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Summary 

In order to assess pulmonary endothelial permeability to so­
diurn in the immature lung, 15 multiple indicator dilution curves 
were done in eight intact piglets. An indicator bolus consisting of 
T-1824, ~~Na, and triliated water (THO) was delivered into the 
right atrium and blood was sampled from the aorta. The concen­
tration of sodium, expressed as a fraction of the 11uantity injected 
and of the corresponding fractional concentration of T-1824, 
was averaged for the samples prior to redrculation. The permea­
bility-surface area product calculated from these data is 2.0 x 
10 - :; cm sec- 1, and is virtually identical with the value reported 
elsewhere for adult clogs. Extravascular lung water obtained 
from the tritiated water and T-1824 curves averaged 64%, 
whereas that obtained from the ~~Na and T-1824 curves aver­
aged 23% of blood-free lung water. 

Speculation 

Se,•eral lines of evidence indicate that the endothelium of the 
immature lung may permit edema formation more readil)' than 
that of the adult lung. However, no differences have been found 
with regard to transenclothelial passage of protein molecules or 
of the sodium ion. We still have no satisfactory explanation for 
hyaline membrane formation in the respiratory distress sp1· 
drome of prematurity. Such information may be provided by the 
application in prematurely delivered fetuses of techni11ues avail-, 
able for the assessment of pulmonarJ l'apillarJ permeabilitJ, 

Studies of pulmonary transcapillary exchange in immature 
animals arc of interest in relation to clinical problems such as 
pulmonary edema, hyaline membrane disease, and resorption of 
lung fluid at birth (14). Passive transport across a blood-tissue 
barrier is characterized according to nonequilibrium thermody­
namics ( 11) by three in<lcpcmlcnt parameters: filtration coeffi­
cient, permeability-surface area product, am! rctlcction coeffi­
cient. In regard to the filtration coefficient, a previous study ( 17) 
demonstrated that the rate of fluid accumulation during hcmo­
dynamic pulmonary edema was greater in the lungs of puppies 
than adult <logs, yielding estimates of the filtration coefficient 
which differed by 1-2 orders of magnitude. In a companion to 
the present study (unpublished observations) the filtration coef­
ficient was measured in isolated, perfused piglet lungs and found 
to be more than twice .that previously ohtained in adult dog lungs 
by similar techniques (19). 

Pulmonary capillary permeability has been assessed in the 
lungs of adult dogs by the multiple indicator dilution technique, 

using a variety of hydrophilic and lipophilic indicators (2, 4, 5, 
20) . The theory and application of this method to the derivation 
of the permeability-surface area products (PS) have been pre­
sented (6, 20) . The present study reports the PS of the piglet 
lung endothelial barrier to sodium ion. 
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METHODS 

Piglets were obtained through a commercial supplier from 
working farms and had been born spontaneously, presumably at 
term. Eight piglets, 2-8 weeks of age. weighing 2 .6-5 .8 kg, 
were anesthetized with pentobarbital. 20 mg/kg, administered 
intraperitoncally. Catheters were inserted into an external jugu­
lar vein and a carotid artery, and were passed into the right 
atrium and aortic arch, respectively. An cndotracheal tube was 
inserted through a tracheostomy. The animals were maintained 
in the supine position, breathing room air spontaneously, and 
the lungs were hypcrinflatcd at intervals to prevent atclcctasis. 
Heparin was administered, and a blood sample was withdrawn 
for the preparation of indicator standards. An indicator bolus 
was injected into the right atrium. The bolus consisted of T-1824 
10 mg, ~~NaCl 10 µCi, and THO 20 µCi. Blood was collected 
from the arterial catheter by opening a stopcock and allowing 
free flow into test tubes mounted on a turntable rotating at a rate 
which provided samples of 0.5-1 ml each 0.5 sec . The study was 
done twice in each piglet, with an interval of 10-15 min between 
runs. 

The blood samples were analyzed for T-1824 concentration by 
spectrophotometry, for THO by liquid scintillation, and for ~~Na 
by y counting. Utilizing all the samples on the ascending limb of 
the time-concentration curves, and the first sample on the de­
scending limb, the indicator concentrations, in milligrams or 
counts per ml of blood, were expressed as a fraction of the 

injected quantity of indicator. The fractional concentration of 
~"Na in each sample was then expressed as a proportion of the 
corresponding fractional concentration of T-1824, and these 
were averaged to yield T,n· = I - E,n· where Ea,· is denoted the 
average extraction (6). 

Blood flow (F) was obtained from the T-1824 time-concentra­
tion curve after semilogarithmic plotting of the downslope to 
correct for recirculation, in the usual fashion . Extravascular lung 
water was obtained as the product of blood flow and the differ­
ence between THO and T-1824 mean transit times, using the 
formula ll V.rno = F1,f1, (l·rno - tT_ 18~4) (3, 8). In this expression, 
f11 , the water fraction of whole blood, was determined experi­
mentally by weighing an aliquot of blood and drying to constant 
weight. tT-tHe-t, the mean transit time of the plasma label, was 
corrected for the more rapid transit of red blood cells through 
the pulmonary microcirculation by dividing by I .06, as described 
by Gorcsky ct al. (7, 8) The cxtravascular dilution volume of the 
sodium tracer, ll V 7'.a, was obtained in a similar fashion. 

In order to assess the recovery pattern of sodium in relation lo 
that of T-1824 and tritiatcd water, the concentration of each 
indicator was expressed as a fraction of the injected quantity 
during the entire duration of the T-1824 curve, after the usual 
semilogarithmic correction for recirculation. Complete recovery 
of the plasma indicator was assumed. For each sample, the 
fractional concentration of the Na and of THO was expressed as 



682 LEVINE AND BANSIL 

a fraction of the corresponding fractional concentration of T-
1824, to yield the fractional recoveries of Na and THO in 
relation to the intravascular indicator. These data were averaged 
for the duplicate experiments in each animal, at I-sec intervals 
(sec Table 2). 

The volume of blood-free lung water was determined in the 
above animals, and in seven additional piglets similarly prepared 
but in which indicator dilution studies were not done. After 
cxsanguination of the animal. the lungs were removed and 
drained passively of blood. Two 0.2-0.3-g sections were cut 
from each lung for determination of hemoglobin content. The 
lungs were weighed, dehydrated by successive 24-hr immersion 
in absolute alcohol and acetone, and dried to constant weight in 
a drying oven to obtain total water content. Residual blood in 
the lung was measured spcctrophotomctrically after extracting 
the hemoglobin from the minced samples of lung in a cyanmc­
thcmoglobin solution (Drabkin's reagent). Blood water content 
was obtained by drying a weighed blood sample to constant 
weight in a drying oven. The amount of water contained in 
residual lung blood was subtracted from the total lung water 
content to obtain the volume of blood-free lung water. It was 
assumed that the water content of residual lung blood is the same 
as that of peripheral blood. 

RESULTS 

SODIU~t PERMEABILITY 

Each multiple-indicator dilution curve provided at least 4 
points (range 4-8 points, average 5.5) for the calculation ofT,n, 
the transmission of sodium relative In T-1824 (Fig. I). Fifteen 
technically satisfactory curves were obtained in eight piglets. For 
the calculation of T,n· each curve was considered a separate 
experiment. Tav was 0.953 :!: 0.037 (Table I); this value is 
significantly different from unity ( P < (l.0 I) . 

The recovery patterns of Na and TIIO relative to the intravas­
cular indicator, T-1824, arc shown in Table 2 . The raw data 
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Fig . I. Typical indicator dilution curves, Experiment S-7A. w, the 

concentration of the indicator in each sample as a fraction of the amount 
injected, is plotted against t, the time interval after bolus injection. e: T-
1824; x: "Na; 0 : tritiated water. fllsct : T(t), the recovery ratios of 22 Na 
in relation to T1824, an: given for samples prior to recircula,ion (up­
stroke and first sample on downslope). 

have been summarized by averaging the values for the duplicate 
runs at I-sec intervals. Prior to the peak T-1824 concentration, 
occurring at 4 - 5 sec, fractional recovery of Na approaches but 
is slightly less than that of T-1824, whereas THO recovery is 
considerably smaller. On the downslope, after correction for 
recirculation, fractional Na recovery progressively exceeds that 
of T-1824, but lags behind that of THO . A representative set of 
curves is shown in Figure I. 

Pulmonary capillary permcability to sodium was calculated as 
a permeability-surface area product by the following formula (6) 

PS= 0.96(1 - lkt)F In T.,, 

where 0.96 = watcr content of plasma; P = pcrmcability coeffi­
cient in centimeters sec~', S = cndothclial surfacc area, assumed 
equal to 500 cm"/g wet lung (sec "Discussion'); Hct = flow 
hcmatocrit in pulmonary micrnvasculaturc, assumed equal to 
peripheral volume hcmatocrit (28 % in these animals); F = 
blood flow, in cubic centimeters sec' per 100 g wet lung; and 
T"'. = average transmission of tcst indicator ('"Na) relative to T-
1824. Thus, for S = 500 cm2g- 1 , Hct = 0 .28. F = 2<) .9 cm" sec- 1/ 

100 g, and Tav = 0.953, the permeability, P, is: P = -1.92 X 
10-5 x 0 .72 x 29.9 x (-0.0481) = 2 .0 x l(J <• cm scc- 1 • 

PULMONARY FLUID VOLUMES 

The total lung water content obtained by drying whole lung 
tissue was 9 .59 :!: I .43 cm" kg- 1 • Blood retained in lung tissue 
after exsanguination and draining the lungs from the hilar ves­
sels contributed an average of 12.4 % of the total lung water by 
drying. After correcting for rctained blood, the water contcnt of 
blood-free lung ti ssue was 8 .40 ± 1.4 7 cm" kg 1

• The extravas­
cular lung watn, !:i. V Tllo , dctcrmined by single circulation THO 
dilution, was 5 .4 :!: I . 95 cm" kg - 1

, averaging 64 % of blood-free 
lung water content (Table I) . The extra vascular sodium dilution 
volume was 1.9 :!: 0.74 cm" kg - , (Table I), avcraging 23 % of 
total lung water. 

The water content of blood-free lung tissue correlated well 
with body weight (r = 0.68, P < 0.01). There was no correlation 
of !:i. Vrn11 with cithcr body weight or total lung water content. 

DISCUSSION 

In the present study the relative impermeability of the pulmo­
nary capillary membrane to sodium, well known in the adult lung 
(2, 4, S, 19, 20), was examincd in the intact anesthetized piglet. 
The data obtained here indicate that with rcspcct to sodium 
permeability, as determined by the single passage indicator dilu­
tion method, there is virtual identity between the piglet lung and 
the adult animal or human lung . This conclusion is based on the 
assumption that the exchanging endothelial surface area is the 
same in the piglet lung as in the adult dog, 500 cm"/g lung (22). 
Examination of this assumption in light of studics of lung devel­
opment in young rats (I) and humans ( I 0) reveals that the 
capillary surface area and the area of the alveolar air-tissue 
interface increase progrcssivcly with age. This increase is due 
both to an increasing number of alveoli and to change in thcir 
size and shape. Morphomctric studies of alveolar and capillary 
surface area in young rats have demonstrated a proportionality 
between these parameters and overall lung size. However, the 
rate of increase in surface area is not constant, and dircct extrap­
olation of these data to other species is not possible. Thus, 
although it seems reasonable to relate surface area to lung size, 
the lack of precise data for the piglet rcntlcrs the permeability 
calculation an order-of-magnitude estimate. Also, since these 
animals were not delivered prematurely , the prescnt study sheds 
no light on pulmonary capillary permeability in the fetal lung . 

The recovery ratio of the sodium tracer, calculated from the 
early portion of the dilution curves, incrcases progressively with 
time (Fig. I, Table 2). Three factors may contribute to this 
phenomenon: back-diffusion, Taylor diffusion, and recircula­
tion. Back-diffusion of a diffusion-limited traccr such as Na is 
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Table 1. Experimental data; indicator dilwion studies' 

F, cm' 
sec- 1/100 AYT110, AV Na, 

Experiment no. BW, kg ML, g wet !\IL, g dry g fT-1H2.1, sec f:-.;a, sec l·nm, sec Tav cm'/kg cm'/kg 

3-13 A 2.6 29.4 4.6 35.3 4.68 5.14 5.95 0.97 4.5 1.6 
B 36.2 5.06 5.65 6.90 I.OJ 6.7 2.1 

3-30 A 4.3 52.1 9.0 34.6 3.98 4.31 5.97 1.02 7.2 1.2 
B 29.7 5.01 5.71 7.60 0.94 8.0 2.2 

4-24 A 3.9 44.3 7.4 24.6 5.17 5.60 7 .35 0.95 5.2 1.0 
B 22.0 6.24 6.81 8.41 0.93 4.5 1.2 

4-30 A 4.9 57.6 9.4 26.1 6.80 7 .65 IO.I 0.95 8.0 2.1 
B 15.3 9.90 11.7 13.9 0.98 6.5 2.7 

5-7 A 3.6 49.4 7 .I 35.0 3.54 4.25 5.56 0.91 8.3 2.9 
I3 22.8 5.02 5.72 (>.95 0.88 4.6 1.7 

4-13 A 3.0 41.4 6.7 32.6 6.15 7.06 7 .30 0.98 4.3 3.4 
B 19.6 6.90 7.96 8.48 0.93 3.6 2.4 

4-10 A 3.9 42.3 6.9 18.4 9.40 10.6 11.7 0.92 3.9 2.0 
4-3 A 5.8 53.7 8.8 55.0 2.71 2.94 3.28 0.97 2.5 1.0 

B 42.1 3.44 3.76 4.20 0.96 2.6 I. I 
M 4.0 46.3 7.5 29.9 5.60 6.32 7.58 0.953 5.36 1.91 

SD 1.02 8.91 1.56 10.4 2.05 2.42 2.74 0.037 1.95 0.74 
SE 0.36 3 .15 0.55 2.7 0.53 0.62 0.71 0.010 0.50 0.19 

1 THO: tritiated water; BW: body weight; ML: lung weight; F: blood flow, from T-1824 curve, per JOO g wet lung weight;!: mean transit time; T •• : 
average fractional recovery of sodium on T-1824 before recirculation; AV.nm: pulmonary cxtravascular THO dilution volume; AYNa: pulmonary 
cxtravascular sodium dilution volume. 

Table 2. Fractional recoveries (R) of sodium and tritiatcd water (THO) in rclatio11 to T1824 

Exp 3-13 Exp. 3-30 Exp. 4-24 Exp. 4-30 Exp. 5-7 Exp. 4-13 Exp. 4-3 

RNa/ Rrno/ RNa/ R..-110/ RNa/ R-r110/ RNa/ 
t, sec Tl824 Tl824 Tl824 T!824 T!824 Tl824 TI824 

2 
3 1.0 0.58 0.85 0.50 0.87 0.45 
4 1.0 0.71 1.00 0.82 0.94 0.68 0.92 
5 1.02 0.88 1.26 1.23 0.97 0.79 0.97 
6 1.06 I.IO 1.23 1.61 0.99 0.93 0.98 
7 1.14 1.30 1.19 2.05 0.97 1.04 1.00 
8 1.3 I 1.72 1.15 2.60 1.00 1.29 1.05 
9 1.35 2.15 1.09 3.54 I .00 1.51 1.09 

10 1.53 2.69 1.04 4.10 1.04 1.76 I .09 
11 1.63 3.49 0.98 1.99 I.OS 
12 2.24 5.27 1.00 2.36 1.12 
13 0.99 2.76 1.10 
14 1.02 1.12 

Table 3. Experi111c11tal data; lung fluid 

N Mean SD SE 

I Body weight (kg) 16 4.76 2.26 0.56 
Dry lung weight (g) 16 S.50 3.15 0.79 
Total lung water (g/g dry) 16 6.17 0.35 0.79 
Total lung water (cm' kg- 1

) 16 9.59 1.43 0.36 
Lung water, bloodless (cm' kg- 1) 16 S.40 1.47 0.37 
Extra vascular tritiated water (cm' kg-') s 5.4 1.95 0.56 

volume 

unlikely to significantly <listort the early portion of the curve (9), 
and it has been suggested that this effect is negligible as far on 
the <lownslope as 40 % of the peak concentration ( 12). For this 
reason the calculation in the present study was restricted to the 
upstroke and the first point after the peak of the curve. Separa­
tion of the tracers within the vascular compartment may occur 
because of <lifferences in diffusibility an<l hence in intravascular 
dispersion ('Taylor <liffusion'), giving rise to changing concentra­
tion ratios with time ( l 2). Early recirculation of indicators via 
small circulatory shunts cannot be excluded. However, this cf-

Rrno/ RNal Rnm/ RNa/ Rrno/ RNa/ R,-111,/ 
Tl824 TI824 TI824 Tl824 TI824 TI824 Tl824 

0.94 0.65 0.93 0.63 
0.89 0.59 0.90 0.79 0.97 0.83 

0.49 0.92 0.85 0.98 0.89 0.99 1.08 
0.62 0.95 I .00 0.99 0.93 1.02 1.35 
0.73 1.22 1.80 I.OJ 0.95 I.II 1.70 
0.89 1.57 2.91 1.04 0.95 I.IS 2.08 
1.04 1.55 3.45 1.06 1.05 1.24 2.92 
1.14 I.OS I.OS I .50 3.30 
1.22 I.IO I.OS 
1.35 I .OS I.II 
1.43 1.13 1.13 
1.59 1.22 1.14 
1.72 

feet is probably negligible in the present context because the 
poorly diffusible indicators would tend to recirculate together, 
retaining their relative concentration ratios on the early portion 
of the curves. It has been shown (21) that shunting through a 
patent ductus arteriosus is virtually absent in newborn swine by 
48 hr of age. 

The present stu<ly Jemonstrates, in accord with others ( 15, 
16), the inability of tritiated water to measure the total extravas­
cular fluid space of the lung (Table 2). Thus, .iYrno average<l 
64% of total lung water (bloodless) in these piglets, which 
compares well with 76 % obtaine<l by similar techniques in adult 
dogs (13). Since the capillary endothelium is highly permeable to 
water this may be related to the inaccessibility of some portion of 
the extravascular fluid volume to the indicator during a single 
transit through the lung. The boundaries of the equilibration 
volume have not been defined, but it has been shown that the 
dilution volume is sensitive to alterations in lung perfusion (I 3, 
16). The sodium tracer is diffusion limited and its dilution 
volume is consistently slightly greater than that of an intravascu­
lar indicator. Thus in the present stu<ly .i V Na measured 23 % of 
total lung water (bloo<lless) in contrast to 64 % measured by the 
water tracer. According to Perl ct al. (20), the conventional 
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method of correction for recirculation may mask a significant 
cxtravascular dilution volume for sodium by neglecting a pro­
longed, slow back-diffusion of the tracer from the extra- to the 
intravascular compartment. The data in Table 2 demonstrate 
that, in relation to th1.: intravaseular indicator, sodium diffuses 
back into the vascular compartment after the peak of the T-1824 
curve. Its rate of back-diffusion is less tha n that of tritiated 
water , which is considered to be flow rather than diffusion 
limited . The true cxtravascular sodium dilution volume may 
therefore be underestimated by the usual treatment of the indi­
cator dilution data. Although experimental verification of this 
notion is not available, it is compatible with the observation that 
expansion of the extravascular fluid volume is associated with a 
decrease in sodium recovery (18) . 

CONCLUSION 

The multiple indicator dilution technique has been used to 
obtain an estimate of pulmonary endothelial permeability to 
sodium ion in intact piglets . Based on an assumed value for 
endothelial surface area, the permeability-surface area product 
was found to be virtually identical to that reported elsewhere for 
adult dogs. Although other studies have demonstrated a greater 
propensity of the immature lung for water filtration, the single 
circulation indicator dilution data demo nstrate that immature 
and adult lungs arc essentially equal calculated values for perme­
ability to sodium. 

Note Added in !'roof. On the basis of these and related con­
siderations (Chinard, F. P., Personal communication), it has 
been suggested that significant back-diffusion of the ""Na may be 
occurring during the up-slope portion of the indicator-dilution 
curves . Values for sodium permeability presented here and by 
Perl ct al . (20) may therefore be underestimates. 
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