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isolated perfused dog lung Lobe. J. Appl. Physiol.; Respirat. 
Environ, Exercise Physiol. 48(3): 444-449, 19&X-We deter- 
mined the relationship between the amount of edema and 
changes in blood flow in the isolated, perfused, and ventilated 
lower lobe of dog lung. We held vascular pressure constant and 
measured lobe weight and flow continuously. Vascular pres- 
sures were set to produce minimal weight gain in four lobes 
(controls) and large weight gain in six lobes (edema). In all 
lobes, the outflow pressure exceeded alveolar pressure at end 
expiration (zone III conditions). The control lobes gained an 
average of 20% in weight over 4 h, but blood flow remained 
constant. They showed interstitial edema histologically and 
extravascular lung water was increased 38%. The edema lobes 
gained weight rapidly, ultimately tripling their weight. In these 
lobes, blood flow remained constant until lobe weight had 
doubled; then flow decreased progressively to low levels. These 
lobes showed extensive alveolar edema histologically and extra- 
vascular lung water was increased 238%. Pulmonary blood flow 
is not affected by interstitial edema, but is markedly reduced 
when alveolar flooding occurs. 

vascular resistance; edema fluid proteins; lung water content; 
ultrasonic flow measurement 

THERE IS CONSIDERABLE CONTROVERSY as to whether 
pulmonary edema affects lung blood flow and, even if it 
does, it is unclear how extensive edema has to be before 
flow is changed. West, Dollery, and Heard (13) produced 
high-pressure pulmonary edema in isolated perfused dog 
lungs and showed redistribution of flow from the lower 
to the upper lung regions. They noted that the redistri- 
bution occurred only at low driving pressures and attrib- 
uted it to increased vascular resistance in the lower lung 
caused by interstitial edema (perivascular cuffs), which 
increased interstitial fluid pressure and decreased vas- 
cular transmural distending pressure (3, 13). However, 
they did not prove this hypothesis. In fact, their pub- 
lished histological pictures showed no evidence of vas- 
cular collapse. 

At the opposite extreme, Hyman and associates (5) 
reported that in the perfused intact dog lung lobe even 
severe pulmonary edema had no effect on lobar vascular 
resistance. 

Naimark and co-workers (8) and Muir and associates 
(7) reexamined the relationship between flow and edema. 
They concurred that edema affects vascular resistance, 
but only after alveolar flooding has developed. Interstitial 

edema alone did not cause blood flow redistribution. 
Very recently, Hogg (2) has presented evidence suggest- 
ing that both alveolar and interstitial edema are neces- 
sary for changes in pulmonary blood flow. 

We have reexamined the relationship between flow 
and edema in the isolated dog lung lobe perfused with 
blood at constant pressure. We found that flow remained 
constant until lung weight had doubled and alveolar 
edema was evident; subsequently flow decreased pro- 
gressively to very low levels. 

METHODS 

Surgical Procedures 

We anesthetized 10 dogs (20-22 kg) with thiopental 
sodium (25 mg/kg, iv) and maintained anesthesia with 
pentobarbital sodium (60 mg iv, as required). The dogs 
were ventilated through an endotracheal tube with a 
positive-pressure pump at 12 breaths/min at a tidal vol- 
ume of 450 ml. We inserted a plastic catheter into a 
femoral artery and withdrew approximately 300 ml blood 
into a plastic beaker containing 1,000 U heparin. We 
adjusted the hematocrit of this shed blood to ZO-30% 
with 0.9% saline and filled the lobe perfusion circuit with 
it. 

We opened the thorax widely by a sternum-splitting 
incision and injected 4,000 U heparin and 60 mg papav- 
erine, intravenously. We made a second blood collection 
(approx 400 ml), which we stored in a water bath for use 
if required. A final blood sample (25 ml) was taken 
immediately prior to the removal of the lungs. This blood 
sample was used later in the determination of residual 
blood content of the right lower lobe, 

We carefully removed the heart and lungs together 
and placed them in a stainless steel basin containing 
saline at room temperature. Then we cannulated the 
artery, vein, and bronchus to the left lower lobe and 
weighed the lobe. 

Subsequently, one of us removed the right lower lobe, 
inflated it to 5 cmHz0, and weighed and rapidly froze it 
in liquid nitrogen for analysis of extravascular lung water, 

Experimental Apparatus 

Perfusion circuit. Our perfusion circuit is modified 
from that of Snashall and associates (11). It provides for 
continuous flow measurement by an ultrasonic flowmeter 
(model 806A, Parks Electronics, Medford, OR) and for 
constant perfusion pressures (Fig. 1). Briefly, blood is 
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supplied to the lube from an arterial reservoir with ov- 
erflow; blood returning from the lobe drains into a venous 
reservoir from which it is pumped back to the arterial 
reservoir. By adjusting the heights of the two reservoirs, 
we can set target pressures in the vein and artery. Vas- 
cular pressures were measured by catheters placed at the 
hilum of the lung and were recorded alternately on the 
same strain gauge and relative to the level of the lung 
hilum. 

We placed thermistors at various points in the perfu- 
sion circuit to monitor blood temperature, which was 
maintained at 38OC as it entered the lung. All tubing was 
of silicone rubber (hospital-grade Silastic, 5/1c; in. ID, Dow 
Corning, Midland, MI). 

Lobe weighing upparatus. The perfused lube was sus- 
pended from one arm of a balance beam in a warm 
humidified Lucite chamber. The other arm of the beam 
was connected to a force-displacement strain gauge 
(model FT 10, Grass Instrument, Quincy, MA). We esti- 
mated the initial increase in lobe blood volume at the 
onset of perfusion by the difference in lobe weight before 
and 10 min after the start of perfusion. We called the 
weight after 10 min perfusion, the initial lobe weight. All 
subsequent changes in lobe weight referred to this initial 
weight. 

The time between removal of the heart and lungs and 
the restarting of lobar blood flow was between 20 and 30 
min. The lobe was continuously ventilated at an inspi- 
ratory pressure of 12 cmHz0 and an end expiratory 
pressure of 5 cmHzO at a frequency of 5 breaths/min 
using 100% oxygen. These pressures maintained the lobe 
well inflated during the entire experiment. 

The outputs of the force displacement strain gauge, 
the pressure transducers, and the ultrasonic flow meter 
were recorded on a direct writing polygraph (model 5 

FIG. I. Sche #ma of apparatus for perfusion and continuou s weighing 
of isola ted dog lung lobe. Of special interest is our use of ultrasonic 

Grass Instrument), Each 
and after the experiment. 

channel was calibrated before 

Experimental Protocol 

In all our experiments, we held pulmonary venous 
pressure above end-expiratory airway pressures; i.e., the 
lung was in zone III. In four control lobes, we set the 
arterial (Ppa) and venous (Ppv) pressures at approxi- 
mately 10 and 7 cmHz0, respectively, relative to the 
hilum of the lung. Thus, outflow pressure was 2 cmHa0 
above airway pressure (P~lv) at end expiration. Because 
the inflated lobe was approximately 6 cm high, more 
than 80% of the lobe was in zone III. We selected these 
pressures to keep lung weight from increasing more than 
25% above initial weight over a 4-h observation period. 
In six edema experiments, we set Ppa and Ppv at about 
18 and 15 cmH20, respectively, relative to the hilum. 
Under these conditions, the lobe was in zone III through- 
out the experiment and throughout all phases of venti- 
lation. The lobe gained at least twice its initial weight 
over 6 h. The experiment was terminated with the ap- 
pearance of edema foam. 

We collected samples of airway fluid in five experi- 
ments for measurement of hematocrit and total protein. 
At the same time, we obtained 25 ml of the perfusion 
blood for measurement of hematocrit and total protein, 
and for determining the residual blood volume of the 
lobe, Finally, the lubes were frozen in liquid nitrogen and 
stored at -7OOC until we could study the lung histologi- 
cally. After microscopic examination of frozen specimens, 
the lobes were homogenized for measurement of lung 
water by the methods of Selinger and associates (10). 

Total protein and albumin were determined by the 
biuret and BCG methods, respectively, in an automated 
system (AA II, Technicon, Tarrytown, NY). 
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recording of lobe blood flow. 
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Data Analysis and Statistics 3-5, comparing blood flow and lobe weight change over 
time, we have normalized the data as percent of the 

We recorded pressures and flows at end expiration as initial flow and weight. We averaged the data over lo-15 
these vary cyclically with ventilation (see Fig. 2). In Figs. min. In Table 1, the control and edema experiment 

CONTROL 
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Weight 
Change 

(9) 

D-26-78 

EDEMA 
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Pressure 10 

(ml/mid 15” 
0 
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Change , 

(g) 

’ lmin DL27-78 

FIG. 2. A: tracings from control lobe; B: early (1st hour) and late ventilation due to brood volume shifts. Slope of weight gain curve is 
(final hour) polygraph tracings from edematous lobe. Both pulmonary much steeper in early phase of B than in A. It is much steeper in late 
arterial (Ppa) and venous (Ppv) pressures were recorded alternately on phase of B than in early phase. 
same pressure transducer. Lung weight changed rhythmically with 
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groups were compared by an unpaired t test. In our At an average microvascular pressure of 8 cmHzO, 
statistical analysis, we accepted P < 0.05 as indicating these lobes gained weight at a rate of about 5 g/h. The 
significance. The data are presented as the mean f SD. weight gained over the 4-h observation period averaged 

20% of the initial weight (range 9-2976). In no experiment 
RESULTS was there any significant change in blood flow over the 

Control Experiments 15Or 

Figure 2A shows segments of the polygraph record in 
one control experiment. The relation between lobe 
weight and blood flow for one experiment is shown in 
Fig. 3. Summary data for the four control lobes are shown 
in the first line of the table. 

TABLE 1. Effect of edema on blood flow in 
isolated perfused dog lung lobes 

Pulmonary Hemodynamics 

Lobe Wt, g 
Rate of Pressure, Blood Flow, 

c;;t“ No. 
Weight cmHIO ml/min 

Gain, g/ 
mm 

Inltlal Final 
Pulmo- ;;;- 

nary -_. Initial Final 

Control 4 77.3 97.1 0.08 10.4 6.6 134 137 
-116.3 +25.7 kO.04 r2.3 +0.3 f50 -c67 

Edema 6 67.3 248.6 0.37 18.4 15.2 210 30 
+11.5 +69.2* +0.13* +o.t3* +2.0* -c26* t27 

Values are means + SD. *Significant at P < 0.05 compared to 
control group. 

INITIAL 
VALUE 

t DL 13-78 

HOURS 
FIG. 3. Time course of change in lobe weight (closed circles) and 

blood flow (open circles) in one control experiment. On or&note, 100% 
represents base-line (initial) values. This lobe (initial wt 84 g) had 
initial flow of 186 ml/min at Ppa = 10.5 cmHg0 and Ppv = 6.5 cmHz0. 

FIG. 4. A: frozen section from a control lobe showing interstitial 
edema after 4 h of constant pressure perfusion. Lobe gained 25% in 
weight. Note fluid cuff next to a pulmonary artery (PA) and engorged 
lymphatics (L) next to a bronchus (BR). B: frozen section of an 
edematous lobe showing extensive alveolar edema after 4 h of perfu- 
sion. This lobe showed 200% weight gain and marked reduction in 
blood flow. Alveoli are fluid-filled and perivascular cuffs are hemor- 
rhagic. PV, pulmonary veins. C: normal dog lobe that had not been 
perfused. Alveoli are well-inflated. There is no evidence of interstitial 
edema. 
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4-h period. Compared to the right lower lobe in which 
extravascular water content averaged 3.1 t 0.2 g/g dry 
lung, the perfused lobe’s extravascular water was in- 
creased approximately 38% to 4.3 -+ 0.8 g/g dry lung. 
This compares favorably with the measured weight gain 
over the 4-h experiment because 20% of initial weight is 
30% of blood-free weight if lobe blood content initially 
was O-3. The average hematocrit of the perfusate blood 
was 26 -+ 9% at a total protein of 3.3 t 1.2 g/100 ml. 

Histologically, the frozen lobes were well inflated and 
of uniform color except at the extreme margins. There 
were small cuffs of fluid around the large pulmonary 
vessels and airways. An example is shown in Fig. 4A. The 
control lobe that had gained 29% of its initial weight 
showed a small amount of alveolar edema. 

Edema Experiments 

Tracings from the early and late phases of an edema 
experiment are shown in Fig. 2B. In the early phase, the 
rate of weight gain was faster than for the control lobes. 
In the late phase, in spite of constant vascular pressures, 
blood flow decreased markedly and the rate of weight 
gain increased. The relation between lobe weight and 
blood flow for one experiment is shown in Fig. 5. Sum- 
mary data for the six edema lobes are shown in the 
second line of the table. 

These lobes gained weight right from the beginning 
with the rate of weight gain increasing with time. Still, 
blood flow remained absolutely constant at first, even 
though the rate of weight gain averaged 22 g/h. In all six 
lobes, when the lobe had doubled its initial weight (avg 
increase of 101 t 27%) blood flow began to decrease 
rapidly reaching about one-fifth of base-line flow within 
1 h. Terminally, the lobes were almost four times as 
heavy as initially (avg increase of 269%). 

019-78 

FIG. 5. Time course of change in lobe weight and blood flow in one 
edema experiment. This lobe (initial wt 61 g) had an initial’blood flow 
of 179 ml/min at Ppa = 18 cmH& and Ppv = 12.5 cmHzO. 

The time of the onset of decreasing blood flow ranged 
between 1.5 and 4.5 h (avg 3.1 h). The reduction in flow 
depended only o;n the relative gain in lung weight, not on 
the time over which the weight gain took place. 

Compared to the right lower lobe, in which extravas- 
cular water content; averaged 3.6 t 0.7 g/g dry lung, the 
perfused edematous lubes’ extravascular water was in- 
creased 238% to 12.2 t 0.4 g/g dry lung. This also com- 
pares favorably with the measured weight gain over the 
6-h experiment. 

The hematocrit of the airway fluid averaged 3.4% 
compared to 27% in the perfusing blood. The protein 
concentration of the airway edema fluid averaged 75% of 
that of the circulating perfusate plasma. The albumin 
fraction in the airway fluid was increased compared to 
blood in four of five experiments. 

Histologically, the edematous lobes were congested 
with large perivascular and peribronchial fluid cuffs and 
extensive alveolar edema. Figure 4B is a photograph of 
one such lobe. Figure 4C shows what a normal dog lobe 
should look like for comparison. 

DISCUSSION 

Our control experiments indicate that the isolated 
perfused lung is a reasonably stable preparation. We were 
able to maintain steady blood flow in these lobes for 4 h; 
therefore the changes in blood flow that occurred in the 
edema lobes could not have been due to deterioration of 
the preparation with time. Nevertheless, these lobes, 
subjected to handling and interruption of blood flow as 
well as being deprived of lymphatics and innervation, are 
not normal. But for the purpose of this study, which was 
to quantify the effects of edema fluid accumulation on 
blood flow, the isolated lobe is ideal because extraneous 
factors have been eliminated. 

Our control lobes increased in weight by lo-30% over 
4 h in spite of the low vascular pressures. All these lobes 
showed histological evidence of interstitial edema and 
extravascular lung water was increased. This has been 
observed by others (6). It is of the greatest importance, 
however, to stress blood flow did not change! A remote 
possibility is that, in spite of constant pressure and 
continuous flow measurement, interstitial edema may 
have caused flow redistribution within the lobe. Such an 
event is very unlikely, because if localized interstitial 
edema caused local increases in vascular resistance then 
surely generalized edema up to 100% weight gain should 
have caused total resistance to increase. 

In contrast, the edema lobes were arranged so that 
they would gain weight; they did. But blood flow re- 
mained constant until lobe weight had doubled. Although 
we did not stop our experiments at the point where flow 
reduction became evident, it is clear from our prior 
experience, as well as that of others (12), that a 100% 
increase in lung weight is always accompanied by alveolar 
flooding. We conclude that alveolar edema is a prereq- 
uisite fur the observed reduction in blood flow. 

Terminally, the lungs were grossly edematous and 
blood-tinged froth welled up from the main lobar bron- 
chus. We determined the protein concentration of the 
edema fluid and found it to be about 75% of the plasma 
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concen tration . Thus, we had induced an increased perme- 
ability edema by a modest increase in pulmonary micro- 
vascular pressure, something that does not occur in the 

cause blood flow reduc tion took place only after alveolar 
flooding had occurred. This is attributable to th e weight 
of edema fluid compressing alveolar wall vessels. 

intact animal’s lung (1). This confirms the view of Snash- The constant-pressure perfusion system we used 
all, Nakahara, and Staub (11) that the isolated perfused should be very sensitive to changes in vascular resistance. 
lung is excessively leaky to proteins. Thus, our finding of no flow reduction in four lobes with 

In spite of its vigorous defense (4), there is little exper- weight gain averaging 25% and in six lobes with weight 
imental evidence to support the hypothesis that intersti- 

local vascular resistance (13). This is not to deny the 
tial edema compresses lung blood vessels and increases 

phenomenon of redistribution of blood flow in edema. 
Naimark and co-workers (8) found flow redistribution 

away from those parts of the lungs with alveolar edema. 
Muir and associates (7) found the same thing and showed 
a good correlation between the loss of alveolar gas volume 
and the reduction in blood flow, indicating that the 
amount of alveolar flooding determined the magnitude 
of the flow change. Our findings confirm this view be- 

gains up to 100% confirms the fact that interstitial edema 
alone does not affect pulmonary blood flow. 
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