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The diffusing capacity of the lungs for carbon
monoxide is measured as the ml. of carbon mo-
noxide (CO) that can be transferred from the
alveoli to the blood per mm. Hg pressure differ-
ence of CO between the alveoli and the blood.
This measurement can be made by steady state
techniques or by the single breath method. Two
steady state methods have been described recently,
which differ in the methods by which the mean al-
veolar CO concentration is measured. In one
method (1) the mean alveolar CO concentration
is calculated by assuming that CO and CO, have
the same dead space and that the partial pressure
of CO, in the arterial blood is equal to the mean
alveolar partial pressure of CO,. This method re-
quires an arterial puncture and accurate estimation
of the partial pressure of CO, in the arterial blood
so that its routine and repeated use in patients is
limited. The other steady state method described
by Bates, Boucot, and Dormer (2) uses the end
tidal CO as a measure of the mean alveolar CO
and, as it is a bloodless method, can more easily
be used for repeated measurements on patients.
These two methods give results which lie in a
similar range although some of the values for
normal subjects reported by Bates and Pearce (3)
are low in relation to the usually accepted range.
The single breath method of Krogh and Krogh
(4), recently modified by Ogilvie, Forster, Blake-
more, and Morton (5), is simple to carry out
but comparison with the steady state method of
Filley has shown (6) that the single breath
method gives higher values in normal subjects;
in disease the values obtained by the single breath
method may be very much higher than those
obtained by the steady state method. Similar re-

1 Cooper and Coventson Research Scholar, St. Bar-
tholomew’s Hospital. Present Address: The Nuffield
Department of Surgery, The Radcliffe Infirmary, Ox-
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sults have been obtained in this laboratory when
comparing the single breath method with the
steady state method of Bates and co-workers (2).
By this latter method patients with emphysema
give a uniformly low Dy? but many of these pa-
tients have a normal Dy, measured by the single
breath method. Because of these findings it was
decided to make further comparisons of the single
breath and steady state methods of measuring Dy,
by applying methods for fractional analysis of the
alveolar air.

METHODS

The single breath measurements of Di. These were
made using the apparatus and methods described by
Ogilvie and co-workers (5). The gas mixture inspired
consisted of 14 per cent helium, 0.125 per cent CO, 20
per cent O, and the remainder N,. Before and after each
determination on the normal subjects the alveolar air
was equilibrated with the carboxyhemoglobin in the blood
by breath holding for the maximum time at the func-
tional residual capacity (F.R.C.) The patients equili-
brated the blood and alveolar CO by rebreathing the ex-
pired air for 30 to 45 seconds (7). These two methods
have been found to give the same result and the patients
find rebreathing easier to do than breath holding. The
back pressure of carbon monoxide before breath holding
was calculated by correcting the equilibrated CO accord-
ing to the following equation:

Back pressure of CO in lungs during breath holding

B.H. O,
equil. O,’

where B.H. O, is the tension of O, in the lungs during
the test, and equil. O, is the tension of O, in the rebreath-
ing bag at the end of the equilibration. This correction
is only approximate since it assumes that the hemo-
globin in the capillaries is fully saturated with oxygen,
but in these subjects the equilibration CO tension was
small (approximately 0.1 to 0.5 per cent of the tension
of CO in the alveoli during breath holding) and the error
introduced is small. This back pressure of CO was sub-

= equilibrated CO per cent X

2 The abbreviation Dy, is used to designate the apparent
diffusing capacity of the lung for CO (5).
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tracted from the expired CO per cent for calculation of
D. (5).

Measurements of the single breath Dy in normal sub-
jects were made at full inspiration and at a volume ap-
proximating the F.R.C. Two measurements were made
at each of the volumes. Measurements were made at full
inspiration only in the patients with emphysema because
of the small volume of expired air available for analysis
and because, in these patients, the inspiratory capacity
is small in relation to the F.R.C. The predicted normal
values for Dy were calculated from the regression equa-
tion of Ogilvie and co-workers (5).

Single breath measurements of D. with fractional
analysis of the expired air. The apparatus used for the
fractional analysis of the expired air is shown in Figure
1. It was essentially the same as that described by Ogil-
vie except that no three-way tap was inserted between
the valve box and the mouthpiece, and distal to the ex-
piratory valve a three-way tap (T,) and a 4.5 meter
length of rubber tubing of 2.5 cm. bore (C) connected
the expiratory valve to the aspirator bottle containing
the bag (A) and to the spirometer. This tube had cross
wires inserted at intervals of 30 cm. in order to produce
a turbulent flow of gas in the tube (8). The mouth-
piece and valve assembly had a dead space of 35 ml
The procedure for fractional measurement of the diffus-
ing capacity was similar to that described by Ogilvie (5),
but the expiration after the 10 seconds breath holding
was as full as possible, and immediately on its comple-
tion the tap (T,) was turned to shut off the gas in the
tube (C). Samples were taken from three points along
the tube at known volumes from the mouthpiece by pierc-
ing the rubber tube with wide bore needles attached to
well-oiled 50 ml. syringes. At each point two samples
were withdrawn simultaneously. The samples were first
withdrawn at the distal end of the tube. The volume
along the tube at which these samples were taken was
determined by the volume of gas expired. A second pair
of samples was withdrawn at an intermediate point along
the tube and a third pair of samples from just beyond
the tap (T,). The samples taken at each point of the
tube were analyzed for CO and helium. The gas mixture
inspired contained 14 per cent helium, 1 per cent CO,
20 per cent O, and the remainder nitrogen. The high
percentage of CO was necessary because the CO samples
had to be diluted to a volume large enough to completely
flush the analysis tube of the infra-red CO meter. Pre-
liminary experiments had shown that concentrations of
CO in the inspired air as high as 3 per cent had no ef-
fect on Dy measured by the single breath method. The
syringes were calibrated to within 0.1 ml. by weighing
the water that they could deliver. The CO concentration
of the sample was measured by diluting 50 ml. of gas
from the syringe with air in a vessel of 668 ml. capacity.
After allowing an interval for mixing, the diluted gas
was displaced by water and passed through the CO me-
ter. The helium concentration was measured by passing
the gas from the syringe through a small soda lime
scrubber and through a katharometer.
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Fic. 1. DIAGRAM OF THE APPARATUS FOR MEASURE-
MENT OF Dy WITH FRACTIONAL ANALYSIS OF THE Ex-
PIRED AIR

A, bag containing the gas mixture to be inspired; B,
bag for collecting the expired gas in the steady state; C,
tube in which the expired air is held prior to sampling;
M, mouthpiece; T,, T, T, three-way taps; S, spirometer ;
K, kymograph.

Calculation of D was made in the usual manner for
each set of samples. The time that had elapsed between
the beginning of the inspiration and the expiration of the
sample was measured from the kymograph tracing. The
lung volume used in the calculation was the same for
each sample, namely the volume during breath holding.
This fractional measurement of Dr was carried out first
in the usual way with a full inspiration from the residual
volume; it was repeated with an inspiration of moderate
depth (usually about 1.5 liters) taken from the F.R.C.

Measurement of the steady state Dy with fractional
analysis of the alveolar air. The apparatus used was
similar to that shown in Figure 1 except that the bag (A)
and aspirating bottle were replaced by a rubberized
gabardine bag of 80 liters capacity containing the gas
mixture to be breathed. On the side arm of the tap T,
was attached another rubberized gabardine bag (B) and
three-way tap (T;). The taps T, and T; were turned
so that at the start of the experiment the subject ex-
pired to the atmosphere through the side arm of tap T,
Before the start of the experiment an equilibration sample
was obtained by breath holding or rebreathing as de-
scribed previously. The procedure during the experi-
ment was as follows: The subject breathed a mixture of
approximately 0.5 per cent CO in air and expired to the
atmosphere through T,. The patients were allowed to
breathe at their normal respiratory rates but the normal
subjects breathed to a metronome at 12 respirations per
minute. This was done because some normal subjects,
when breathing quietly, have a small tidal volume, but
usually have a larger tidal volume when breathing in
time to a metronome. A tidal volume of about 600 ml.
is necessary to wash out the dead space so that the end
tidal sample consists of alveolar air. Two and one-half
minutes were allowed for a steady state to be established
in the lungs. Tap T; was turned to collect the expired
gas in bag B and the gas collected for a measured time,
usually one and one-half minutes. During this period of
collection the respirations were counted and end tidal
samples of approximately 10 ml. of gas were taken from
just beyond the expiratory valve during each inspiration,
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The sample for analysis of CO was taken into an oiled
50 ml. syringe and a sample for analysis of CO, and O,
was taken into a 20 ml. syringe lubricated with a satu-
rated solution of lithium chloride. At the end of the pe-
riod of gas collection the tap T, was turned for the pa-
tient to expire to the atmosphere and a few breaths later
the kymograph was started and the tap T, was turned to
connect tube C. At the next inspiration the subject was
instructed to expire fully and forcibly. The patients with
emphysema started their full expiration at the height of
an inspiration but normal subjects started it after a nor-
mal expiration. As soon as the expiration was complete,
tap T, was turned to close off the tube C and samples
were taken from the tube for analysis of CO, CO, and O..
The samples were analyzed for CO as described above
and for CO, and O, using the Scholander gas analysis ap-
paratus. Equilibration samples were again obtained,
half a minute after the CO breathing from the normal
subjects and one minute after the end of the CO breath-
ing from the emphysema patients.

Calculation of the mean alveolar CO by a modification
of Filley's method. The mean alveolar CO was calcu-
lated from the mixed venous pCO, of the last five pa-
tients studied. Sivertson and Fowler (9) have shown
that after a period of 16 to 20 seconds of breath holding
the expired air, in patients with emphysema, contains a
uniform concentration of CO, This concentration is
apparently the same as the mixed venous CO,. In this
investigation equilibration with mixed venous blood was
carried out by rebreathing for 20 seconds from a bag
containing 1 liter of alveolar air. This alveolar air had
been obtained after a previous 20 second rebreathing pe-
riod. The rebreathing was carried out immediately after
the patient had completed the full expiration into the frac-

tional analysis tube at the end of the period of steady
state breathing. The assumptions which must be made
in order to calculate the end capillary pCO, are the
cardiac output and the pH of the blood. In this study a
cardiac output of 6 liters per minute, a pH of 7.41 for
the mixed venous blood, and a pH of 7.39 for the ar-
terial blood have been assumed. The arteriovenous dif-
ference in CO, content is calculated from the measured
CO, output during the steady state breathing and from
the assumed cardiac output. The end capillary pCO, is
calculated using the nomograph of Dill, Edwards, and
Consolazio (10). Since the assumed values of cardiac
output and pH affect only the arteriovenous difference of
pCO,, which is usually in the region of 5 or 6 mm. Hg,
reasonable variations in the assumed values for cardiac
output and pH will produce errors of only 1 or 2 mm. Hg
in the end capillary pCQO,, errors which are no greater
than the experimental error of direct measurement of ar-
terial pCO.,.

Fractional analysis of the expired air for helium. This
procedure was carried out using the apparatus shown
in Figure 1. A 14 per cent helium mixture in air was
inspired and expired immediately into the tube. Samples
were taken at intervals along the tube. Fractional analy-
sis of the expirate was carried out: a) after a full in-
spiration from the residual volume, and b) after an in-
spiration of about 1.5 liters from the F.R.C. Procedure
b) was done in order to measure the distribution of
helium in the alveolar air after a breath similar to an
ordinary inspiration.

The lung volume of all subjects was measured by
closed circuit spirometry and by the helium dilution
method of Bates and Christie (11). The results were
corrected to B.T.P.S.

TABLE I

Physical data on five normal subjects and eleven patients with emphysema

Subject Age Sex Height Weight B.S.A¥* F.R.C.t R.V.1 V.C§
years cm. Kg. M2 L. L. L.
Normal -
A. B. 26 M 168 60.8 1.66 3.39 1.98 4.41
R.W. 28 M 185 71.0 1.93 6.72 3.83 6.52
R. M. 34 M 176 75.4 1.95 3.86 1.69 5.77
M. E. 19 F 161 47.7 1.47 3.33 2.08 3.50
P.R. 19 F 165 54.9 1.59 2.54 1.50 3.53
Emphysema

P.F. 53 M 173 60.2 1.72 6.61 5.83 1.95
G.E. 63 M 169 68.5 1.78 5.06 4.58 1.96
T.F. 64 M 178 63.5 1.79 3.94 3.43 2.37
R.R. 51 M 180 78.0 1.97 5.70 5.12 2.32
A.G. 63 M 170 46.2 1.52 6.12 5.50 2.39
J. T. 61 M 168 56.2 1.63 4.24 3.81 2.04
H. B. 62 M 165 69.8 1.77 317 . 2.69 2.10
,L. L. 56 M 174 51.4 1.61 5.66 4.70 3.34

. C. 53 M 173 56.8 1.67 4.73 3.70 3.20
F.B. 58 M 163 57.3 1.61 3.64 3.14 2.48
S.R. 64 M 163 59.1 1.62 3.98 3.45 1.74

* Body surface area.
Functional residual capacity.
Residual volume.

Vital capacity.
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Fractional analysis of helium concentration in the expired air:

TABLE II

Expiration immediately after end of inspiration

397

Per cent helium

Inspiration Volume of sample from mouth at end of expiration (lsters)
Subject fro(:rll1 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.2
Normal
A.B. R.V.* 11.2 10.94 11.08
F.R.C.t 3.53 3.41 3.17
R. W. R.V. 9.36 9.00 8.67
F.R.C. 2,98 2.78 2.63
R. M. R.V. 11.50 11.35 10.67
F.R.C 3.06 2.58 2.40
M. E. R.V. 8.48 8.25 8.06
F.R.C. 4.80 4.65 4.35
P.R. R.V. 11.58 11.35 11.33
F.R.C. 6.98 6.77 6.57
Emphysema
P.F. R.V. 9.98 7.17 5.73
F.R.C. 6.56 4.37 3.38
G.E. R.V. 9.30 8.43 6.58
F.R.C. 5.92 5.18 3.712
T.F. R.V. 10.03 9.08 7.82
F.R.C. 6.98 5.50 3.75
R.R. R.V. 8.48 7.30 6.17
F.R.C. 7.42 6.40 4.57
A.G. R.V. 9.22 7.68 6.23
F.R.C. 4.28 2.95 2.07
J.T. R.V. 10.43 9.27 8.13
F.R.C 6.62 5.72 4,73
H. B. R.V. 8.77 8.12 7.28
F.R.C. 591 5.23 4.19
J.L. R.V. 11.0 7.97 6.58
F.R.C. 5.83 3.60 2.50
P.C. R.V. 9.80 9.30 8.48
F.R.C. 5.53 4.62 4.04
F.B. R.V. 10.60 9.51 7.97
F.R.C. 6.34 4.77 3.58
S.R. R.V. 5.40 4,78 3.36
F.R.C. 5.95 4.62 2.47

* Residual volume.

t Functional residual capacity.

RESULTS

The investigations were carried out on 5 nor-
mal subjects and 11 patients with emphysema.
The physical data and lung volumes of these sub-

jects are shown in Table I.

A. Distribution of helium in the lungs after a

single breath

The results for the normal subjects and the pa-
tients with emphysema are shown in Table II.

These experiments were carried out to investigate
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@, expiration immediately after the inspiration; X, ex-
piration after breath holding for 10 seconds.

the gas distribution in the lungs of the subjects
and to compare the distribution after large breaths
from the residual volume (as in the single breath
test) and inspiration of a moderate sized breath
from the F.R.C. (as in the steady state tests).

TABLE III
Measurement of Dy, by the single breath method

Predicted Lung
Subject DL volume DL
ml.[min./mm.Hg liters BT.P.S. ml.[min./mm. Hg
Normal
A.B. 24.5 7.31 40.7
4.46 30.8
R. W. 29.6 9.70 48.6
7.00 .36.6
R. M. 30.0 7.41 31.1
4.50 24.7
M. E 20.9 5.05 25.2
3.59 21.9
P.R. 23.0 4.99 26.6
2.99 23.3
Emphysema
P.F. 25.6 8.13 9.0
G.E. 26.8 7.23 25.5
T.F. 27.0 5.90 8.3
R.R. 30.2 7.92 25.0
A.G. 219 8.79 18.1
J. T. 23.9 6.04 23.6
H. B. 27.9 6.04 20.0
J. L. 23.5 7.82 10.7
P. C. 24.7 7.38 19.8
F.B. 23.5 5.94 18.8
S.R. 23.7 5.16 21.7
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The effect of 10 seconds breath holding on the
distribution of inspired gas was also investigated.
The normal subjects had an almost even distri-
bution of gas with both types of inspiration. The
patient with emphysema showed uneven distribu-
tion of the inspired helium with both types of
inspiration. Breath holding for 10 seconds re-
duced, but did not abolish, the uneven gas distri-
bution (Figure 2).

B. Single breath Dy, measurements

The results of these measurements are shown
in Table III. Six of the eleven patients with

eI
x
o

o
o
(-3

-
.=
-

& w
)
)
\
X
\
)
\
v
!
(2]
o
o
2 2

N
2

°

HELIUM IN EXPIRED AIR — ©)
w e re
%
\
‘v
A}
1)
[
w
CO IN EXPIRED AIR—9)o

SUBJECT: A.G.

cO

T 3 °
VOLUME EXPIRED —LITRES

Fic. 4. THE CoNCENTRATIONS OF CO AND HELIUM IN
THE DiIFrFereNT FrACTIONS oF THE EXPIRED AIR OF A
PaTiENt WireE EmpHYSEMA AFTER BrREaTH HoOLDING
For 10 SECONDs

®, CO concentration measured in the expired air; X,
CO concentration corrected for the time required for
expiration.
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emphysema had a single breath Dy within one
standard error of the normal value predicted by
the formula of Ogilvie and associates (5).

C. Fractional measurement of Dy by the single
breath method

The results obtained in these experiments are
shown in Table IV and in Figures 3 and 4. There
was no appreciable difference in the results ob-
tained with breath holding after a full inspiration
from the residual volume and those obtained with
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an inspiration from the F.R.C. of about 1.5 liters.
The Dy, of the fractional samples of the alveolar
gas of the normal subjects shows a small rise in
the later expired samples in some of the subjects
but in most Dy, is approximately uniform through-
out expiration.! Similar results were obtained

8 The later expired samples contain less O, and this
will increase the D of these samples, but the effect is
small. For example, if the early expired sample con-
tains 17 per cent O, (6 =0.71) and the later expired one
14 per cent O, (0=0.77) (12), and if Dxu=60 ml/

TABLE IV
Single breath Dy, with fractional analysis of the expired air

Lung volume Dy . .
during Total Volume of sample from mouth at end of expiration (liters)
breath volume
Subject holding expired 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.2
liters liters
Normal
A.B. 7.22 4.50 42.6 44.6 47.7
5.62 2.92 36.9 36.6 39.2
R.W. 9.70 5.21 47.2 54.8
8.29 3.94 37.5 44.3 44.5
R. M. 7.06 4.46 29.8 33.1 30.5
5.60 3.33 26.5 26.5 25.8
M. E. 4.85 2.50 21.3 229 23.6
4.85 2.49 21.0 22.8 23.3
P.R. 5.00 3.12 22.8 24.5 27.4
4.83 2.96 20.8 21.3 25.7
Emphysema
P.F. 7.99 1.79 5.8 10.0 12.1
7.99 1.73 0.7 8.8 12.9
G.E 7.26 1.88 19.6 244 244
7.26 1.92 15.0 23.4 24.2
T.F 6.43 2.50 9.4 9.6 8.7
6.40 2.46 7.0 9.3 9.5
R.R. 8.95 2.90 18.0 26.8 28.9
8.40 2.87 19.3 311 25.5
A.G. 8.82 2.46 16.0 21.5 23.0
8.70 2.31 12.0 16.9 19.1
J. T. 6.28 1.75 19.2 26.8 22.5
6.26 1.84 18.6 26.2 26.3
H. B. 6.44 2.33 229 244
6.35 2.41 14.5 21.8 22.6
J. L. 8.10 2,71 13.6 12.5 13.5
7.74 2.95 129 11.1 11.5
P.C. 7.06 2.86 19.5 21.0 224
6.59 2.44 16.3 18.1 18.5
F. B. 6.03 2.44 20.1 19.0 22.8
5.99 2.40 17.5 19.5 22.9
S.R. 5.25 2.20 21.5 24.1 23.3
5.25 1.86 14.8 18.4 17.6
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TABLE V
The steady state Dy, with fractional analysis of a full expiration: Normal subjects

‘Minute Resp. End tidal gas (%)
volume per

Mixed expired gas (%)

Dvi calculated
from

Fractional
Vol. of sample
sample

from Cco

Subject (~L.) min. CO: O: co COs

Os co

End 0.2L.

mouth corrected
(L.) tidal sample

(o(0] for time

A.B. 11.0 12 4.77 16.56 0.1861

10.9 12 5.39 15.12 0.1011 3.48

5.47 15.32 0.1212 3.65

4.71 16.95 0.1783 3.20

P.R. 76 12 5.10 16.20 0.1358 3.79

3.42 17.84 0.2769

17.51 0.1995

17.02 0.2075

18.34 0.2700

17.52 0.1983

0.2218
0.2039
0.1883
0.1736

0.0703
0.0705
0.0667
0.0606

0.1214
0.1084
0.1072
0.1045
0.0976

0.2030
0.1800
0.1713
0.1628
0.1630

0.1278
0.1084
0.1020
0.0942

0.2043
0.2172
0.2160
0.2220

0.0727
0.0744
0.0715
0.0672

0.1106
0.1069
0.1085
0.1087
0.1064

0.1766
0.1724
0.1745
0.1714
0.1746

0.1147
0.1102
0.1090
0.1076

274 227
36.9

§5.5

229 26.6

21.4

21.6

19.0 244

OCOHE OOHMN OXRBNNWw OHE OFbw
Do dDubU;mo hvoowmo downk vooO

for the patients with emphysema although in some
of the patients the Dy, of the first expired sample
was low. These low values were due to admixture
of the sample with dead space gas and occurred
when the sample was taken within a few hundred
ml. of the total volume expired (see Table IV).
If the early samples are excluded the patients
with emphysema are seen to have a uniform Dy
in the different fractions of the expired air. In
these patients the time required for expiration of
the last sample may be about one-third of the
total breath holding time. During expiration the
intrathoracic pressure is high, but Ogilvie and co-
workers (5) have shown that a positive intra-
thoracic pressure has only a small effect on Dp.
Thus, there is no evidence of large changes of dif-
fusing capacity in different regions of the lungs
of these patients, but unfortunately, owing to ad-
mixture with the dead space gas, this method is
not precise enough to detect a low Dy, in the re-
gions from which the first few hundred ml. of ex-
pired gas originate. The word “region” is used
minute/mm. Hg and V.=60 ml, the Dy of the early

sample is 24.9 ml./minute/mm. Hg, and of the later
sample 26.1 ml./minute/mm. Hg.

here to denote the site of origin of the gas which
is expired at any particular time of expiration and
does not necessarily denote an anatomical division
of the lungs.

D. The steady state Dy with fractional analysis
of the alveolar air

The results obtained in these experiments are
shown in Tables V and VI. The concentration of
CO in the expired air of the subjects was corrected
for the time required for expiration, assuming
that CO was taken up at the rate denoted by the
single breath Dy, measured with the breath held
at the F.R.C. (see Appendix). The relationship
between the corrected CO concentration and the
expired volume of a normal subject is shown in
Figure 5. It can be seen that the concentration
of CO is uniform throughout the lung. The end
tidal sample is rather high in relation to the frac-
tional alveolar samples in four of the five normal
subjects despite the moderately large tidal vol-
umes and the use of a valve assembly with a small
dead space (35 ml.). This difference is prob-
ably produced by the subject taking a larger
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F16. 5. CoNCENTRATION OF CO 1N FRACTIONS OF THE
ExPIRED AIR OF A NORMAL SUBJECT IN THE STEADY
STATE

X, CO concentration measured in the expired air; @,

CO concentration corrected for the time required for ex-
piration; +, end tidal sample.

breath before the final full expiration. The Dy,
calculated from the end tidal sample is therefore
lower in most subjects than that calculated from
the last expired sample, although in only one
subject is this difference large.

The patients with emphysema do not have a
uniform concentration of CO in the alveolar air
(Figure 6), even when this is corrected for time.
Figure 6 shows the fractional analysis for CO and
CO, of the expired air of Patient H.B. when this
patient was in the steady state. Since the alveolar
CO is not uniform, the end tidal CO concentra-
tion bears no relationship to the mean alveolar
CO. The Dy, calculated, using the different frac-
tional samples as measures of alveolar CO, will
vary widely. The values obtained for Dy, using
a modification of Filley’s method for calculating
the mean alveolar CO are shown also in Table V1.

In the last five patients studied the ventilation-
perfusion ratios (V/Q) have been calculated by
the method of Rahn and Fenn (13) for each of
the samples taken during the full expiration at the
end of the steady state period. These values are
shown in Table VII in the form of ratios indicat-
ing the variation of the V/Q of the 1.0 liter sample
to that of the last expired sample at 0.2 liter. In
this table is shown also the distribution of helium
in the lungs during a single breath inspired from
the FR.C. and from the residual volume. The
relationship of V/Q of the 1.0 liter sample to that
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of the 0.2 liter sample has been corrected for the
extra time required for expiration of the 0.2 liter
sample. This correction has been made on the as-
sumption that, whereas the ventilation and perfu-
sion of the 1.0 liter sample both occupied 60 sec-
onds and the ventilation of the 0.2 liter sample
occupied 60 seconds, the perfusion of this sample
occupied 60 plus t seconds, where t is the time
interval between the expiration of the 1.0 and 0.2
liter samples. The ventilation ratio of the 1.0 and
0.2 liter samples, determined by the helium con-
centration of the samples after a single breath of
helium, is usually less when the breath is taken
from the residual volume than when the breath
is taken from the F.R.C. Both of these values
are shown in Table VII. Some of the values in
this table have been omitted when the inspiration
was taken from well above the F.R.C. The ratio
of the V/Q of the 1.0 liter sample to that of the
0.2 liter sample is of the same order as the ratio
of the ventilation of these samples, and suggests
that the perfusion per unit volume of the lung from
which the two samples originate is the same.

DISCUSSION

The different values obtained for the Dy of
normal subjects by the single breath method and
by the steady state method could be due to a
number of factors. Forster, Fowler, and Bates
(14) have pointed out that steady state methods
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Fic. 6. ConceEnTrRATIONS OF CO anDp CO, 1N Frac-
TIONS OF THE EXPIRED AIR oF A PATIENT WitH EMPHY-
SEMA IN THE STEADY STATE

X, CO concentration measured in the expired air;
®, CO concentration corrected for the time required for
expiration; O, end tidal sample of CO.
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TABLE VII
Comparison between ventilation and ventilation-perfusion ratios in five patients with emphysema

Interval between

He %, 1.0 L. sample
He %, 0.2 L. sample

; Sl

w sa?nnpleé (seé,) M _ﬁ_ Insp. from Insp. from
Patient V/Q 0.2 L. sample (=t) V/QO0.2L. " (60+t) R.V.* F.R.C.}
H. B. 1.36 6.26 1.23 1.13 1.25
J.L. 1.20 3.44 1.13 1.21 b
P.C. 1.31 4.66 1.22 1.10 1.25
F.B. 1.31 5.19 1.21 1.19 1.33
S.R. 1.44 6.34 1.30 1.42 b

* Residual volume.
t Functional residual capacity.

I These patients started the inspiration from a level considerably above the F.R.C.

may give inaccurate results if there is a dispro-
portion between ventilation and diffusion of dif-
ferent parts of the lung. In normal subjects this
and previous investigations (15) have shown that
the ventilation is approximately uniform after a
single breath of a foreign gas. The Dy, has also
been found to be uniform throughout the ex-
pired air; thus, in normal subjects unevenness of
ventilation and diffusion cannot be the cause of the
difference in results by the two methods and fur-
ther examination of the methods is necessary.

The steady state method using end tidal samples
as a measure of the mean alveolar concentra-
tion of CO (Faw)

In this method Dy, is calculated by the following
equation:

uptake of CO (ml. per minute)
Fiw X (B — 47) '

The uptake of CO can be measured accurately as
the difference between the CO inspired and that
expired. F3z, can be measured in normal sub-
jects by the use of end tidal samples (Figure 5)
provided that the tidal volume is 600 ml. or more,
so that complete washout of the dead space can
take place, and the instrumental dead space is
small. Previous experience with a valve assembly
having a dead space of 65 ml., which was of ir-
regular shape and therefore not easily flushed out,
showed that with this valve assembly true end
tidal samples may not be obtained even with a
tidal volume of 1 liter. The concentration of CO,
in the alveolar gas at the end of a normal expira-
tion lies between the maximum and minimum
concentrations which are reached during the re-

D: =

spiratory cycle (16). The end tidal sample of 60
will also lie between the maximum and minimum
levels, rather closer to the minimum level, so
that the value of Fa,, will be too low and the
resultant Dy, will tend to be too high.

The single breath method

The equation on which this method is based is
as follows:

In. T2 5 v, x 60
DL = FEco (5)
tX (B—47)
where Finc, is the initial concentration of CO in
the lungs, Fge, is the concentration expired after
time t seconds, V, (ml. S.T.P.D.) is the alveolar
volume, and B is the barometric pressure in mm.

Hg.

In. FINco

The term ——EF—E-"i is the slope of alveolar con-

centration of CO plotted against time and in these
experiments has been measured over the interval
of 0 to 10 seconds. Forster, Fowler, Bates, and
Van Lingen (17) have reported that this initial
slope may be two to five times greater than be-
tween 40 and 60 seconds when the breath is held.
This non-linearity of the logarithmic decay curve
has been ascribed by Forster and co-workers (17)
to variations in the diffusing capacity per unit
gas volume throughout the lung. Since, in nor-
mal subjects, the ventilation and the Dy, are ap-
proximately uniform in different fractions of the
expired air, it is surprising if marked differences
in diffusing capacities per unit lung volume exist.
The experiment of breath holding for different
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DURATION OF BREATH HOLDING — SECONDS

Fic. 7. THE DisaprEaraNcE oF CO FroM THE Luncs
oF NorMAL SusJEcTs WHO ARE BREATH HOLDING AT THE
FuLL INsPIRATORY PoSITION

times has been repeated in Subjects R.M. and
M.E. with the results shown in Figure 7. The
breath was held at full inspiration and correction
has been made at each point for the back pressure
of CO existing in the blood. In Subject M.E. the
CO concentration falls exponentially with time
up to the limit of breath holding (45 seconds).
Measurements have been made on Subject R.M.
on many occasions with the breath held at full in-
spiration and also at the F.R.C. When the breath
is held at the F.R.C. the fall of CO concentration
with time is exponential up to the limit of breath
holding (about 35 seconds) but with breath hold-
ing at full inspiration the fall of CO concentration
usually deviates from the straight line at 25 or 30
seconds. This deviation is small in terms of per-
centage of CO measured and in the experiment il-
lustrated in Figure 7 the concentrations did not
vary by more than 0.002 per cent from the values
lying on the straight line. This small difference
could well be due to an error in calculation of the
back pressure of CO in the blood as a result of the
recirculation of blood previously exposed to CO
in the lungs. These results do not support the
findings of Forster and associates (17). Thus,
there appears to be no need to postulate variations
in the diffusing capacity per unit volume of the
lungs of normal subjects, and such a variation of
diffusing capacity is unlikely to be the cause of the
different results obtained by the single breath and
steady state methods of measuring Dr. The single
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breath method has been criticized on the grounds
that a sudden inspiration may alter the diffusing
capacity of the lungs. The fact that the rate of fall
of CO concentration during the first few seconds
after inspiration is the same as that throughout
the remainder of the breath holding time refutes
this criticism.

One of the outstanding differences in the tech-
niques of the single breath and the steady state
methods is the lung volume at which the measure-
ments are made. Krogh (18) reported that Dy,
increased proportionately to alveolar volume at
volumes above the “mean capacity.” Ogilvie and
co-workers (5) found that the increase in Dy, was
only about 9 per cent for an increase in lung
volume of 56 per cent, although three of their five
subjects had increases of Dy, of 13, 18 and 24 per
cent. In the present investigation the mean in-
crease in Dy, was 24 per cent when the lung vol-
ume increased by 56 per cent. Figure 8 shows the
Dy, obtained by the single breath and by the steady
state methods plotted in relation to the lung vol-
ume at which the measurements were made. The
lung volume for the steady state measurements
is taken as the F.R.C. The steady state values
fall approximately on the line relating the single
breath values with lung volume; thus, the depend-
ence of Dy, on lung volume can explain the whole
of the difference between the values obtained for
the Dy, of normal subjects by the single breath
and steady state methods.

NORMAL  SUBJECTS

SINGLE BREATH D,  x
STEADY STATE D, o
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Fic. 8. THE ReLaTioNsHIP BETWEEN D;, MEeaAs-
URED BY THE SINGLE BREATH AND StEADY STATE (END
TmaL) MEerHODS, AND THE LUNG VOLUME AT WHICH
THE MEASUREMENTS WERE MADE (NORMAL SUBJECTS)
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F16. 9. THE REeLATIONSHIP BETWEEN D, MEASURED
8Y THE SINGLE BREATH AND STEADY STATE (END TipAL)
MEeTHODS, AND THE LUNG VOLUME AT WHICH THE
MEeASUREMENTS WERE MADE (PATIENTS wiITH EMPHY-
SEMA)

Other factors, in addition to those discussed
above, may account for the different results ob-
tained by the single breath and steady state meth-
ods in patients with emphysema. Failure of the
alveolar CO concentration to reach a plateau in
the expired air in patients with emphysema means
that the end tidal sample has no definite value and
will vary considerably with the volume expired
(Figure 6). The end tidal sample bears no re-
lationship to the mean alveolar concentration of
CO which is lower than that of the lowest CO con-
centration expired during a full expiration. Since
the end tidal sample is higher than the mean alveo-
lar CO the value obtained for Dy, is lower than
the single breath Dy,. Figure 9 shows the relation-
ship between the single breath and steady state
Dy, the latter being calculated from the end tidal
samples., Some patients with emphysema have a
normal Dy, by the single breath method but the
results are uniformly low by the steady state
method. These low values are due, in most cases,
to the high end tidal samples and cannot be ex-
plained solely by the difference in lung volumes at
which the two tests are made.

The steady state Dy, calculated from the mean
alveolar CO, derived by using a modification of
Filley’s method, gives values close to those of the
single breath Dy, (Table VI). The values of Dy,
obtained by the modification of Filley’s steady
state method are slightly lower than the single
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breath Dy, in four of the five subjects but the lower
value may be due, as in the normal subjects, to the
smaller lung volume at which the measurements
were made (Figure 10). The agreement between
these methods is particularly close when one
considers that Filley’s method of calculation of
the mean alveolar CO is least accurate when used
in subjects at rest, in whom the dead space may
constitute a large proportion of the tidal volume.
This modification of Filley’s method allows cal-
culation of the mean end capillary CO instead of
the arterial CO which is measured in Filley’s
original method. The mean alveolar CO cal-
culated is thus uninfluenced by venous shunts
and this should bring the measurement of Dy, into
line with that of Do, by the method of Riley,
Cournand, and Donald (19).

Physiological implications of the results of frac-
tional measurement of Dy,

Previous investigations (8, 20, 21) have shown
that in normal subjects the ventilation-perfusion
ratio is uniform in fractional samples obtained
during a full expiration. Since the ventilation is
uniform in normal subjects it is not surprising to
find that Dy, calculated from the fractional samples
is also uniform.

In patients with emphysema, the Dy, per unit of
lung volume from which the expired air originates
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Fic. 10. TeEE RELATIONSHIP BETWEEN D., MEAs-
URED BY THE SINGLE BREATH AND THE Two STEADY
StaTE METHODS, AND THE LUNG VOLUME AT WHICH THE
MEASUREMENTS WERE MADE

X, single breath Dy; @, steady state Di (end tidal) ;
+, steady state Dr (modification of Filley’s method).
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is uniform for the different fractions of the ex-
pired air. The units of lung volume from which
the expired air arises are not necessarily ana-
tomical regions of the lungs, but it is known that
the air expired first comes from parts of the lung
in which the ventilation-perfusion ratio is high
and the air expired last comes from parts of the
lung with a low ventilation-perfusion ratio (8, 20).
The relationship between Dy, the diffusing ca-
pacity of the pulmonary membrane Dy, the reac-
tion rate of CO with hemoglobin 6, and the capil-
lary blood volume V. is given by the equation:

1 1 1
A uniform Dy, suggests that both Dy and V. re-
main uniform in the various regions of the lung.
Reduction of Dy in emphysema, when it occurs,
most probably is due to a reduction in surface
area of the lung and it is unlikely that such a re-
duction would be accompanied by the increase in
V. which would be necessary to maintain Dy, con-
stant. V. is not necessarily directly related to the
perfusion of the lung, but if it were, since V. per
unit lung volume remains uniform throughout the
lung one would expect that the variation in the
ventilation-perfusion ratio would be the same as
the variation in ventilation. This hypothesis is
supported by the results shown in Table VII; the
ratio of the ventilation in the fractional samples is
approximately the same as that of the ventilation-
perfusion ratios.

Histological examination of the lungs in emphy-
sema shows regions in which breakdown of the
alveolar walls has occurred and this might be used
as evidence against a uniform perfusion of all parts
of the lung. It is quite possible that the parts of
the lung with the greatest alveolar damage are
the parts of the lung containing trapped gas (22)
which would not take part in gas diffusion.

Clinical value of the single breath and steady state
Dy,

1. The single breath D;. This measurement is
independent of unevenness of ventilation and is
affected only by the diffusing capacity of the pul-
monary membrane and by the capillary blood vol-
ume of the lungs. It is a measure of the potential
diffusing capacity of the lungs since the diffusing
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capacity of parts of the lung which receive very
little ventilation has the same effect on the final
result as the diffusing capacity of well-ventilated
parts of the lung. The single breath Dy, therefore,
provides a useful measure of diffusion in diseases
such as the pulmonary infiltrations where the dif-
fusing capacity of the membrane is impaired ; but
in diseases with unequal ventilation the diffusing
capacity measured may have no relationship to the
ability of the lungs to take up oxygen.

2. The steady state Dy, measured by the use of
end tidal samples. In normal subjects or in pa-
tients with uniform ventilation of the lungs this
test will give the same result as the single breath
test when allowance is made for the different lung
volumes at which the measurements are made.
This test is more time consuming to carry out
than the single breath test and has no advantages
over the latter test for measurements made at
rest. It has the advantage that measurements can
be made during exercise and the ability of the
subject to increase Dy on exercise may be of
clinical importance. When used in patients one
must bear in mind that if the ventilation becomes
uneven on exercise the measure of Dy, by this
method will be inaccurate. This test has proved
to be of some value clinically and in emphysema it
provides a measure which is useful for assessing
disability and prognosis (23). The reason for the
usefulness of this test is that it measures the com-
bined effect of poor diffusion and unequal ventila-
tion. It is not a measure of diffusion alone when
the ventilation is uneven and when applied to pa-
tients with uneven ventilation the results should
not be expressed as ml. CO per minute per mm.
Hg.

3. The steady state Dy, (Filley’s method). This
method, modified by the measurement of mixed
venous pCO, instead of arterial pCO,, provides a
bloodless method for measuring Dy, at rest. With
this modification the result is unaffected by venous
shunts. The modified method has not been tested
during exercise, but it is probably unsuited for
use under conditions in which the cardiac output
is not even approximately known and in which
the circulation time is more rapid. The original
method of Filley still provides the only method
of measurement of Dy, on exercise in patients with
unequal distribution of the inspired air.
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SUMMARY

The diffusing capacity of the lungs for CO
(Dv) has been measured in 5 normal subjects and
in 11 patients with emphysema by the single breath
method and by the steady state method, using end
tidal samples as a measure of the mean alveolar
CO tension. In five of the patients with emphy-
sema, Dy, was also calculated by a modification of
Filley’s method.

Fractional samples were taken from a full ex-
piration after breath holding and Dy, was calcu-
lated for each sample by the single breath method.
In normal subjects and in patients with emphy-
sema, Dy, was uniform throughout the expired
air. Fractional analysis of the expired air of nor-
mal subjects in the steady state breathing CO
showed that the concentration of CO in the lungs
was uniform. In these subjects end tidal samples
approximated the mean alveolar concentration of
CO and could be used in the calculation of the
steady state Dy,. Measurement of Dy, by the single
breath and steady state methods gave the same re-
sults in normal subjects when allowance was made
for the different lung volumes at which the meas-
urements were made.

Patients with emphysema did not have uniform
concentrations of CO throughout the lung in the
steady state ; end tidal samples bore no relationship
to the mean alveolar CO and could not be used for
calculation of Dy,

A bloodless modification of Filley’s method of
calculation of the steady state Dy, is described.
This method gave results which were close to those
of the single breath Dy measured in the same
subjects.

The clinical value of the single breath and steady
state methods for measurement of Dy, is discussed.
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APPENDIX

Correction, for time of expiration, of CO samples expired
at the end of a period of steady state breathing

Example: Subject, M.E.; correction of the 0.5 liter
sample. Dy at F.R.C. equals 21 ml. CO per minute per
mm. Hg. Barometric pressure equals 763 mm. Hg. Ap-
proximate alveolar volume equals 3.0 liters. Delay of
expiration of 0.5 liter sample after end of normal expira-
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tion (measured from tracing) equals 0.61 second. Meas-
ured concentration of CO in 0.5 liter sample (Freo) equals
0.1628 per cent. From the Dy, equation (5):

In. I;.&" X 3000 X 60
21 = Eco
0.61 X 716

In. 2,‘;:" equals 0.0510. Therefore, Fin,, equals 1.052 times
FEe- Fing (concentration of CO in sample at time of the
end of a normal expiration) equals 1.052 times 0.1628 equals

0.1714 per cent.
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