of about 1 to 7 in recumbency and 1
to 12 in the Trendelenburg position. Blood per-
fusing these regions would be poorly aerated and
would furnish a large “venous admixture” to the
arterial blood. From the data of Riley and
Cournand (7, 8) it appears that the amount of
venous admixture would considerably exceed nor-
mal limits. In fact, the arterial blood oxygen
saturation at sea level should fall below 95 per
cent. Since the arterial oxygen saturation is nor-
mally well maintained in recumbency, it is prob-
able that perfusion, as well as ventilation, is re-
duced in the slowly ventilated space. Such a result
would be favored by the development of a re-
duced oxygen tension in regions where the ven-
tilation-perfusion ratio is very low (9, 10). It
has been pointed out that a local increase in pul-
monary vascular resistance resulting from local
hypoxia can be beneficial in shunting blood away
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from portions of the lung where aeration is im-
paired by disease (11). The present finding that
ventilation can be greatly reduced in some parts of
the lung by change in body position suggests that
a similar shunting mechanism may be used to
maintain normal arterial oxygenation under physi-
ological conditions in healthy subjects.

A study of the effect on intrapulmonary gas
mixing of a voluntary change in end-expiratory
lung volume in normal subjects in the sitting posi-
tion has been reported recently by Bates, Fowler,
Forster, and Van Lingen (12). The volume of
the slowly ventilated space changed in proportion
to the end-expiratory lung volume, but the slow
space continued to get the same share of the ef-
fective ventilation at different lung volumes. Ac-
cordingly, the turnover rate of the slow space in-
creased as its volume decreased. The opposite ef-
fect on turnover rate was found in the present
study when the volume of the slow space was de-
creased by recumbency.

The location of those portions of the lung which
comprise the slow space is not known. Uni-
form involvement of large portions of the lung,
particularly a segment supplied by a single bron-
chus, would presumably encourage atelectasis dur-
ing prolonged recumbency. The development of
these large slow spaces in normal subjects during
recumbency emphasizes the desirability . of fre-
quent change in body position and occasional pe-
riods of induced hyperventilation in the care of
unconscious patients or those who are confined to
a respirator.

Passing from the standing to the recumbent
position causes a decrease in the resting capacity
or relaxation volume of the lung amounting to
about 1200 ml., and assuming the Trendelenburg
position causes a further decrease of 400 to 500 ml.
These changes apparently result from a progres-
sive elevation of the diaphragm, presumably be-
cause of pressure from the abdominal viscera. It
is also possible that the resting tone of the dia-
phragmatic muscle may be decreased in the re-
cumbent position. This large change in lung vol-
ume, and the attendant change in position of the
bronchi, may account for the paroxysms of cough-
ing which often develop when patients with bron-
chitis and an active cough reflex assume the re-
cumbent position.
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SUMMARY

1. Using an open-circuit helium method, meas-
urements have been made in normal subjects of
the effect of change in body position on the con-
ventional subdivisions of the lung volume and on
the size and ventilation rate of the most slowly
ventilated portion of the lung. The subjects were
studied in the standing, seated, supine, right and
left lateral, and Trendelenburg positions.

2. The functional residual capacity became pro-
gressively smaller on passing from the standing
to the seated position, from seated to recumbent,
and from recumbent to Trendelenburg. These
changes depended primarily upon changes in ex-
piratory reserve volume, since the residual ca-
pacity changed very little.

3. Most of the subjects demonstrated in the
standing and seated positions a slowly ventilated
lung space which could be measured by the pres-
ent technique. On recumbency, all subjects but
one demonstrated such a space. In general, the
“slow space” became smaller and more slowly
ventilated when the subjects lay down, and its
ventilation rate was still further reduced in the
Trendelenburg position. The volume of the slow
space was approximately a fifth of the functional
residual capacity in recumbent and head-down sub-
jects. The minute turn-over rate of these slow
spaces was, in general, less than 0.5.
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