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YOUNG,IVEN,ROBERT W. MAZZONE,AND PETER D.WAG- 
NER. Identification of functional Lung unit in the dog by graded 
uasdar embolization. J. Appl. Physiol.: Respirat. Environ. 
Exercise Physiol. 49(l): 132-141, 1980.-To study the dimen- 
sions of the functional gas exchange unit, spherical polystyrene 
beads (diam 50-500 pm) were injected intravenously into 12 
normal anesthetized paralyzed dogs (15-24 kg wt). We argued 
that beads small enough to lodge within gas exchange units 
would not give rise to a population of high ventilation-perfusion 
ratio (VA/&) areas, whereas embolization of larger vessels sup- 
plying these units would. Each dog received only one bead size 
in cumulative 0.25-g doses up to a maximum of 2.25 g. Multiple 
inert gas elimination data were obtained after each dose to 
monitor the development of high VA/Q regions. Injection of 50- 
and NO-pm beads never gave rise to high VA/Q regions, whereas 
SO-, 250-, and 500-pm beads consistently induced a high VA/Q 
mode comprising up to 45% of the ventilation. Histological 
examination of lungs from five additional dogs injected with 
small (-0.5 g) doses revealed that beads rarely formed clusters 
and appeared in vessels of their own diameter in over 90% of 
instances. By the above criterion, the functional gas exchange 
unit in these lungs is that volume of tissue subtended by 150- 
pm-diam arteries (vessels associated with respiratory bron- 
chioles). 

gas exchange; inert gases; bead embolization 

THE GAS EXCHANGE ABNORMALITIES produced by pul- 
monary vascular emboli have been studied by a number 
of investigators using the conventional measurements of 
arterial blood-gas tensions, alveolar-arterial oxygen pres- 
sure (PAN, -Pao,) gradients, and dead space-to-tidal vol- 
ume ratios VII/VT (9-11). Emboli ranging in diameter 
from 2 to 6 mm [autologous clot emboli (9, 10) to 100~pm 
glass beads (ll)] have been found to cause hypoxemia, 
hypercapnia, and increases in WI/VT and PAo,-Pao, gra- 
dients. The development of the multiple inert gas infu- 
sion technique (5, 19, 17) has enabled a more detailed 
characterization of the ventilation-perfusion inequalities 
caused by pulmonary vascular emboli, and it has been 
found that both autologous clot and glass bead emboli 
produce a mode of high ventilation-perfusion ratios (3, 
15) 

A question that arises from such studies is the rela- 
tionship between the size of the embolus and associated 
changes in gas exchange. At one extreme, very small 
emboli (e.g., 15 pm) would not be expected to cause 
development of high VA& regions because rich capillary 
interconnections would allow continued perfusion of the 
tissue distal to the sites of obstruction. At the other 

extreme, embolization of a major pulmonary artery 
clearly results in hypoperfusion (or nonperfusion) of an 
entire lung, and this does produce areas of high VA/Q or 
increased physiological dead space. These considerations 
lead to the hypothesis that under a given set of experi- 
mental conditions there exists a vessel of critical diame- 
ter; embolization of smaller vessels will not produce high 
VA/Q areas, but embolization of larger vessels will. Iden- 
tification of the size of this vessel then defines (under the 
particular experimental conditions) the functional unit of 
lung for gas exchange. Based on theoretical calculations 
of gas mixing, such a unit is probably subtended by the 
respiratory bronchiole or first-order alveolar duct (1, 2) 
in the human lung. The vessels form a similar branching 
system to the airways in that they run alongside and 
branch with them (6). However, the size of the vessels 
supplying these units and the contribution of collateral 
perfusion to the dimensions of the functional lung unit 
are unknown. 

The purpose of the work described in this paper is 1) 
to determine the minimum microembolus size necessary 
to produce high VA/Q areas in the lung using the multiple 
inert gas infusion technique in normal anesthetized par- 
alyzed dogs and 2) to identify the size of the correspond- 
ing obstructed blood vessels and their associated airways 
by histological examination of the lungs postmortem. 

METHODS 

Preparation of Animals 

Seventeen mongrel dogs were studied in the supine 
position. They were all anesthetized with pentobarbital 
(30 mg/kg) and relaxed with gallamine (60400 mg). 
Further doses of pentobarbital and gallamine were given 
during the experiment to maintain an absent cornea1 
reflex and complete relaxation. Heparin, 5-10 X lo3 U, 
was injected before the first dose of beads, then 2-5 X 
lo3 U were injected every 30 min during the experiment. 
Each animal was ventilated using a volume cycled res- 
pirator set to maintain an end-tidal carbon dioxide ten- 
sion (Pco~) of approximately 30 Torr before any experi- 
mental insult (frequency -14 Hz, VT -300 ml). This 
initial pattern of ventilation was maintained throughout 
each experiment and a constant end-expiratory pressure 
of 5 cmH20 was applied to the expired line throughout 
the study. 

A 7F-gauge Swan-Ganz flotation catheter was passed 
into the pulmonary artery via a jugular vein, and wide- 
bore catheters placed in a femoral artery and a femoral 

132 0161-7567/8O/oooO-oooO$Ol.25 Copyright 0 1980 the American Physiological Society 



FUNCTIONAL GAS EXCHANGE UNIT 133 

vein. The pulmonary artery catheter was used to sample 
mixed venous blood and measure p&non .ary artery pres- 
sure; the femoral artery catheter was used to sample 
systemic arterial blood and monitor systemic pressure. 
The femoral venous catheter (passed well into the infe- 
rior vena cava) was used to inject each bolus of beads. A 
narrow catheter was inserted into a peripheral leg vein 
to infuse the solution of dissolved inert gases (see below). 
Expired POT and PCO~ were monitored with a respiratory 
mass spectrometer (Perkin-Elmer MGA 1100), and all 
signals were displayed on a Brush recorder (Gould In- 
struments). 

Preparation of Beads 

Polystyrene spherical ion exchange resin beads 
(BioRad Laboratories) were used as emboli because they 
section easily in tissue embedded in paraffin and stain 
well with hematoxylin. Prior to injection into each ani- 
mal, they were sorted into five size ranges (approx diam 
50, 100, 250, and 500 pm) using US standard sieves 
(Scientific Products). The beads were suspended in nor- 
mal saline and then washed through the sieves, the beads 
sticking to the mesh of each size sieve being retained. 
They were then oven-dried at 37”C, which caused some 
shrinkage and allowed them to be brushed out. On resus- 
pension in 0.9% saline, the beads regained their original 
wet sizes within 15-30 s. 

Prior to each experiment, a small sample of the beads 
to be used was suspended in saline and the diameters of 
50 randomly selected beads measured using a microscope 
with eyepiece graticule. The mean *SD diameters of the 
beads used in each experiment and the overall mean 
&SD of each size used are listed in Table 1. 

Beads were injected as 0.25 gram doses (weighed dry), 
so samples of 50 dry beads in each range were also sized 
to obtain an approximate number of beads for each 0.25- 
g dose. The density of the polysytrene material (1.05 g/ . 
cm”) was obtained from the manufacturer. The number 
of beads in one 0.25-g dose of each size range was calcu- 
lated using the formula: number of beads = (2 x 0.25)/ 
(4.2 x 7~ x [D/Z]“>, where D is the measured mean 
diameter in centimeters. There were approximately 7.463 
x lo6 50-pm beads, 7.637 x lo5 lOO-pm beads, 3.528 x lo5 
150~pm beads, 5.983 x lo* 250~pm beads, and 1.133 x lo4 
500~pm beads in each 0.25-g dose. 

Experimental Protocol 

A solution of the six inert gases, sulfur hexafluoride 
(SFG), ethane, cyclopropane, halothane, ether, and ace- 
tone in 0.9% saline was infused at 2.5 ml/min. The theory 
of the multiple inert gas technique has been described 
(5, 18), as have the practical details (15-17). Each animal 
was judged to be in a steady state from the end-tidal Paz 
and Pcoz and measurements. This was confirmed sub- 
sequently by constancy of tidal volume and frequency, 
arterial and mixed venous POT and Pco~, and cardiac 
output. Mixed venous and arterial blood samples and 
mixed expired gas samples were then drawn, and reten- 
tion and excretion values of the inert gases were calcu- 
lated (17, 18). Duplicate samples were taken at this time 

TABLE 1. Measured wet bead diameters 

50 pm 100 pm 150 pm 250pm 5oom 

Individual expt 56.4 117.8 145*4 268.5 482.8 
means k4.5 U1.6 k22.8 t 18.4 k 18.6 

64.0 114.2 149.6 263.9 485.4 
t5.8 k16.2 k8.3 k27.5 kl5.8 
55.2 117.8 161.3 273.3 477.8 

k5.0 kl1.0 kg.6 k21.3 t12,o 
60.1 274.6 

-t-5.4 zk20.9 

Overall means 58.9 116.6 152,l 270.1 482.0 
k5.2 kl3.1 zk14.4 k22.3 k15.7 

to provide two base-line VA/$ distributions before the 
beads were injected. 

In 12 of the 17 dogs, 0.25-g boluses of beads in one size 
range only were injected (gruup A). Nine such doses 
were used in most cases for a total dose of 2.25 g. Fifteen 
minutes after each injection, a steady state was regained 
as judged by the end-tidal gas tension and blood pressure 
traces, and blood and gas samples were withdrawn for 
inert gas analysis and measurement of Paz, Pcoz, and 
PH. 

Dug 1 was the first studied. It was injected with only 
0.1-g boluses of 50-pm beads because of the large number 
of these beads per unit weight. However, there was only 
a modest rise (II Torr) in mean pulmonary artery pres- 
sure, so all subsequent dogs were given 0.25-g boluses. 
Three animals died before the total dose had been ad- 
ministered (&gs 5, 15, and 16). 

A different protocol was used for the remaining five 
dogs (group B), which were injected with a single bolus 
(0.75 or 0.5 g) of beads in one size range. This produced 
only modest increases in mean pulmonary artery pressure 
(Table 2). They were then killed after inert gas samples 
were taken, and their lungs were fixed, sectioned, and 
examined for sites of bead deposition. This separate 
protocol was used because the dogs subjected to *the full 
dose had high pulmonary artery pressures after the last 
dose, so that later beads lodged more peripherally than 
beads given earlier. The location of the beads in the 
gruup B dogs was then correlated with the development 
of areas of high VA/Q as detected by the inert gas 
method. 

Preparation of Lung Tissue (Group B Dugs) 

Following the last blood collection for inert gas analy- 
sis, the dogs were killed with a venous injection of satu- 
rated KCl. The lungs were removed and inflated to 20 
cmHz0 pressure via the airways with buffered formal- 
dehyde solution for approximately 1 wk. Sections 0.5-1.0 
cm thick were then cut from the ventral aspects of the 
upper lobes and the dorsal aspects of the lower lobes, 
four sections from each animal. Each section was fixed 
for a further 3-7 days in formaldehyde solution, embed- 
ded in paraffin, sectioned, and stained with hematoxylin 
and eosin. Five 5-pm-thick sections were taken from each 
block, approximately equally spaced through the thick- 
ness of the block. 

The sectioned beads (stained magenta) were easily 
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TABLE 2. Muximum changes in physiological 
variables with embolization 

artery pressure rose after the first 0.25-g dose of beads. 
Measurements following embolization. Mean pulmo- 

nary artery pressure increased greatly in all animals 
receiving large doses of beads. The increase was almost 
linear with respect to bead dose in most animaIs. The 
cardiac output fell during most experiments, although 
this response was variable. There was a rise in the shunt 
fraction of the cardiac output (Figs. l-5). In nine animals 
there were also low VA/Q (~0.05) units contiguous with 
the shunt compartment, but the exact proportion of each 
cannot be determined (5). Regions of shunt and low VA/ 
& were grouped together for Figs. l-5 and labeled shunt 
in Table 1. 

Dog 
NO. 

wt of Bead 
=w, Diam, 

kg Pm 

Total 
Mass of 
Beads 

In- 
jected, 

g 

Max Xn- 
crease in 

Shunt, 
%QT 

Max In- 
crease* in 

V to a 
Separate 

High 
Mode, 
wtot 

Max 
Change* 

in lb, 
wtot 

Max In- 
crease * 

in Mean 
PAP, 
Tom 

Max 
Change 
in QT, 
l/min 

50 
50 
50 
50 

0.90 
2.25 
2.25 
0.75 

15.0 
20.8 
17.2 

loo 
100 
100 

l-75 
2.25 
0.75 

0.0 

15.0 
21.0 

LO 

9.0 
0.0 
I.5 

19.9 
22.2 
20.0 

150 
150 
150 

-___ -~ 
1 0.0 -10 11 -0.5 
2 0.0 -20 35 -1.9 
3 0.0 -9 41 -2.9 

4t -2*o -5 12 0.1 

5 0.0 35 -1.4 
6 0.0 -15 16 -1.8 

7t -4.0 -7 15 0.0 

8 2.25 I 9.0 25,O 10 33 -0.9 
9 2.25 ’ 7.0 22.0 0 37 -0.3 

lOi- 0.75 7.0 5.0 5 26 -0,7 

I1 2.25 21.0 23.0 -5 50 -0.9 
12 2.25 7,O 16.0 9 33 -2.3 
13 2.25 12.0 17.5 -10 36 -0.3 

14t 0.75 5.0 15.0 -6 I1 -0.9 

15 1.75 38.0 45.0 -10 41 1.7 
16 2.00 9.0 39.0 8 39 a9 

17t 0*50 0.5 11.0 -6 12 0.2 
L --- 

QT, cardiac output; V, ventilation; @tot, percent of total ventilation; 
VD, dead-space ventilation; PAP, pulmonary artery pressure. 
* Maximum change from base-line values. Change in any direction had 
to be sustained for more than one measurement to be noted. t %P 
used for histology. 

19.6 
24.0 
22,2 
25.5 

250 
250 
250 
250 

19.0 
20.0 
18.8 

500 
500 
500 

T  

I 

located in the vessels, and each blocked vessel was clas- 
sified according to the number of beads seen blocking it. 
As each dog had only one size bead injected, the number 
of beads seen in the vessel section provided a measure of 
the size of vessel blocked, even though different planes 
of section made the beads appear to be different sizes. 

RESULTS 

Physiological Changes with Progressive Embolization 

Base-line measurements. The results for all 17 dogs 
studied are summarized in Table 2. Dogs are grouped 
according to bead size injected. The last dogs in each 
bead size group (dogs 4, 7P l&14, and 17) were those that 
were injected with a single smaller mass of beads for 
subsequent detailed histological examination (single-dose 
protocol group B dogs). In all dogs, distributions meas- 
ured before bead injection contained virtually all of the 
pulmonary blood flow and one-half to two-thirds of the 
ventilation distributed narrowly around a VA/Q ratio of 
1, The remaining ventilation was of deadspace (unper- 
fused lung). Shunt never exceeded 5% of the cardiac 
output, and in a few dogs high VA/Q regions (no more 
than 9% of ventilation) were observed. Appearance of 
high VA/& regions under control conditions almost cer- 
tainly reflects relatively low pulmonary artery pressures 
with the uppermost regions having little or no perfusion. 
Similar patterns are seen with positive end-expiratory 
pressure ventilation (4) and appear when pulmonary 
artery pressure is less than alveolar pressure. These 
regions of hiah VA/Q tended to disappear as pulmonary 

A separate high VA/Q mode developed in all dogs (nos. 
B-17) that were injected with SO-pm or larger beads. 
The dogs injected with 50- or 100~ym beads (nos. 1-7) 
developed no separate high VA& mode after bead injec- 
tion, even up to the maximum total amount of 2.25 g 
(approx 6.7 x 106 lOO-+m beads). Figures l-5 summarize 
the development of high VA/$ regions measured in five 
representative dogs, each injected with a different bead 
size. The small fraction of ventilation to a separate high 
mode in dog 3 (Fig. 1) disappeared after the third dose of 
beads, as the pulmonary artery pressure rose. None of 
the 50-pm bead dogs developed either a high VA/Q mode 
or widening of the main mode with successive doses of 
beads. 

Similar findings are illustrated in Fig. 2 for a repre- 
sentative lOO+m bead dog (no. 6). No high VA/Q regions 
developed in this, or the other 100~pm bead dogs. 

The injection of 150-pm beads resulted in the appear- 
ance of a separate high VA/Q mode in both full-protocol 
dogs injected. The results for dog 9 are illustrated in Fig. 
3. On the average, the high VA/Q mode contained 24% of 
the total ventilation. Animals injected with 250- and 500- 
pm beads also developed a separate high VA/Q mode, 
illustrated in Fig. 4 (dog 11, 250~pm bead emboli) and 
Fig. 5 (dug 15, 500~pm bead emboli). Ventilation of these 
modes averaged 19% of the total ventilation in the three 
250~pm bead full-protocol dogs, and 41% in the two 500- 
pm bead full-protocol dogs. 

Histological Findings 

The 20 histological sections cut from the lungs of each 
of the single-dose protocol @oup B) dogs (nos. 4. 7, 10, 
14, and 17) yielded the results summarized in Table 3. 
Each bead-containing vessel was classified according to 
the number of beads seen in the lumen and whether they 
were arranged in line (1, 2 x 1, 3 x 1, 4 x 1, . W J or in 
groups, two or more beads wide (2 x 2,3 x 2, . . , ,7 x 2). 
In the entire study, only two vessels were seen in sections 
from one dog (no. 10) having coUections of beads as large 
as two wide by four and six beads long, respectively. The 
beads were not always cut through maximum diameter 
but were assumed to be within the size ranges designated 
in the first column of Table 3. 

Table 3 demonstrates that the majority of vessels were 
blocked by either single beads or collections only one 
bead wide, and that therefore the physiological effects, 
at least in the single-dose protocol dogs, can be attributed 
to the blocking of vessels in the same size range as the 
particular beads. 
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QOG w3 WEIGHT 21 Kg 50p BEADS 

FIG. 1. Changes in mean pulmonary 
artery pressure (PAP), regions of shunt 
and low VA& ratio, regions of high iTA/ 
Q ratio and cardiac output (QT) are 
shown after successive boluses of W-pm 
beads were injected into dog 3. Duplicke 
values are shown for base-line condi- ir HlGli MODE 

/ tions. 

GRAMS OF BEADS INJECTED 

One section from each of the single-dose protocol dogs 
is shown in Figure 6. Examination of all tissue sections 
from these dogs revealed that all of the 50-pm and most 
of the 1OOqm beads lay in the parenchyma not associated 
with airways, whereas beads 150 pm and larger were 
strikingly associhted with bronchioles. On the other hand, 
the 50- and 100~pm beads were lodged well into the 
alveolar parenchymal tissue and, in general, were not 
related to small airways. This striking association (Fig. 
6) provides good evidence that it is necessary to occlude 
vessels that accompany respiratory bronchiles before 
reduction in local blood flow measurably alters gas ex- 
change. 

Each tissue block taken included at‘ least one pleural 
surface, so measurements could be made of how periph- 
erally beads of a given size lodged. At least two tissue 
sections for each bead size were examined, and the per- 
pendicular distance from the pleural surface was meas- 
ured for at least 50 beads in each size range. The 50qm 
bead sections revealed that 4% of beads were within 25 
pm of the pleural surface, 16% within 500 pm, 40% within 
I mm, and all within 4 mm of the pleural surface. Only 
2% of vessels blocked were associated with alveolar ducts; 
the others were not associated with any conducting air- 
way. 

The tissue sections with 100qm beads showed 4% lying 
within 25 pm, 18% within 500 pm, 24% within 1 mm, 46% 
within 2 mm, 70% within 3 mm, 84% within 4 mm, and all 
within 7 mm of the pleural surface. Thirty-one percent 

of the blocked vessels were associated with alveolar 
ducts, 19% with respiratory bronchioles, and 8% with 
small bronchioles (diam tf mm). The remaining 42% 
lodged in the parenchyma, some possibly in supernumer- 
ary pulmonary arteries (6). These were vessels unasso- 
ciated with airways. 

The tissue sections with 150~pm beads revealed no 
beads within 25 pm of the pleural surface, only 8% within 
500 pm, 39% within 2 mm, and 67% within 5 mm of the 
pleural surface. The remaining 33% lodged in regions up 
to 1 cm from the pleural surface. The majority (53%) of 
vessels blocked by 150~pm beads were associated with 
respiratory bronchioles, 19% with alveolar ducts, and 17% 
with small bronchioles. The remaining 11% of vessels 
were not associated with any airways in the particular 
sections. Presumably, these would be supernumerary 
vessels (6). 

The 250~pm bead tissue sections revealed that no beads 
lodged within 500 pm of the pleural surface. Only 7% of 
beads were within 1 mm, 44% within 2 mm, and 78% 
within 5 mm of the pleural surface. The remaining 22% 
were in large vessels far from the pleural surface. Sev- 
enty-eight percent- of vessels blocked were associated 
with small bronchioles, II% with respiratory bronchioles, 
and 4% with alveolar ducts, and the remaining 7% of 
blocked vessels did not appear to be associated with 
bronchioles in the section. Again, these last vessels may 
be supernumerary arteries (6). 

The 5QO-pm bead sections could be scanned with the 
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FIG. 4. Same measurements as those displayed 

in Fig. 1 are shown for dog 11, injected with 2% 
pm beads. 
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FIG. 5. Same measurements as those displayed 
in Fig. 1 are shown for dog 15, injected with WI- 
pm beads. 
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TABLE 3. Bead aggregation in five single-dose protocol dogs 

Bead Aggregate Size % of Total I~ -- ~-_ 
Bead 
Size, 

Single-head width 2- or 3-head width 2- or 
-~ Total Single- 3 

- Pm bead 
1 2x1 3x1 4x1 5x1 6x1 7x1 8x1 2x2 3x2 4x2 5x2 6x2 7x2 nx2 nx3 width bead 

width 

50 1,677 228 59 24 8 4 1 17 12 8 5 2 I(10 x 2) 2,047 97.8 2.2 
I(12 x 2) 

100 459 142 41 10 8 2 4 1 9 4 2 l(9 x 2) 683 97.7 2.3 
150 217 66 20 8 3 1 4 2 30 5 9 2 2 2(10 x 2) Z(6 x 3) 372 86.3 13.7 

l(8 x 2) l(4 x 3) 
250 107 57 8 2 2 11 1 1 269 95.2 4.8 
500 44 15 7 1 1 1 69 98.6 1.4 --__l.- -- 

For each bead size, it is shown how beads were deposited in blood vessels (singly and in aggregates of various size). Note that very few vessels 
contained more than one bead across. 

naked eye, and all blocked vessels were associated with 
bronchioles (diam c f mm). 

In summary, all 5Oqm and 84% of lOO+m beads (beads 
that did not cause high VA& regions) lodged within 4 
mm of the pleural surface, and all of 50-pm and 82% of 
lO@~m beads lay in vessels associated with either alveo- 
lar duct or parenchymal tissue. By contrast, 150~pm 
beads were not as close to the pleural surface, and 53% 
lay in vessels associated with respiratory bronchioles. 
Seventeen percent were associated with small nonrespi- 
ratory bronchioles. Finally, 250- and 5OO-pm beads lay 
still more centrally, and 78 and lOO%, respectively, were 
seen in vessels associated with small bronchioles. Only 
11 and O%, respectively, were associated with respiratory 
bronchioles. These associations are summarized in Fig. 
7. 

DISCUSSION 

Size of Functional Lung Unit 

The basic question examined in this paper is what is 
the smallest pulmonary artery that must be occluded to 
measurably produce areas of high VA/Q as a result of 
decreased perfusibn. The multiple inert gas elimination 
technique is able to detect units with impaired blood flow 
as a collection of units with high VA/Q, whereas those 
units not blocked by the emboli retain VA/Q values in 
the normal range (15). The data in Table 3 and Fig. 6 
indicated that the vessels occluded by a given size bead 
had the same diameter as the bead in the great majority 
of instances in the single-dose protocol -dogs. 

The clear appearance of high VA/Q units following 
injection of 150qm beads is, then, good evidence that 
vessels of about this size supply the functional lung unit 
under the present experimental conditions. 

For the most part, beads of MI-pm diameter or less 
that did not produce high VA/Q regions were found close 
to the pleural surface and not associated with conducting 
airways. Beads of 150qm diameter were generally asso- 
ciated with respiratory bronchioles (Fig. 6), whereas 250- 
,um and larger diameter beads were associated with small 
nonrespiratory bronchioles. These associations further 
define the magnitude of the functional lung unit under 
the present conditions, as that tissue distal to respiratory 
bronchioles. 

A question that must be considered is whether or not 
a 150~pm-diameter vessel is compatible with a respiratory 

bronchiole. In the cat lung, Rhodin (14) has found that 
vessels associated with respiratory bronchioles may be 
on the order of 30-160 pm. In the human lung, Hislop 
and Reid (6) have stated that partially muscular and 
nonmuscular vessels may be found up to a diameter of 
150 pm at the alveolar level. We have examined vessels 
associated with respiratory bronchioles in rapidly frozen 
normal dog lung. Unpublished measurements of 60 ran- 
domly selected vessels reveal a mean diameter of 140.3 
& 43.0 pm. Thus, it would appear that vessels associated 
with respiratory bronchioles can vary in size and that our 
findings in this study are reasonable. 

We must also consider whether the beads used in our 
study could have appeared in smaller vessels due to 
pulmonary artery hypertension. We would discount this 
possibility because the histological measurements were 
performed on the single-dose protocol dogs. In some of 
these animals there was a sufficient rise in pulmonary 
artery pressure to suspect bead displacement. Further- 
more, if bead displacement as a result of hypertension 
had occurred, we would have probably seen disruption in 
the vessel. This was never noted and, in fact, there were 
often gaps between the beads and the vessel wall. 

Alternative Interpretations 

We have assumed that 50- and lOO-pm beads failed to 
produce units with high VA/Q because they were depos- 
ited within the gas exchange units. There are two other 
possible explanations. First, functional lung units may 
indeed be supplied by 50- or M&pm-diameter vessels, 
but we may not have blocked enough of them by injecting 
2.25 g of beads to create measurable regions of high VA/ 
Q. We feel this possibility can be dismissed. The total 
number of 50-pm beads in 2.25 g is approximately 67 x 
106, and there are approximately 7 x 106 1OQm beads in 
2.25 g. The very large increases in pulmonary artery 
pressure in these dogs (fatal in dog 5) indicated that large 
proportions of the pulmonary bed were occluded without 
any appearance of high VA/Q regions. 

A second possibility is that 50- and NO-pm beads did 
create high VA/Q units transiently, but the ventilation 
was reflexly directed away from these units and redistrib- 
uted in accord with the redistribution of blood flow (10). 
Since the VA/Q distribution did not widen in these dogs, 
a very fine control would have to be postulated, and it 
would also have to be assumed that beads of 150~pm 
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FIG. 6. Photomicrographs of five sections taken from each of the 5 single-dose protocol dogs. Position of 15Oqm and larger beads in vessels 

accompanying bronchioles is discussed in the text. 

diameter and greater do not have this effect-two con- vasculature. Niden and Aviado (13) found that glass 
ditions whose coexistence seems unlikely. beads less than 250 pm in diameter caused remote pul- 

It is also possible that the high VA/Q mode we found monary vascular constriction, whereas larger beads did 
with the 150qm beads was due to reflex or humoral not; Kealey and Brody (8) measured a fall in vascular 
constriction of even larger vessels. However, two studies resistance in nonembolized lung when beads less than 
suggest that the larger beads (over 250 pm in diameter) 100 pm in diameter were injected but not after injection 
do not cause remote reflex effects on the pulmonary of 130~pm beads. Thus, it is unlikely that the VA/Q 
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FIG. 7. Airways associated with deposited beads. Beads of a given agewise. Small beads (50 pm) appear mostly in the parenchyma. Large 
size were found in vessels associated with parenchymal tissue (P), beads (500 pm) appear mostly in vessels associated with terminal 
alveolar duct (AD), respiratory bronchioles (RB), and terminal bron- bronchioles. Most of 15Qm beads are associated with respiratory 
chioles (TB). Each vertical bar indicates these associations percent- bronchioles. 

changes induced by our large beads were due to remote 
reflex effects on larger vessels. In addition, the dogs in 
the present study were well heparinized in an attempt to 
prevent such effects on the basis of humoral agents. 

Increase in Shunt and Physiological Dead Space 

The mechanism of the increase in shunt fraction is of 
interest. There is a significant positive correlation with 
increase in mean pulmonary artery pressure (Table 2, R 
= 0.75, P < 0.05), and the production of pulmonary 
edema may be the responsible mechanism. Alveoli filled 
with edema fluid were seen in tissue sections from the 
full-protocol (group A) dogs. There was very little in- 
crease in shunt in the single-dose protocol dogs (Table 
Z), and no pulmonary edema seen in the tissue sections 
from these dogs. Malik and van der Zee (12) found that 
embolization with lOU-pm glass beads failed to increase 
the shunt fraction measured during administration of 
100% 02 in heparinized dogs. In dogs that did not receive 
heparin, however, the shunt fraction increased on aver- 
age by 8%, and there was also an increase in extravascular 
lung water. Malik and van der Zee concluded that hu- 
moral factors released from platelets caused these differ- 
ences. The large increases in shunt and pulmonary edema 
in our well-heparinized dogs therefore suggest other than 
humoral factors. One possible reason for the discrepancy 
between the two studies is the larger increases in mean 
pulmonary artery pressure in our dogs. Malik and van 
der Zee induced rises of only 15 to 20 Torr in pulmonary 
artery pressure, whereas our dogs developed increased of 
from 11 to 50 Torr. Those dogs that developed less than 

a 20-Torr increase in pulmonary artery pressure showed 
less than a 2% increase in shunt (dog 1, 4, 6, 7, 17, and 
21), except dog 14, which developed a 5% increase in 
shunt with an increase in pulmonary artery pressure of 
11 Torr. Those dogs with large shunts (X2%, Table 2) 
increased their pulmonary artery pressure by at least 35 
Torr. 

It is also interesting to note that Malik and van der 
Zee measured increases in VII/VT of from 15 to 30% in 
both heparinized and nonheparinized dogs. This suggests 
the appearance of high VA& regions in their dogs of 
similar weight (approx 20 kg) with 100~pm bead emboli. 
It is possible that the lOO-pm glass beads used in their 
study aggregated to block larger than 1OQm vessels, and 
the injection of an average of 14 g of these beads per 
animal may have contributed to their aggregation, even 
though they were infused over a 5-min period. A second 
factor that may have contributed to the elevated VII/VT 
ratios is the rise in arterial PCO~ caused by the develop- 
ment of low VA/Q regions or shunt (rather than the 
changes induced by high VA& areas). 
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