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Recent work (1-4) has shown that the rate of
pulmonary gas diffusion is abnormal in a variety
of clinical conditions, and its measurement seems
certain to become a necessary part of any complete
evaluation of pulmonary function. The various
methods of measurement so far described, whether
using carbon monoxide or oxygen, are capable of
providing a theoretically valid figure for the dif-
fusing capacity in normal subjects, since in them
the lung may be regarded as behaving in an ap-
proximately uniform manner. A number of pa-
pers have been published in which measurements
of the rate of gas diffusion in disease have been
presented. A steady state Dco technique devised
by Filley, MacIntosh, and Wright (5) has been
used in a study of a variety of patients with pul-
monary fibrosis (3, 6). The oxygen method has
been used in studies of sarcoidosis (7), emphysema
(2), mitral stenosis (8), and a number of other
conditions. The single breath modified Krogh
method developed by Ogilvie, Forster, Blakemore,
and Morton has been used to study selected cases
of a variety of different clinical conditions (9) and
one study has been reported in a small group of
patients using radioactive carbon monoxide (10).
A steady state CO method in which the alveolar
CO was calculated from an assumed value of re-
spiratory dead space has been used in an attempt
to establish the value of this type of function test
in the assessment of emphysema (4), and a modi-
fied CO steady state technique has been used to
investigate the causes of disability in pneumo-
coniosis (11).

Patients in whom there is little or no inequality
of gas distribution or circulation in the lung do
not present a major problem, since in them it can
be assumed that during a steady state, a reason-
ably representative estimate of the mean alveolar
tension of CO can be obtained either by measuring
the end tidal CO tension, or by calculating alveolar
CO tension from the measured values of arterial
carbon dioxide tension, as described by Filley,
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Maclntosh, and Wright (5). When it is known,
however, that there is not only unevenness of
distribution of inspired gas within the lung, but
imbalance between ventilation and perfusion, as in
the case of emphysema, the situation is very much
more complicated. It cannot be assumed that in
such lungs there is any constant ratio between
the surface area available for diffusion and the gas
volume and ventilation of different parts of the
lung. It is immediately clear that in patients in
whom CO, retention is present and in whom there
is a gross unevenness of gas distribution within
the lung, the meaning of any single figure for the
pulmonary diffusing capacity, however deter-
mined, will be questionable. Ideally, the pul-
monary diffusing capacity should be the sum of
the individual diffusing capacities for each alveo-
lus. When the perfusion, diffusion, and ventila-
tion are varying widely throughout the lung, the
true diffusing capacity will be the aggregate sum
of a vast number of widely differing numbers.
It seems unlikely that such a figure can ever be
arrived at, since if carried to its logical con-
clusion it would involve measurements made on
individual alveolae. It is reasonably certain that
no overall number for the pulmonary diffusing
capacity which is found in these complex disease
states will approximate to this ideal and unob-
tainable figure. The problem, therefore, becomes
one of attempted assessment of the meaning of
individual diffusion figures, however obtained, and
it is the purpose of this paper to discuss the
validity of steady state measurements of pulmo-
nary diffusing capacity in lung diseases in which
there is known to be gross unevenness in relation
to perfusion and ventilation within the lung. Al-
though it is not possible, for obvious reasons, to
calibrate any particular method against a theoreti-
cal ideal figure, enough data have been collected to
permit discussion of the significance of the results
found in a number of different diseases. In par-
ticular, it is possible to estimate the significance
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Although there is a general relationship between these
two observations it is clear that the diffusing capacity
could not be adequately calculated from the rate of uptake
of carbon monoxide alone. All subjects studied at rest.

X =normal subjects; O = patients with normal gas
mixing; @ = patients with uneven gas mixing [helium
mixing efficiency below 50 per cent (13)].

of the results obtained using a steady state carbon
monoxide method, which is undoubtedly the
simplest method of measurement to use.

METHODS

The technique used for the measurement of the pul-
monary diffusing capacity has already been described
(12). The original circuit has been modified by the
addition of a photoelectric relay to open the electro-
magnetic valve at the end tidal sampling position. The
light to the photocell is interrupted by a vane in the
transparent plastic tube on the inspiratory side of the
mouthpiece. An electronic timer is thus actuated by the
beginning of inspiration and opens the end tidal electro-
magnetic valve for any chosen time period. In this way
the volume of the end tidal sample can be varied, and
is independent of tidal volume.

The subdivisions of lung volume have been measured
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on a closed helium circuit as previously described (13).
The arterial pCO, has been calculated from the pH
measured on a Beckman pH meter at 37.5° C., and total
CO, content measured on a Van Slyke apparatus.

A small respiratory circuit was built so that an end
tidal sample could be taken during quiet breathing of
room air during the simultaneous collection of a resting
arterial blood sample. The design of this was exactly
similar to the circuit used for the measurement of the
pulmonary diffusing capacity, but the end tidal gas was
passed through a Cambridge differential catharometer,
the calibration of which had previously shown that the
CO, concentration could be read to approximately 0.05
per cent. The formulae used in the calculations are
given in the Appendix.

RESULTS

The results obtained are shown in Figures 1 to
3 and may be conveniently described under vari-
ous subheadings :

Rest

In a preceding communication (12), it was
pointed out that in normal subjects at rest the
calculation of a mean alveolar CO using an as-
sumed value of respiratory dead space is liable to
be grossly in error. This fact was appreciated
by Krogh and Krogh (14), and is the result of
the sensitivity of the Bohr equation at low tidal
volumes to changes in the assumed dead space
value. If, however, the rate of CO uptake in ml.
per minute is grossly reduced, as it is in emphy-
sema for instance (15), this error becomes less
important, and an estimate of gas diffusion can
be made in patients of this type even when an as-
sumed value of dead space is used, provided the
limitations of this type of measurement are clearly
recognized.

In Figure 1 (a), the CO uptake, standardized
to a constant inspired concentration of 0.1 per cent,
has been plotted against the Dcoy; (diffusing ca-
pacity calculated from measured end tidal CO
concentration). It will be realized that the nu-
merator of a fraction is plotted against the nu-
merator divided by the mean alveolar CO con-
centration. It is clear from this graph that the
resting diffusing capacity cannot be judged with
any accuracy from the rate of uptake of CO. A
figure of 11 ml. CO per minute per mm. Hg may
be taken as aproximately the lower limit of nor-
mal for a resting Dco by this technique (5, 12).
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On the basis of this figure a resting uptake of less
than 2.5 ml. CO per minute at an inspired con-
centration of 0.1 per cent might be taken to indi-
cate considerable impairment of diffusing capacity
at rest. The rate of uptake of CO at rest is, how-
ever, greatly influenced by ventilation (15) and
thus a demonstrably abnormal diffusing capacity
may exist in someone with a rate of uptake of CO
as high as about 4.0 ml. CO per minute per mm.
Hg. A similar graph [Figure 1 (b)] of the re-
lationship between the fractional alveolar re-
moval of CO, based on an assumed value for the
respiratory dead space and the Dcoy, shows a
wider scatter of results, and there is no reason to
suppose that this index offers any advantage over
the Dcoy;.

Exercise

It has been generally realized that when on
exercise the tidal volume exceeds about 800 ml.,
the calculation of concentration of mean alveolar
gas from the Bohr equation becomes relatively
insensitive to any chosen value for respiratory
dead space. In a previous communication (12),
it was shown that in young normal subjects, on
moderate exertion, the diffusing capacity calcu-
lated from an end tidal sample did not differ
greatly from the diffusing capacity found if the
mean alveolar CO was calculated from an as-
sumed dead space value. It was expected that the
good general relationship between the diffusing
capacity calculated by either of these techniques
would break down in conditions in which the lung
was ceasing to behave as a uniform system. Fig-
ure 2 shows the relationship between these two
measurements on 151 patients suffering from a
variety of respiratory conditions and 24 normal
subjects. The volume of respiratory dead space
has been taken to correspond with the body
weight in pounds (16). Every estimate made over
an 18 month period has been included in this and
subsequent figures. The good general agreement
between the Dco; (calculated from the Bohr equa-
tion, using an assumed value of respiratory dead
space) and Dcoy; (calculated from the measured
end tidal sample) can be seen. From the point of
view of assessment of pulmonary function, it is
clear that on exercise either of these methods
might be used without much influencing the esti-
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mation of degree of abnormality. It is of par-
ticular interest that there is no evidence of greater
discrepancy between these two calculated values
of diffusing capacity in patients known to have
uneven gas distribution in the lungs (Figure 2,
solid circles) than there is in patients in whom
the index of helium mixing was normal (Figure 2,
open circles). The general agreement between
these two indices does not, of course, indicate that
either of them is a correct measurement of the
“ideal” pulmonary diffusing capacity. It does
mean that under conditions of exercise the mean
alveolar CO may either be calculated from an as-
sumed dead space value, or directly measured
from an end tidal sample, and that even if gas

X
90+ oX
oo X
o o
L]
80+ °® e Xo © X x
o X x x X
°0 oa.x. ) o X yx X
204 8 o X
ka
05 'O ° o
co o Cp® & x
) .o ° .’P 3". oo ° X
604 ° o
} °°oc@ e °
o o [/
FRACTIONAL 0e %.5® %0 x
% e o® °
50- Yoo °¢ °
® o
ALVEOLAR g ¢ X
(14 0
|
404 28, o
° ‘!‘o % °
REMOVAL L3 2 X% °
LY oe
30+ S el
) gu ®o
[ ]
20{ % o
(AT REST)
[ ]
10+
L] ¥ L] L] L} L)
H 10 15 20 25 30
Dcoyy, i CO/min/mm
Fic. 1 (8). RELATIONSHIP BETWEEN THE FRACTIONAL

ALVEOLAR REMovAL oF CO AND THE PuLMoNArRy DiF-
FUSING CAPACITY CALCULATED FROM AN END TiIDAL
SamrLe (Dcornr)

An assumed value of respiratory dead space calculated
from the patient’s weight has been used in computing the
fractional CO removal. All subjects studied at rest.
The sensitivity of the calculation of fractional removal
to the assumed value of dead space makes this figure of
little use in assessment of abnormality.
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All observations made during exercise, and tidal volume in each case exceeding 800 ml.
Results on 24 normal subjects and 151 patients [symbols as in Figure 1 (a)]. The close
relationship between the two values for the diffusing capacity can be seen, and in particular
there appears to be no evidence that the presence of uneven gas distribution causes any greater
discrepancy between these observations than when the gas distribution is within normal limits.

distribution is uneven in the lung it will make
very little difference to the calculated diffusing
capacity which of these two techniques is used.
There are three possible reasons for this. The
first, already mentioned, is that if the tidal volume
is large, errors in the assumed dead space value
have little effect on the calculated mean alveolar
CO concentration. The second possible reason
for the general agreement shown in Figure 2 is
that even in emphysema there may be no gross
variation in CO concentration in different parts
of the expiration under these conditions. Ogilvie,
Forster, Blakemore, and Morton (9) have re-
cently reported that using the single breath Dco
technique, the calculated Dco in six normal sub-
jects and two patients with emphysema was very

little influenced by whether an “early” or “late”
alveolar sample had been taken. The data in Fig-
ure 2 support this finding, since if the end tidal
CO concentration were to be grossly different
from the mean alveolar CO, this discrepancy would
show itself by more variation and probably a sys-
tematic difference between the ordinate and the
abscissa. The third reason why these two dif-
ferently calculated pulmonary diffusing capaci-
ties do not show any wide variation, even in the
presence of uneven gas distribution, is that the
main determinant of an impaired pulmonary dif-
fusing capacity on exercise, when measured with
carbon monoxide and the steady state method, is
the grossly impaired rate of uptake of the gas. It
is important to remember that the calculated dif-
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fusing capacity is the rate of uptake in ml. per
minute divided by the mean alveolar carbon mon-
oxide. In patients with impaired diffusion for
any reason, the numerator of this fraction, that
is, the rate of uptake of the gas in ml. a minute, is
the major factor responsible for producing a low
figure for the diffusing capacity, and the relative
changes in the bottom of the fraction, which is
the mean alveolar CO, become decreasingly im-
portant.
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This is illustrated in Figure 3 (a), which is
similar to Figure 1 (a) except that all the ob-
servations were made during exercise. The gen-
eral relationship between these two observations
is better during exercise than at rest, and it ap-
pears that when the diffusing capacity is signifi-
cantly impaired, this fact could be detected with
fair precision by measuring the rate of uptake of
carbon monoxide only under these conditions.
For instance, on any exercise it may be taken that
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Symbols as in Figures 1 and 2. On exercise there is a close relationship
between these two variables and an abnormal pulmonary diffusing capacity
on exercise could be predicted with fair accuracy from the measured rate of

CO uptake alone.
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a Dcoyy of less than 20 ml. CO per minute per
mm. Hg is likely to be abnormal (5, 12), and it
can be seen from Figure 3 that a rate of uptake
of about 6.25 ml. of CO per minute on exercise
approximately corresponds with this Dco value.
The absolute rate of uptake of carbon monoxide in
ml. per minute with a similar inspired concentra-
tion of CO was found by Filley and co-workers
(5) to vary from 6.8 ml. per minute to 19.5 ml.
per minute in the normal subjects studied on ex-
ercise. From Figures 2 and 3 it may be con-
cluded, firstly, that in patients with pulmonary
disease it makes little difference to the calculated
Dco on exercise whether the Bohr equation be
used to calculate the mean alveolar CO, or whether
an end tidal sample be taken. This correspond-
ence applies equally to patients with normal and
abnormal gas distribution in the lung. Secondly,
there is a close relationship between the rate of
uptake of CO and the Dcoy; on exercise, and the
rate of uptake alone might be used as a test of
normality of the lung. The fractional removal of
CO calculated on an assumed value of respiratory
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dead space shows some general relationship to the
Dcoyy, but would not appear to offer any substan-
tial advantage over it [Figure 3 (b)].

Further experimental results are shown in
Tables I to III. The data in Table I have been
compiled from observations made during simul-
taneous end tidal CO, measurements and arterial
puncture. On theoretical grounds, the end tidal
CO diffusing capacity (Dcoyr) is likely to differ
from that calculated from the arterial CO, by the
greatest amount when there is a very large dif-
ference between the end tidal CO, tension and
the arterial pCO,. This pCO, difference has
been measured by Saxton and Wolter (17) in
patients with emphysema, and a mean value of
8 mm. Hg was found in 11 patients studied. That
the patients in Table I represent severe examples
of this type of condition may be judged from the
fact that the difference between end tidal and ar-
terial pCO, (Column 8) was in no patient lower
than 18 mm. Hg, and in one was as high as 27 mm.
Hg. An estimate of the diffusing capacity at rest
immediately preceded these observations, and
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The fractional CO removal is in general reduced during exercise, since the level of ventilation
increases proportionately more than the increase in diffusing capacity.
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TABLE II

Analysis of the results of measurements of the pulmonary diffusion capacity during maximal exercise in four patients
with emphysema and three with proven Hamman and Rich fibrosis

.1
He 2 3

8
4 Mean

egi:i::ng Efé;?)se Ozk Mi?. s 7 gradi]gnt
¢ -
Case Diagnosis % e mph litlelrgt/infn. l:‘,lgr} Dcor* Dgou (1.23 l>)((i2’)cou) (?n’ﬁ. H? *
1 Emphysema 30 1} 0.94 28.0 12.5 13.9 17.1 55.0
2 Emphysema 25 13 0.77 22.5 7.1 7.3 8.97 85.8
3 Emphysema 40 3 0.41 14.7 4.7 49 6.04 68.0
4 .Emphysema 30 2 0.74 18.2 10.1 10.2 12.5 59.5
5 Diffuse interstitial 49 2 0.58 21.0 4.5 4.6 5.65 102
fibrosis (severe)
6 Diffuse interstitial 67 2 1.06 28.6 5.5 6.8 8.36 126
fibrosis (severe) :
7 Diffuse interstitial 46 2 1.23 32.0 8.7 8.8 10.8 113

fibrosis (severe)

* There is no majordiscrepancy between the Dcor, calculated from an assumed value of respiratory dead space,
and the Dcors calculated from an end tidal sample. All subjects breathing air during these estimations.

t In Column 8 is shown the mean gradient that results from converting the Dco to the Do,, and dividing it into
the oxygen uptake simultaneously measured. Note that the mean gradients so calculated in Column 8 in the cases of
Hamman and Rich syndrome arefimpossibly large. See text for discussion of this finding.

combining the data, the Dco may be calculated
three ways: first, by using the measured end
tidal CO (Column 11a); secondly, by using the
measured end tidal CO, in the Filley calculation
(Column 11b) ; and, thirdly, by the Filley calcu-
lation using the measured arterial pCO, (Column
11c). The results in Column 1la and Column
11b should be the same if the gas analyses are
correct, and if there is no gross difference between
the behavior of the lung in respect of diffusion
and perfusion. It can be seen from Table I that
agreement between Columns 11a and 11b is close.
It is apparent, however, that there may be differ-

ences between the Dco calculated from the end ti-
dal CO or CO, (Column 1la and b) and that
measured by the Filley method (Column 1llc).
These are exemplified by Case 4 in which one
figure was double the other. Yet in Patient 3, in
whom the gas mixing defect is as severe (Column
2), and the pCO, differences considerable (Col-
umn 8), the difference between the two measured
diffusing capacities is much less. The order of
difference in these patients, though considerable
on a percentage basis, would not produce any
great discrepancy in the assessment of pulmonary
function, though examples might well be found

TABLE III
Comparison between function test results in six patients with spasmodic asthma and in eight with pulmonary emphysema

Asthma Emphysema
MBC (a) MBC (a)
or max. or max.
midexp. midexp.
f.r. (b)* Resting f.r. (b)*  Resting
Case  Sex Age FRC MEY (% predicted) Dcout Case Sex Age FRC MEY% (% predicted) Dcomnt
1 F 22 3.5 45 61 (b) 17.5 7 M 48 6.4 24 7.5 (b) 7.5
2 M 24 5.4 24 5 (b) 26.1 8 M 52 5.1 50 44 (a) 5.7
3 M 30 3.4 37 21 (b) 13.7 9 M 63 3.2 28 11 (b) 5.9
4 M 42 3.1 15 31 (a) 12.8 10 M 64 5.5 41 4.2 (b) 6.1
5 F 44 3.1 40 40 (b) 22.0 11 M 68 4.7 25 11 (b) 7.5
6 M 48 3.6 50 31 (b) 26.0 12 M 60 3.3 27 15 (b) 6.6
13 M 69 45 22 8 (b) 7.9
14 M 64 4.7 43 17 (b) 5.7
Mean values 35 3.7 35 31 19.7 61 4.67 32.5 15 6.6

* Per cent predicted maximal breathing capacity or maximal midexpiratory flow rate. .
t Although the gas distribution defect, as shown by the mixing efficiency (ME %), and the ventilatory defect as
shown by one or other of the ventilatory tests, are similar in these two conditions, the resting Dcory calculated from

the end tidal sample is very much lower in emphysema than in asthma.

See text for discussion of significance of this

difference. Maximal midexpiratory flow rate measured by Leuallan’s technique (34).
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in which the differences were large enough to in-
fluence the assessment made.

From the point of view of interpretation, the
difference between these measurements may be
summarized as follows:

1. End tidal Dco. Provided that the volume
of the end tidal sample is controlled, and provided
that the patient’s respiratory dead space has been
flushed, this will represent the Dco of the pre-
dominantly ventilated lung.

2. Dco calculated from arterial pCO. Since
relatively unventilated but perfused lung (areas
of potential diffusion) causes a rise in the arterial
pCO,, this Dco may be thought of as including a
component of potentially useable lung surface
area which may be “available” only in a limited
way for purposes of oxygen transfer.

It is known that in emphysema, at the end of a
long period of nitrogen washout breathing oxy-
gen, a deep breath will often produce a peak of
nitrogen showing that certain parts of the lungs
were not being ventilated at all during ordinary
quiet respirations (18). The same phenomenon
has been demonstrated by pressure volume stud-
ies of the lung which suggest that in this disease
there is trapped gas in the lung not taking any
part of normal ventilatory exchange (19). The
diffusing capacity measured from the arterial CO,
will include a component influenced by such areas
of lung, whereas that measured from an end tidal
sample will not include any such part. It is ob-
viously impossible to say which is the correct

Dco unless it is specified whether one is includ- -

ing unventilated lung in that definition.

A further check on the measured Dcoy; figure
may be obtained by simultaneous estimation of the
oxygen uptake and diffusing capacity during ex-
ercise. Using the factor of 1.23 to convert the
Dcoy; to the Do,, the usual equation may be re-
arrahged :

Mean gradient _ O: uptake L./min.
(mm. Hg) (Dconr X 1.23)
(mean alveolar O; pressure
minus mean capillary O; pressure).

When the patient is breathing air (pO, equals 140
mm. Hg), the mean gradient cannot possibly be
higher than about 90 mm. Hg. Donald, Renzetti,
Riley, and Cournand, who have made many in-
direct measurements of this value for the cal-
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culation of the Do,, find it to average between 40
mm. Hg and 60 mm. Hg (1), and it seems im-
possible on theoretical grounds that this mean
gradient could exceed 90 mm. Hg. When the
Dcoy; and the oxygen uptake are simultaneously
measured, a falsely low Dcoy in respect of the
observed oxygen uptake would be revealed by the
finding of an impossibly high mean gradient. In
a recently completed study (20) of 26 patients
with pulmonary sarcoidosis in different stages,
the diffusing capacity was measured by the end
tidal sampling technique during exercise, and
the O, uptake was simultaneously estimated. The
calculated mean gradients on exercise ranged
from 28.4 mm. Hg to 89.0 mm. Hg, with a mean
of 49.0 mm. Hg. These patients had no evidence
of uneven gas distribution in the lungs. Similar
measurements have been recorded by Cugell,
Marks, Ellicott, Badger, and Gaensler (3) using
the Filley technique and studying patients with
pulmonary fibrosis without gas distribution de-
fects. In their group of 23 patients, the mean
gradients similarly calculated from the recorded
Dco and oxygen uptake range from 24.9 mm. Hg
to 88.4 mm. Hg, with a mean of 552 mm. Hg.
These general figures are remarkably similar and
suggest that in this group of diseases it matters
little which technique is used to measure the mean
alveolar CO. In other exercise studies using end
tidal sampling on patients with thyrotoxicosis,
anemia, polycythemia, and a wide variety of other
clinical conditions, the calculated mean gradients
appear to be within reasonable limits (21).

Table IT shows this type of calculation in seven
patients. The first four were suffering from es-
tablished emphysema, and the level of exercise
they achieved represented nearly the maximum
possible for them. All the patients were noted
to be very dyspneic after this exercise, and al-
though no attempt was made to train them to
even higher rates of effort, it may be taken that
they were working nearly at the highest level they
could achieve. The diffusing capacity was meas-
ured simultaneously with the oxygen uptake. In
the final column the calculated mean gradients are
shown. It is not, of course, possible to fix an ab-
solute upper limit to the mean gradient under
these circumstances, but it seems likely that a
mean gradient of 85 mm. Hg, as recorded in the
second patient, might be taken as definitely indi-
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cating that the Dco as measured must have been
too low. The last three patients in Table II were
all suffering from a fibrosis of the Hamman and
Rich type, the diagnosis in each case being con-
firmed by lung biopsy. It will be seen that in them
there was only minimal defect in gas mixing, and
it may be taken that the distribution of alveolar
gas was very little impaired in these patients. In
spite of this, the diffusing capacity, which in each
of these patients was measured twice, when con-
verted to the Do, and divided into oxygen uptake,
produces a number for the mean gradient which
appears to be far higher than it could reasonably be
with the patient breathing air. In the case of Pa-
tient No. 6, for instance, when the inspired oxy-
gen tension was only 140 mm. Hg, the mean gradi-
ent was 126 mm. Hg. There is probably some
explanation why this condition gives rise to this
aberrant figure on this type of calculation, and it
is of interest that it appears to be the only condi-
tion capable of doing so. There is no gross dis-
turbance of gas distribution in these subjects, and
hence there is no reason to suppose that there is
any great discrepancy between the end tidal CO,
and arterial CO,. It is possible that there is a
CO, gradient in this disease between alveoli and
pulmonary capillary blood, yet this should not
affect the calculated Dcoy; which, on the basis of
end tidal sampling, should still be capable of giv-
ing a correct figure for the mean alveolar CO.
The difficulty might be arising, however, because
the conversion factor from Dco to Do, may be in-
correct in this disease. Theoretically, the abnor-
mal cells causing the thickening of alveolar walls
characteristic of the Hamman and Rich syndrome
might be more permeable to oxygen than to car-
bon monoxide, and if this were the case the error
in the calculation lies in the conversion of the Dco
to the Do,. If, in Patient No. 6 of Table II, the
conversion factor from Dco to Do, should be 1.84
and not 1.23, the mean gradient would be reduced
from 126 mm. Hg to 85 mm. Hg, a figure that
might be acceptable. A second and more likely
explanation is that if the abnormal cells in the
lung are metabolizing oxygen to any great extent,
then the rate of oxygen uptake as a whole would
be an overestimate of the amount of oxygen dif-
fusing through the barriers in the lung. In the
case of the three patients in Table II, one would
have to postulate that the lung cells were taking
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up 86, 350, and 313 ml. O, per minute to explain
the falsely high gradients on this basis, and it
seems unlikely that the oxygen uptake of the lung
tissue could be as high as these figures. Neither
of these explanations can be regarded as satisfac-
tory, and the finding of an apparently absurdly
high mean gradient in this condition must be con-
firmed in similar cases before its significance can
be assessed.

In Table III, six cases of asthma are compared
to eight cases of emphysema and the striking dif-
ference in the Dco’s found in these two groups is
illustrated. It is possible in asthma to have a con-
siderable mixing defect and ventilatory defect and
yet have a normally preserved diffusing capacity
at rest (Case 2), and in emphysema there may be
fairly good preservation of ventilatory function
and a borderline normal figure for evenness of
gas mixing, and yet considerable abnormality in
the calculated diffusing capacity (Case 8). The
clinical selection of these subjects is not a simple
matter. The cases of emphysema shown in Table
IIT were clinically advanced cases with constant
effort dyspnea and a preceding long history of
chronic bronchitis. Previously recorded experi-
ence has shown that advanced cases of emphysema
may be selected with reasonable certainty by these
criteria (4). The patients in the asthma group
had all been followed for many years in the allergy
department. In all of them there was evidence
of seasonal bronchospasm due to allergic sensi-
tivity, and in none was there constant effort
dyspnea. This table serves to illustrate the fact
that the level of the diffusing capacity found by
end tidal sampling with subjects at rest is not in-
evitably influenced by the evenness of gas distribu-
tion, and is certainly capable of discriminating be-
tween these two conditions by the difference in
diffusing capacity between them. This is well
illustrated by a comparison between the setond
patient and the tenth. With similar functional
residual capacities and ventilatory impairment, and
the mixing defect greater in the patient with
asthma, the Dcoy; in the asthmatic was 26.1 ml
CO per minute per mm. Hg, and in the patient
with emphysema it was only 6.1 ml. CO per min-
ute per mm. Hg. Tomograms of the lungs of
these two patients showed a normal small vessel
pattern in the asthmatic, and a great loss of
peripheral pulmonary vessels in the patient with
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emphysema. In spasmodic asthma, if the degree
of bronchospasm is so severe that the patient is
only ventilating a very small volume of the lung,
a slight reduction in diffusing capacity may be
found, but it is not reduced to the levels seen in
patients with advanced emphysema.

DISCUSSION

The theoretical considerations governing the
validity of measurements of the pulmonary dif-
fusing capacity have been discussed in detail by
Forster, Fowler, and Bates (22). If the pulmo-
nary diffusing capacity is to be defined as the sum
of the diffusing capacities of each alveolus, it is
clear that no measurement of it that is “rigorously
correct” can be made when there is variation of
diffusion within the lung. All contemporary
methods of measurement depend on estimating the
rate of gas uptake, either over a timed interval of
breath holding or during a steady state experi-
ment, and dividing this by a calculated mean pres-
sure of the gas. No “overall” measurement made
in this way can claim to necessarily represent the
correct overall diffusing capacity of the lungs.
The “limitations” imposed on the various methods
of measurement may be summarized as follows:

A. Methods using carbon monoxide

(@) Uncertainty whether Dco can be converted
to Do, under all circumstances of disease,
particularly in the Hamman and Rich syn-
drome (see results above).

(b) Interference of COHDb in the blood (23).
Possibility of local back pressure effect in
the plasma due to slow passage of CO into
the red cell (24).

(¢) Single breath method (3, 9)

1. Measurement influenced by ratio of dif-
fusion to contained gas volume in the
lung (22).

2. Assumption that total rate of uptake of
the gas during held breath can be cal-
culated from held portion of gas expired
may be false in some cases. )

3. Uncertainty whether the lung in a single
held breath is typical of the lung during
steady state conditions.

601

(d) Steady state methods

1. Filley method (3, 5, 6). Use of ar-
terial pCO, may lead to a higher esti-
mated Dco than is “available” to the
patient for oxygen transfer; probably
approximates to the highest likely Dco.

2. End tidal sampling method (12). This
represents the diffusing capacity of pre-
dominantly ventilated lung. At rest is
bound to be lower than the Filley Dco
in the presence of CO, retention. A
small end tidal sample is essential to
avoid dead space contamination which
would cause a falsely low figure. On
exercise the Dco calculated from the end
tidal sample agrees closely with that cal-
culated from an assumed value of re-
spiratory dead space even in the pres-
ence of unequal gas distribution in the
lung (Figure 2).

All steady state methods are influenced by

the ratio between the distribution of ven-

tilation and diffusion within the lung (7,

22).

(f) C*O method (25) represents a compro-

mise between (c¢) and (d) above. Factors
influencing it are difficult to assess.

()

B. Oxygen method (26)

(a) Note that this method avoids difficulties of
A (a), (b) and (c) above.

(b) Uncertainty of effect of hypoxia on the
rate of diffusion through the lung.

(¢) Overall measurement may be falsely low
under pathological conditions (27).

In view of these many uncertainties it is re-
markable that similar results have been reported
in different diseases using these different meth-
ods. Table IV shows some of the results so far
reported in three pathological conditions. It is
not possible to make detailed comparisons between
the results obtained by different authors, since in
many cases inadequate clinical details are pro-
vided to enable one to judge the severity of the
cases studied. When these problems are re-
membered, the general agreement shown in Table
IV leads to the suggestion that although all meth-
ods of measuring the pulmonary diffusing ca-
pacity in disease may be subject to error, the
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TABLE IV

Comparison between results obtained by different authors of measurements of the
pulmonary diffusing capacity in three diseases

5 6
3 Lowes i
1 2 No. 4 il Highestt Au;’hor
Disease State studied Method* Do: Dco Do: Dco reference

Chronic respiratory

disease emphysema
Rest 16 ssDog 4.0 3.25 140 11.0 1)
Rest 57 ssDcor 4.3 3.5 210 17.0 4)
Rest 6 He-COSB 4.3 3.5 432 35.2 9)
Rest 35 ssDcorr 5.0 4.1 148 120 (21)

Chronic bronchitis

and emphysema
Rest 12 Cc1O 13.5 11.0 310 25.0 (10)
Chronic airway disease
Exercise 27 ssDo. 11.0 8.9 450 36.6 (2)
Emphysema

Exercise 15 ssDcorr 5.9 4.8 17.2 140 33)

Pulmonary fibrosis

(diffuse interstitial

fibrosis)
Rest 9 ssDos 4.0 3.25 10.0 8.14 gl)
Rest 2 ssDco (F) 4.8 3.90 8.6 7.0 6)
Rest 2 He-COSB 8.7 71 125 10.2 g‘))
Exercise 4 ssDco (F) 155 12.6 22.1 18.0 6)
Exercise 4 ssDcorr 5.6 4.6 18.2 14.8 (Table II)
Sarcoidosis
Rest 2 ssDos 7.0 5.7 7.0 5.7 (35)
Rest 8 ssDog 4.0 3.2 23.0 187 (36;
Rest 3 ssDo; 4.15 34 10.9 8.9 27
Rest 1 He-COSB 4.9 4.0 4.9 4.0 9)
Rest 7 ssDo2 14.0 11.4 18.0 146 37)
Rest 6 ssDco (F) 7.2 5.9 16.1 131 (6)
Rest 15 ssDcorr 5.05 4.1 194 158 (20)
Exercise 3 ssDo. 11.6 9.4 23.0 18.7 27
Exercise 4 ssDco (F) 6.6 54 245 199 (3;
Exercise 15 ssDcornr 6.5 5.3 194 15.8 (20
* ssDo, = Steady state oxygen method.

He-CO S B = Modified Krogh single breath method.

ssDco (F) = Steady state CO technique using arterial pCO,.

ssDcor = Steady state CO technique assuming value for respiratory dead space.
ssDcorr = Steady state CO technique using measured end tidal CO concentration.
Ct = Radioactive CO method.

t The actual measurement is shown in standard type, and the computed equivalent Dco or Do, is shown in italics.

same errors are in general affecting all the methods
to a similar degree.

In Table III a comparison was made between
the function test results found in spasmodic asthma
and emphysema. It is evident from this table that
although the ventilatory defect in these two con-
ditions may be very similar, as it was in Patients
No. 2 and 10 in Table III, the diffusing capaci-
ties as measured by the end tidal sampling tech-
nique may be widely different. This indicates al-
most certainly the preservation of a normal lung
parenchyma in asthma on the one hand, and its
destruction as the essential lesion of pulmonary

emphysema on the other. This differentiation
has recently received support from a number of
different observations. Gough (28) has stressed
the pathological differences between the two con-
ditions, and the radiological differences have been
emphasized by Hornykiewytsch and Stender (29)
from a study of postmortem specimens. The loss
of a normal pulmonary arterial pattern in emphy-
sema has also recently been demonstrated by
angiocardiograms (30). The findings shown in
Table III are of interest because they illustrate the
fact that although in two conditions there may be
a gross unevenness of gas distribution and con-
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siderable ventilatory defect, yet the diffusing ca-
pacity measured by the end tidal sampling tech-
nique is able to distinguish between them. It has
been suggested (31) that function tests might be
combined to make a ‘“discriminant function” ca-
pable of a more precise diagnosis of emphysema.
This may well be found to be the case; but it is
important to recognize the possibility that one
function test, in this instance carbon monoxide,
may be capable of a far greater discrimination be-
tween two conditions such as asthma and emphy-
sema than any combination of other tests.

All those who have used the pulmonary diffus-
ing capacity in the assessment of lung function
have become convinced of its value. Cugell,
Marks, Ellicott, Badger, and Gaensler (3), and
Marks, Cugell, Cadigan, and Gaensler (6) have
pointed out the importance of this measurement
in the proper analysis of patients with pulmonary
fibrosis. The loss of diffusing surface after pneu-
monectomy has been shown to be one of the fac-
tors contributing to residual disability (32).
Shepard, Cohn, Cohen, Armstrong, Carroll, Do-
noso, and Riley (2) have shown that the meas-
urement of the pulmonary diffusing capacity in
chronic obstructive disease of the airways puts a
different perspective on the syndrome of chronic
bronchitis and emphysema, since the loss of lung
parenchyma that occurs in emphysema may take
place with relatively insignificant bronchitis, and
this change may not be evident without a meas-
urement of the pulmonary diffusing capacity.
There is also some evidence that the measurement
of pulmonary diffusing capacity is of value in as-
sessing the prognosis of pulmonary emphysema
(4). In view of this preliminary evidence, it is
obviously necessary that continuing critical atten-
tion be devoted to the methods used in its meas-
urement.

The use of a “maximal diffusing capacity” in-
troduced by Riley appeared to be a useful concept
with the Do, technique. It has not been possible,
however, to demonstrate a consistent plateau of
diffusing capacity with the carbon monoxide meth-
ods (12, 24), and it seems likely that the hypoxia
involved in the Do, method may be responsible
for the constant finding of a maximal value with
that technique.

There can be no doubt that the steady state
carbon monoxide technique is the simplest of all
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existing methods to use. The single breath CO
method requires accurate helium analyses in the
presence of varying CO, concentrations, and has
the additional disadvantage of being inapplicable
in a dyspneic patient during exercise. Since the
normal subject increases the pulmonary diffusing
capacity considerably on exercise, the difference
between normal and abnormal lungs is greatly ac-
centuated by exercise studies. All patients should
be studied during exercise if possible, since not
only are the method errors reduced by the in-
creased tidal volume it produces, but the discrimi-
nation between normal and abnormal is sharpened.
These advantages have been stressed in a number
of recent studies of gas diffusion (2, 3, 20, 32, 33).

SUMMARY

1. Data collected during estimates of the pul-
monary diffusing capacity on 151 patients have
been analysed to clarify the validity of the end
tidal sampling method of measuring the mean al-
veolar CO concentration in lung disease. It has
been shown that during exercise there is good cor-
respondence between the Dco calculated from
such samples, and the Dco estimated by using the
Bohr equation to compute a value for the mean
alveolar CO concentration,

2. On exercise, measurement of the rate of up-
take of CO alone would be sensitive enough to use
in the assessment of abnormality in pulmonary
diffusion. This measurement would not be ade-
quate under resting conditions.

3. Comparisons between the Dco -calculated
from the arterial pCO, and the Dco calculated
from the measured end tidal CO concentration
show that the former is probably measuring a
“highest likely” Dco and the latter probably the
Dco of predominantly ventilated lung.

4. Evidence is presented that suggests that the
steady state Dco measured during exercise in pa-
tients with the Hamman and Rich syndrome of
diffuse pulmonary fibrosis cannot be correctly
converted to the Do, by the use of the usual con-
version factor.

5. A comparison of results obtained with the
end tidal sampling technique in patients with
asthma and emphysema indicates that the use of
carbon monoxide in these two conditions enables
an estimate to be made of the relative normality
of the lung parenchyma.
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~ 6. In spite of the many contemporary uncertain-
ties in the measurement of the pulmonary diffus-
ing capacity by any technique, the general form
of reported results in three different lung diseases
suggests that all methods are giving an approxi-
mately similar range of results. This probably
indicates that all available methods are being in-
fluenced in the same direction by similar causes of
error.
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APPENDIX
Symbols: D, = Diffusing capacity (CO) in ml. per min-

ute per mm. Hg

P, = Barometric pressure, mm. Hg

Vr = Tidal volume

R = Respirations per minute

Vp = Dead space (includes instrumental dead
space

F1 = Inspired }

Carbon monoxide con-

Fex = Mixed expired centration ATPD

Fgr = End tidal

(@) Deor calculated from an assumed value of the re-
spiratory dead space:

- Vr(Vr — Vp) X R X (F1 — Fgx)
! = "(FexVr — F1Vp) X (Pp — 47)

(8) Deorr calculated on the assumption that the end
tidal sample represents the mean alveolar tension:

D _ Vo X R X (Fr — Fgx)
= T Fer X (P — 47)

D ml./min./mm. Hg.

ml./min./mm. Hg.

(¢) Fractional alveolar removal was calculated as follows:
Fractional alveolar removal

_ Ve X R X (F1 — Fgx)

“ Fr XR X (Vr — Vp) X 100%.

(@) Deo(F) was calculated using the simultaneously
measured arterial pCO, to compute the mean alveolar CO
tension as described by Filley, MacIntosh, and Wright (5).
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