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Although it is obvious that the blood flow
through the pulmonary artery is pulsatile, it is not
so certain that it remains so within the pulmonary
capillaries. On the contrary, the direct Fick
method for measuring cardiac output expresses
mean flow per unit time, and calculation of pul-
monary arteriolar resistance tacitly assumes the
existence of a non-pulsatile blood flow. Further-
more, it is not known whether the rate of gas dif-
fusion from alveolus to capillary varies with the
phase of the cardiac cycle.
The present communication describes a method

for measuring instantaneous blood flow in the
pulmonary capillary bed in man. A continuous
recording of pressure within an airtight body
plethysmograph is made before and after the in-
halation of nitrous oxide. As the gas is absorbed
by the blood entering the lung capillaries, the
pressure within the body plethysmograph falls.
This fall in pressure is proportional to the pul-
monary capillary blood flow, and was found to
vary according to the phase of the cardiac cycle.

METHOD

An airtight body plethysmograph of approximately
600 liters capacity, previously constructed for the meas-
urement of alveolar pressure (1) was used (Figure 1).
The differential pressure between the plethysmograph

chamber and an adjacent "compensatory" chamber was
measured, using a Lilly capacitance manometer, Brush
D.C. amplifier and recorder. This arrangement elimi-
nated artefacts produced by extraneous sounds in the
laboratory, alterations in room temperature and changes
in ambient barometric pressure. The sensitivity of the
recording system was .04 cm. H20 per cm. deflection, and

1 These studies were aided in part by a contract be-
tween the Office of Naval Research, Department of the
Navy, and the University of Pennsylvania, Graduate
School of Medicine, NR 112-323.

2 Presented in preliminary form at the Fall Meetings
of the American Physiological Society, 1954. DuBois,
A. B., and Lee, G. de J., (Am. J. Physiol., In press).

3 Holding a Travelling Fellowship from St. Thomas's
Hospital, London. Present address: St. Thomas's Hos-
pital, London, England.

the response time was satisfactory up to a rate of 35
cycles per second. The pressure between the plethysmo-
graph and compensatory chamber could be equalized by a
valve, and the plethysmograph could be vented to the
exterior by a solenoid operated valve in the wall of the
chamber.
The subjects, who had been active in the laboratory,

were permitted to sit for 5 to 15 minutes before entering
the plethysmograph. During the test, they were re-
quired to breathe in a special way, and to turn valves;
they were by no means basal. The subject sat in the
closed plethysmograph with two 5-liter bags and two
sampling tubes. His electrocardiograph (lead CF.4)
was recorded simultaneously with the plethysmograph
pressure, using a second Brush D.C. amplifier operating
the remaining pen of the Brush recorder. Two minutes
were allowed for temperature equilibration to occur, but
in spite of this, some slight rise in pressure within the
plethysmograph continued owing to continued heating
of the contained air by the subject's body. To measure
this and also R.Q. effects during the subsequent breath-
holding procedures a control record was first obtained.
The subject twice exhaled almost to his residual capacity
and then took a deep inspiration. After the second in-
spiration, he exhaled to resting lung volume and held his
breath with the glottis open for a few seconds while
simultaneous records of plethysmograph pressure and
ECG were obtained. In addition to the pressure changes

BODY PLETHYSMOGRAPH

FIG. 1. DIAGRAM OF BODY PLETHYSMOGRAPH, MANOM-
ETER, AND ELECTROCARDIOGRAPH RECORDING SYSTEM

For pictorial clarity, valves between the plethysmo-
graph, compensating chamber, and the exterior are not
shown.

1380



PULMONARY CAPILLARY BLOOD FLOW IN MAN

Ti *' / 747.$ !7.
T ../ /.fE9ij&

-

.ji7.t ±- -4tx-I
14i..*.-.' - - 7

71

12 I IV.P-. - - - -____ x-f1.i.K '---.----- --_____________ v-i-

24,.,-1

-~~I-L

FIG. 2. CONTROL RECORD DURING BREATHHOLDING AFTER AIR INHALATION
Plethysmograph pressure record (inverted)

shown below.

occurring from heating and R.Q. effects, small varia-
tions in pressure were seen to occur in association with
the heart beat (Figure 2).

After a short period of normal breathing, the subject
again exhaled almost to his residual volume and then
took a deep inspiration from a 5-liter bag containing 100
per cent oxygen. This was done to raise the alveolar
oxygen content so that when nitrous oxide was subse-
quently breathed, the resultant alveolar gas mixture
would contain approximately the normal concentration
of oxygen. Next, the subject again fully exhaled and
took a maximal inspiration of 100 per cent nitrous oxide
from a second 5-liter bag. He then exhaled through
a Haldane gas sampling tube to resting lung volume and
held his breath with the glottis open. The plethysmo-
graph pressure fell in a characteristic fashion as the ni-
trous oxide was absorbed by the blood entering the lung
capillaries (Figure 3). After 5 to 10 seconds breathhold-
ing the subject exhaled maximally through a second Hal-
dane gas sampling tube.
The two expiratory samples were taken for subse-

quent analysis for nitrous oxide in a mass spectrometer.
From these samples, the mean alveolar gas concentration
during each cardiac cycle was calculated. The subject
usually began to feel slightly 'intoxicated' some 15 to 20
seconds after inhaling the gas; this sensation disappeared
rapidly after inhaling several breaths of air from the
plethysmograph; it was more marked if oxygen was not
inspired prior to the nitrous oxide inspiration.
The calculation of mean alveolar gas concentration

from expired air samples assumes satisfactory distribu-
tion of the inspired gases within the lungs. All the sub-
jects studied were healthy young adults. Under such
circumstances it has been shown that the alveolar plateau
recorded by a rapid gas analyzer can be extrapolated
backward to the dead space (2, 3) and forward to the

above, calibrated as a volume change. ECG

residual volume (4, 5). Since the mean concentration
of alveolar gas is the mean of the integral of the prod-
uct of concentration and volume over the entire range

of lung volume, it is reasonable to assume that the mean

alveolar concentration is represented as a point located
at approximately mid expired volume on the alveolar pla-
teau in a normal subject.

Expiration into a rapid gas analyzer showed that after
a single breath of nitrous oxide, the alveolar gas con-

centration was approximately 58 per cent N2O. How-
ever, if the breath was held at resting volume for vary-

ing intervals of time before exhaling into the analyzer,
the alveolar concentration fell progressively at approxi-
mately 0.5 per cent N20 per second. After exercise, the
rate of decline was considerably faster (0.7 to 1.8 per

cent N2O per second).
The change in pressure in the plethysmograph was

converted to volume change by calibrating with a small
volume of air alternately injected and withdrawn, using
a 30 ml. syringe or a diaphragm type pump. The cali-
brating volume under ambient conditions at 260 to 280
C., and 40 to 50 per cent saturated (unpublished meas-
urements by Botelho) was converted to BTPS by an

appropriate factor, assuming a barometric pressure of 760
mm. Hg. It produced a deflection of approximately 12
mm. on the record.
Having completed the procedure under resting con-

ditions, the whole procedure was repeated after half a

minute of knee-bending exercises in the plethysmograph.

Calculation of blood flow

The solubility of nitrous oxide (SN20) in whole blood is
47 vol. per 100 ml. blood per atmosphere at BTPS (6).
Since the volume of N20 (VN20) which dissolves in the
blood is proportional to the alveolar fraction of N20
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FIG. 3. RECORD OBTAINED DURING BREATHHOLDING AFTER N20 INHALATION
Plethysmograph pressure record above, calibrated as a volume change. EGG shown below.

Plethysmograph vented at arrows.

(FAN0o), it is necessary to calculate the latter from the
samples which have been analyzed, as the fraction of dry

gas (FNO), by the formula: FANIO = FNO.B760 where

the symbols are standard (7).
The volume of gas absorbed in a given time (t) is also

proportional to the quantity of blood (Q) equilibrated with
the gas at that time. Combining terms

VNjO = SN2O*FAN2O*Q.
Rearranging and differentiating with respect to time

VNgO
SN2O,FANO0

where Q = cardiac output
VN,O - rate of absorption l
SN,o - solubility in whole bloodj

all terms being expressed in liters per minute at BTPS.
Two separate methods for measuring the rate of gas

absorption (V) were employed:
(a) Four consecutive cardiac cycles were measured

for pressure deflection at 0.04 second intervals, com-
mencing in time with each R-wave of the ECG. The
pressure changes during corresponding intervals of time
in each cycle were then averaged to obtain a succession
of mean values of V and so eliminate effects of random
noise artefact.
The same was done for the control period, and the con-

trol values were subtracted from those obtained during
the N,O period in order to eliminate the recurrent varia-
tions produced by mechanical gas compression with the
heart beat, temperature, and R.Q. changes already
mentioned.

(b) The output from the capacitance manometer am-
plifier recording the plethysmograph pressure (V) was
led through a 'differentiating' circuit consisting of a
capacitance (C) and resistance (R); the voltage across
the resistance was measured by a Brush DC amplifier and
recorder. The values of C and R were selected to give
a time constant of 0.06 second. The output was approxi-

mately proportional to the rate of change of pressure
in the plethysmograph and hence proportional to the
rate of blood flow (Figure 4).

It was considered that part of the pressure drop in the
plethysmograph during nitrous oxide uptake might pos-
sibly be due to uptake in the lung tissues themselves,
rather than by the blood. This possibility was there-
fore tested, using the trachea, heart and lungs of dogs,
obtained immediately following the termination of other
experiments in which the lungs had not been involved.
These isolated lungs contained blood that was not flow-
ing. The preparation was placed in a plethysmograph of
approximately 25 liters capacity and inflation experi-
ments were made which were identical with the proce-
dure carried out by our subjects in the body plethysmo-
graph. After the first second following inflation of the
dog's lungs with 100 per cent nitrous oxide, only minor
changes in plethysmograph pressure occurred:

Dog 1: 0.09 ml. per sec. N.0 uptake. Weight of
lungs: 176 gm.

Dog 2: 0.13 ml. per sec. N.0 uptake. Weight of
lungs: 155 gm.

Dog 3: 0.02 ml. per sec. N,O uptake. Weight of
lungs: 174 gm. (Average: 0.08 ml. per sec. N,O
uptake.)

Assuming that human lungs are approximately four times
as heavy as those of the dog, then approximately 0.3 ml.
N,O per sec. would be taken up, due to delayed equili-
bration. However, the uptake due to blood flow is ap-
proximately 30 ml. N,O per sec., so that the factor of
delayed lung tissue equilibration is negligible in the pres-
ent study on man.
Although N,O is an inert gas chemically, it seemed

possible that it might be evoking a local vasodilator ef-
fect upon the lung vessels. This could have led to the
production of a pulsatile blood flow within the lung capil-
laries not necessarily present in the normal state. To
test this possibility, the pressures obtained via a catheter
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FIG. 4A. G. L AT RESTING LUNG VOLUME

Control record, on air, is below, and gas absorption record, on N,O is
above.

wedged in the pulmonary vein of three open-chested dogs
under light Nembutal@ anesthesia were studied. The
animals alternately breathed room air and 50 per cent
N,O in oxygen. No alteration in the pressure pulsations
was obtained when the N,0 mixture was breathed.
This suggested that no change in the physical state of the
vessels had occurred.

RESULTS

Instantaneous pulmonary capillary blood flow
measurements with simultaneous electrocardio-

graph records were obtained from five healthy
young male subjects sitting at rest following labo-
ratory activity and again immediately after moder-
ate exercise. The results are shown graphically
in Figures 5 and 6, where instantaneous flow rates
expressed in liters per minute are shown in rela-
tion to the electrocardiographic events. In all in-
stances the rate of pulmonary capillary blood flow
is seen to vary markedly, being slowest shortly
after the QRS complex of the ECG and most
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FIG. 4B. DUB IN EXPITORY POSITION, GLOIS OPEN
Control record, upper left, with ECG beneath. N,0 record, upper right, with ECG below.
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FIG. 4c. DuB AFTER EXERCISE
Control record, upper left, with ECG underneath. N20 record, upper right, with ECG

below.
FIG. 4. "DIFFERENTIATED" PLETHYSMOGRAPH PREssuRE REcoRDs

rapid subsequent to onset of the T wave. The
closed circles in Figure 5 represent instantaneous
flow rate measurements at each 0.04 second fol-
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FIG. 5. INSTANTANEOUS PULMONARY C A P I L L A R Y

BLOOD FLOW RATES AT REST AND AFTER EXERCISE OB-
TAINED FROM ONE SUBJECT
Zero time arbitrarily taken as the R wave of the ECG,

shown below each flow curve. Closed circles represent
instantaneous flow rates at every 0.04 sec. from four
consecutive heart cycles. Solid line represents the aver-

age instantaneous flow rate obtained from those points.
Dashed line represents mean cardiac output per minute.

lowing the R wave (zero time) obtained from four
consecutive heart cycles (see section on Calcula-
tion of blood flow). The solid line represents the
average instantaneous flow rate of the four cycles.
The dashed horizontal line represents the mean
flow rate or mean cardiac output. In Figure 6,
for the sake of pictorial clarity, only the line repre-
senting the average instantaneous flow rates of
four cardiac cycles have been shown.

Sharp transient changes in flow rate occur in
the regions at highest and lowest flow rate, as are
shown in Figures 5 and 6. Table I shows the
maximal and minimal instantaneous flow rates
that were obtained in each subject at rest and af-
ter exercise. The figures are approximate and
have been obtained by visual inspection of Figures
5 and 6.
In all five subjects, both at rest and after exer-

cise, the instantaneous pulmonary capillary blood
flow rates were found to be pulsatile. They varied
between 40 and 70 ml. per sec. (2.4 and 4.2 L. per
min.) during the period of minimal flow, and 203
and 426 ml. per sec. (12.2 and 25.6 L. per min.)
at maximal flow during rest. Following exercise,
the minimal pulmonary capillary blood flow rates
varied between 40 and 128 ml. per sec. (2.4 and
7.7 L. per min.) and the maximal flow rates varied
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FIG. 6. THE AVERAGE INSTANTANEOUS PULMONARY CAPILLARY FLOW RATE CURVES
OBTAINED FROM FOUR CONSECUTIVE CARDIAC CYCLES OF FOUR HEALTHY SUBJECTS AT
REST, AND AFTER EXERCISE
Zero time is arbitrarily taken as the R wave of the ECG, shown below each flow

curve. The dashed line represents mean cardiac output per minute.

between 370 and 530 ml. per sec. (22.2 and 31.8
L. per min.).

In one individual (subject M) although the
mean cardiac output per minute rose after exer-

cise, the instantaneous flow rates per beat re-

mained virtually unaltered. The rise in cardiac
output was accomplished in this instance by
change in cardiac frequency alone. In the other
four subjects, both changes in cardiac frequency
and increases in instantaneous pulmonary capillary
blood flow rates (stroke output) were responsible
for the rise in cardiac output. The ratio of maxi-
mal to minimal flow rates in the five subjects va-

ried between 3.6 and 10.7 at rest, and 3.1 and 12.0
after exercise.

Stroke volume measurements can be made from
the instantaneous flow curves (Figures 5 and 6),
since the area of each curve represents pulmonary
capillary blood flow per cardiac cycle. Hence,
knowing the pulse rate, or from measurement of
the mean slope of the plethysmograph pressure

curve during N20 breathing (Figure 3), the
mean cardiac output per minute can be obtained
(Figure 7 and Table II).
The mean cardiac output in our resting, non-

basal subjects, was 7.9 L. per min. S.E. + .26

TABLE I

The maximal and minimal instantaneous pulmonary capiUary blood flow rates compared with the mean cardiac output
estimations in each of five healthy male subjects before and after moderate exercise

Rest Exercise

Cardiac Cardiac Rest Exercise
fre- fre-

quency Minimum Maximum quency Minimum Maximum . Mean cardiac
Sub- pulsel pus/ Mxmum output
ject min. ml./sec. L./min. m./sec. L./min. Minimum min. ml./sec. L./min. mil./sec. L./min. Minimum L./min.

C. 72 70 4.2 252 15.1 3.6 97 120 7.2 370 22.2 3.1 7.8 13.1
DuB. 79 43 2.6 290 17.4 6.7 121 128 7.7 526 31.6 4.1 7.8 15.4
G. 72 56 3.4 265 15.9 4.7 97 80 4.8 530 31.8 6.6 8.2 14.2
M. 96 40 2.4 426 25.6 10.7 156 40 2.4 480 28.8 12.0 8.7 14.2
L. 118 55 3.3 203 12.2 3.7 141 88 5.3 466 28.0 5.3 7.1 13.8
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FIG. 7. MEAN CARDIAC OUTPUT AND STROKE VOLUME
RESULTS OBTAINED FROM FIVE HEALTHY MALE SUBJECTS
BEFORE AND AFTER EXERCISE

(4.3 L. per sq. meter per min.: S.E. + .32); and
after exercise 14.1 L. per min. S.E. + .37 (7.6 L.
per sq. meter per min.: S.E. .39).
No simultaneous estimates of cardiac output by

other methods were carried out. However, the
mean cardiac output by the direct Fick method or

by the Hamilton dye injection technique on rest-
ing subjects appears to be less than the mean

value on these subjects who were actively partici-
pating in the procedure.

DISCUSSION

The method here described for measuring pul-
monary capillary blood flow incorporate some

features of Krogh and Lindhard's single breath
technique for measuring pulmonary blood flow
in man, using nitrous oxide (8). It differs by
using a differential manometric respirometer
which allows instantaneous changes in gas up-
take to be measured. It suffers from some of
the disadvantages that previous indirect Fick
methods for cardiac output measurement have
had, whether using nitrous oxide, ethyl iodide,
acetylene or carbon dioxide. These limitations
result from re-circulation of blood during the gas
breathing period, alterations of blood flow with
each phase of respiration, and the necessity for ob-
taining a mean alveolar gas sample, which is only
possible in subjects with reasonably uniform gas
distribution in the lungs. However, accuracy of
the alveolar gas sample is not so critical by this
method. It also has the disadvantage, compared
with the direct Fick method, that the subject must
enter a closed chamber, and must be trained in the
breathing procedure. Further, no associated data
such as pressure measurements, or blood gas sam-
ples from various sites in the circulation, can be
obtained as with catheter techniques. However
it has the advantage of being the only method at
present available for instantaneous blood flow in
the pulmonary capillaries. Contrasted with it,
the dye or isotope dilution methods for measur-
ing cardiac output record the mean flow rate oc-
curring over a period of several heart beats. The
present technique allows instantaneous pulmonary
capillary blood flow measurements to be made,
and also makes possible measurement of the stroke
volume of individual right ventricular contractions
in man.

TABLE II

Cardiac output and stroke volume data obtained from five healthy male subjects at rest and after moderate exercise

Rest Exercise

Stroke Stroke
Cardiac Cardiac volume Cardiac Cardiac volume

frequency Cardiac index Stroke index frequency Cardiac index Stroke index
plses output L./sq. m./ volume ml./sq. m./ pulses output L./sq. m./ volume m0l./s. m./

Subject per msn. L./min. mm. ml./beat beat per mix. L./mix. mix. ml./beat beat

C. 72 7.8 4.1 109 57 97 13.1 6.9 135 71
DuB. 79 7.8 3.5 99 45 121 15.4 7.0 127 58
G. 72 8.2 4.7 114 65 97 14.2 8.1 146 84
M. 96 8.7 5.3 91 56 156 14.2 8.7 91 56
L. 118 7.1 3.9 60 33 141 13.8 7.5 98 54
Mean 87 7.9 4.3 95 51 122 14.1 7.6 119 65

S.D. .59 .71 13.2 12.4 .83 .87 5.0 3.6

S.E. .26 .32 5.9 5.5 .37 .39 2.2 1.6
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PULMONARY CAPILLARY BLOOD FLOW IN MAN

Two qualifications need to be made when in-
terpreting flow data indicated by nitrous oxide
uptake in the lungs. Firstly, since nitrous oxide
diffuses with approximately the same speed as
carbon dioxide, the equilibration between alveolar
N20 and blood entering the pulmonary capillaries
is theoretically complete long before the equilibra-
tion for oxygen, probably within the first 1/20th
of the capillary length (6). The method there-
fore measures the rate of blood flow at the ar-
teriolar end of the pulmonary capillary only, and
gives no information about the blood flow at the
venous end of the system. The second qualifica-
tion concerns pulmonary ventilation-perfusion re-
lationships. A region of lung receiving no ven-
tilation, or presenting an impervious diffusion bar-
rier, will absorb no N2O despite the presence of
blood flow through that area. Such blood must
be considered to be passing through a 'physio-
logical shunt' and is not measured by the method.
The instantaneous pulmonary capillary blood

flow curves obtained from the nitrous oxide uptake
studies do not show a constant flow rate but are
pulsatile, having the form and degree shown in
the graphs of our five subjects (Figures 5 and
6). The blood flow tends to increase in pulsa-
tility with exercise. Differential pressures be-
tween the pulmonary artery and "capillary" curves
in man suggested the likelihood of pulsatile capil-
lary flow (9).
Although the amplitude of pulsatility varied

among the different subjects and under different
physiological conditions, there were certain fea-
tures to the curves that were consistent and re-
producible. The pulmonary blood flow reached
its slowest rate approximately 0.1 second after
electrical systole and then rapidly accelerated dur-
ing the period of the T wave, to reach a peak blood
flow approximately twice the mean blood flow.
The rate of flow then diminished to reach a mini-
mum rate, which was usually less than half the
mean flow rate and approximately a fifth of peak
flow rate. The instantaneous flow records show
that these events do not occur in a smooth or
sinusoidal wave form, but with abrupt angula-
tions. Following peak flow there was usually a
notch or sharp angulation in the curve; similarly,
during the period of minimum flow there were
sharp transient changes in the instantaneous flow
rate. These sharp changes may be due to arte-

facts resulting from mechanical compression by the
heart of the gases within the lungs (10). On the
other hand, since they appear so consistently it
seems possible that they may represent real al-
terations in flow rate associated with the notch in
the pulmonary arterial pressure record at the time
of pulmonary valve closure in the first instance
(11), and with left atrial systole in the second in-
stance. These events would produce transient
changes in pressure gradient across the capillary
and hence affect capillary flow rates at these
instants.

Since many calculations which use pulmonary
blood flow as one of their parameters tacitly as-
sume that the pulmonary capillary flow rate is
constant, it is interesting to review these and con-
sider whether errors may be introduced by the
assumption of a steady flow. The following sec-
tions of the discussion are speculative rather than
experimental.

Gas exchange

The concepts of ventilation and perfusion, and
the ratio V/Q presume a steady ventilation and
steady blood flow for convenience of calculation.
Calculation of the variation of alveolar gas ten-
sions during the respiratory cycle (12) shows
that under normal conditions and during the
steady state it is satisfactory to assume a steady
ventilation. The exceptions to this are that the
alveolar gas concentrations during a single respira-
tory cycle and during sudden changes in ventila-
tory rate do not fluctuate along the same line as
the V/Q ratio. A superficial examination of the
effects of pulsatile blood flow will reveal much the
same state of affairs. Exchange of oxygen and
carbon dioxide between the capillary blood and
alveolar gas should mostly take place during the
rapid phase of blood flow (systole) and very little
during the slow phase (diastole). This intermit-
tent exchange would result in a halting type of
progression round the loop describing fluctua-
tions of Po2 and Pco2 on the O2-CO2 diagram
during a single respiratory cycle (12). Since the
respiratory loop itself causes little effect on the
V/Q ratio, intermittent progression round the loop
should have little additional effect. In other
words, under most circumstances it is satisfactory
to assume a constant pulmonary blood flow as far
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as the V/Q ratio is concerned. Again, the ex-
ception occurs when rapid changes in alveolar gas
concentration are measured. Under such cir-
cumstances, instead of a smooth and continuous
change in gas concentration as previously sup-
posed, one would expect to find changes occurring
in an intermittent fashion. It is of interest that
such an intermittency of concentration change has
already been noted by Bartels, Severinghaus,
Forster, Briscoe, and Bates from continuous analy-
sis of the expired air for 02, CO2, and N2, using
a rapid gas analyzer (13).

Analysis of the alveolar-arterial oxygen gradient
is based on the V/Q ratios discussed above. With
the presence of a pulsatile capillary blood flow it
is possible to conceive of a situation where an A-a
gradient, not present in a steady system, could
exist. This would exist where the diffusing ca-
pacity for oxygen were such that the systolic
spurts of blood flow would pass through the capil-
laries too rapidly to become saturated and where
the diastolic pauses could not make up for the sys-
tolic rush. Here saturation would be reached at
the mean flow rate, and not improved by a slow
diastolic flow rate. Such a situation would re-
quire that various elements of the stroke output
stay in the capillary system unequal lengths of
time. This has not been determined experi-
mentally as far as we know.

Hemodynamics

There is no theoretical reason to challenge the
direct Fick method for cardiac output measure-
ment during the steady state on the grounds of
pulsatile blood flow, but it is interesting to note
that the mean blood flow actually exists during
only two brief instants of the cardiac cycle during
the rise and fall of the instantaneous flow curve.
To test the method further, simultaneous direct
Fick and plethysmograph measurements of cardiac
output need to be made. In the present investiga-
tion, the phase of respiration at which the breath
was held was seen to influence the stroke volume,
which was greatest during inspiration and least
during the expiratory phase. In preliminary ex-
periments, the Valsalva maneuver was studied and
was found to be associated with a marked in-
crease in stroke volume during the period of the
hypertensive overshoot. This is not in agreement

with the findings of others who reported a fall
in cardiac output during the overshoot period,
using the dye technique (14). The stroke volume
events associated with the Valsalva maneuver are
a gross example of the unsteady state. Calcula-
tions were made from constantly timed blood sam-
ples, with the result that a disproportionately
large concentration of dye was collected during the
overshoot period when the stroke volume was
large. With the plethysmograph method, nitrous
oxide uptake is entirely dependent on flow. The
importance of obtaining constant volume samples
rather than constant time samples in any modifica-
tion of the Fick principle for cardiac output meas-
urement is thus well demonstrated in situations
where the unsteady state exists (15, 16).
The combination of the elasticity of the arteries

and the resistance of the arterioles is capable of
converting the pulsatile output of the left ventricle
into a constant capillary blood flow in the systemic
vascular system. However, the findings here re-
ported regarding pulmonary capillary flow indi-
cate that, although the elasticity of the pulmonary
arteries maintains a certain diastolic capillary flow,
the combination of this elasticity and the pulmo-
nary arteriolar resistance is not sufficient to in-
duce a constant capillary blood flow. With tech-
niques now available it should be possible, from
simultaneous pressure flow data, to separate the
factors of elasticity, resistance, and inertia in the
pulmonary arterial system. In the absence of such
information, it seems likely that the ratio of mean
pressure to mean flow commonly used to express
"pulmonary arteriolar resistance" will include
components of elasticity and inertia. We believe
that it would be more logical to calculate the "pul-
monary impedance" until the elasticity and iner-
tia factors are computable.

In a pulsatile system it is difficult to conceive
of a single value for pulmonary capillary blood
volume during all phases of the blood flow, unless
the pulmonary capillary inflow exactly matches
outflow in time and degree. If this were the case,
the oxygen diffusing capacity would tend to de-
crease with exercise (pulsatile variation of the A-a
gradient), the reverse in fact being the case. It
would seem more likely that in such a system the
pulmonary capillary volume would be capable of
increasing to accommodate sharp increases in flow,
with the result that the transit time through the
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alveolar capillary would remain approximately
constant. Exercise would then be associated with
an increase in oxygen diffusing capacity, as has
been shown to be the case (17-19). The change
in pulmonary capillary volume could occur by
passive dilatation of already patent vessels as flow
increased. Alternatively, the capillary volume
could increase by the opening up of previously
closed capillaries as flow rate increased and the
pressure within the vessels exceeded a certain
critical value. Regulation of pulmonary capil-
lary volume by such a critical opening mechanism
is an attractive hypothesis (20, 21). Maintenance
of a constant pulmonary artery pressure in the face
of large and rapid flow changes would become ex-
plicable on a physical basis, and the apparent lack
of neurogenic control of pulmonary vascular tone
would become less perplexing. In addition, open-
ing of fresh vessels at high flow rates would al-
low both capillary transit time and the diameter
of each open capillary to remain constant, with
the result that conditions of gas diffusion would
remain optimal at all flow rates. Microscopic
observation showed opening or closing of lung
capillaries in the anesthetized cat (22) and also
various types of blood flow, sometimes pulsatile,
sometimes steady.

In summary, conditions of pulsatile flow may
be expected to produce certain hemodynamic and
gas exchange effects which would be absent if the
pulmonary capillary blood flow were constant as
has sometimes previously been assumed.

SUMMARY

1. A method is described for measuring instan-
taneous pulmonary capillary blood flow in man.
The subject sat in a body plethysmograph and

the plethysmograph pressure was continuously re-
corded during breathholding after inspiration of
nitrous oxide. The plethysmograph pressure fell
as the gas was absorbed by the blood entering the
pulmonary capillaries. The rate of uptake of ni-
trous oxide so measured was proportional to the
pulmonary capillary blood flow.

2. Observations were made on five healthy male
subjects before and after moderate exercise. Pul-
monary capillary blood flow was not steady but
pulsatile.

Following electrical systole, there was a rapid

acceleration of flow to a rate about twice the mean
cardiac output, followed by a more gradual de-
cline to low rates of flow. The cycle was repeated
with each heart beat.

3. The possible effects on gas exchange and
upon the hemodynamics of the pulmonary circula-
tion are discussed.
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