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In 1957, Forster, Roughton, and their associ-
ates reported a method of estimating pulmonary
capillary blood volume (Vc) and diffusing ca-
pacity of the alveolar-capillary membrane (DM)
by measuring the diffusing capacity of the lung
for carbon monoxide (DL) at varying levels of
alveolar oxygen tension (1, 2).1 Since then
there hlave been a number of reports on the be-
havior of membrane diffusion and pulmonary capil-
lary blood volume under physiological and phar-
macological stresses (3-7) and in certain disease
states (8-17).

The purpose of this study was to measure the
pulmonary capillary blood volume in normal sub-
jects and in patients with mitral valve disease
and to relate the findings to intravascular pres-
sure and flows^ data obtained by cardiac catheteri-
zation.

Most of the studies relating membrane diffusion
and pulmonary capillary blood volume to hemody-
namic data (5, 10, 11) have used a breath-holding
method of estimating diffusing capacity of car-
bon monoxide (18). The physiological situation
within the pulmonary circulation during the
breath-holding maneuver differs from that in the
resting steady state. For this reason, the steady-
state method described in this report was de-
signed to measure Vc so that the volume of blood
in the pulmonary capillary bed could be com-
pared with the pressure and flow relationships
under the same physiological conditions.

* Submitted for publication January 24, 1964; accepted
August 7, 1964.

t Research fellow, National Heart Foundation of
Australia.

1 The symbols DL, DM, and Vc, used in the original
report (2) and in nearly all subsequent reports on this
topic, have been retained here.

Methods

Two groups were studied: 1) The control group con-
sisted of 18 normal subjects, nine of whom were labora-
tory personnel with no evidence of cardiorespiratory
disease; nine were patients with systolic murmurs in
whom no other abnormality was detected by physical
examination, ECG, and chest X ray, or at cardiac
catheterization. 2) The abnormal group comprised 18
patients with mitral valve disease, 15 of whom had pure
mitral stenosis and three who had dominant mitral
incompetence.

Cardiac catheterization was performed by standard
procedures (19) in the 18 patients with mitral valve
disease and in the nine normal subjects who had systolic
murmurs. In the normal subjects, catheterization of the
right heart only was performed, and pulmonary arterial
wedge pressure was obtained as an estimate of left
atrial pressure. Left heart catheterization was also per-
formed in all the patients with mitral valve disease, by
the transeptal approach (20), and left atrial pressure
was recorded directly. Cardiac output was measured by
indicator dilution techniques (21); injections of cardio-
green dye were made into the pulmonary artery or left
atrium, and dilution curves were recorded from a
peripheral artery with a Gilford densitometer. Arterial
oxygen saturation was estimated by the spectrophoto-
metric method of Roos and Rich, which is accurate to
within 1% in this laboratory (22).2 Before catheteriza-
tion, all subjects were premedicated with omnopon-
scopolamine (Papaveretum, B.P.C., with hyoscine hy-
drobromide).

DL was determined by a modification of the steady-
state technique described by Bates, Boucot, and Dormer
(23). The apparatus consisted of a mouthpiece with
unidirectional valves to which was attached a Rahn-Otis
type of end-tidal sampler (24),3 which extracts 30 to 40
ml of gas from the end of each expiration just beyond
the expiratory valve. The inspiratory side of the mouth-
piece was attached through 1-inch i.d. plain rubber tub-
ing to a Tissot 120-L spirometer. A pen was attached
to the sliding scale of the spirometer and ventilation (in-
spired) recorded directly on a motor-driven kymograph.

2 Beckman model D.U. spectrophotometer, Beckman
Instruments, South Pasadena, Calif.

3 Godart Mijnhardt Ltd., Utrecht, Holland.
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Subjects were studied at rest in the recumbent position.
A Riley needle was placed in a brachial artery, and after
a period of at least 15 minutes, the subject was connected
to the mouthpiece and breathed 100% oxygen for 4
minutes. At the end of 4 minutes he was switched into
the Tissot spirometer, containing a mixture of 0.3%
carbon monoxide in oxygen, and he continued to breathe
this mixture for a further 4 minutes. Rubber bags
placed to collect mixed expired and end-tidal gas were
flushed during the first 2 minutes of CO breathing; dur-
ing the last 2 minutes, mixed expired and end-tidal gas
was collected, and an 8-ml sample of blood was with-
drawn into a heparinized syringe at a rate of 4 ml per
minute.

The subject was then disconnected from the respira-
tory circuit for at least 10 minutes. The mixture in the
spirometer was changed to 0.1% carbon monoxide in
air and the same procedure repeated except that during
the preliminary breathing period, before being switched
into the Tissot spirometer, he breathed room air instead
of oxygen. The record of ventilation was monitored
during this second period of breathing the CO mixture,
and the subject was instructed throughout to adjust his
rate and depth of breathing to reproduce as closely as
possible the tidal volume and minute ventilation of the
first determination. No subject was included in this
study who was unable to reproduce the tidal volume and
minute ventilation to within 20% during the two
estimations.

Except that no premedication was given, diffusion
studies were done under the same conditions as cardiac
catheterization studies. The two studies were per-
formed during the same admission to hospital and no
more than 4 days apart.

Gas and blood samples were analyzed for carbon
monoxide, oxygen, and nitrogen with a Beckman GC2
gas chromatograph. Helium was used as the carrier
gas, and 02, N2, and CO were separated by passing
through a Linde 5A molecular sieve column at 1000 C.
The output from the thermal conductivity detector was
amplified and recorded on a potentiometric recorder.4

For analysis of carbon monoxide in gas samples, a 5-ml
sample of dry gas was introduced into the carrier gas
stream. Over the range of CO concentration required,
0 to 0.4%, peak output is linearly related to concentra-
tion. With this size sample, peak outputs for 02 and
N2 are not linearly related to concentration, but the
areas under the recorded peaks are. Although a me-
chanical disc integrator can be used to measure and
record these areas during the analysis, it was found to
be more satisfactory to introduce another much smaller
sample of each gas for the analysis of 02 and N2.
For this purpose, volumes of 0.1 ml and 0.05 ml were
used, and with these volumes peak height was linearly
related to concentration over a range of 0 to 100% for
both 02 and N2. The record was calibrated by intro-

4 Honeywell Controls Ltd., Newhouse, Lanarkshire,
Scotland.

ducing the same volumes of standard dry gas mixtures
with known concentrations of 02, N2, and CO.

Blood gases were extracted under vacuum in a Van
Slyke extraction chamber, with a standard potassium
ferricyanide reagent to liberate 02 and CO. The ex-
tracted gases were injected through a side-arm into the
carrier gas line and recorded in the same way. Calibra-
tion was obtained by injecting an accurately measured
volume of pure 02, N2, or CO into the carrier gas
stream at the same point, and results of blood gas analy-
ses were expressed at STPD (standard temperature,
pressure, dry). Carbon dioxide and water were ab-
sorbed with a sodium hydrate asbestos absorber (As-
carite 5) and anhydrous magnesium perchlorate (De-
hydrite 5) after being injected into the carrier gas
stream but before entering the molecular sieve column.
The standard deviation of repeated measurements of
all these gases in gas samples was under ± 1% over the
range of concentrations required in these studies, and
that of blood samples was less than ± 2% of the mean
values.

DL was computed for each of the two 2-minute periods
during which the measurements were made, by follow-
ing the methods discussed by Forster and associates
(1) and Bates and associates (23).

Mean pulmonary capillary plasma CO tension was
calculated by rearranging the Haldane equation assum-
ing that carboxyhemoglobin (COHb) saturation in ar-
terial blood is representative of that in pulmonary capil-
lary blood, according to the method described by Forster
and associates (1). The COHbsaturation was CO con-
tent divided by CO capacity expressed as a percentage;
CO capacity was derived from 02 capacity and CO
content of the same blood sample.

Values for DMand Vc were obtained by graphic solu-
tion of the equation 1/DL = 1/DM + 1/9Vc for the two
determinations of DL at different alveolar oxygen ten-
sions. The values of 0, the reaction rate between CO
and Hb, used were obtained from the data of Roughton,
Forster, and their co-workers (2, 25, 26), assuming a
ratio of membrane to interior of the red cell perme-
ability of 2.5. Values of 0 were corrected for the CO
capacity of each individual.

In the first measurement of DL, samples of end-tidal
air were collected during the minutes 7 and 8 of breath-
ing oxygen-4 minutes of 100% 02 and 4 minutes of
0.3% CO in 02. The concentration of nitrogen in the
end-tidal air is therefore comparable to the concentra-
tion of nitrogen sampled at the mouth after 7 minutes
in the standard nitrogen washout test and provides an in-
dex of the distribution of ventilation (27). In none of
the normal subjects and in only one of the patients
with mitral valve disease was the end-tidal nitrogen
concentration above 1.5%o at this time.

Values for DL, DM, and Vc were related to BSA;
DL and DM were expressed in milliliters CO per min-
ute per millimeter Hg per square meter and Vc in mil-
liliters per square meter. The ratio of membrane to in-

5 Arthur H. Thomas Co., Philadelphia, Pa.
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FIG. 1. COMPARISONBETWEENDUPLICATE DETERMINATIONS OF THE DIFFUSING CAPACITY OF THE LUNG (DL), THE
DIFFUSING CAPACITY OF THE ALVEOLAR-CAPILLARY MEMBRANE(DM), ANDTHE PULMONARYCAPILLARY BLOODVOLUME(VC)
DONE IN 13 SUBJECTS, EIGHT NORMAL(CIRCLES) AND FIVE WITH HEART DISEASE (DOTS), ON DIFFERENT DAYS.

tracapillary resistance to diffusion (RM/Rc) was cal-
culated by the methods discussed by Roughton and
Forster (2) and McNeill, Rankin, and Forster (8).
Pulmonary vascular resistance (PVR) was expressed
in resistance units and also related to body surface
area (RU m2); it was obtained by dividing the differ-
ence between mean pulmonary arterial pressure (PPA)
and mean left atrial pressure (PLA) in millimeters Hg
by the cardiac index in liters per minutes per square

meter.
The reproducibility of measurements of DL, DM, and

Vc with this technique has been estimated by doing du-
plicate determinations on eight normal subjects and five
other patients with heart disease on different days.

Results

As judged from duplicate determinations (Fig-
ure 1), the standard deviations (28) of each
measurement were for DL + 1.12 ml COper min-
ute per mmHg per M2; for DM+ 9.32 ml COper

minute per mmHg per M2; and for Vc 5.66 ml
per M2. These represented 9.1%o, 39.0%, and
12.4% of the mean values, respectively, and com-

pound day to day physiological variations with
errors in the method. The relatively poor repro-

ducibility of DmI is largely influenced by the two
extreme sets of duplicates seen in Figure 1B. If
these are omitted, the standard deviation for DM
is then 3.4 ml COper minute per mmHg per m2
or 17.7%o of the mean. This reproducibility of
DL, DxI, and Vc is similar to that reported by

Bates, Varvis, Donevan, and Christie with exer-

cise studies (9).
Values found for DL, DM, and Vc in 18 normal

subjects are listed in Table I. The mean values
and standard deviations (mean + SD) were for
DL 15.0 + 2.5 ml COper minute per mmHg per
mi2, for DM30 + 10.4 ml COper minute per mm

Hg per M2, and for Vc 52 + 14.9 ml per M2.
The mean SD for the ratio of membrane to
intracapillary resistances (RM/Rc) in normal
subjects was 1.30 + 0.63. Also listed in Table I
are the hemodynamic data obtained at cardiac
catheterization on the nine normal subjects with
systolic murmurs.

Results in 18 patients with mitral valve disease
are listed in Table II. The means SD in this
group were for DL 8.0 + 2.5 ml CO per minute
per mmHg per M2, for Dm 12 + 4.4 ml CO per
minute per mmHg per M2, and for Vc 43 + 18.1
ml per M2. The mean + SD of the RM/Rc ratio
was 3.04 1.95. Hemodynamic data on these
patients are also listed in Table II.

Figure 2 shows a comparison between normal
subjects and patients with mitral valve disease for
DL, DM, and Vc. In patients with mitral valve
disease, the reduction in mean total diffusing ca-

pacity of the lungs as compared with normal is
highly significant (p < 0.001), and the reduction
in mean membrane diffusing capacity is also
highly significant (p < 0.001). There is, how-

ml CO/min ummHg.M2
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TABLE I

Physical characteristics and determinations of DL, DM, Vc,
and hemodynamic data in normal subjects*

Normal subjects

Age Sex BSA DL DM Vc RM/Rc PPA PAX C.I. Sao2

M2 ml CO/min/ ml CO/min/ ml/m2 mmHg mmHg L/minI/m2 %
mmHg/M2 mmHg/M2

20 F 1.60 13.1 22 44 1.47
29 M 1.88 18.2 52 41 0.54
30 M 1.90 17.4 50 34 0.53
30 M 1.87 13.9 24 46 1.38
29 M 1.95 17.8 30 48 1.46
32 M 1.99 10.8 17 43 1.74
30 M 1.87 16.1 24 67 2.04
46 M 1.83 10.7 21 29 1.04
28 M 1.90 15.4 42 33 0.58
10 M 1.30 12.9 23 55 1.61 18 11 3.8 100
19 M 1.62 12.3 16 67 3.13 22 11 3.3 95.6
12 F 1.48 18.5 37 68 0.95 9 3 3.3 95.6
17 M 1.68 14.5 24 53 0.94 11 3.4 93.4

8 M 0.91 14.8 33 52 0.84 16 9 3.6 98.3
21 M 1.95 17.6 37 53 1.02 8 6 3.8 98.5
11 M 1.26 17.1 28 90 1.20 12 6 3.1 97.0
11 M 1.10 16.6 30 59 1.46 14 7 4.4 97.0
15 F 1.80 13.1 24 49 1.52 9 5 2.7 98.6

Mean 15.0 30 52 1.30 13 7 3.5

SD 2.52 10.4 14.9 0.63 4.7 2.9 0.5

* DL and DMare the diffusing capacities of the lung and of the alveolar-capillary membrane; Vc is the pulmonary
capillary blood volume. RM/Rc is the ratio of membrane resistance to intracapillary resistance to diffusion. PPA is the
mean pulmonary arterial pressure; PLA is the mean left atrial pressure; C.I. is the cardiac index. SaO2 is the arterial
oxygen saturation.

TABLE II

Physical characteristics and determinations of DL, DM, Vc, and hemodynamic data
in patients with mitral valve disease*

Mitral valve disease

Age Sex BSA DL DM VC RM/Rc PPA PLA C.I. SaO2

m2 ml CO/min/ ml CO/min/ mt/M2 mmHg mmHg L/min/m2 %
mmHg/M2 mmHg/M2

42 F 1.32 6.6 8 77 6.68 27 14 2.1 95.0
30 F 1.41 9.9 17 38 1.44 40 24 1.8 96.5
44 M 1.84 6.9 9 37 3.95 39 18 2.8 94.0
36 F 1.76 7.3 9 58 4.76 26 21 2.3 96.0
59 M 1.89 5.5 10 17 1.21 59 24 2.5 97.0
28 F 1.48 15.1 23 74 2.12 22 18 3.1 96.0
36 M 1.87 9.6 15 34 1.73 35 22 2.1 100.0
53 F 1.54 6.9 13 24 1.22 75 37 2.5 90.7
48 M 1.89 10.4 18 40 1.37 35 20 3.0 95.0
38 F 1.55 7.2 10 46 2.63 35 24 1.6 98.0
35 F 1.56 9.8 16 40 1.74 32 26 3.1 98.0
35 F 1.66 7.8 11 43 2.65 20 14 3.0 97.0
44 M 1.68 5.8 7 48 5.13 40 24 1.7 98.9
43 F 1.44 8.5 14 35 6.29 28 22 2.9 95.0
47 M 1.73 4.6 7 29 2.20 28 21 1.3 91.5
48 F 1.50 8.5 10 77 6.40 22 18 2.8 96.5
38 F 1.63 4.9 8 23 1.94 31 13 2.4 94.0
20 F 1.40 8.4 16 30 1.28 58 30 2.0 92.4

Mean 8.0 12 43 3.04 36 22 2.4

SD 2.5 4.5 18.1 1.95 14.5 5.9 0.56

* Symbols are the same as those used in Table I.
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FIG. 2. COMPARISONOF VALUES FOUNDFOR DL AND DM, IN MILLILITERS
CO PER MINUTE PER MILLIMETER HG PER SQUAREMETERAND VC IN MILLI-
LITERS PER SQUAREMETERBETWEENNORMALSUBJECTS AND PATIENTS WITH
MITRAL VALVE DISEASE (MVD). There is a highly significant difference in
both DL and DM between the two groups (p <0.001 in both cases), but
there is no significant difference in Vc (0.10 > p > 0.05). Solid and
broken lines represent the mean ± SD within each group.

ever, no significant difference in the mean values
of pulmonary capillary blood volume in the two
groups (0.10 > p > 0.05). There is also a sig-
nificant difference in Rm/Rc ratios between the
two groups (p < 0.01).

The results on 27 subjects (nine normal and
18 patients with mitral valve disease), in whom
hemodynamic data were obtained, were analyzed
for correlations between pulmonary capillary
blood volume and the following hemodynamic
variables: cardiac index, stroke volume, mean
pulmonary arterial pressure, mean left atrial pres-
sure, and pulmonary vascular resistance.

There was a probably significant correlation
between Vc and cardiac index (r = + 0.382, p <
0.05) but no correlation between Vc and stroke
volume (r = + 0.257, 0.20 > p > 0.10) (Figure
3). There was a highly significant negative cor-
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FIG. 3. RELATIONSHIP BETWEENVC AND (A) CARDIAC
INDEX AND (B) STROKE VOLUME IN NINE NORMALSUB-
JECTS (CIRCLES) AND 18 PATIENTS WITH MITRAL VALVE
DISEASE (DOTS). There is a probably significant corre-
lation between Vc and cardiac index (r = + 0.382, p <
0.05) but no correlation between Vc and stroke volume
(r = + 0.257, 0.20> p>0.10).
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analysis, then in the 18 patients with mitral valve
disease, there are still significant negative corre-
lations between Vc and mean pulmonary arterial
pressure (r = - 0.606, p < 0.01), and pulmonary
vascular resistance (r= - 0.612, p < 0.01), but
no correlations between Vc and cardiac index,
stroke volume, or mean left atrial pressure.

Discussion

The values of DL, DM, and Vc in normal sub-
jects are in good agreement with those found by

6*0 so
other workers using either steady-state or breath-

60 80 holding techniques (2, 3, 8-11).

FIG. 4. RELATIONSHIP BETWEENVC AND MEAN PUL-
MONARYARTERIAL PRESSURE (PPA) IN NINE NORMAL
SUBJECTS (CIRCLES) AND 18 PATIENTS WITH MITRAL
VALVE DISEASE (DOTS). There is a highly significant
negative correlation (r =- 0.658, p < 0.001).

relation between Vc and mean pulmonary arterial
pressure (r = - 0.658, p < 0.001) (Figure 4).
There was also a significant negative correlation
between Vc and mean left atrial pressure (r =-
0.586, p <0.01) (Figure 5).

The relationship between Vc and pulmonary
vascular resistance is shown in Figure 6. There
is a highly significant negative correlation between
Vc and pulmonary vascular resistance (r =-
0.647, p < 0.001).

If the normal subjects are omitted from this
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FIG. 5. RELATIONSHIP BETWEEN

LEFT ATRIAL PRESSURE (PEA) IN NINE

(CIRCLES) AND 18 PATIENTS WITH

EASE (DOTS). There is a significant
tion (r=-0.586, p <0.01).
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FIG. 6. RELATIONSHIP BETWEENVC AND PULMONARY
VASCULAR RESISTANCE (PVR) IN NINE NORMAL SUB-
JECTS (CIRCLES) AND 18 PATIENTS WITH MITRAL VALVE
DISEASE (DOTS). There is a highly significant negative
correlation (r = - 0.647, p < 0.001). RU= resistance
units.

Several factors that may influence the present
estimates of DL, DM, and Vc need to be con-
sidered. Uncertainty about the hematocrit of
pulmonary capillary blood as compared with ar-
terial blood may affect the absolute value of Vc
(2), but this is unlikely to influence the relation-
ships found here.

The calculated value of DL by any steady-state
30 40 method is very sensitive to errors in the meas-

urement of mean alveolar carbon monoxide ten-
(VC) AND MEAN sion. These errors are increased in the presence

NORMALSUBJECTS of uneven distribution of ventilation (29, 30).MIITRAL VALVE PIS-
t negative correla- Detectable maldistribution of ventilation, as judged

by N2 washout, was absent in this series, except
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PULMONARYCAPILLARY BED IN MITRAL VALVE DISEASE

in one patient, and it seems unlikely that lesser
degrees of uneven ventilation contributed a sys-

tematic error to DL.
If part of the perfused capillary bed were not

ventilated, the measured Vc would be an under-
estimate of the true anatomical capillary blood
volume. In this situation, there would be a sig-
nificant venous admixture with arterial desatura-
tion. There was, however, no correlation between
Vc and arterial oxygen saturation, which was

above 957% in all but five patients with mitral
valve disease and one normal subject (Tables I
and II), so this is unlikely to have contributed
a systematic error.

Nonuniform distribution of Vc with respect to
alveolar ventilation may result in errors in the
estimates of DL, DM, and Vc, and there is evi-
dence that capillary blood flow and volume may

be nonuniformly distributed in mitral valve dis-
ease with severe pulmonary hypertension (31-
33). Studies with 015 indicate that in the erect
normal subject blood flow through the lower lung
zones is greater than through the upper zone,

and the distribution of blood flow becomes more

uniform in the supine position (34). In patients
with mitral stenosis, this difference in the distri-
bution of blood flow between upper and lower
zones may be abolished in the erect posture and,
in the presence of severe pulmonary vascular dis-
ease, may even be reversed (32). Clearance of
radioactively labeled CO and 02 has been used
as an index of blood flow but must depend to some

extent on capillary blood volume, since the uptake
of CO is wholly diffusion limited and that of O.,
partly so. These clearance studies indicate that
perfusion of the upper lobes in mitral stenosis may
be as much as three times that of the lower lobes
in the presence of severe pulmonary vascular dis-
ease. According to data derived from a theo-
retical two-compartment lung model (35), non-

uniform distribution of Vc will result in an un-

derestimate of Vc. It is therefore possible that a

systematically increasing underestimate of Vc
with increasingly severe pulmonary hypertension
is responsible for the negative correlations found
here between Vc and intravascular pressures and
resistance. However, this would require a ratio
of distribution of Vc between upper and lower
zones considerably higher than those suggested
by the radioactive clearance studies (32) ; it

seems unlikely that this source of error is of suffi-
cient magnitude to explain the relationships found.

The assumption that neither D-i nor Vc changes
under the influence of high oxygen tension has
been discussed in detail by Forster and associ-
ates (1) and by Lewis, Lin, Noe, and Komisaruk
(3). If 100% oxygen produces any change
either in the over-all pulmonary capillary blood
volume or in the distribution of Vc with respect
to alveolar ventilation in patients with mitral
valve disease, errors in the estimation of Vc will
result. If the capillary bed enlarges. or becomes
more uniformly distributed, under the influence
of 100%o oxygen, then an overestimate of Vc will
result; if the capillary bed constricts or becomes
more unevenly distributed, Vc will be underesti-
mated. The extent or direction of this possible
source of error cannot be predicted on the present
information.

The finding that DL is commonly, although not
invariably, reduced in mitral valve disease is well
known (9, 10, 16, 17, 36-39). The significant
reduction in mean DL in this group of patients
with mitral valve disease is due mainly to a re-
duction in membrane diffusion; in the majority
of patients, Vc was within normal limits, which
agrees with the recent findings of Daly, Giamm-nona,
Ross, and Feigenbaum (17). The mean age of
the normal group was 29 years and of the group
with mitral valve disease, 41 years; although
there is some disagreement about the influence
of age on pulmonary diffusing capacity. some
workers have reported a mean reduction in
steady-state DL of about 20% over this age range
(9, 40). Thus this age difference may have con-
tributed in part to the reduction in DL, but would
not explain the 50% reduction in DL and DM
found here. A normal Vc, reduced DMt, and in-
creased Rm/Rc ratio in patients with mitral valve
disease can be explained on either of two ana-
tomical concepts. The membrane may be thick-
ened without change in the dimensions of the capil-
lary lumina; alternatively, there could be destruc-
tion of some capillaries with dilatation of the re-
mainder so that the total volume of blood in the
capillary bed remains normal but DNi is reduced
from disproportionate reduction in surface area.
A combination of these two effects is probably the
correct explanation (41).

A close relationship between Vc and pulmonary
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blood flow has been demonstrated in normal sub-
jects (5) and in patients with left to right shunts
(42). In the group analyzed here (Figure 3)
there was a poor but probably significant corre-
lation between Vc and cardiac output. There was
no correlation between Vc and stroke volume.
Studies of total pulmonary blood volume in mitral
valve disease (43) have demonstrated that pul-
monary blood volume is positively related to
cardiac output and more closely to stroke volume.
The pulmonary capillary bed in mitral valve dis-
ease probably is at or near maximal distension
anyway and is less able to respond to changes in
total or pulsatile input into the system.

The volume of a passive vascular bed should
increase with rise in intravascular pressure (44),
and this is the known behavior of the normal pul-
monary capillary bed (3, 4, 6, 7, 45). In the
group studied here, however, there was a nega-
tive correlation between Vc and intravascular
pressure. This does not mean that in a given
individual with mitral valve disease an acute rise
in intravascular pressure would be associated
with a further decrease in Vc, but in this group
of patients, each studied under the same resting
conditions, those patients with higher intravas-
cular pressures had smaller pulmonary capillary
volumes. The distensibility of the pulmonary
capillary bed must be reduced in those cases of
mitral valve disease with higher intravascular
pressures. There may be passive constriction due
to thickening of the capillary walls or structural
obliteration of capillaries. On the other hand,
some patients with normal or relatively mild ele-
vation of pulmonary vascular pressures and re-
sistance had a high normal Vc. This agrees with
the finding of Palmer, Gee, Mills, and Bates (16)
that Vc is increased in some moderately advanced
cases of mitral stenosis but consistently reduced
in the severest cases.

Not only is Vc inversely related to intravascular
pressures, but the reduction in Vc is more closely
related to the height of the pulmonary arterial
pressure than to the left atrial pressure, which is
also so with the ventilatory impairment found
in mitral stenosis (46). McGaff, Roveti, Glass-
man, and Milnor (47) found that total pulmonary
blood volume in rheumatic heart disease was posi-
tively related to left atrial pressure but was not
related to pulmonary arterial pressure. The dif-

ference in these pressure-volume relationships of
the pulmonary vascular bed as a whole com-
pared with the capillary bed suggests that the
changes in total pulmonary blood volume with
left atrial pressure rise are determined largely by
changes in the venous compartment. These latter
workers also found a negative correlation between
pulmonary blood volume and pulmonary vascular
resistance similar to the present relationship be-
tween Vc and resistance. In fact, the changes in
Vc recorded here would in themselves be associ-
ated with a significant rise in total pulmonary
vascular resistance.

The regression line in Figure 6 shows that for a
mean rise in pulmonary vascular resistance from
5 to 15 RUm2 there is a drop in Vc from 49 to
21 ml per M2. If this change in volume is due to
reduction in number or length, or both, without
change in radius of the individual capillaries, this
would mean an increase in capillary resistance of
49/21, or more than double. If there were a
change in radius of individual capillaries without
a change in number or length, the increase in
capillary resistance would be (49/21 )2 or more
than fivefold. Values for normal segmental re-
sistance estimated by McGaff and associates (47)
from the anatomical measurements of Miller
(48) and Schleier (49) indicate that, in normal
lungs, about 50%c of the total pulmonary vascular
resistance resides in the capillaries. No esti-
mates are available for the contribution that the
capillary bed makes to total pulmonary vascular
resistance in disease states, but with a rise in
total pulmonary vascular resistance in mitral valve
disease from 5 to 15 RU M2, there would be an
increase in capillary resistance of between two
and five times, which is still a significant con-
tribution. These figures can only be regarded
as approximations but do suggest that reduction
in the volume of the capillary bed, whether it be
by reduction in length or cross-sectional area of
capillaries, may contribute an important part of
the total increase in pulmonary vascular re-
sistance in mitral valve disease.

Summary

Measurements of pulmonary diffusing capacity
for carbon monoxide, membrane diffusing capacity,
and pulmonary capillary blood volume were made
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in 18 normal subjects and in 18 patients with
mitral valve disease. Hemodynamic data were
obtained under comparable conditions by left and
right heart catheterization in the 18 patients with
mitral valve disease and in nine of the normal
subjects.

In the normal subjects, mean values + SD
were for pulmonary diffusing capacity, 15.0 ± 2.5
ml COper minute per mmHg per m2 BSA; for
membrane diffusing capacity, 30 ± 10.4 ml CO
per minute per mmHg per m2 BSA; and for
pulmonary capillary blood volume, 52 ± 14.9 ml
per m2 BSA.

The mean value for pulmonary diffusing ca-
pacity in patients with mitral valve disease was
significantly lower than normal, due mainly to im-
pairment of membrane diffusing capacity. This
impairment of membrane diffusion may be due in
part to reduction in surface area available for dif-
fusion by obliteration of part of the capillary bed,
and, perhaps more important, to thickening of
the alveolar-capillary membrane.

Increasing pulmonary vascular pressures and
pulmonary vascular resistance are associated with
diminution in the pulmonary capillary blood vol-
ume. Although these relationships could be ex-
plained by increasingly nonuniform distribution of
capillary blood volume, it is equally likely that
there is a true reduction in capillary blood volume
as a result of either constriction or partial oblitera-
tion of the pulmonary capillary bed. This may be
an important factor contributing to the elevation
of pulmonary vascular resistance found in mitral
valve disease.
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