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Lung Fluid Balance in Lambs before and after Premature Birth
Richard D. Bland, David P. Carlton, Richard G. Scheerer, James J. Cummings, and Dale L. Chapman
Cardiovascular Research Institute and Department of Pediatrics, University of California, San Francisco, Califomnia 94143

Abstract
The purpose of this study was to see if lung vascular protein
permeability is greater in preterm lambs with respiratory dis-
tress than it is in lambs without lung disease. Wemeasured
pulmonary vascular pressures, lung lymph flow, and concen-
trations of protein in lymph and plasma of 10 chronically cath-
eterized preterm lambs (gestation 133±1 d) for 2-4 h before
and for 4-8 h after delivery by cesarean section. All lambs were
treated with mechanical ventilation -after birth and received a
constant intravenous infusion of glucose-saline solution at an
hourly rate of 10 mI/kg. Respiratory failure developed in six
lambs, in which there was a sustained threefold postnatal in-
crease in lung lymph flow and lymph protein flow, with an even
greater Increase in pleural liquid drainage. Concentrations of
protein in lymph and pleural liquid were almost identical, aver-
aging -75% of the plasma protein concentration. In the four
preterm lambs without lung diseas'e, lymph flow and lymph
protein flow were either near or below fetal values by 6-8 h
after birth, and there was little or no pleural l'iquid drainage.
Extravascular lung water averaged 7.3±-.8 g/g dry lung in
lambs with respiratory failure compared to 4.8±.5 g/g dry lung
in lambs without lung disease. Thus, pulmonary edema with
abnormal leakage of protein-rich liquid from the lung micro-
circulation into the interstitium is an important pathological
feature of the respiratory- disease that often occurs after pre-
mature birth.

Introduction
Pulmonary edema is a consistent feature of the lung pathology
associated with respiratory distress after premature birth ( 1-4).
Previous studies have demonstrated the presence of abnormal
lung epithelial protein leaks in both preterm infants (5) and
lambs (6, 7) with severe respiratory distress. These protein
leaks, which typically occur in terminal bronchioles (8), give
rise to fibrin clots ("hyaline membranes") in the distal air-
spaces. There is also histological evidence of microvascular
injury in the lungs of infants (9, 10) and lambs (3) that die of
respiratory failure after premature birth, but previous physio-
logical studies have failed to document the presence of lung
endothelial injury in this condition (4, 11, 12).

Normand et al. (1 1) measured lung lymph flow before and
after birth in anesthetized lambs and found that the postnatal
increase in lymph flow was less in preterm animals with sur-
factant deficiency than it was in lambs with mature lungs.
They interpreted this attenuated postnatal lymphatic response
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as a sign of liquid retention within the lungs secondary to
abnormal surface tension. These studies lasted only 2 h after
birth, and subsequent experiments of a similar nature, but of
longer duration, showed that lymph flow increased between 2
and 4 h after birth in preterm lambs, whereas it decreased
during the same interval in mature lambs (12). Nevertheless,
there was no significant difference between the two groups of
lambs with respect to net lymph protein clearance over the
entire 4-h period.

Sundell et al. (4) used a multiple indicator dilution method
to estimate postnatal changes in extravascular lung water and
pulmonary vascular permeability-surface area in lambs with
respiratory distress after premature birth by cesarean section.
Results were compared to data obtained from studies con-
ducted with more mature lambs that did not have lung disease.
Extravascular lung water was greater in lambs that had hyaline
membrane disease than it was in control lambs. The estimated
permeability-surface area product was significantly less in the
distressed lambs than it was in the lambs without lung disease,
a finding that these investigators attributed to decreased lung
vascular surface area, presumably from "derecruitment" of
portions of the pulmonary microcirculation in edematous and
hypoxic areas of the lungs. Thus, despite the presence of pro-
tein-rich pulmonary edema and abnormal epithelial perme-
ability in both lambs and humans that are born too soon,
previous physiological studies have not demonstrated the pres-
ence of lung endothelial injury in respiratory distress after pre-
mature birth.

Because the pulmonary pathology of hyaline membrane
disease evolves over a period of several hours after birth ( 13),
we considered the possibility that a longer postnatal period of
observation might provide a more reliable means of assessing
differences in lung vascular protein permeability in preterm
lambs with and without respiratory distress. Wetherefore ex-
tended the period of observation to 8 h after birth. Wealso
thought that a chronic lymph fistula preparation would make
it easier to distinguish lung liquid and protein leaks that occur
as a result of acute surgery from liquid and protein leaks asso-
ciated with lung injury after premature birth. Thus, we allowed
several days for the fetuses to recover from surgery before
studying them.

In preterm lambs with lung disease, there was a threefold
increase in lung lymph flow and lymph protein flow, and an
even greater increase in pleural liquid drainage during the
postnatal period of observation. In preterm lambs without
lung disease, lymph flow and protein flow were either near or
below fetal values by 6-8 h after birth, and there was little or
no pleural liquid drainage. These findings indicate that abnor-
mal leakage of protein-rich liquid from the pulmonary micro-
circulation into the interstitium is an important feature in the
pathogenesis of respiratory distress after premature birth.

Methods

Surgical preparation. Wesurgically prepared fetal lambs, all single-

tons, at 126-132 d gestation (147 d is term). Suffolk and mixed breed
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sheep were mated on a specific day to allow precise assessment of
gestational age. On the day of surgery, the ewes underwent spinal
anesthesia with 1% tetracaine, supplemented with intravenous keta-
mine. As previously described (14), we opened the uterus through a
midline abdominal incision, injected 1% xylocaine subcutaneously
into a fetal hindlimb, and threaded polyvinyl catheters through an
artery and vein into the fetal aorta and vena cava. Through a second
uterine incision, we gave the fetus intramuscular ketamine and per-
formed a right thoracotomy for placement of a catheter in the outflow
duct of the caudal mediastinal lymph node, which in lambs receives
one-half to two-thirds of total lung lymph (14, 15). The tail of the node
was ligated just above the diaphragm to prevent contamination from
nonpulmonary sources (16, 17), and a polyvinyl catheter (1.27 mmi.d.
and 2.29 mmo.d.) with multiple drainage holes was placed in the right
pleural space. The lymphatic catheter was constructed to minimize
outflow resistance (18): a 1-2-cm polyvinyl segment (0.28 mmi.d.,
0.61 mmo.d.), sufficiently small to fit snugly within the lymphatic, was
glued into a large-bore segment (0.76 mmi.d., 1.27 mmo.d., 80 cm in
length), the inner diameter of which was larger than that of the lymph
vessel itself. The entire internal surface of this catheter was impreg-
nated with heparin (TDMACProcessing; Polysciences, Inc., Warring-
ton, PA) to prevent clotting. Wedid a left thoracotomy to place cath-
eters directly into the pulmonary artery, left atrium, and pleural space.
Another catheter was sutured to the outside of the chest, with its tip in
the amniotic cavity, to provide a zero reference for subsequent vascular
pressure measurements. Weclosed both thoracotomies with heavy silk
sutures and tunneled the catheters through the uterine and abdominal
incisions, which were doubly oversewn to prevent fluid leakage. We
injected penicillin and kanamycin into the amniotic cavity (1,000,000
Uof penicillin and 400 mgof kanamycin) and fetal vein (300,000 Uof
penicillin and 30 mg of kanamycin) at the time of surgery and daily
thereafter. The ewes also received 5 ml of a mixture of penicillin and
dihydrostreptomycin (Combiotic, 200,000 U/ml of procaine penicillin
G and 250 mg/ml of dihydrostreptomycin sulfate; Pfizer Inc., New
York) and 600 mgkanamycin i.m. each day.

Experimental design. Experiments took place between 3 and 7 d
after surgery, when the fetuses were healthy, as assessed by normal
arterial blood gas tensions and pH measurements, and when their
lymph was free of visible blood. With one exception (a lamb that died 4
h after birth), studies lasted a total of 10-12 h: a 2-4 h period of
steady-state fetal measurements, followed by cesarean section under
spinal anesthesia (1% tetracaine), and a 7-8 h period of measurements
made during mechanical ventilation of the newborn lamb. Wemea-
sured vascular, pleural, amniotic (for the in utero portion of the study),
and airway (for the neonatal portion of the study) pressures through
fluid-filled catheters connected to calibrated pressure transducers
(BT3DC; Statham Instruments, Oxnard, CA) and an 8-channel am-
plifier-recorder (model 7D; Grass Instruments, Quincy, MA). Zero
reference for vascular and pleural pressures was amniotic fluid pressure
before birth and atmospheric pressure at the level of the left atrium
after birth. Weobtained samples of arterial blood hourly for measure-
ment of hematocrit, pH, Pao2, Paco2, and plasma protein concentra-
tion. Wecollected lymph continuously in heparin-coated test tubes
and took samples every 30 min, measured their volume to the nearest
0.01 ml, and spun them in a centrifuge to obtain supernatant fluid for
protein measurements. The distal tip of the lymph catheter was kept at
a constant height, at or near the level of the left atrium. Wegently
aspirated as much liquid as possible from both pleural catheters every
10-15 min both before and after birth.

After a 2-4-h period of steady-state measurements (four consecu-
tive 30-min intervals in which lung vascular pressures and lymph flow
varied by < 10%), we plugged the vascular and pleural catheters, gave
spinal anesthesia with 1%tetracaine to the ewe, and delivered the lamb
by cesarean section. Weimmediately inserted a 4.5-mm cuffed endo-
tracheal tube and began mechanical ventilation using a pressure-lim-
ited, time-cycled infant respirator (model 105 infant ventilator;
Healthdyne, Marietta, GA). The lambs breathed 100% 02, which was
warmed (34-37°C) and humidified with an in-line servo-controlled

heater (Concha Therm III, model 380-80; Respiratory Care Inc., Ar-
lington Heights, IL). Ventilator settings were: frequency 60/min, inspi-
ratory time 0.3 s, gas flow rate 10-15 liters/min, end-expiratory pres-
sure 3-4 Torr, and peak inflation pressure sufficient to move the chest
and ventilate the lungs, as assessed by measurement of arterial blood
gas tensions and pH. Immediately after birth, we reconnected the
vascular and pleural catheters to their respective transducers and mea-
sured airway pressures from a T-piece inserted in the proximal end of
the endotracheal tube.

Wegave the animals intravenous morphine sulfate and pancuro-
nium bromide (Pavulon, 1 mg/ml; Organon, Inc., West Orange, NJ),
each at a dose of 0.1 mg/kg body wt every 3-4 h, to minimize discom-
fort and to facilitate ventilatory control. The lambs rested on a canvas
sling beneath a radiant warmer (mobile infant warmer model MW78
IN; Air Shields, Hatboro, PA) and heating lamp, which were adjusted
to maintain body temperature at - 38°C (normal for a lamb). They
received a continuous intravenous infusion of a warm solution con-
taining sodium chloride (1 13 meq/liter), glucose (1 1.25 g/liter), and
sodium bicarbonate (25 meq/liter) at an hourly rate of 10 ml/kg body
wt, and they also received penicillin (100,000 U/kg) and gentamicin
(2.5 mg/kg) intravenously. Wemeasured vascular, pleural, and airway
pressures continuously, and collected samples of lymph and pleural
liquid at 30-min intervals. In two lambs, the pulmonary artery catheter
did not function after birth, and we therefore inserted a Swan-Ganz
catheter through the jugular vein into the pulmonary artery using 1%
xylocaine local anesthesia. Measurements were recorded every 30 min,
and data from four consecutive 30-min intervals were averaged for
statistical comparison between lambs with and without lung disease
and between time periods before and after birth.

From six lambs, three with and three without lung disease, we
obtained samples of blood for total white cell and granulocyte counts
during the 2 h immediately before and after birth, and the 2 h before
death. White cell counts were measured with a Coulter counter
(Coulter Electronics, Hialeah, FL) and granulocyte counts were deter-
mined from Wright's stained blood smears.

Postmortem studies. After 7-8 h (4 h in one animal) of mechanical
ventilation, we intravenously injected pentobarbital sodium, 30 mg/kg
body wt, rapidly split the sternum, aspirated blood from the heart, and
clamped both hili at the prevailing peak airway pressure. Wefroze a
piece of inflated lung in liquid nitrogen for subsequent microscopy and
homogenized the remaining tissue for measurement of its blood and
extravascular water content by a modification (19) of the method
described by Pearce et al. (20).

Analytical methods. Wecentrifuged samples of lymph, blood, and
pleural liquid, and measured the concentration of protein in the su-
pernatant liquids by the biuret method (21). Cellulose acetate electro-
phoresis (Microzone 110; Beckman Instruments, Inc., Fullerton, CA)
separated the protein fractions and allowed quantification of albumin
and globulin. Wemeasured the pH and partial pressures of 02 and CO2
in arterial blood on a blood gas analyzer (model 158; Corning Medical,
Medfield, MA), with appropriate corrections for the prevailing body
temperature.

Statistical analysis. Results in the text and tables are expressed as
the mean± 1 SD. Weused two-way analysis of variance to compare
measurements made during the 2-h period before birth with measure-
ments obtained during the 2 h immediately after birth and the 2 h
before death. If analysis of variance showed a significant difference, P
< 0.05, we then used the Fisher least significant difference test to
compare data obtained during the specific time intervals (22). We
applied Student's t test for unpaired samples to compare data obtained
from lambs that had lung disease vs. those that did not. For all statisti-
cal analyses, we regarded as significant those differences that were
supported by a P value of < 0.05.

Results

Table I summarizes the status of the 10 lambs (9 males, 1
female) during the 2 h before birth. Six of the lambs suffered
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Table I. Summary Data for 10 Fetal Lambs, 0-2 h before Birth

Gestational age Birth weight pH Pao2 Paco2 Hematocrit

d kg Torr Torr %

All lambs 133±1* 3.6±0.7 7.34±0.03 18±5 48±4 34±5
Six with respiratory distresst 133±2 3.2±0.3 7.33±0.03 17±6 48±4 36±6
Four without respiratory distress 133±1 4.2±0.7§ 7.35±0.01 20±1 49±4 33±5

* Numbers are mean±SD. t Respiratory distress defined by postnatal course. § Significant differences between lambs with and without subse-
quent respiratory distress, P < 0.05.

progressive respiratory failure after birth, documented by ab-
normal arterial blood gas tensions and increased requirements
for ventilatory support. Physiological measurements before
birth (Tables I and II) were not significantly different in these
six lambs compared to the four lambs that had no apparent
lung disease after birth. There was, however, a significant dif-
ference in body weight between lambs with (3.2±0.3 kg) and
without (4.2±0.7 kg) subsequent lung disease. Wewere unable
to aspirate pleural liquid before birth from five of the lambs; in
five others (three with subsequent lung disease and two with-
out), we obtained 2.7±1.0 ml/h of pleural liquid before de-
livery.

Lung lymph flow increased and the concentration of pro-
tein in lymph decreased after birth in all lambs (Figs. 1 and 2,
Table III). During the first 2 h of ventilation, these changes
were of similar magnitude in lambs with and without later
lung disease. Pulmonary arterial pressure decreased and left
atrial pressure increased after birth in the six lambs with
evolving respiratory distress (Table III). Vascular pressures did
not change significantly after birth in the four lambs with nor-
mal lung function, but the lymph/plasma protein concentra-
tion ratio decreased significantly in these lambs, perhaps the
result of a shift of protein-poor liquid from the lung lumen into
the interstitium. The only significant differences between the
two groups of lambs during the first 2 h after birth were the
lower pH and higher Paco2 values in lambs that subsequently
died of respiratory failure (Table IV). Differences in peak in-
flation pressure (P = 0.06) and hematocrit (P = 0.09) between
the two groups also approached statistical significance.
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Progressive acidosis and hypoxemia in lambs with lung
disease led to increased ventilatory demands (higher peak in-
flation and mean airway pressures) during the last 2 h of study
(Table V). Lambs with respiratory distress also had lower sys-
temic arterial pressures and plasma protein concentrations
than did lambs without lung disease (Figs. 1 and 2, Table VI),
despite the fact that all lambs received the same volume of
intravenous fluid per kilogram body weight. Hematocrit
values also were higher in the lambs that had respiratory dis-
tress (Table V, P = 0.05).

There was a sustained threefold increase in lung lymph
flow and lymph protein flow (calculated as lymph flow
X lymph protein concentration/plasma protein concentration)
from birth until death in lambs with respiratory failure,
whereas lymph flow and lymph protein flow were not signifi-
cantly different from prenatal values by the end of the study in
lambs without lung disease (Table VI). During the final 2-h
interval, the concentration of protein in lymph relative to that
in plasma averaged 0.75±0.24 in lambs with respiratory fail-
ure, compared to 0.48±0.03 in lambs with no lung disease (P
= 0.06). There were no significant differences in lymph or
plasma albumin/globulin ratios between lambs with and with-
out respiratory distress during any 2-h time interval (data not
shown).

Pleural liquid drainage occurred in all six lambs with lung
disease, and the protein concentration of this liquid
(1.99±0.53 g/dl) was similar to that measured in lung lymph
(1.88±0.42 g/dl). The volume of pleural liquid collected
hourly from these lambs averaged 6.75±4.85 ml, which was
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Figure 1. Time course of a study in one of six preterm lambs that
died with evidence of severe lung disease. There was a sustained
postnatal increase in lung lymph flow, associated with persistent pul-
monary hypertension and a progressive increase in the lymph/
plasma protein concentration ratio. During the 2 h before death, sys-
temic arterial blood pressure remained low.

0 2 4 6 8 10
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Figure 2. Time course of a study in one of four preterm lambs that
had little or no evidence of lung disease. Pulmonary arterial pressure
decreased after the onset of breathing, and there was an increase in
lung lymph flow, associated with a reduction in lymph/plasma pro-
tein concentration ratio. Systemic arterial pressure increased after
birth and remained constant throughout the study.
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Table II. Vascular and Pleural Pressures, Protein Concentrations, and Flow Rates of Lung Lymph and Lymph Protein
in 10 Fetal Lambs during the 2 h before Birth

Average pressures*
Protein concentrations Flow rates

Pulmonary Left Vena Pleural
artery atrium Aorta cava space Lymph Plasma Lymph:Plasma Lymph Lymph protein'

Torr gldl ml/h

All lambs 50±5* 2.5±0.8 48±4 3.3±0.8 0.2±1.2 2.56±0.41 3.42±0.41 0.74±0.06 1.57±0.82 1.17±0.63
Six with respiratory

distress§ 50±5 2.4±1.0 47±4 3.3±0.8 0±1.3 2.42±0.42 3.31±0.40 0.73±0.06 1.61±0.65 1.17±0.46
Four without respiratory

distress1l 50±5 2.5±0.6 49±5 3.3±1.0 0.7±1.1 2.76±0.35 3.59±0.44 0.77±0.05 1.51±1.15 1.17±0.93

* Measured relative to amniotic liquid pressure. t Numbers are mean±SD. I Respiratory distress defined by postnatal course. 11 No statisti-
cally significant differences between lambs with and without subsequent respiratory distress. 'Calculated as lymph flow X [lymph
protein]/[plasma protein].

more than the volume of lymph collected hourly over the same
time period. Pleural effusions were detected in only one of the
four lambs without respiratory distress; that lamb also had
unexplained pleural liquid drainage before birth and required
postnatal placement of a Swan-Ganz catheter because of a
nonfunctioning pulmonary artery catheter.

Total white cell and granulocyte counts in circulating
blood decreased immediately after birth and then increased
before death in all six lambs that had such measurements
(Table VII). The pattern of change in white cell numbers after
birth was not significantly different for lambs with and without
lung disease.

Postmortem measurement of extravascular lung water
averaged 7.32±0.82 g/g dry lung tissue in lambs that died with
respiratory failure, compared to 4.77±0.45 g/g in lambs with-
out lung disease (P < 0.001). The latter value is only slightly
greater than the amount of extravascular water measured in
lungs of lambs born vaginally near term (14). Light micros-
copy confirmed the presence of protein-rich edema in lungs of
lambs that died with respiratory failure (Fig. 3).

Discussion

Pulmonary lymph flow and lymph protein flow before birth.
Measurement of pulmonary lymph flow under steady-state
conditions is a useful means of assessing net filtration of liquid
from the microcirculation into the interstitium of the lungs in
healthy newborn and adult sheep (23, 24). In fetal sheep, how-
ever, lung lymph flow accounts for only a small fraction of net
liquid filtration, as most of the liquid that flows out of the fetal
pulmonary circulation passes directly into potential air spaces
because of active secretion of chloride ion across the lung epi-
thelium (25). In lambs near term, hourly secretion of liquid
into the lung lumen averages 4-5 ml/kg body wt (26), whereas
hourly lung lymph flow averages 0.39 ml/kg body weight (14).
In our 10 preterm lambs, pulmonary lymph flow averaged
0.45±0.20 (ml/h)/kg body wt during the 2-h steady-state pe-
riod before birth. Thus, changes in lung maturation that occur
in fetal lambs late in gestation are not associated with an ap-
preciable change in pulmonary lymph flow.

Whereas lung lymph flow constitutes only a small fraction
of the liquid that flows out of the pulmonary microcirculation
in fetal lambs, lymph protein clearance closely reflects net
transvascular protein movement, as liquid collected from the
lung lumen contains < 0.3 mg/ml of protein (27). Lymph
protein clearance before birth in our 10 preterm lambs aver-
aged 0.33±0.15 (ml/h)/kg body wt, compared to an average of
0.31 (ml/h)/kg body wt in lambs that we previously studied
late in gestation (14). The ratio of albumin concentration to
globulin concentration in lymph relative to the same ratio in
plasma is an index of differential protein sieving in the pulmo-
nary microcirculation (28). This ratio averaged 1.53±0.31 be-
fore birth in our preterm lambs, compared to 1.57±0.38 in our
previous studies of more mature lambs. These findings suggest
that lung vascular permeability to protein is similar in preterm
and term fetal lambs studied under comparable steady-state
conditions.

Liquid and protein clearance through lung lymphatics. This
investigation focused on perinatal changes in lung fluid bal-
ance of preterm lambs delivered by cesarean section. One of
our goals was to see if there might be differences in lung liquid
clearance and associated respiratory function associated with
lung maturation. Compared to previous studies done with
lambs that were born vaginally close to term (14), we expected
that the absence of labor would lengthen the duration of lung
liquid clearance and possibly accentuate the lymphatic com-
ponent of this process. Wealso thought that preterm lambs
with incomplete lung development might show evidence of
pulmonary microvascular injury and edema. Earlier studies
had shown that postnatal lung lymph flow and lymph protein
clearance were less in preterm lambs than in mature lambs,
but these were acute experiments that lasted only 2 h, during
which the placental circulation was intact (11, 15). As lung
liquid clearance normally requires more than 2 h, we extended
the postnatal period of observation to 6-8 h in order to assess
liquid and protein dynamics in the pulmonary circulation
beyond the anticipated period of luminal liquid absorption. 6
of 10 lambs suffered progressive respiratory failure after birth;
4 lambs had little or no evidence of lung disease, as assessed by
satisfactory respiratory gas exchange and diminishing require-
ments for ventilatory support during the postnatal period.

Lung lymph flow increased and lymph protein concentra-
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Table III. Vascular Pressures, Protein Concentrations, Lymph Flow, and Lymph Protein Flow for the First 2 h after Birth in Six
Lambs with and Four Lambs without Subsequent Respiratory Distress

Average pressures*
Protein concentrations Flow rates

Respiratory Pulmonary Left Pleural
distress artery atrium Aorta space Lymph Plasma Lymph:Plasma Lymph Lymph protein'

Torr g/dl mil/h

+ 37+9$§ 7±2§ 47±8 2±2 1.93±0.35§ 3.23±0.57 0.60±0.08 4.46±2.46§ 2.73±1.78§
- 40±17"1 5±3 53±9 3±2 1.69±0.18§ 3.33±0.38 0.52±0.10§ 3.50±1.96§ 1.88±1.36

* Measured relative to atmospheric pressure. $ Numbers are mean±SD. § Significant difference compared to corresponding measurements
made during 2 h before birth, P < 0.05. 1I No statistically significant differences between lambs with and without subsequent respiratory distress.

Calculated as lymph flow X [lymph protein]/[plasma protein].

tion decreased when mechanical ventilation began in all 10
lambs. For the six lambs with progressive respiratory failure, it
is difficult to ascertain how much of their lung luminal liquid
drained by way of lymphatics because of their abnormal lung
vascular liquid and protein leak. In the four lambs without
apparent lung disease, the total volume of excess lymph col-
lected during the 4-8-h period after birth (i.e., the amount in
excess of prenatal lymph flow) averaged 8.24 ml, or 1.98 ml/kg
body wt. At the same time, net lymph protein flow increased
by 55%. Because liquid in the lung lumen at birth contained
very little protein, it is likely that the postnatal increase in net
lymph protein flow was mainly the result of an increase in
liquid filtration from the vasculature. If we therefore assume
that the pulmonary circulation was the source of 55% of the
postnatal increase of lymph flow in our four healthy preterm
lambs, i.e., that 45%of the increase came from displacement of
luminal liquid, then the estimated volume of luminal liquid
that drained after birth via the lymphatics was 3.7 ml, or 1.17
ml/kg body wt. If we also assume that we were collecting one-
half of total lung lymph, a conservative estimate according to
previous measurements of the thoracic duct component of
lung lymph (15), which is what we collect, then the postnatal
increase in lymph flow for these four lambs averaged 2.34 ml
of liquid/kg body wt. Postmortem extravascular lung water
content in these same animals was 4.8 g/g dry lung (dry lung
wt was 10.4 g), compared to 12.3 g/g dry lung in normal fetal
lambs without labor (14). From these figures, we calculate that
our four lambs without respiratory distress shed - 78 ml of
water, or 24.7 ml/kg body wt from their lungs after birth.
Thus, our results indicate that in healthy preterm lambs, as in

mature lambs (14), pulmonary lymphatics drain - 10% of the
residual liquid in the lungs at birth.

Lung lymph protein drainage (lung lymph flow X lymph
protein concentration/plasma protein concentration) in-
creased in all 10 preterm lambs during the first 2 h after birth.
In contrast, previous studies of a similar nature, conducted
with more mature lambs that were born vaginally, showed no
significant postnatal increase in lymph protein clearance (14).
There are several possible explanations for this difference.
First, newborn lambs that are born prematurely have higher
lung vascular pressures and lower plasma protein osmotic
pressures than term lambs have. There is also evidence that
alveolar liquid pressure, which approximates perimicrovascu-
lar interstitial pressure (29), may be less in preterm than in
term lungs (30). These findings might account for greater
transvascular filtration of fluid and bulk flow of protein into
the lungs of the less mature animals. The lower lymph/plasma
protein ratio observed soon after birth of preterm lambs, com-
pared to term lambs, is consistent with this explanation. An-
other possibility is that pulmonary blood flow and microvas-
cular surface area for fluid exchange may increase to a greater
extent after premature birth by cesarean section than after
vaginal birth close to term. This is an unlikely explanation,
however, because of the high pulmonary vascular resistance
and greater amount of liquid in the lungs of lambs that are
born prematurely compared with those that are born at term
(4). A third possibility is that lung vascular protein permeabil-
ity is greater immediately after birth in preterm lambs than it is
in mature lambs, although previous investigators have not
found evidence for this (1 1, 12, 15).

Table IV. Summary Data for the First 2 h after Birth in Six Lambs with and Four Lambs without Subsequent Respiratory Distress

Airway pressures
Respiratory

distress Hematocrit pH Pao2* Paco2 Peak inflation Mean airway End expiration

% Torr

+ 41±9* 7.22±0.06§ 109±76§ 47±12 34±8 13±4 4±2
- 33±2 7.43±0.06"1 205±133§ 29±3§11 24±5 9±1 4±1

* Pao2 breathing 100% 02. tNumbers are mean±SD. I Significant difference compared to corresponding measurements made during 2 h be-
fore birth, P < 0.05 (airway pressures not compared to before birth). 11 Significant difference between lambs with and without subsequent re-
spiratory distress, P < 0.05.
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Table V. Summary Data for Hematocrit, Respiratory Gas Exchange, Airway and Pleural Pressures in Lambs
with and without Lung Disease in the Last 2 h of Study

Airway pressures
Respiratory Mean pleural

distress Hematocrit pH Pao2* Paco2 Peak inflation Mean airway End expiration pressure

Torr

+ 46±10t 7.22±0.06* 48±22 46±6 38±10 14±4 4±2 2±2§
- 34±511 7.41±0.0511 287±107t11' 33±2tl* 19±411' 7±111" 4±1 1±1

* Pao2 breathing 100% 02 * Significant difference compared to corresponding measurements made during 2 h before birth, P < 0.05 (airway
pressures not compared to before birth). § Numbers are mean±SD. 11 Significant difference between values for lambs with and without respi-
ratory distress, P < 0.05. ' Significant difference compared to corresponding measurements made during 2 h immediately after birth, P < 0.05.

Postnatal changes in the systemic circulation. After birth,
plasma protein concentration decreased over time in the six
preterm lambs that had respiratory distress. In part, this proba-
bly reflects the relatively large amount (10 mi/kg body wt) of
intravenous fluid that the lambs received. These infusions
were necessary to reduce the degree of hemoconcentration
(progressive rise in hematocrit) and hypotension that often
develop in lambs that are delivered prematurely. Someof the
reduction in plasma protein concentration, particularly in the
sicker animals, may have been the result of a systemic vascular
protein leak. The postnatal increase in hematocrit observed in
some of the lambs, and the postmortem finding of ascites in
some of the sicker animals, are consistent with the possibility
that a generalized plasma protein leak may have contributed to
the progressive hypoproteinemia that developed in the lambs
that acquired severe lung disease. Loss of plasma from the
circulation also may have contributed to the persistently low
systemic blood pressure observed in these lambs. It is notewor-
thy that systemic arterial blood pressure increased after birth
in the four lambs with normal lung function. Moreover, there
was no significant postnatal decrease in plasma protein con-
centration in these animals. Thus, hypotension and hypopro-
teinemia, which often accompany severe respiratory distress in
human infants (31, 32), may reflect abnormal leakage of
plasma from the systemic circulation, similar to that which
occurs in the lungs.

Lung microvascular injury in preterm lambs with respira-
toryfailure. During the 2 h before death, lung lymph flow and
lymph protein flow were significantly greater in lambs with

lung disease than they were in lambs without lung disease.
There was nearly a fourfold difference in lymph protein flow
and an even greater difference in pleural liquid drainage be-
tween lambs with and without respiratory failure. The most
plausible explanation for these differences is that lung vascular
protein permeability was increased in the sicker animals. It is
unlikely that pulmonary microvascular surface area was
greater in the lambs that had severe lung disease, as previous
studies by Sundell et al. (4) suggested that lung vascular surface
area for fluid exchange is reduced in preterm lambs with respi-
ratory distress, perhaps because of pulmonary vasoconstric-
tion from hypoxia and edema. Increased filtration pressure in
the pulmonary circulation also can influence the flow of liquid
and protein into the lungs, but such an effect should be asso-
ciated with a reduction in lymph protein concentration rela-
tive to plasma protein concentration, which did not occur in
the lambs with respiratory distress. Moreover, there were no
significant differences in pulmonary arterial and left atrial
pressures between the two groups of animals during the last 2 h
of study. Thus, the results are most consistent with abnormal
lung vascular protein permeability in the presence of a rela-
tively high fluid filtration pressure, with secondary impair-
ment of fetal lung liquid drainage and development of pro-
tein-rich pulmonary edema.

These findings are similar to those that have been described
in the adult counterpart of respiratory distress syndrome after
intravenous infusion of Escherichia coli endotoxin (33), mi-
croemboli (34), or oleic acid (35). Our findings of protein-rich
pleural effusions and lung edema in preterm lambs with respi-

Table VI. Vascular Pressures, Protein Concentrations, Lung Lymph Flow and Protein Flow in Lambs
with and without Respiratory Distress in the Last 2 h of Study

Average vascular pressures
Protein concentrations Flow rates

Respiratory Pulmonary Left Vena
distress artery atrium Aorta cava Lymph Plasma Lymph:Plasma Lymph Lymph protein*

Torr gldl mi/h

+ 43±12*0 5±l01' 45±10 4±1 1.57±0.29§ 2.21±0.54§ll 0.75±0.24 4.82±2.06§ 3.41±1.25§
- 36±5 4±2 62±8§11' 5±1 1.54±0.24§ 3.22±0.45' 0.48±0.02§ 1.86±1.4911" 0.88±0.671'

* Calculated as lymph flow X [lymph protein]/[plasma protein]. t Numbers are mean±SD. § Significant difference compared to correspond-
ing measurements made during 2 h before birth, P < 0.05. 1" Significant difference compared to corresponding measurements made during 2 h
immediately after birth, P < 0.05. ' Significant difference between values for lambs with and without respiratory distress, P < 0.05.
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Table VII. White Cell and Granulocyte Counts in Blood
Obtained before and after Birth from Six Lambs,
Three with and Three without Respiratory Distress

Respiratory
distress Time period White cell count Granulocyte count

Cells/1s1

Before birth 2,947+1,589 1,276±860**§
+ 0-2 h after birth 1,200±503 248± 126

Before death 2,623±2,296 990±478

Before birth 3,931+1 ,106 1,449±346
- 0-2 h after birth 2,472±1,437 904±556

Before death 4,108±1,648 1,928±1,596

* Numbers are mean±SD.
No significant differences between lambs with and without respira-

tory distress.
§ In all six lambs, both the white cell count and the granulocyte
count decreased after birth and then increased before death.

ratory failure show that changes in lung lymph flow and lymph
protein clearance probably underestimate the amount of liq-
uid entering the lungs in conditions associated with severe lung
microvascular injury.

Previous studies have shown that intravenous injection of
live bacteria (36) or bacterial toxin (33, 37) may cause an
increase in lung lymph flow and lymph protein flow, similar to
the changes that occurred after birth in six of our preterm
lambs. It is unlikely, however, that infection led to the increase
in lung vascular permeability of these lambs, as all sheep, in-
cluding fetuses, received therapeutic doses of broad spectrum
antibiotics from the time of surgery until death. Moreover,
when the studies began all lambs were healthy, as assessed by
normal arterial blood pH, Pao2, and Paco2, and there were no
significant postnatal differences in white blood cell or granu-
locyte counts, heart rate, or body temperature between lambs
with and without lung disease.

It is difficult to know how much of the lung microvascular
injury in our lambs was the result of their underlying disease
and how much may have been the result of therapeutic inter-
vention. Mechanical ventilation with high inflation pressures
and tidal volumes can cause abnormal protein leakage in the
pulmonary circulation of otherwise healthy animals (38, 39). It
is possible that preterm lambs with incomplete lung develop-
ment are especially vulnerable to the stress of positive pressure
breathing. In addition, several studies have shown that pro-
longed oxygen breathing may lead to lung microvascular in-
jury in young lambs (40-42). While this endothelial damage
usually requires at least 3 d of sustained hyperoxia in healthy.. sh ..
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Figure 3. Photomicrographs of frozen sections of lung obtained from a preterm lamb with diffuse atelectasis and pulmonary edema (left), and
from a preterm lamb without physiological evidence of lung disease (right).
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animals, such injury might occur sooner in preterm lambs
with deficient defenses against oxidant stress. It is also impor-
tant to point out that in the presence of an abnormal pulmo-
nary microcirculation, a generous supply of intravenous salt
and water may have contributed to lung edema formation and
the need for greater ventilator support in six of our preterm
lambs, though four of the lambs appeared to tolerate these
intravenous infusions without apparent ill effects.

Summary. We have shown that lambs with incomplete
lung development after premature birth have a sustained
threefold increase in lung lymph flow and lymph protein flow,
and an even greater increase in pleural liquid drainage, indica-
tive of severe pulmonary microvascular injury. These postna-
tal changes were associated with impaired respiratory gas ex-
change and acidosis, increased demands for ventilator support,
a decrease in plasma protein concentration with an associated
increase in hematocrit, and a persistently low systemic arterial
blood pressure. Abnormal lung vascular protein permeability
and pulmonary edema, are important features in the patho-
genesis of respiratory distress after premature birth in lambs.
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