
beech was first established at White 
Pond, South Carolina, at 12,800 years 
B.P. (3), slightly later at Singletary Lake, 
North Carolina (2), and more than 1000 
years later in an attenuated form at 
Rockyhock Bay, North Carolina (2). 
Species-diverse deciduous forest is not 
recorded at Lake Annie (4). 

3) The Holocene began about 12,000 
years ago with the decline of mesic forest 
and the rise of pine and oak to domi- 
nance in the landscape. 
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Net transvascular fluid filtration in the 
lung, as in other organs, is dependent on 
the differences in hydrostatic and os- 
motic pressures across the microvascu- 
lar endothelial barrier, as described in 
the modified Starling equation (3). In the 

Net transvascular fluid filtration in the 
lung, as in other organs, is dependent on 
the differences in hydrostatic and os- 
motic pressures across the microvascu- 
lar endothelial barrier, as described in 
the modified Starling equation (3). In the 

steady state, fluid filtration is dependent 
mainly on the microvascular hydrostatic 
pressure; the term microvascular in- 
dicates our uncertainty about the actual 
pressure and proportion of total fluid ex- 
change in various segments of the micro- 
circulation. 

Current knowledge of the microvascu- 
lar pressure in the lung is derived from 
indirect measurements in isolated per- 
fused dog lungs; such measurements 
yield only lumped values for the inflow 
and outflow segments. Using the low vis- 
cosity bolus-ether evolution technique, 
Brody et al. (4) estimated the longitudi- 
nal distribution of vascular resistance as 
being 46 percent arterial, 34 percent cap- 
illary, and 20 percent venous. Gaar et al. 
(5), using the isogravimetric pressure 
technique, measured the capillary hydro- 
static pressure at the point of zero net fil- 
tration. They found that 56 percent of the 
total vascular resistance lay upstream of 
this point. These measurements form the 
basis of current estimates ot micro- 
vascular pressure in zone III of the lung 
(where pulmonary venous pressure ex- 
ceeds alveolar pressure). A hypothetical 
microvascular pressure is calculated.on 
the premise that 60 and 40 percent of the 
total resistance lie in the arterial and 
venous segments, respectively (6). 

The relatively wide alveolar wall capil- 
laries lying just under the pleural surface 
are easily visualized (7), but are not easy 
to puncture. There are several impedi- 
ments. (i) The visceral pleura is surpris- 
ingly resistant to puncture, even in ani- 
mals with thin pleuras, and micropipette 
tips are easily broken. (ii) With reflected 
light, optical illusions are created by the 
curved air-liquid interface of the alveoli. 
Vessels that seem to lie close to the sur- 
face often lie deeper and are inaccessi- 
ble. What appears to be a ring of capillar- 
ies around the alveoli is often not. (iii) 
Motion of the lung si.-face resulting from 
ventilation or from cardiac and vascular 
pulsations increases the difficulty of mi- 
cropuncture. 

To avoid interference from vascular 
and ventilatory motion, we removed the 
left lower lobes [unperfused weight, 
43.2 + 1.3 g (standard deviation)] from 
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Table 1. Direct pressure measurement in blood vessels of the isolated perfused dog lung. Pressures are given as means ? standard deviation. 

Arteries Capillaries Veins 
Measure Pulmonary 30 to i 0 IO , 0m, 30 to Pulmonary 

artery 50 ,um arterial venous m 50 Am vein 

Pressure (cm-H20) 16.7 ? 0.6 16.4 ? 1.3 15.6 ? 2.9* 14.6 ? 2.4* 12 ? 1.7* 11.1 ? 0.7* 11.1 + 0.8 11.1 ? 0.5 
Number of vessels 10 7 3 13 10 4 8 10 
Percent of total resistance 5.4 14.2 17.9 46.4 16.1 0 0 
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Direct Measurement of Microvascular Pressures in the 

Isolated Perfused Dog Lung 

Abstract. Microvascular pressures in the pulmonary circulation were measured 
under the pleural surface of the isolated perfused dog lung by the servo-null tech- 
nique. Strong glass micropipettes with short beveled tips were used, with a suction 
ring to stabilize the lung's surface. Of the total vascular resistance, 45 percent was in 
the alveolar wall capillaries themselves. Most of the remaining resistance was in the 
arterioles. There was negligible pressure drop in venules with diameters larger than 
20 micrometers. 
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anesthetized dogs and perfused them 
with a nonpulsatile flow of autologous 
heparinized blood at 38?C and constant 
pressure. We set the inflow (pulmonary 
arterial) and outflow (pulmonary venous) 
pressures (Table 1) to give a reasonable 
blood flow (5.2 ?+ 1.1 ml/g-min) and to be 
above alveolar pressure so as to congest 
the lobe (zone III). This maintained the 
capillaries in their distended oval cross 
section and aided visualization. We 
could not completely overcome the opti- 
cal illusion at the lobe surface; that re- 
quired experience as well as trial and er- 
ror. 

To avoid excessive stretch of the mi- 
crovessels and to stabilize the lung sur- 
face, we held alveolar pressure constant 
at 5 cm-H20O with 50 percent 02 and used 
a suction ring, modified from one de- 
vised by Wagner and Latham (7), to grip 
the lung surface. 

To overcome pleural resistance to 
micropuncture, we constructed short- 
tipped beveled glass micropipettes that 
were both rigid and strong. Our micro- 
pipettes (8) had tip diameters of 2 to 3 
/tm, tip lengths not exceeding 300 ,tm, 
and tip impedances of 2 to 5 megohms. 

We made measurements with a Wie- 
derhielm-type servo-null pressure mea- 
suring device, which provides measure- 
ments that are stable, reproducible, and 
accurate (9). We lowered the micro- 
pipette, filled with 2M NaCl colored with 
green dye, onto a target vessel, so that 
flow in the vessel was momentarily inter- 
rupted by pressure from the pipette tip. 
This confirmed the accessibility of the 
vessel. With a quick forward motion of 
the pipette, we punctured the vessel. 

We tested the validity of the recorded 
pressure by requiring that two of the fol- 
lowing criteria be met: (i) tight coupling 
of recorded microvascular pressure to 
induced fluctuations in pulmonary arteri- 
al or venous pressure, (ii) rapid washout 
of dye injected through the micropipette, 
(iii) high-frequency oscillation of the ser- 
vo-null system at high gain. The last con- 
dition is met only if the micropipette lies 
in free fluid. 

With these criteria, we have a 20 per- 
cent success rate. The arteries and veins 
are easily identified on the lung's surface 
by the direction of flow; for instance, in 
an arterial vessel, the flow is into smaller 
vessels. The branching pattern is fairly 
distinct. Arterioles, 30 to 50 ,m in diam- 
eter, branch abruptly, giving rise to 20- 
,tm arterioles that in turn give off 10-,tm 
arterial capillaries. Some capillaries arise 
directly from larger arterioles. On the 
venous side, the 10-,tm capillaries join 
into 20-,um venules, which coalesce into 
larger ones. In the subpleural region of 
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Fig. 1. Profile of distribution of vascular 
resistance along the circulation in the isolated 
perfused dog lung lobe in zone III. Since 
flows in each longitudinal segment are equal, 
the ordinate is also the fractional drop in pres- 
sure. The greatest resistance lies between the 
arterial and venous capillaries. There is little 
resistance upstream of the 50-,m arterioles 
on the inflow side or in veins larger than 20 
,am on the outflow side. 

the lung there are many more venous 
than arterial vessels (10). 

Microvascular pressures from 45 ves- 
sels in ten lobes are summarized in Table 
1. The arterial-venous pressure differ- 
ence was not large, but allowed blood 
flows of more than 200 ml/min for 3 to 4 
hours without the development of alveo- 
lar edema in the lobes. Because we have 
found that the total vascular resistance in 
these lobes remains unchanged for 4 
hours (11), we made all pressure mea- 
surements within this period. We could 
not prevent interstitial edema, since we 
held venous pressure approximately 6 
cm-H20 above alveolar pressure to dis- 
tend the capillaries. The recorded pres- 
sure in all microvessels was substantially 
above isogravimetric pressure measured 
under roughly similar conditions (12). 

The fractional resistance along the 
various segments of the lobe circulation 
(Fig. 1) is equivalent to the fractional 
pressure drop because total lobar blood 
flow was the same through all vascular 
segments. The data show little arterial 
resistance proximal to the 50-p.m arteri- 
oles and no measurable venous resist- 
ance distal to the 20-,tm venules. Thus 
we were unable to confirm the existence 
of a significant resistance in the large 
veins, reported in amphibian lungs and 
perfused dog lungs (2, 13). The largest 
pressure drop occurred between the ar- 
terial and venous capillaries. In the sys- 
temic circulation the greatest pressure 
drop occurs proximal to the capillary bed 
(14). 

If the arterial and venous capillary 
pressures (Table 1) are averaged to ob- 
tain what might be the hydrostatic pres- 
sure at the midpoint of the pulmonary 
capillary network, 61 percent of the total 
resistance lies proximal to this capillary 
midpoint. This finding agrees well with 

indirect estimates of resistance distribu- 
tion (4, 5). In fact, our findings on resist- 
ance distribution so closely match those 
of Gaar (5), who measured isogravimet- 
ric pressure, that we speculate that the 
zero filtration point (their "effective" 
midpoint for fluid exchange) and the ana- 
tomic capillary midpoint coincide. 

We believe that the pressures we have 
recorded in subpleural vessels probably 
represent pressures in similar vessels 
deep in the lung (10, 12), although there 
is no way at present to get at the deeper 
vessels. These measurements in the iso- 
lated lung may reflect corresponding val- 
ues in the intact lung, but measurements 
in intact lungs have not been made. On 
the basis of our experience with isolated 
lobes, we believe it is feasible to make 
direct micropuncture measurements in 
the lungs of living animals. 
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