LUNG FUNCTION STUDIES. V. RESPIRATORY DEAD SPACE
, IN OLD AGE AND IN PULMONARY EMPHYSEMA*

By WARD S. FOWLER 2

(From the Department of Physiology and Pharmacology, Graduate School of Medicine, Uni-
versity of Pennsylvania, Philadelphia)

(Received for publication May 24, 1950; accepted, July 24, 1950)

At the end of inspiration, the respiratory dead
space contains gas which merely fills the conduct-
ing airway and does not contribute to dilution of
alveolar gas. Precise knowledge of the volume
of this gas is important to methods of estimating
the uniformity of alveolar ventilation (1-3) and
to the evaluation of alveolar ventilation-perfusion
relationships in normal subjects and in patients
with pulmonary disease (4). The volume of the
respiratory dead space can be measured directly
and accurately in subjects with normal intra-
pulmonary gas mixing (5), but the possibility of
similar measurements in patients with pulmonary
emphysema has been doubted (2, 6).

The development by Lilly and Hervey of the
N, meter, which permits a continuous and hence
complete analysis of the N, concentration of re-
spired gases, has made possible the studies re-
ported here. These studies indicate that the re-
spiratory dead space can be measured in subjects
with pulmonary disease such as pulmonary em-
physema. Since many patients with emphysema
are elderly, respiratory dead space was measured
in a group of men of similar age, but without
cardiopulmonary disease, to serve as a basis for
comparison. This also afforded an opportunity to
see whether respiratory dead space changed con-
sistently with advancing age.

METHODS
General

Much of the controversy about the volume of the
respiratory dead space, both in normal and diseased sub-
jects, has arisen from technical and conceptual inade-
quacies. For this reason, our method and the tests re-
quired to validate it are presented in detail in this section.

Instrumental and other details have been described
previously (5). In brief the method consists of con-
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tinuous analysis and photographic recording of (1) ex-
piratory volume flow and (2) N, concentration or re-
spired gases passing through the mouth piece during and
after the change from breathing room air to breathing
99.6% O.. The subject, after semi-reclining in bed (head
and trunk elevated 50-60°) for at least ten minutes,
breathes room air through a mouth-piece attached to a
four-way valve. At the end of a normal expiration the
valve is turned so that the room air orifice is closed, and
O,, delivered through a demand valve, is now inspired ; ex-
pired gas passes through a flow meter, 30 inches of flexible
rubber tubing (2 cm I.D.), and the expiratory valve, to
a counter-balanced 120 liter recording spirometer. The
flow meter is calibrated by relating the actual volume
(measured spirometrically) to the area bounded by the
flow record and its zero line. Details of the expiratory
flow pattern cannot be recorded faithfully by this tech-
nique, but it is satisfactory for the volume measurements
required for estimation of dead space. Respiratory fre-
quency, tidal and minute volume are also measured with
the same apparatus; either compressed air or O, is de-
livered by a demand regulator.

Description and interpretation of records

With this procedure, the time, N, concentration and
volume flow of each expiration are recorded continuously.
Figure 1(A) shows a typical normal record of a single
expiration, which has been replotted as N, concentration
against the volume expired. It can be divided into three
successive phases in which N, concentration (I) equals
inspired concentration (0.4%), (2) changes in an S-
shaped fashion, and (3) is practically rectilinear (7).
Phases 1 and 2 represent washing out of the dead space
and phase 3 represents alveolar gas. These three phases
are also present in other expirations, although the alveo-
lar N, concentration is progressively reduced with suc-
cessive inspirations of O,. For measurement of respira-
tory dead space by Bohr’s formula, it is necessary that
the dead space be completely washed out, and the N,
concentration of the expired alveolar gas be known. In
normal subjects, the completion of wash-out is indicated
by the end of the sigmoid second phase; the gas expired
during phase 3 satisfies a ventilatory criterion for alveolar
gas and usually has a nearly uniform N, concentration
(8). Thus completion of phase 2 can be identified di-
rectly on the photographic record by drawing a straight
line along the top of phase 3, or “plateau,” extending it
to the left and noting the point at which this line be-
comes tangent to the rising sigmoid curve.
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This cannot be done for many patients with pulmonary
disease and some healthy elderly persons. The linearity
of phase 3 becomes apparent only when N, concentration is
plotted against expired volume, as illustrated by Figure
1(B). The criterion used previously to interpret the
phases in young normal adults is not applicable here, be-
cause pulmonary ventilation deviates too greatly from
uniformity. However, two other approaches have been
useful in confirming the presence and interpretation of
the phases in records of patients wtih pulmonary disease.

(A) In a separate procedure, the subject, previously
breathing room air, expires maximally; then without
pause, he inspires O, maximally and then makes another
maximal expiration through the flow meter to the re-
cording spirometer. This maneuver, illustrated in Fig-
ure 2(A), enlarges phase 3, provides additional points
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(See text.)

which confirm the linearity, and also permits measure-
ment of dead space at maximal lung inflation.

(B) In the above maneuver, the dead space is filled with
O, at the end of inspiration, and the directions of the
slopes of phases 2 and 3 are similar. If the direction of
slopes could be made dissimilar, this would facilitate de-
tection of the completion of phase 2, and also support
the interpretation that this indicates the end of the dead
space wash-out. This was found to be possible, particu-
larly in abnormal subjects, by having the subject in-
spire O, (650 ml) followed without interruption by air,
and then expire maximally. This sequence was achieved
by inserting an O,-filled tube between the four-way valve
and the demand regulator delivering compressed air.
The maximal inspired volume provides sufficient O, to
dilute alveolar N, and also sufficient air to wash through
and fill the dead space. The record of the succeeding ex-
piration is illustrated by Figure 2(B). The direction of
the slope of phase 2 is now different from that of phase
3 and the point of intersection, or completion of phase
2, is clearly evident.

These two procedures (O, and O,-air inhalations)
were done by nine patients (five female, four male).
Each showed excessive variation (steep slope) of the
N, concentration of phase 3 after O, inhalation (of the
type illustrated by Figure 2[A]). The records were es-
sentially similar although the patients had a variety of
diseases (two emphysema, two asthma, two sarcoidosis,
one each bronchiectasis, silicosis and pulmonary cancer).
Four patients produced records quite like Figure 2(A) and
(B). Five patients had less steep slopes (phase 3) after
inhalation of O,; these showed practically horizontal
slopes after inhalation of O, followed by air. Not only
was the three-phase pattern of the curves maintained for
both procedures, but also the volume characteristics. The
average volume (BTPS) expired prior to completion
of phase 2 was 462 ml, S.D., = 97 after maximal inhala-.
tions of O,, and 502 ml, S.D. % 149 after O,-air inhala-
tions. The mean difference, 40 ml, did not vary signifi-
cantly from zero. The only apparent explanation for the
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constancy of this point is that. it represents completion
of dead space wash-out. Armitage and Arnott suggest
that the increasing N, content later in phase 3, as in
Figure 2(A), represents a decreasing amount of admix-
ture with O, from the dead space, “pure” alveolar gas
being expelled only at the extreme end of expiration (9).
This explanation is incompatible with records like Fig-
ure 2(B), in which phase 3 slopes upward even though
the dead space was previously filled with air. The dif-
ference in the magnitude of the slope of phase 3 with
the two procedures has been discussed previously (8).

" These results indicate that the records of both patients
and normal subjects can be described and interpreted
similarly. The hyperventilation maneuvers A and B add
certainty to the interpretation of records of quiet expira-
tion like Figure 1(B) ; on the basis of the latter records
alone, one might question the existence of a distinct linear
third phase. However, the volume characteristics of the
hyperventilation records are larger in general than those
of quiet breathing, because with maximal lung inflation
the dead space and the volume needed to wash it out on
expiration are enlarged. (The latter volume in our ex-
perience has not exceeded 750 ml.) In certain patients, as
noted below, the dead space cannot be measured during
quiet breathing, because the tidal expired volume is in-
sufficient to establish the presence of phase 3. This dif-
ficulty can be removed by augmenting the expired vol-
ume, as by hyperventilation; however, this value for dead
space may not equal that which obtains during quiet
breathing, because of changes in lung inflation and in-
spiratory time.

Dead space measurement

The measurement of dead space by Bohr’s formula,
as described previously (5), requires knowledge of the
N, concentration of the alveolar gas component in the
total expired volume. During expiration, some alveolar
gas mixes with and washes out the inspired gas from the
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upper airway (phase 2). The N, concentration of this
alveolar gas is not known, but in the case of normal sub-
jects it may be assumed that the wash-out was effected by
alveolar gas having a N, concentration practically equal
to that appearing immediately after wash-out is complete.
In patients with uneven pulmonary ventilation one can
reasonably assume that alveolar gas composition changes
during the wash-out of dead space similarly to the change
observed after wash-out; this assumption is illustrated by
the broken lines in Figures 1 and 2, and was made in ob-
taining the data in Table I. :

Dead space/tidal volume fraction

Because the method used here involves the breathing
of O, which may alter the tidal volume, we measured the
tidal volumes during breathing of both compressed air
and O,, each averaged for periods of five minutes. . For
12 healthy control subjects (three young and nine elderly
men) the mean difference was not significant, amounting
to an increase of 2% of tidal volume while breathing O..
However nine of 11 subjects with marked pulmonary
emphysema had smaller tidal volumes when breathing O,
than when breathing air. For the patients having meas-
urements listed in Table I, a significant mean reduction,
17.6%, was observed. This was probably related to a
reduction of reflex respiratory stimulation caused by
anoxemia; their average resting arterial O, saturation
was 90.6%.

RESULTS
Respiratory dead space in young and old men

Measurements on 21 male subjects without
clinical or fluoroscopic evidence of cardio-respira-
tory disease are given in Table I. The younger
group consisted of six physicians and four hospital
patients, the older group of 11 hospital patients.

TABLE I
Physical and respiratory data for young and old men, and male patients with pulmonary emphysema*t
G ! ] Tidal Resp. LDS min. Resp. dead
Toup No. Age Ht. Wt. vol. :::c‘l v X100 | Resp./min m :xp;‘ic:u 0.
yrs. cm. mi. ml. % ml.
Young 10 Mean 28.2 175.2 719 567 127 22.6 17.0 222
men S.D. (&) 5.5 3.9 8.8 93 26 4.1 6.4 45
Range 17-36 | 170-181 | 56-84 | 447-780 | 102-188 | 16.9-30.8 | 8-27 155-300
Oild 11 Mean 59.61 165.8% 69.7 623 150 249 18.9 220
men S.D. (%) 6.3 7.9 12.9 149 31 6.1 3.9 70
Range 53-71 | 153-177| 52-91 | 440-880 | 104-201 | 14.7-34.0 | 16-27 95-318
Emphysema 9 . | Mean 66.01§| 169.9 64.2% 709 1693 24.7 17.8 232
S.D. (%) 7.4 7.0 6.2 250 34 6.8 6.1 57
‘Range 51-77 |158-180 | 55-73 |430-1,230| 115-210 | 16.4-37.6 | 8-27 150-295
* All volumes emesed BTPS.
t Tidal volume, DS/TV ratio and resp./min., for young and old men pertain to breathing of O, and for emphysema

(eight cases) to breathing of air. See text.

Mean value differs significantly by small sample method from mean value for young men.
Mean value differs significantly by small sample method from mean value for old men.
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Although the mean values for dead space during
quiet breathing were, respectively, 150 and 127 ml
for old and young men, the difference was not
statistically significant (p between 0.1 and 0.05).
Similar (larger) values were obtained in both age
groups after the lungs had been maximally in-
flated. The tidal volume measurements, and
dead space/tidal volume fractions pertain to
breathing of O,; as noted above, no significant
difference was found in 12 of these subjects be-
tween the tidal volumes during breathing of O,
or compressed air.

Respiratory dead space in patients with pulmonary
emphysema

Twelve male subjects having the diagnosis of
chronic pulmonary emphysema were studied; the
diagnoses were based on their history and upon
physical, radiological and physiological examina-
tions. In all, N,, flow, and tidal volume measure-
ments were made during quiet breathing of O,, and
after a single maximal inspiration of O,. In 11,
as noted above, tidal volume was measured both
during inhalation of O, and of compressed air.

In three patients dead space could be measured
only after maximal breathing, because their tidal
volumes during quiet breathing of O, (339 ml
average) presumably did not completely wash out
the dead space on expiration, 7.e., had no linear
third phase. However, it is likely that wash-out
was more nearly complete with the larger tidal vol-
umes (410 ml average) associated with breathing
of air. The dead space values in these patients at
maximal inspiration were similar to those listed in
Table I.

In the other nine, respiratory dead space could
be measured during both quiet and maximal
breathing. Data are given in Table I. For quiet
breathing, an average dead space value for each
subject was obtained by measurement of two or
three representative expirations, plotted as N,:
volume curves. The mean value of 169 ml (Table
I) was significantly greater (p < 0.01) than the
mean value, 127 ml, for the young men, but not
significantly greater (p = 0.2) than the 150 ml
mean for the older men. The dead space values at
maximal inspiration were similar in all groups.

The mean dead space/tidal volume fraction was
normal, 24.7%, using the tidal volume while
breathing air (Table I), but significantly en-
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larged, 31.3%, if the smaller tidal volumes due to
breathing O, were used. The conclusion that the
dead space/tidal volume fraction during breathing
of air by patients with emphysema is not greater
than normal must be tempered by the fact that
three of the 12 subjects did not completely wash
out the dead space on quiet expiration and there-
fore it could not be measured. However if a dead
space of 169 ml is assumed for these subjects, the
mean fraction for the 12 patients would be 29.5%
S. D. = 10.8%, which is not significantly greater
than the normal values (p = .1).

DISCUSSION

Various observers, using different methods of
measurement, have considered an actual increase of
respiratory dead space in pulmonary emphysema
to be unlikely (10, 11) or “simulated” (12) or
“extremely likely” (2). The significance of meas-
urements of respiratory dead space varies with
the method used. The volume of the dead space
as measured here probably approximates that of
the so-called anatomical dead space. The mean val-
ues increase progressively from young to old men
to patients with emphysema. However, only the
mean values for young men and patients differ sig-
nificantly. The small increase probably reflects
the overall state of pulmonary hyperinflation ex-
hibited by such patients during natural breathing.
This might suggest that at least some parts of
the bronchial tree suffer a loss of elasticity similar
to that of the lung as a whole. It is speculative
whether the enlargement could result from a
smaller extent of gaseous diffusion between ter-
minal bronchioles and alveolar spaces, caused by
the altered peripheral architecture of the air-
way (13). However, at a similar degree of total
pulmonary inflation, i.e., maximal inspiration, the
dead space values for patients and both groups of
normal subjects were similar.

A group of elderly male patients with emphy-
sema were reported by Birath (2) to have a mean
“dead space” volume of 330 ml, and a mean dead
space/tidal volume fraction of 55.9%. Both
values are significantly greater than those in
Table I. The difference is very probably due to
the presence in his patients of uneven pulmonary
ventilation, which with his method can make
the calculated value greater than the actual volume
of the respiratory dead space; a reduction in tidal
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volume of his subjects associated with rebreathing
an O,-enriched gas mixture may also have con-
tributed to the large dead space/tidal volume
fraction.

When breathing air, the expired gas of emphyse-
matous patients generally has abnormally high
O, and low CO, concentrations (12). This find-
ing, and various indices calculated therefrom,
such as the ventilation equivalent and the “dead
space”/tidal volume fraction of Riley and Cour-
nand (4), could result from several situations.
The alveolar gas component of the total expired
gas could be abnormal in composition with a nor-
mal dead space/tidal volume fraction, or it could
be normal in composition with an abnormally large
dead space/tidal volume fraction. The physiologi-
cal implications of these two situations are quite
different. The data presented here indicate that,
in general, the latter explanation is not tenable.
However, in individual cases, particularly those
with a small tidal volume, the actual dead space/
tidal volume fraction may be greater than normal,
especially during the inhalation of O,.

Measurements of dead space in pulmonary em-
physema were made because such patients have
presented the most difficulty with older methods.
These studies, while clarifying certain points, in-
dicate one principal remaining difficulty. The
presence of a linear third phase must be established
to indicate complete expiratory wash-out of the
dead space. In records such as Figure 1(B),
phase 3 must comprise 100-200 ml to reasonably
establish the linearity. During inhalation of O,,
the tidal volume of certain anoxemic patients is
insufficient for this. Although dead space meas-
urement in such patients is made possible by in-
creasing the expired volume, this requires altera-
tion of the natural breathing pattern, and the re-
sulting value may not equal that which obtains
during quiet breathing. Sufficient numbers and
degrees of various pulmonary disease conditions
have not as yet been studied to establish the uni-
versality of the three-phase pattern noted above,
on which the measurement of dead space is based.
In particular, the linearity of phase 3 is empirical,
and depends on the sequential emptying of the
lungs, as discussed previously (8). However, this
pattern is clearly present in normal humans from
infancy through old age, and no gross deviation
has been observed in the records of more than
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100 patients with various types of cardio-respira-
tory disease.

SUMMARY

Continuous measurement was made of N, con-
centration and volume-flow of gas expired after
O, inhalation. The graph of N, concentration
plotted against volume expired during one expira-
tion can be separated into three phases in which
N, concentration successively (1) equals inspired
concentration (2) increases in an S-shaped fash-
ion, (3) is rectilinear. Evidence has been pre-
sented previously that in normal subjects, the
completion of phase 2 indicates that the dead space
has been washed out and phase 3 consists of alveo-
lar gas. In certain records obtained during quiet
breathing by patients with pulmonary disease,
there was uncertainty whether phase 2 was com-
pleted. For measurement of respiratory dead
space it is necessary that the dead space be washed
out completely and an alveolar. concentration be
obtained.

The completion of phase 2.and presence of phase
3 were verified in studies on patients using maxi-
mal expirations following inspirations of O, alone,
and a sequence of O, and air. These studies sup-
port the belief that completion of phase 2 indi-
cates that the dead space has been washed out, and
that phase 3 consists of alveolar gas; this permits
the selection of a value for alveolar N, concentra-
tion which can be used in measurement of the re-
spiratory dead space.

Ten normal young men, 11 normal old men
and 12 elderly male patients with marked pul-
monary emphysema were studied in a semi-re-
clining position. Measurements were made of
(@) respiratory dead space during quiet breathing
and after maximal inspiration of O, and (b)
tidal volume during breathing of O, and com-
pressed air. Three patients, during inhalation of
O,, did not completely wash out the dead space on
expiration. The mean respiratory dead space of
nine patients with emphysema, measured during
quiet breathing, was 169 ml; this was significantly
greater than the mean value of 127 ml for the young
men. The mean value for old men was 150 ml.
The respiratory dead space after maximal inspira-
tion was similar in all three groups. The tidal
volume of patients with emphysema and anoxemia
was smaller when breathing O, than when breath-
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ing air. The significance of data dependent on the
dead space/tidal volume fraction of patients with
emphysema is discussed.

The author wishes to thank Dr. J. H. Comroe, Jr. for
valuable advice.
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