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Effects of Exercise on Lung Lymph Flow
in Sheep and Goats
during Normoxia and Hypoxia
G. Coates, H. O'Brodovich, A. L. Jefferies, and G. W. Gray
Departments of Radiology and Paediatrics, McMaster University
Faculty of Health Sciences, Hamilton, Ontario, Canada,
L8N 3Z5; Defense and Civil Institute of Environmental
Medicine, Downsview, Ontario, Canada, M3M3B9

As bstract. Vigorous exercise causes a marked
increase in cardiac output with only a minimal increase
in measureable pulmonary vascular pressures. These
changes in pulmonary hemodynamics should affect lung
water and solute movement.

Onnine occasions, we measured the effect of normoxic
exercise on lung lymph flow in four sheep and two goats
with chronic lymph fistulas (wt = 15-25 kg). In addition,
lymph flow was also measured on five occasions in sheep
during exercise at reduced barometric pressures (430 and
380 mmHg). During normobaria, the animals ran at 3-
5 km/h with 0-10% elevation of the treadmill for 15 to
85 min. Exercise on average caused a 100% increase in
cardiac output, a 140% increase in lung lymph flow, and
a slight but significant reduction in lymph to plasma con-
centration ratio (l/p) for total protein and albumin (mol
wt = 70,000). There was a significant linear correlation
between lymph flow and cardiac output (r = 0.87, P
< 0.01). There was no change in l/p for IgG (mol wt
= 150,000) or IgM (mol wt = 900,000) and no significant
change in mean pulmonary arterial (Ppa) or mean left
atrial (Pla) pressures. Transition from normobaria to hy-
pobaria caused an increase in Ppa but no change in Pla,
cardiac output, or lymph flow. Exercise during hypobaria
caused increases in lymph flow that were qualitatively
similar to changes observed during normobaric exercise:
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there was a 60% increase in cardiac output, a 90% increase
in lymph flow, and an 11% reduction in 1/p for total
protein. There was no change in l/p for albumin, IgG,
or IgM, and no further change in Ppa. The increased
lymph flow during normoxic and hypobaric exercise is
best explained by an increase in pulmonary vascular sur-
face area for fluid and protein exchange. Our results sug-
gest that the normal ovine lung has the potential to nearly
triple the amount of perfused microvascular surface area.
This speculation is relevant to the interpretation of lymph
flow data from other experiments.

Introduction

The effect of exercise on lung water and solute movement is
unknown. Vigorous exercise causes a marked increase in cardiac
output, a minimal increase in pulmonary arterial pressure (1-
3), and a decrease in calculated pulmonary vascular resistance.
The reduction in resistance to blood flow through the lung
during exercise results from pulmonary vascular recruitment
and or dilatation and an increase in perfused microvascular
surface area (2-6). This, in turn, should cause an increased
exchange of fluid across the pulmonary capillaries with a con-
comitant increase in lymph flow from the lungs. It is also possible
that an increase in fluid movement could result from a greater
transmission of upstream pressure to the fluid exchange vessels
of the lungs. While there is evidence that exercise causes an
increase in lymph flow from the limbs (7) and heart (8), there
are no published data on the effect of exercise on lung lymph
flow. There is, however, indirect evidence in animals (9) and
man that exercise with (10, 1 1) or without (12-16) hypobaric
hypoxia causes an increase in extravascular lung water. There
are also reports of acute pulmonary edema occurring in man
during very vigorous exercise at sea level (17) and during mod-
erate exercise at high altitude (18-20).

The experiments that we will describe were carried out to
determine the effect of exercise on lung lymph flow during
normoxic and hypobaric hypoxic conditions. In addition, as-
suming that exercise is not associated with an increase in lung
vascular permeability, these studies were also performed to assess
the potential of the pulmonary circulation to increase surface
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area for fluid exchange. These data might reinforce the effect
of changes in surface area when analyzing data from experiments
where lymph flow increases as a result of changes in the per-
meability-surface area product.

Methods

Animal preparation. We prepared chronic lymph fistulae and placed
vascular catheters in two goats and four sheep (15-25 kg) using a mod-
ification of the method described by Staub and co-workers (21). In brief,
through a right thoracotomy, we isolated the efferent duct of the caudal
mediastinal lymph node and in it positioned a catheter of DowCorning
medical grade silastic tubing (0.25-0.3 mmdiameter) (Dow Corning
Corp., Midland, MI). Through a second right thoracotomy, the posterior
end of the lymph node was isolated, tied tightly twice with umbilical
tape, and transected. On a separate day, through a left thoracotomy,
the left and right atria were catheterized with medical grade polyethylene
tubing and a thermistor-tipped catheter was positioned in the pulmonary
artery. The carotid artery was also catheterized. To further minimize
contamination of lung lymph with systemic lymph, we cauterized the
pleural surface of both hemi-diaphragms. The animals were allowed to
recover from surgery and were studied at 4-14 d later.

Experimental protocol. During the normoxic experiments, we mea-
sured vascular pressures with Statham P23ID transducers interfaced to
a multichannel recorder. In the hypobaric hypoxic experiments, we
measured mean pulmonary arterial and left atrial pressure with saline-
filled manometers, and measured pressures were subsequently converted
to mmHg.These pressure monitors were zeroed to the sternum. Cardiac
output was measured by thermodilution with an Edwards 9520A cardiac
output computer (Edwards Laboratories, Santa Ana, CA). At predeter-
mined time points, we obtained arterial and mixed venous blood samples
for measurement of blood gas tensions, pH, and plasma lactate (mixed
venous only). Plasma lactate was measured by the enzymatic technique
utilizing lactate dehydrogenase. Blood gas tensions and pH were measured
at 370C. Wemeasured total protein by refractrometry, and albumin
(mol wt = 70,000), IgG (mol wt = 150,000), and IgM (mol wt = 900,000)
by radial immunodiffusion in plasma and lymph (22, 23). Lymph flow
was measured from timed collections.

Normoxic exercise. Nine experiments were performed in two goats
and four sheep. All of the above measurements were made at 30-min
intervals for a base-line period of 1-2 h. The animals then exercised on
a modified Quinton 14-44A treadmill (Quinton Instruments, Seattle,
WA) at 3-5 km/h and 0-10% elevation. The speed and elevation were
varied according to the individual animals' tolerance and resulted in a
fast trot for the size of animals that we used. The measurements were
made at 10-min intervals until the animal would no longer run, and
then continued for 20 min after the treadmill was turned off. These
experiments were performed at McMaster University (elevation = 100
m; average atmosphere pressure = 750 mmHg).

Hypobaric hypoxia. To investigate the combined effect of hypoxia
and exercise on lung lymph flow, we performed additional experiments
under simulated high altitude conditions. These hypobaric experiments
were performed in the hypobaric chamber at the Defense and Civil
Institute of Environmental Medicine, Downsview, Ontario (altitude
= 150 m, average atmospheric pressure = 746 mmHg). After 2 h of
base-line measurements, the chamber was decompressed to the prede-
termined pressure at a rate equivalent to 300 m/min.

Five experiments were performed in two sheep on five separate
occasions. Measurements were made during exercise in two animals

after 2-3 h at barometric pressure of 430 mmHg(equivalent altitude,
4,550 m), in two animals after 24 h at 430 mmHg, and in one animal
after 24 h at 380 mmHg(equivalent altitude, 5,500 m). The treadmill
speed and elevation was the same as in the normoxic experiments,
except in the animal at 380 mmHg.This animal was exercised at 5 km/
h at 20% treadmill elevation.

Statistical methods. Unless otherwise stated, base-line values are the
mean± I SDof all measurements obtained over a period of 1-2 h before
exercise. In the hypobaric experiments, the data collected before exercise
but after decompression are expressed as the mean± 1 SD of all mea-
surements obtained over a period of at least 2 h before the onset of
exercise. The data obtained during exercise are expressed as the
mean±1SD of all the measurements made at 10-min intervals during
exercise. To determine the significance of any changes observed with
decompression or exercise, we used the paired Student's t test. P < 0.05
were considered significant.

To determine the relation between cardiac output and lung lymph
flow, we performed a linear regression analysis with a digital computer.

Results

Normoxic exercise. The animals ran for 15-85 min depending
on the individual animal, the treadmill speed, and elevation. A
typical experiment is illustrated in Fig. 1 while Table I contains
mean data for the nine experiments in the six animals. Exercise
caused on average a 100% increase in cardiac output and a
140% increase in lung lymph flow (P < 0.01). Lymph flow and
cardiac output returned to base line during 20 min of rest. The
lymph to plasma concentration ratio (l/p)' for total protein
decreased by 12% during exercise (P < 0.05) and remained at
that level at the 20-min postexercise point (P < 0.05). There
was no significant change in left atrial pressures and although
there was a trend towards a slight increase in pulmonary arterial
pressure, this failed to reach significance. There was no significant
change in the calculated pulmonary artery to left atrial pressure
gradient. Fig. 2 shows the relation between cardiac output and
lymph flow during exercise and in the 20-min postexercise pe-
riod. The increase in lymph flow correlated with the increase
in cardiac output (r = 0.67, P < 0.01). When the one animal,
which had an unexplained greater increase in lymph flow, is
excluded, there is an even better correlation between cardiac
output and lymph flow (r = 0.87, P = <0.01). Fig. 3 shows the
effect of exercise on the l/p for total protein, albumin, IgG, and
IgM. On the same graphs, we have also plotted data from pre-
viously published experiments in which lymph flow was in-
creased by inflating a balloon in the left atrium (23). Exercise
caused a minimal but significant reduction in l/p of total protein
and albumin, but no detectable change in l/p of IgG or IgM.
These observations contrast with the abrupt fall in l/p ratios
that are produced by increased left atrial pressure alone.

Blood gas tensions, pH, and mixed venous lactate produced
during exercise are contained in Table II. Exercise caused an
increase in Pao2 (P < 0.01) and a reduction in PaCO2(P < 0.005),

1. Abbreviations used in this paper: l/p, lymph to plasma concentration
ratio.
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Figure 1. Changes in cardiac output, lung lymph flow, l/p total pro-
tein ratio, and mean left atrial, ©, and pulmonary arterial, ®, pres-
sures during one exercise experiment under normobaric conditions.

but no change in pHa. In pulmonary arterial blood, there was
a significant decrease in Pco2 and P02 (P < 0.05). There was
no change in mixed venous pH. There was a threefold increase
in mixed venous plasma lactate concentration (P < 0.01).

Hypobaric hypoxia. Despite the hypoxia, the sheep at 430
mmHgbarometric pressure (4,500 m) managed to run for 24-
48 min at 3-5 km/h and 5% elevation. The sheep exposed to
380 mmHg(5,500 m) ran for 10 min at 5 km/h and 20%
elevation. Except for the blood gas tensions, the results are
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Figure 2. Relation between change in cardiac output and change in
lung lymph flow during exercise (.) and the 20-min postexercise
point (n). Each exercise data point is the mean ±SE of all the cardiac
output and lymph flow measurements made during exercise in an in-
dividual animal. With the one outrider point removed, the regression
line has the form y = 0.883x + 0.14 where r = 0.874, n
= 17, and P < 0.01. With that point included, y = 0.435x + 0.74,
where r = 0.67, n = 18, and P < 0.01.

essentially the same as in the normoxic exercise experiments.
Table III contains the mean hemodynamic data obtained during
the I h base-line period under normobaric conditions, 2 h during
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Table L Changes in Hemodynamics and Lung
Lymph during Normoxic Exercise

Cardiac Lymph
output flow Total protein Npa Pla

liter/mi mi/h 1/p mmHg mmHg

Base line 3.9±1.0 4.0±2.1 0.51±0.11 16±6 9±3
Exercise 7.8±2.5t 9.6±5.2t 0.45±0.10* 18±4 8±4
Postexercise 3.7±1.0 3.7±2.0 0.46±0.08* 17±4 9±3

Ppa, mean pulmonary artery pressure; Pla, mean left atrial pressure.
Values are given as mean±SD, n = 9.
Base line refers to the average of all measurements obtained during
the 1-2 h interval prior to exercise. Exercise values are the average
data during the exercise period and postexercise values are those ob-
tained during the 20 min immediately following exercise.
* different from base line, P < 0.05.
X, different from base line, P < 0.01.
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Figure 3. The effect of exercise (-) and inflation of a left atrial bal-
loon catheter (0, 23) on the l/p of endogenous proteins (mean±SE).
The elevation in left atrial pressure increased lung lymph flow with
an abrupt fall in l/p for all sized proteins. Exercise resulted in a com-
parable increase in lymph flow but in contrast there was minimal (to-
tal protein, albumin) or no change (IgG, IgM) in l/p.
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Table II. Changes in Blood Gas Tensions, pH, and Lactate during Normoxic Exercise

Mixed venous Systemic arterial
Plasma
lactate pH Pco2 P02 pH Pco2 P02

mM/liter mmHg mmHg mmHg mmHg

Base line 0.5±0.3 7.45±0.05 44±4 40±3 7.52±0.04 35±5 84±8
Exercise 1.6±0.7$ 7.47±0.06 39±6* 37±6* 7.54±0.07 30±5t 87±6t
Postexercise 0.9±0.4 7.48±0.07 37±6* 41±2 7.51±0.05 31±4* 83±5

Mean values±SD during base line, exercise, and the 20 min postexercise periods for mixed venous plasma lactate, and venous and arterial pH,
Pco2, and P02 in nine experiments. *, different from base line, P < 0.05; $, different from base line, P < 0.01.

hypobaric conditions, the hypobaric exercise period, and the
hypobaric postexercise period. Decompression caused an im-
mediate increase in pulmonary arterial pressure in all sheep (P
< 0.01), but no significant change in left atrial pressure, cardiac
output, lymph flow, or l/p for total protein. Exercise caused a
60% increase in cardiac output (P < 0.01), a 90% increase in
lymph flow (P < 0.005), and an 11% reduction in the 1/p total
protein ratio (P < 0.05). Table IV contains the l/p concentration
ratios for albumin, IgG, and IgM before and after exercise.
There was no significant change. There was no exercise-induced
change in left atrial or pulmonary arterial pressures. All except
the 1/p for total protein returned to the preexercise values during
the postexercise rest period (P < 0.05).

Decompression caused a reduction in venous and arterial
P02 and Pco2 (P < 0.01), but no significant change in pH or
plasma lactate concentration (Table V). During hypobaric ex-
ercise, arterial P02 increased slightly (P < 0.05); there was a
further decrease in arterial and venous Pco2 (P < 0.05) and an
increase in arterial and venous pH (P < 0.05). Mixed venous
plasma lactate concentration doubled (P < 0.01). Arterial pH
and Po2 returned to preexercise values during the rest period.

Discussion

Our study demonstrates that exercise is associated with a sig-
nificant increase in lung lymph flow. The cause of the increased

lymph flow is not clear although there are data from this and
other studies to favor one mechanism over others. An increased
lymph flow from any organ can be secondary to a change in
transvascular oncotic or hydrostatic pressure gradient, an in-
crease in the permeability of the fluid exchange vessels to water
and protein, or an increase in perfused surface area.

Could an increase in pulmonary microvascular hydrostatic
pressure during exercise explain the increased lymph flow? We
did not observe a significant increase in left atrial or pulmonary
arterial pressure during exercise. Neither was there a significant
increase in the pulmonary arterial to left atrial pressure gradient.
The effect of exercise on mean pulmonary arterial pressure is
varied and depends upon the increase in cardiac output, duration
of exercise, and the age of the animal (1, 2, 3, 24). The fact
that there was only a trend towards an increase in mean pul-
monary arterial pressure in our normoxic exercise experiments
is consistent with previous observations because there was only
a modest increase in cardiac output. The lack of a significant
increase in the transpulmonary vascular pressure gradient despite
a doubling of cardiac output indicates a reduction in pulmonary
vascular resistance. It is possible that the increased blood flow
caused a greater transmission of upstream pressure to the fluid
exchange vessels of the lungs. This could result in an increase
in fluid filtration and lung lymph flow, and may have been
responsible for the slight decrease in l/p for total protein. Al-
though this mechanism may have contributed to a small degree

Table III. Changes in Hemodynamics and Lung Lymph during Exercise Under Hypobaric Conditions

Cardiac output Lymph flow Total protein Ppa hla

Liter/min m/h I/p mmHg mmHg

Base-line normobaria 4.3±0.1 3.1±1.3 0.61±0.07 18±3 8±1
Hypobaria 4.5±0.7 4.2± 1.6 0.59±0.08 30±5* 7±3
Exercise hypobaria 7.1±1.2§ 8.0±3.7§ 0.53±0.07t 28±6* 6±3
Postexercise hypobaria 4.8±0.4 4.4±3.7 0.54±0.09t 31±13* 7±5

Ppa, mean pulmonary artery pressure; Pla, mean left atrial pressure. Values are given as mean±SD, n = 5. *, different from base line during
normobaria, P < 0.01; t, different from hypobaria alone, P < 0.05; §, different from hypobaria alone, P < 0.01.
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Table IV. Lymph/Plasma Concentration Ratio for
Endogenous Proteins during Hypobaric Exercise

I/p albumin I/p lgG I/p IgM

Base line
hypobaria 0.71±0.08 0.42±0.1 0.29±0.18

Exercise
hypobaria 0.67±0.08 0.42±0.05 0.27±0.16

Values are given as mean±SD, n = 5.

to the increase in lymph flow, it is unlikely to be a major factor
in view of our data on lymph protein concentration and our
findings during hypoxia. It is well established that an increase
in pulmonary microvascular filtration pressure causes an increase
in lung lymph flow and a marked reduction in the l/p of small
and large proteins. The results of such an experiment (23) with
increased vascular pressure are illustrated in Fig. 3 along with
our results of the effect of exercise on 1/p total protein, albumin,
IgG, and IgM. Although there was a significant reduction in
l/p for total protein and albumin during exercise, they are less
than those produced by increased vascular pressure alone. In
addition, during exercise there was no change in the 1/p of IgG
and IgM. These differences are further supported by data il-
lustrated in Fig. 4 where we have compared the effect of exercise
on lymph flow and l/p of total protein with three separate reports
in which left atrial pressure was increased (23, 25, 26).

An increase in surface area alone with no change in the
permeability of the exchange vessel or the filtration pressure
would intuitively cause an increase in lymph flow equal to the
increase in surface area. There would be no change in the lymph
protein concentration.
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Figure 4. The relation between the change in l/p concentration ratio
of total protein and the change in lymph flow after various insults to
the lungs. Pla, left atrial pressure. A, Increased Pla, 11 mmHg(23). o,
Increased Pla, 12 mmHg(25). ., Increased Pla, 12 mmHg(26). A,
Air emboli infusion for 1 h (26). v, Air emboli infusion for 3 h (26).
o, Hypercapnic-hypoxia (23). v, E-coli endotoxin (55). *, Exercise
(present study).

The increased lung lymph flow with increased left atrial
pressure is not solely due to an increase in vascular filtration
pressure. It is clear from several studies (27, 28, 29) that an
increased left atrial pressure also causes recruitment of alveolar

Table V. Changes in Blood Gas Tensions, pH, and Lactate during Hypobaria and Exercise**

Mixed venous Systemic arterial
Plasma
lactate pH Pco2 P02 pH Pco2 P02

mM/liter mmHg mmHg mmHg mmHg

Base line
normobaria 0.9±0.3 7.52±0.03 43±3 38±1 7.60±0.05 34±5 81±4

Hypobaria 1.1±0.4 7.57±0.05 32±4* 27±2t 7.60±0.04 28±3t 39±4t
Exercise

hypobaria 2.3±1.1" 7.58±0.06 29±4§ 25±2 7.66±0.02§ 25±4§ 42±4§
Postexercise

hypobaria 1.9±1.2§ 7.57±0.06 31±1* 28±3 7.61±0.04 28±1t 42±2§

Values are given as mean±SD. *, different from base line, P < 0.05; $, different from base line, P < 0.01; §, different from hypobaria, P
< 0.05; "1, different from hypobaria, P < 0.01; **, 430 mmHg(n = 4). The one animal that was decompressed to 380 mmHgis excluded from
the blood gas data only. The Pao2, Paco2, and pHa in this animal were 86, 35, and 7.54 (normobaria); 34, 23, and 7.57 (hypobaria); 33, 22,
and 7.58 (hypobaric exercise), and 32, 22, and 7.56 (hypobaric postexercise). Exercise caused an increase in venous plasma lactate from 1.6 to 4
mM/liter.
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capillaries. This increased vascular surface area would augment
the increased lymph flow caused by increased filtration pressure.
The relative effects of increased surface area and increased fil-
tration pressure on the increased lymph flow with left atrial
hypertension is not known; the major factor is likely to be
increased filtration pressure.

If the increased lymph flow with exercise was caused by a
greater transmission of upstream pressure to the pulmonary
fluid exchange vessels during exercise, then this effect should
be more evident when hypoxic animals exercise. Holtgren (20)
has suggested this as a mechanism in high altitude pulmonary
edema. There is no evidence to support this from our experi-
ments. The changes in 1/p for albumin, IgG, and IgM were the
same in animals exercising at sea level and during hypobaric
hypoxia. The hypobaric experiments also confirmed previous
reports by us (30) and other workers (31, 32) that hypoxia has
no effect on lung lymph flow in sheep at rest. This serves to
emphasize again that the site of hypoxia-induced pulmonary
vasoconstriction in adult sheep is upstream from the fluid ex-
change vessels.

The increased lymph flow was not secondary to a decrease
in oncotic pressure gradient (Air). The slight reduction in l/p
total protein was caused by a slight reduction in lymph protein
concentration sometimes combined with a slight increase in
plasma protein concentration. This increase in Air would tend
to reduce, not increase lymph flow.

Our data could be explained on the basis of increased pul-
monary capillary permeability. Indeed, the increase in protein
clearance produced by exercise is the same as observed after I
h of air microembolization and the same as produced by acidosis
and hypoxia (Fig. 4), which are insults believed to increase
pulmonary vascular permeability (23, 26). If there was an in-
crease in vascular permeability, it would have to be rapidly
reversible because the increased lymph flow secondary to exercise
returned to base line within minutes of stopping the exercise
in both normoxic and hypoxic animals. The reduction in l/p
of albumin without a similar reduction in l/p of IgG or IgM
indicates that exercise increases the transport of large molecular
weight proteins to a greater extent than it does for albumin.
Two possible explanations for this latter observation are that
pore-stretching occurred secondary to vascular dilatation, or
increased vesicular transport of large proteins occurred secondary
to an increase in microvascular pressure.

Wasserman et al. (33) first suggested the possibility of a
vascular pressure-related increase in capillary permeability, and
Pietra et al. (34) have observed an increased transport of large
proteins across pulmonary vascular endothelium in isolated,
perfused dog lungs but only with very high vascular pressures.
Parving et al. (35) have recently suggested that a similar phe-
nomenon occurs in the systemic circulation with increased vas-

cular pressure in man. On the other hand, there is no evidence
that increased pulmonary vascular pressure (36, 37) causes pore-
stretching in the intact sheep lungs.

There is evidence that increased vascular pressure causes an

increase in transendothelial vesicular transport in isolated dog

lungs (38). Vesicular transport of large proteins may correspond
to the large pore system derived from pore modeling (39), and
therefore, an increase in vesicular transport would cause a se-
lective increase in transport of large molecular weight proteins.
Although either pore stretching or increased vesicular transport
could explain our data, we have no evidence to support or refute
either mechanism.

Another explanation for the slight fall in l/p for albumin in
our studies is that exercise caused recruitment of new vascular
channels with different permeability characteristics to water and
protein compared with those that are perfused at rest. This
mechanism has been used to explain the increased fluid filtration
observed in pig lungs subjected to hypoxia (40).

The most likely explanation for our data is that the increased
lymph flow resulted primarily from an increase in perfused
microvascular surface area. It is well established from mea-
surements of carbon monoxide uptake by the lung (6), and
changes in mean transit time of tracers through the lung (4, 5)
that exercise causes a two- to threefold increase in lung blood
volume in animals and man. The relative contribution of cap-
illary dilation and capillary recruitment to this increased pul-
monary blood volume is debated (41). Regardless of the mech-
anism, it would result in a significant increase in perfused mi-
crovascular surface area and comparable increase in fluid
movement out of vessels. If there were no changes in Starling's
forces or increase in capillary permeability, there would be no
change in lymph protein concentration relative to plasma. The
increase in lung lymph flow with exercise paralleled the increase
in cardiac output, as did the return of lymph flow to base line
with return of cardiac output to base line. Although we cannot
measure the surface area of the fluid exchanging vessels within
the lung, we speculate that the same relation would exist between
lymph flow and surface area as exists between lymph flow and
cardiac output. The only data that does not completely fit with
the explanation of increased surface area is the small reduction
in l/p for total protein and albumin. Landolt et al. (42) also
observed a small reduction in l/p of total protein after forcing
the total cardiac output through 35% of the total lung mass in
sheep. There was a modest increase in lung lymph flow after
they resected lung tissue; this was most likely due to the tripling
of the perfused pulmonary vascular bed in the remaining lung.

Wecannot explain this small reduction in l/p total protein
and albumin, but as already discussed, it could be secondary
to greater transmission of upstream pressure to the fluid exchange
vessels or to different permeability characteristics of the newly
recruited vessels.

During exercise the sheep increased their respiratory rate.

It is unlikely, however, that the coexistent increased frequency
of pleural pressure swings is responsible for the stable, persistent
increase in lung lymph flow that we observed during exercise.
Wehave previously demonstrated that rhythmic inflation and
deflation of the lung is not required for normal lung lymphatic
function (43) and others have demonstrated that eucapneic hy-
perventilation does not increase the flow of lymph from the
lungs of dogs (44).

138 Coates, O'Brodovich, Jefferies, and Gray



In awake hypercapnic sheep, the associated marked increase
in ventilation is accompanied by only a 2-mmHg reduction in
mean pleural balloon pressure (23). Exercise in man has also
been shown to produce only a slight reduction in mean trans-
pulmonary pressure (45, 46). These changes in transpulmonary
pressure are far less than those reported to cause an increase in
transvascular fluid movement (47). In these and other experi-
ments in sheep, (30-32) hyperventilation secondary to hypoxia
also had no effect on lung lymph flow. Finally, in many of the
experiments reported in this study, lung lymph flow had returned
to normal after the end of exercise, despite the fact that the
animals were still hyperventilating.

Acute pulmonary edema occurs in -4% of individuals who
ascend to altitudes above 3,200 m(20). The edema is invariably
associated with exercise and usually occurs 24-72 h after ascent.
Various mechanisms have been suggested. One of the most
tenable is that hypoxia causes a nonuniform distribution of
increased pulmonary vascular resistance in some individuals
such that with exercise there is over perfusion of some capillary
units with subsequent increased fluid filtration (20). Three of
our exercise experiments were conducted after the animals had
been at simulated altitude of 4,550 or 5,500 m for 24 h and
two were performed within 2 h of decompression. None of these
experiments showed an increased lymph flow over and above
that found in the same animals after exercise at sea level. We
conclude, that at least in sheep, hypobaric hypoxia and exercise
do not cause a sufficient increase in lung fluid transport to
produce clinical pulmonary edema.

It is uncertain whether lung water content changes during
exercise. Vigorous exercise in man has been shown to produce
an increased residual volume (12, 13), a decreased thoracic elec-
trical impedence (14), and an increased closing capacity (48).
Similar changes have also been reported in man with hypobaric
hypoxia (10, 1 1). This has been used as indirect evidence for
increased extravascular lung water and peribronchial edema.
Indeed, there have been anecdotal reports of acute pulmonary
edema occurring after very vigorous exercise in previously
healthy elite athletes (17). On the other hand, Marshall et al.
(49) have made direct measurements of lung water after vigorous
exercise in dogs and were unable to show any increase in wet
weight/dry weight ratio. Similarly, Vaughan et al. (50) made
measurements of lung water by indicator dilution after exercise
in man and concluded that there was no detectable increase in
extravascular lung water.

The relation between increased extravascular lung water and
increased lung lymph flow is not clear, particularly with modest
increases in lymph flow, and there are only limited data available.
At very high lymph flow produced by a calculated microvascular
pressure of 50 cmH2O, Erdmann et al. (36) detected a 25%
increase in extravascular lung water. No significant change in
wet weight/dry weight ratio was detected until microvascular
pressure and lymph flow had doubled. Pine et al. (51) found a
curvilinear relationship between lung water content and right
duct lymph flow in dogs after a-naphthylthiourea.

Extravascular lung water accumulates first in perivascular

and peribronchial spaces (52), and thus, even a small increase
in lung water below the range of sensitivity of the indicator
dilution or the wet weight/dry weight ratio methods might cause
physiologic changes, such as small airway closure and maldis-
tribution of ventilation. Wehave shown this to occur in human
subjects after rapid infusion of saline and with no other evidence
of increased lung water (53). Wesubsequently showed that these
changes in small airways were not caused by changes in intra-
thoracic blood volume (54) and were therefore probably caused
by peribronchial edema. The point that we are making is that
if moderate exercise in humans produces the same increase in
lung fluid exchange as detected in our sheep, this may increase
extravascular lung water sufficiently to explain the physiological
changes in the lung found after exercise (12, 14) but not suf-
ficiently to be detected by indicator dilution or X-ray techniques.

An increase in lung lymph flow with no change in l/p for
protein is usually interpreted as indicating an increase in capillary
permeability. These alterations in lung water and solute move-
ment can also result from an increase in surface area; however,
this parameter is difficult to measure. The changes in lymph
flow and l/p for protein that we observed during exercise could
be secondary to increased permeability but are more likely simply
due to an increase in perfused surface area. These experiments
serve to emphasize the magnitude of the change in lymph flow
that can occur with changes in pulmonary capillary surface area.
Our data suggests that lung lymph flow can increase up to three-
fold merely from an increase in surface area (Fig. 2). This should
be borne in mind when interpreting lymph flow data.
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