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The regulation of the pulmonary capillary bed
in normal and abnormal situations has been stud-
ied extensively in recent years by a variety of
techniques. Those based on the carbon monoxide
diffusing capacity have been particularly in-
triguing. Because exercise can produce greater
increases in breath-holding diffusing capacity
(DLCO) than can be obtained by other means
(1), the mechanism whereby this effect of exer-
cise is accomplished has considerable importance,
since it implies an enlargement of the effective
pulmonary capillary bed (2-4).

Previous studies have shown that increases in
pulmonary blood flow alone do not increase DLco
(1, 5, 6). Theoretic considerations predict that
Dr0o should be relatively independent of pul-
monary capillary blood flow but quite sensitive
to the instantaneous volume of blood exposed to
the alveolar gas (7). Increases in DLco during
exercise are furthermore probably not dependent
upon changes in ventilation (1, 8) or blood pH
(1). Procedures designed to transfer blood from
the peripheral circulation to the lung and to in-
crease pulmonary vascular pressures do increase
DLCO somewhat (5, 9), primarily by increasing
pulmonary capillary blood volume.

The present study was designed to examine
the role of venous pumping action of the legs
in making more blood available to the pulmonary
capillary bed and consequently contributing to
the increase in DLCO observed during exercise
and to the maintenance of pulmonary capillary
volume in upright postures.
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Methods

Twenty-five trained normal men, ages 21 through 37,
were used in this study. They came to the laboratory
from their regular work. They were not fasting when
studied, nor was there any attempt to ensure more than 15
minutes rest before beginning measurements.

"Passive" leg motion was performed with subjects
supine and sitting. Their feet were fastened to bicycle
pedals and rotated at a frequency of 40 to 50 rpm with a

stroke radius of 17 cm. The subjects were trained to
relax as much as possible. Each period of passive motion
continued at least 3 minutes. Ventilation and mixed ex-

pired oxygen concentration were monitored continuously
during rest and passive leg motion. The subjects breathed
air from a recording Tissot spirometer using a Hans-
Rudolph valve. A portion of the mixed expirate was

pumped continuously from a mixing chamber through a

paramagnetic oxygen analyzer. The 90% response time
of this sampling system was 30 seconds. Minute ventila-
tion was corrected to BTPS (body temperature, pressure,
saturated with water). Oxygen consumption was cal-
culated from the ventilation and corresponding expired
oxygen concentrations after lag time correction. No cor-

rection was made for the difference in inspired and ex-

pired minute volumes. The magnitude of the error in-
troduced thereby depends upon the rate of oxygen con-

sumption and the deviation of the respiratory exchange
ratio (RQ) from 1.0. In the range of 02 consumption
observed in this study and assuming a range of RQ from
0.8 to 1.0, this error does not exceed 1%o. In all cases,
02 consumption was calculated after a steady state of
ventilation and mixed expired 02 concentration had been
achieved.

DLco was measured in duplicate when subjects were

at rest and after 2 to 3 minutes of passive leg motion in
sitting or supine positions and sitting with thigh tourni-
quets inflated to 250 mmHg. All comparisons between
rest and motion refer to measurements made in the same

position. In some cases DLCO was also measured during
the first 10 seconds of leg motion with the breath-holding
period beginning at the onset of the first stroke of leg
motion.

DLco was measured by the Krogh breath-holding tech-
nique as modified by Ogilvie, Forster, Blakemore, and
Morton (10) and as previously reported in detail from
this laboratory for use with a gas chromatograph (11).
The gas mixture used contained 0.5% CO, 1.0% neon,
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TABLE I

Pulmonary diffusing capacity (DLCO) and oxygen consump-
tion during passive leg motion in seated normal subjects

DLco 02 consumption

Passive Passive
Subject Rest motion Rest motion

ml/min XmmHg ml/min

R.K. 24.6 26.0 342 345
B.D. 35.9 38.4 431 413
D.D. 40.1 42.2 430 401
R.T. 36.5 36.8 291 358
N.L. 25.6 28.2 342 344
J.S. 26.1 31.4 314 356
R.S. 41.1 43.8 336 361
W.D. 34.8 39.4 333 383
P.MC. 36.2 40.0 405 416
C.A. 23.5 28.3 282 273
D.K. 38.5 43.8 353 350
M.L. 33.3 36.5 367 398
S.G. 28.1 34.3 321 311
R.D. 42.4 47.5 357 375
T.S. 31.6 37.3 294 368
J.C. 33.0 39.9 295 415
B.M. 20.9 22.4 293 416
J.R. 30.3 34.2 256 318
B.H. 39.9 48.0 328 513
B.L. 43.4 47.8 350 460
J.M. 31.7 31.2 262 327
J.O. 30.8 35.2 292 430

Mean 33.0 36.9 326 379
SD 6.5 7.1 43 54
p <0.001 <0.001

and 21%o 02 in nitrogen. By this method, duplicate de-
terminations of DLco on the same or different days are

reproducible wvithin 1.8 0.9 ml per minute X mmHg.
A correction for capillary CO tension in equilibrium with
small amounts of carboxyhemoglobin present in the blood
was made as previously described (12).

The data presented in the Tables represent the average

of duplicate determinations. Paired comparison t tests,
with each subject serving as his own control, were used
to calculate the probability values expressed in the
Tables (13).

In three subjects, saphenous venous pressure was

measured at the ankle during active and passive leg mo-

tion, with and without tourniquet occlusion of the leg.
During both active and passive motion, the subject was

seated with his feet on the pedals of a bicycle ergometer.
The pedals were rotated through a circle of radius 17
cm at a frequency of 40 to 50 rpm. Active exercise was

performed at a rate of 100 w. Pressure was measured
with an indwelling polyethylene catheter, a saline-filled
pressure transducer, and a photographic recorder. Ref-
erence zero was taken at the internal malleolus.

The thigh tourniquets used to occlude blood flow to or

from the legs are 8-inch pneumatic cuffs that are placed
as high on the thighs as possible and inflated sud-
denly to a pressure of 250 mmHg by opening a large
bore connector to a previously pressurized bottle.

Results

Diffusing capacity. Passive leg motion per-

formed sitting on a bicycle increased DLcO from
33.0 + 6.5 to 36.9 7.1 ml per minute X mmHg,
p < 0.001 (Table I). During rest, DLCOwas not
affected by occlusion of the circulation to the legs
(Table II). Passive leg motion while the circu-
lation was occluded produced a physiologically
doubtful though statistically significant increase in
DLrco, 35.2 7.4 to 35.7 7.6 ml per minute X
mmHg, p = 0.025 (Table II). No change in
DLCO was observed during passive leg motion in

TABLE II

Effects of arterial tourniquets on the responses to passive leg motion in sitting subjects

DLCO 02 consumption Minute ventilation

Passive Passive Passive
Passive motions Passive motion Passive motion

Subject Rest motion Rest +T* +T* Rest motion Rest +T* +T* Rest motion Rest +T* +T*

ml/min XmmHg mil/min L/min
W.D. 37.0 42.6 38.0 38.9 264 410 360 480 8.00 13.90 9.60 13.40
T.S. 31.6 37.3 34.4 35.9 294 327 327 392 8.10 8.57 7.87 10.59
J.C. 33.0 39.9 34.8 35.3 295 415 323 412 8.04 10.35 8.20 9.75
B.M. 20.9 22.4 20.7 20.7 293 416 309 385 10.70 31.10 12.30 26.00
J.R. 30.3 34.2 30.6 30.8 256 318 281 347 6.15 7.92 6.24 8.25
B.H. 39.9 48.0 46.6 47.2 328 513 353 486 8.66 23.65 7.30 13.20
B.L. 43.4 47.8 41.9 42.7 350 460 372 520 7.55 7.68 7.52 10.20
M.L. 40.3 44.7 37.9 38.4 351 377 287 510 9.02 10.75 8.46 12.60
J.O. 30.8 35.2 31.9 31.5 292 430 318 522 9.07 11.37 10.85 15.42

Mean 34.1 39.1 35.2 35.7 303 407 326 450 8.37 13.92 8.70 13.27
SD 6.8 8.1 7.4 7.6 34 61 32 67 1.24 8.08 1.90 5.26
p +-0.001--* -0.025-+ +-0.001-- 0.001 0.05---0
*Tht t in NSt 2 NS

v .0.001 +-( 0.05- NS

*Thigh tourniquets inflated to 250 mmHg.
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TABLE III

Pulmonary diffusing capacity and oxygen consumption dur-
ing passive leg motion in supine normal subjects

DLOO 02 consumption

"Passive Passive
Subject Rest motion Rest motion

ml/min XmmHg mil/min
P.Mc. 40.0 41.0 368 442
T.B. 45.0 47.9 384 389
W.D. 35.7 39.6 328 365
R.K. 29.7 29.4 213 286
T.D. 30.1 31.2 340 359
D.K. 35.3 34.1 324 338
R.D. 49.6 48.8 308 376
S.T. 39.1 41.6 302 311
R.T. 37.0 37.0 316 395
N.L. 31.6 30.5 314 374

Mean 37.3 38.1 320 364
SD 6.4 6.9 46 44
p *-NS--- 0.005

supine subjects (Table III). As has been ob-
served by others (11, 14, 15), DLCo was higher
in supine than upright subjects (Tables I and
III). The change in Drco that occurs in the
upright position during passive leg motion occurs

TABLE IV

Early appearance of the change in DLco during passive leg
motion in sitting subjects

DLco

Subject Rest 10 seconds* 2 minutes*

mi/min XmmHg

P.Mc. 36.2 40.0 40.0
C.H. 23.5 29.9 28.3
R.T. 36.5 37.7 36.8
D.K. 38.5 43.9 43.9
S.G. 26.1 31.0 34.3
R.D. 42.4 48.8 47.5
N.L. 28.6 32.0 30.8
M.L. 33.3 36.7 36.5

Mean 33.1 37.5 37.3
SD 6.0 6.6 6.4
p 4-0.001-4 NS----

* After the beginning of passive leg motion.

within the first 10 seconds of activity, after which
no further increase occurs (Table IV).

Oxygen consumption. Passive leg motion,
whether supine, upright, or with occluding tourni-
quets on the legs, increases 02 consumption
slightly (Tables I, II, and III). The average in-

mmHg

1 Sec.

FIG. 1. SAPHENOUSVENOUS PRESSURE MEASUREDIN SUBJECT W.D. DURING PASSIVE LEG
MOTION (02 CONSUMPTION,383 ML PER MINUTE) AND ACTIVE BICYCLE EXERCISE (02 CONSUMP-

TION, 1,179 ML PER MINUTE).
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TABLE V

Saphenous venous pressure at the ankle following active and passive leg motion

Tourniquets inflated to 250 mmHg

Active Passive Active Passive
Subject Rest exercise motion Rest exercise motion

mmHg mmHg mmHg mmHg mmHg mmHg
W.D. 80* 39 48 102 102 98
B.H. 55 11 33 81 81 81
B.M. 60 26 32 62 61 72

* Pressure measurements are taken at the end of this period of motion with the leg in the same position and are re-
ferred to a zero level at the internal malleolus.

crease in 02 consumption during passive motion
was 53 + 50 ml per minute in the upright posi-
tion and 44 + 30 ml per minute in the supine
position. In the group in whomoccluding tourni-
quets were used, 02 consumption increased 104
± 53 ml per minute during passive motion be-
fore tourniquet application and 124 + 46 ml per
minute during passive motion after tourniquet
inflation (Table II). The presence of the bulk
of the tourniquets on the thighs in the latter
group caused a certain degree of clumsiness dur-
ing passive motion. This is reflected in the
greater increase in 02 consumption during pas-
sive motion in this group.

Ventilation. Passive motion of the extremities
increased minute ventilation from 8.37 + 1.24
to 13.92 + 8.08 L per minute (p = 0.05) before
tourniquet inflation and from 8.70 ± 1.90 to 13.27
+ 5.26 L per minute (p = 0.01) after tourniquet
inflation. Tourniquet inflation did not affect the
magnitude of the increase.

Saphenous venous pressure. In the three sub-
jects in whom it was measured, pressure in a
superficial leg vein was decreased abruptly with
the onset of motion of the leg, whether active or
passive (Table V and Figure 1). Whether leg
motion was active or passive, saphenous venous
pressure decreased within the first 2 seconds of
the beginning of motion. This decrease in pres-
sure was completely blocked by inflation of thigh
tourniquets.

Discussion

It is well established that leg exercise in nor-
mal men pumps blood out of the superficial veins
of the legs and decreases the pressure recorded
from these veins for periods up to a minute fol-
lowing the exercise (16-19). This phenomenon
is dependent upon the integrity of the system of

valves in the veins of the extremity (17-18).
Using a plethysmographic technique, Grill ob-
served a decreased volume of exercising extremi-
ties early during the period of exercise (20). In
the present study saphenous vein pressure de-
creased during passive pumping motion of the
lower extremities. This change did not occur
when egress of blood from the leg was prevented
by tourniquet occlusion.

The presence of a normal venous pumping
mechanism is required for a normal cardiovascu-
lar response to postural change (21-22) and to
exercise (23-24). It seems established that the
venous pumping of exercise does participate in
the return of blood to the central circulation in
upright exercise. We believe that the passive
motion used in this study has a similar effect.

The normal dependent legs probably contain
300 to 800 ml more blood than the legs in a
supine position (25-26). Sjdstrand has sug-
gested that a large portion of this volume differ-
ence is transferred to the lungs when normal
men change from an upright to a supine position
(26). Wang, Blomquist, Rowell, and Taylor
measured central blood volume by means of an
indicator dilution technique with central aortic
sampling and found that central blood volume de-
creased about 20% when normal men changed
from supine to upright postures and that exercise
in an upright position returned the central blood
volume to its supine value (27). On the basis of
these observations, it seems established that
exercise in an upright position, or the change
from upright to supine posture, increases the
central pool available for pulmonary capillary
filling.

The resting transmural pressures normally
available in the low pressure pulmonary system
may well be inadequate 'for filling and perfusing
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the capillaries of the upper zones of the upright
lung (28). Observations based on the use of
radioactive gases have in fact shown relative
underperfusion of the lung in normal men in an
upright position (28-29). This upper zone un-
derperfusion is not present during exercise or
in a resting supine position (28, 30). There is a
similar gradient of carbon monoxide absorption
(31), and since carbon monoxide absorption is
virtually independent of capillary blood flow, this
suggests a gradient of pulmonary capillary blood
volume. This does not imply that capillary filling
and perfusion are totally independent phenomena,
merely that once a capillary is filled as per-
fusion begins, CO uptake from that capillary is
virtually independent of the rate of perfusion
(7).

In upright normal subjects, whose upper zone
pulmonary capillaries are said to be poorly per-
fused, the present observations show that passive
pumping motion of the legs increases DLCO, but
such motion produces no change in supine sub-
jects whose upper pulmonary capillaries are al-
ready well filled. Furthermore, DLCo is not in-
creased during passive leg motion in an upright
position if egress of blood from the legs is blocked
by thigh cuffs.

The absolute magnitude of the increase in
DLCO produced by passive motion is not greatly
different from that produced by G-suit inflation
(5, 9), which increases central vascular pressures
to levels much higher than would be expected
with simple passive motion of the extremities.
The evidence available suggests that the size of
the effective pulmonary capillary bed is affected
by shifts of blood to or from the thorax, but
the limits of this passive effect have not been
defined.

Passive motion of the extremities might be ex-
pected to produce the effect observed by one of
several mechanisms: 1) reflex effect on the sys-
temic vascular reservoir; 2) local reflex effect on
the pulmonary vascular bed; 3) moving blood ly-
ing stagnant in the dependent legs and containing
some humoral substance to the lung, where it
either enlarges the pulmonary vascular bed or
alters the rate of reaction of carbon monoxide
with hemoglobin; or 4) actively pumping blood
from the legs to the central circulation by the
venous pump.

Merritt and Weissler were unable to demon-
strate any increase in venomotor tone in an iso-
lated vein segment during passive exercise (32).
The present observation that the effect of pas-
sive motion can be blocked by occluding tourni-
quets further suggests that the effect on DLco
is not reflex in origin. The maintenance of the
increase in DLCO over a 3-minute period of pas-
sive motion suggests that it is not dependent upon
the mobilization of some humoral agent liberated
from "stagnant" blood pumped into the circula-
tion from the legs, though the possibility cannot
be excluded. Ross, Frayser, and Hickam were
unable to find evidence for such a humoral agent
released from ischemic legs even after 10 minutes
of tourniquet ischemia (1).

DrLco increases during the first 10 seconds of
muscular exercise (33). This study shows that
this early change also occurs during passive mo-
tion of the legs and that the effect of passive
motion on DLCO can be prevented by blocking
egress of blood from the legs. It seems most
plausible that this early rise in DLCO during
exercise or passive motion is related to the ob-
servations reported by Guyton, Douglas, Langs-
ton, and Richardson (34). They showed that
cardiac output and mean circulatory pressure
increased instantly with the onset of muscular
exercise in dogs and, by the use of appropriate
blocking agents, showed that this phenomenon
is the result of increased venous return to the
central circulation and decreased peripheral vas-
cular capacity associated with skeletal muscle con-
traction rather than sympathetic reflex activity.
Our results suggest that the early response of
DLCO to exercise may be associated with transfer
of blood from the pumping legs rather than re-
flex activity, since the effect observed with pas-
sive pumping can be blocked by tourniquet in-
flation.

The pressure-flow relationships obtaining in
the pulmonary capillary bed during this activity
are undefined. The results of previous studies,
however, suggest that the observed increase in
DLCO is not dependent upon any increase in pul-
monary capillary flow that may have occurred
(1, 5, 6). Pulmonary vascular transmural pres-
sure may have increased during passive motion
of the legs, and such an increase could explain
the observed changes in Drco; however, since
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the DLCO change was blocked by cuffing the
thighs, it seems that such a change probably re-

quires the blood pumped from the legs during
passive motion and was probably dependent upon

a change in pulmonary blood volume rather than
altered intrathoracic pressure or pulmonary vas-

cular compliance.
The physiologic determinants of changes in

breath-holding DLco are complex, and the limi-
tations of the method have been described at
length (3). If we assume no change in the dif-
fusivity of the pulmonary capillary membrane per

unit area, the abrupt changes in DLCO produced
in this study must depend on changes in the
area available for diffusion, the instantaneous
mass of hemoglobin available for carbon mon-

oxide absorption, or the rate of reaction of carbon
monoxide with hemoglobin. If the reaction
constant, and the pulmonary capillary hematocrit
are not altered under the conditions of this study,
changes in DLcO must reflect changes in the
instantaneous volume of blood available for gas

exchange, since the capillary volume and surface
area are geometrically related.

We believe that the abrupt change in DLCO
occurring during the first 10 seconds of passive
leg motion and blocked by occlusive thigh cuffs
can best be explained on the basis of an abrupt
increase in pulmonary blood volume produced by
the action of the venous pump. This does not
imply that the blood in the legs at the onset of
motion is transported to the lungs instantly
against the hydrostatic gradient but that, with
the onset of the action of the venous pump,

peripheral vascular capacity is abruptly decreased
and blood is transferred from the systemic to the
pulmonary reservoir.

These observations suggest that the mainte-
nance of pulmonary capillary blood volume, like
the maintenance of cardiac filling, is dependent
upon the degree of filling of the central vascular
reservoir, and that in upright postures, the
venous pumping action of the legs contributes to

this filling.
The small increases in 02 consumption ob-

served in this study are similar to those previ-
ously found in experiments using conscious men

(35). Since this increase could not be altered
by preventing return of blood from the legs, it
is probable that the increase in oxygen consump-

tion observed is dependent upon increased mus-
cular activity in areas other than those being
passively moved. Since the tourniquet inflation
did, however, block the increase in DLCO, the in-
creased oxygen consumption and increased DLCO
of passive motion are probably not related.

Passive motion of the extremities, even with
tourniquets stopping flow to or from the affected
areas, increases minute volume of ventilation;
this has been observed previously (36).

Summary

Passive motion of the lower extremities in up-
right normal men decreases the pressure in the
saphenous vein at the ankle and increases breath-
holding diffusing capacity (DLCO). This effect
is present in the first 10 seconds of passive leg
motion. Dico does not increase during passive
motion of the legs in sitting subjects if the egress
of blood from the legs is prevented by the infla-
tion of thigh tourniquets to 250 mmHg or in
supine subjects. This study suggests that a
portion of the increase in DLCO that occurs with
exercise in an upright position is dependent upon
pumping of blood from the exercising part to
the lung and is independent of any generalized
reflex action. It suggests further that the venous
pumping mechanism is one of the determinants
of pulmonary capillary filling in upright pos-
tures.
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