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ABSTRACT. Previous studies showed that increased pul- The DA is a fetal vascular channel that normally closes soon 
monary blood flow from a patent ductus arteriosus had after birth. If it remains patent, as it often does after premature 
little or no effect on the amount of fluid in the lungs of birth, blood flow from the aorta into the pulmonary artery 
mechanically ventilated preterm lambs. The purpose of increases as pulmonary vascular resistance decreases postnatally. 
this study was to examine the effect of a patent ductus A PDA is thus associated with increased pulmonary blood flow, 
arteriosus on lung vascular permeability and to see whether pulmonary blood pressure, and PLvED (1, 2). The presence of a 
increased pulmonary lymph flow might compensate for the PDA may cause pulmonary edema in premature infants with 
increased rate of fluid filtration. Using a model that allows respiratory distress (3,4). However, little information is available 
mechanical control of ductus patency, we studied the effects to demonstrate how the PDA adversely affects pulmonary fluid 
of increased pulmonary blood flow on lung vascular pres- balance. 
sures in six mechanically ventilated premature lambs at Several studies have examined the effects of increased pulmo- 
136 f 2 d gestation (mean + SD) (term = 145 d). We nary blood flow on lung fluid balance in adult and mature 
measured lung lymph flow and protein concentrations in newborn animals (5-1 1). In some of these studies, the increase 
lymph and plasma to assess pulmonary vascular fluid in microvascular fluid filtration associated with increased pul- 
filtration and protein permeability. We studied each lamb monary blood flow was attributed to increased microvascular 
during sequential steady state periods, first with the ductus filtration pressure (5, 6, 1 1); in other studies, the increased 
open and then with it closed. When the ductus was open, filtration was thought to be the result of lung vascular recruitment 
pulmonary blood flow was twice what it was when the (7-10). There is some evidence that the capacity for vascular 
ductus was closed. Mean pulmonary artery pressure and recruitment and increased fluid filtration in the pulmonary cir- 
left ventricular end-diastolic pressure were greater with culation may be age dependent (10-13). Little information is 
the ductus open [40 +. 5 torr (5.3 f 0.7 kPa) and 8 f 3 available regarding the influence of increased perfusion on lung 
torr (1.1 f 0.4 kPa), respectively] than when it was closed fluid filtration in the presence of underlying pulmonary pathol- 
124 f 3 torr (3.2 f 0.4 kPa) and 4 f 2 torr (0.5 f 0.3 ogy (9, 14), and the relationship between blood flow and fluid 
kPa), respectively]. When the ductus was open, lymph flow dynamics in the immature lung is even more obscure. 
was 68% greater and lymph protein concentration was 17% We used an animal model of the PDA that enables us to study 
lower than when the ductus was closed. Lymph protein the effects of increased pulmonary blood flow on lung fluid 
clearance (lymph flow % lymph protein concentration/ balance in newborn sheep (1, 2, 15). Previous studies showed 
plasma protein concentration) was 39% greater when the that in premature lambs with respiratory distress during the first 
ductus was open. Thus, patency of the ductus arteriosus in 3 h after operative delivery a 65% increase in pulmonary blood 
preterm lambs increases fluid filtration in the pulmonary flow through a PDA had no effect on net water accumulation or 
circulation as a result of increased blood flow and vascular albumin transfer from the vasculature into the air spaces (1 5). 
filtration pressure. The resultant increases in lung lymph We were surprised by these observations and wondered if the 
flow and protein clearance may help to protect the lungs capacity of lymphatics to remove liquid and protein from the 
from edema. (Pediatr Res 30: 616-621, 1991) lungs of preterm lambs might help to prevent development of 

pulmonary edema associated with a PDA. 

Abbreviations 
We therefore did studies to determine the effects of a PDA on 

transport of fluid and protein from the pulmonary circulation 

DA, ductus arteriosus into the lung interstitium of lambs that were delivered prema- 

PDA, patent ductus arteriosus turely. We did this by measuring changes in lung lymph flow 
PI,",,, left ventricular end-diastolic pressure and lymph protein concentration in the presence and absence of 
- 
Ppa, mean pulmonary artery pressure a PDA. 

PC, estimated pulmonary "capillary" pressure 
L:P, protein concentration in lymph relative to that in MATERIALS AND METHODS 

plasma 
Pao2, partial pressure of oxygen in arterial blood Surgical preparation. Surgery was performed on six time-dated 

Paco2, partial pressure of carbon dioxide in arterial blood pregnant Western mixed-breed ewesat 131-137 d gestation (term 
= 145 d). On the day of surgery, the ewes received 500 mg of 
ketamine intramuscularly followed by either spinal anesthesia 
with 1% tetracaine or general anesthesia with halothane and 
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Details of the lymph fistula preparation in the fetal lamb have 
been described previously (16, 17). The uterus was opened 
through a midline abdominal incision, and polyvinyl catheters 
were threaded through a fetal hind limb artery and vein into the 
abdominal aorta and vena cava. Through a second uterine 
incision, a right thoracotomy was performed 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 the total 
lung lymph (18). The tail of the lymph node was ligated just 
above the diaphragm to minimize contamination from nonpul- 
monary sources (19, 20), and a polyvinyl catheter with multiple 
drainage holes was placed in the right pleural space. Because the 
caliber of the lymph cannula may affect flow through it (2 I), the 
heparin-coated lymphatic catheter was constructed to minimize 
outflow resistance: a 1- to 2-cm polyvinyl segment (0.28 mm 
inner diameter, 0.6 1 mm outer diameter), which fit snugly within 
the lymphatic vessel was glued into a large-bore segment (0.76 
mm inner diameter, 1.27 mm outer diameter), the inner diameter 
of which was larger than that of the lymph vessel itself. After 
placement of a catheter in the amniotic cavity, both the uterine 
and abdominal incisions were closed with heavy silk suture. 
Penicillin and kanamycin were administered into the amniotic 
cavity and into the fetal vein. Fetal vascular and lymph catheters 
were tunneled through the uterine and abdominal incisions, and 
fetal pulmonary lymph was collected in a heparinized container 
sewn to the ewe's flank. Antibiotics (penicillin and kanamycin) 
were administered daily to the fetus and into the amniotic cavity. 
The ewes also received a daily mixture of penicillin and dihydro- 
streptomycin (Combiotic; Pfizer, New York, NY) with kana- 
mycin. 

Two d after the first surgery, we collected lung lymph from 
four fetuses at 30-min intervals for 1.5-2 h. The height of the 
external tip of the lymph catheter was kept at the level of the left 
atrium, which was determined at the time of surgery. 

The ewes then underwent a second operation, also with spinal 
anesthesia supplemented by intermittent i.v. injections of keta- 
mine for sedation. During this surgery, fetal incisions were car- 
ried out with s . ~ ,  injections of 0.5% lidocaine. The midline 
abdominal incision was reopened and the uterus was cut to 
expose the fetal chest. A left thoracotomy was performed, and 
the left lung was retracted to expose the pulmonary artery and 
the DA. After the DA was dissected from the surrounding tissue, 
0.2-0.4 mL of 10% buffered formalin solution was injected into 
the vessel wall to destroy the muscular layer. A mechanical snare 
(made from a cardiac catheterization guide wire and a catheter 
sheath) was then looped around the DA and brought through 
the fetal chest wall. A catheter that was placed in the pulmonary 
artery was tunneled through the thoracotomy incision, after 
which the fetal chest was closed. A polyvinyl catheter was 
threaded into the right upper pedal artery. The fetus was then 
intubated with a 4.5 F cuffed endotracheal tube. Sheep surfac- 
tant, prepared from lung lavages of healthy adult sheep as pre- 
viously described (22), was instilled into the trachea (50 mg lipid/ 
kg body wt), and the fetus was maneuvered from side to side to 
achieve even lung distribution. This treatment enables survival 
of premature lambs for several hours (22, 23). The umbilical 
cord then was ligated and the lamb was delivered to a warming 
table, where mechanical ventilation was initiated with a time- 
cycled, constant flow infant ventilator (Sechrist, Anaheim, CA). 
Under local anesthesia, additional polyvinyl catheters were in- 
serted into another pedal vein, umbilical artery, jugular vein, 
and carotid artery. The latter two catheters were advanced into 
the superior vena cava and into the left ventricle, respectively. 

Postnatally the lambs were kept in the prone position, and 
they were paralyzed with 0.4 mg/dose of pancuronium bromide 
throughout the period of mechanical ventilation. In addition, 
the lambs received diazepam, 0.15 mg/kg i.v., for sedation. All 
intravascular catheters were kept patent during the experiment 
by infusion of small boluses of heparinized 5% dextrose in water. 
The lambs also received an i.v. infusion of 5% dextrose in water 

with sodium bicarbonate (5 mEq/5O mL) at an hourly rate of 
-5 mL/kg. The lambs were dried with a towel and covered with 
a plastic sheet to minimize evaporative heat loss. Rectal temper- 
ature was maintained at 38-39°C with an Aquamatic K-pad 
(American Hospital Supply, McGaw Park, IL) and with radiant 
heat lamps. Heparinized fetal or maternal blood was transfused 
to replace blood loss. The gestational age of the lambs at the 
time of study was 136 + 2 d (mean k SD), and they weighed 
3935 + 628 g. 

Experimental protocol. The experiment began when the um- 
bilical cord was ligated. The ventilator settings were: peak inspir- 
atory pressure 24-25 cm H 2 0  (2.4 kPa), positive end-expiratory 
pressure 2.5-3 cm H 2 0  (0.25-0.3 kPa), inspiratory time 0.6 s, 
respirator rate 40/min, and fractional concentration of O2 in 
inspired gas 1 .O. After a brief stabilization period, peak inspira- 
tory pressures and ventilator rates were reduced to maintain the 
Paco2 at -30 mm Hg (3.9 kPa). Other ventilator settings re- 
mained constant, and when the desired Paco2 values were at- 
tained (usually within 1 h after birth), no further changes were 
made. These settings were maintained for two reasons: 1 ) so that 
any observed differences in lymph flow could not be attributed 
to differences in mode of ventilation, and 2) to prevent respira- 
tory acidosis or hypoxia, which could confound the interpreta- 
tion of our results. 

The distal tip of the lymph catheter was maintained at a 
constant height at the level of the left atrium. Lymph was 
collected continuously in heparin-coated test tubes; samples were 
taken every 30 min, and volume was measured to the nearest 
0.01 mL. The samples were spun in a microfuge for 5 min to 
obtain supernatant fluid for protein measurements. Blood sam- 
ples were drawn every hour for measurement of arterial pH, 
Pace?, Paoz, and hematocrit. Blood gases were measured with a 
Corning blood gas analyzer (Corning Medical and Scientific, 
Medfield, MA) with appropriate corrections for the prevailing 
body temperature. Hourly blood samples were centrifuged for 
measurement of plasma protein concentration. Vascular and left 
ventricular pressures were measured continuously with a Sen- 
sormedic Dynograph R6 1 1 multichannel recorder connected to 
Beckman pressure transducers (Sensormedic, Anaheim, CA). 
Signals were averaged electronically to obtain mean pressures. 

During the initial phase of the experiment, the DA remained 
open. After lymph flow reached a steady state, left ventricular 
output, pulmonary blood flow, and flow through the DA were 
determined by injection of radiolabeled microspheres. Steady 
state lymph flow was defined as four consecutive 30-min periods 
of lymph collection in which the volumes of lymph had a 
coefficient of variation of less than 10%. At the end of this 2-h 
period, two different radiolabeled microspheres ("Cr and Il4In) 
were injected into the left ventricle and the inferior vena cava 
while reference blood samples were continuously withdrawn 
from the ascending and descending aorta (1 5, 24). 

After this, the DA was mechanically closed by tightening the 
snare. After a 2-h period of steady state lymph flow (as defined 
above) during which the DA was closed, another microsphere 
flow study was carried out using two different radiolabeled 
microspheres (57Co and 65Zn). In four animals the experiment 
ended at this point. In two lambs, we were able to open the DA 
again, and when a steady state was achieved for 2 h, we performed 
another microsphere flow study (using "Nb and ""n). In one 
of these animals, the DA was then closed a second time, and 
after a 2-h period of steady state lymph flow, an additional 
microsphere flow study was performed (using I5%3d and 85Sr). 

At the end of the experiments, the animals were killed with 50 
mg/kg pentobarbital, their chests were opened, their lungs were 
examined, and the catheter positions were identified. 

Cardiovascular function measurements. At the end of the 
experiment, the organs and carcass were separated, placed in 
formalin, incinerated at 325°C for 72 h, pulverized, and placed 
in counting vials. The amount of radionuclide in each organ and 
reference blood sample was measured with a well-type gamma- 
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scintillation counter and a multiple-channel pulse analyzer (22, 
24-26). Left ventricular output, pulmonary blood flow, blood 
flow through the DA, and the right to left foramen ovale shunt 
were calculated from the concentration of microspheres in the 
reference samples, the total number of microspheres recovered 
from the whole animal, and the total number of microspheres in 
the lungs (22, 24-26). Bronchial blood flow was assumed to be 
8% of the measured left ventricular output; this assumption was 
based on measurements made in 35 premature newborn lambs 
with ligated ductus (Clyman RI, unpublished observations). Pul- 
monary blood flow was assumed to equal left ventricular output 
minus estimated bronchial blood flow and the right to left shunt 
measured through the foramen ovale (26). 

Pulmonary vascular resistance was calculated as: (PpA - 
PLVED)/pulmonary blood flow. PC was calculated using Gaar's 
equation (5) in the form PC = PLvED + 0.4 (PpA - PLVED). This 
equation correlates well with capillary pressure as measured by 
arterial occlusion (5) and has been used in experiments with 
pulmonary overperfusion (6). Although the assumptions under- 
lying the partition values chosen in this equation may not hold 
in conditions of very high pulmonary flow, we are using PC as an 
index of filtration pressure. There is evidence that this index is a 
reasonable measure whatever the value of pulmonary flow; even 
when the arteriovenous pressure difference is large, PC may 
remain the average midpoint filtration pressure over a wide range 
of vascular pressures (5). The partition of vascular resistance 
implied in Gaar's equation conforms with recent studies on the 
segmental distribution of pulmonary vascular resistance in young 
lambs. Using micropuncture techniques in isolated perfused 
lamb lungs, Raj and Chen (27,28) found that arteries, microves- 
sels, and veins contribute approximately one third each to the 
pulmonary vascular resistance. Thus, the calculated PC is close 
to the midrange of the microvascular pressure measured by Raj 
and Chen. 

Biochemical assays. Samples of lymph and blood were centri- 
fuged and protein concentrations of the supernatant liquids were 
measured by the biuret method (29). Cellulose acetate electro- 
phoresis (Microzone 1 10; Beckman Instruments, Inc., Fullerton, 
CA) was used to determine concentrations of albumin and 
globulin in lymph and plasma. 

Statistical analysis. We used a paired t test to compare meas- 
urements obtained with the DA open versus measurements 
obtained with the DA closed. In the two animals that we studied 
more than once with the DA open, only the first periods of DA 
patency and closure were used for statistical analysis (i.e. the first 
two states that were sequentially equivalent to the studies in the 
other four animals). Values of p < 0.05 were considered signifi- 
cant. Results are presented as mean k SD. 

RESULTS 

Cardiovascular and respiratory variables. Throughout the ex- 
periment there was little variability in ventilatory settings of 
arterial blood gas values (Table 1). Paoz was slightly higher when 
the DA was patent; this finding has been described previously 
(1, 2) and probably results from pulmonary recirculation of 
oxygenated blood through a left to right ductal shunt and de- 
creased right to left shunt through the foramen ovale. 

Cardiovascular data are summarized in Table 2. The left to 
right shunt through the DA averaged 6 1 % (range 40-7 1 %); this 
was equivalent to a p_ulmonary:systemic flow ratio of 2.4: 1. When 
the DA was open, PpA and PLVrD were higher than they were 
when the DA was closed; mean systemic blood pressure was 
lower when the DA was open than it was when the DA was 
closed. When the DA was open, left ventricular output was 70% 
higher and pulmonary blood flow was almost twice what it was 
when the DA was closed. In addition, pulmonary vascular resist- 
ance and systemic blood flow were significantly less when the 
DA was open than when it was closed. 

Lung lymph data. In four lambs we measured steady state lung 

Table 1. Respiratory data in six lambs with a PDA* 

Ductus open Ductus closed 

PIPIPEEP (cm H,O) 22 t 213 + 0.4 22 + 213 + 0.4 
(kpa) 2.2 + 0.210.3 + 0.0 2.2 + 0.210.3 + 0.0 

IMV rate (min-') 34 + 4 34 + 4 
PH 7.47 rt 0.07 7.52 + 0.07 
Pao, (mm Hg) 480 + 66 336 + 103t 

(kPa) 64 + 9 45 r 14t 
Paco2 (mm Hg) 30 + 5 28 + 3 

(kpa) 4 + 1  4 + 0.2 

* Values represent mean + SD. PIP, peak-inspiratory pressure; PEEP, 
positive end-expiratory pressure; IMV, intermittent mandatory ventila- 
tion. 

t Significant difference between values for ductus open and ductus 
closed, p < 0.05. 

Table 2. Hemodvnamic data in six lambs with a PDA* 
Ductus oDen Ductus closed 

- 
PA (mm Hg) 50 + 9 57 + 7 

- @Pa) 6.7 + 1.2 7.6 + 0.9 
PPA (mm Hg) 40 + 5 24 + 3 

(kpa) 5.3 + 0.6 3.2 + 0.4 
PLVED (mm Hg) 8 + 3 4 + 2 

- (kpa) 1.1 + 0.4 0.6 + 0.3 
P1vc (mm Hg) 2 + 2 2 + 2 

(kpa) 0.2 + 0.3 0.2 + 0.2 
PC (mm Hg) 2 1 + 2  12 + 2 

(kpa) 2.8 + 0.3 1.6 + 0.3 
Hct (%) 42 & 2 41 + 2  
QLV (mL/kg/min) 318 + 69 187 & 20 
QP (mL/kg/min) 291+64  1 4 7 + 9  
PVR (mm Hg/L/kg/min) 109 + 12 134 + 23 

(kPa/L/kg/min) 1 5 + 2  18 + 3 
QS (mL/kg/min) 121 + 28 187 + 24 
PDA L+R shunt (% of QLv) 61 t 1 1  0 + 4 

- *Values represent mean + SD. PA, mean systemic blood pressure; 
Plvc, mean inferior vena cava pressure; QLV, left ventricular output; Q,, 
pulmonary blood flow; PVR, pulmonary vascular resistance; Q,, systemic 
blood flow; Hct, hematocrit; and L-R, left to right. Differences were 
statistically significant for all variables except Plvc and Hct, p < 0.05. 

lymph flow before delivery: lymph flow averaged 2.3 k 0.5 mL/ 
h in these lambs; L:P averaged 0.73 + 0.03 for these four studies. 
Lymph protein concentration in fetal lambs was 2.57 & 0.14 g/ 
100 mL, and lymph protein clearance (lymph flow x L:P) was 
1.7 k 0.3 mL/h. 

Figure 1 illustrates the time course of one study in which we 
measured lymph flow and vascular pressures during two periods 
in which the DA was open and two periods in which it was 
closed. After delivery, lymph flow increased and L:P decreased 
compared with fetal values. By 2-3 h after delivery, these changes 
reached their respective peak and nadir. The initial changes 
probably occurred as a result of absorption of protein-free liquid 
from the lung lumen into the interstitium after delivery (16). 
Lymph flow then decreased and lymph protein concentration 
increased until a steady state was achieved 7-8 h after delivery. 
Postnatal lymph flow with the DA open was higher than lymph 
flow before birth, and L:P was less after birth than it was before 
birth. 

During the steady state period in which the DA was closed, 
pulmonary blood flow, PpA, and PLVED were less than they were 
when the DA was open. Lymph flow was less and L:P was greater 
when the DA was closed. Reopening the DA caused increases in 
pulmonary blood flow, Pp,, PI.VED, and lung lymph flow; L:P 
decreased. A steady state was achieved within 1 h after reopening 
the DA. We then closed the DA a second time. There was an 
immediate decrease in PpA PLVtl), and a new steady state occurred 
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Fig. I .  Time course of one experiment in a lamb that had its open 
DA closed two times. Lung blood flow decreased by 40% when the DA 
was closed the first time, and it decreased by -50% when the DA was 
closed the second time. 

Table 3. Lvmuh data in six lambs with a PDA* 

Ductus open Ductus closed 

QL (mL/h) 3.4 + 0.8 2.0 + 0.61 
LP (g/ 100 d l  1.90 + 0.29 2.29 + 0.36t 
Pp (g/ 100 mL) 3.17 +. 0.23 3.19 + 0.28 
L: P 0.60 + 0.07 0.72 + 0.071 
QL x L:P (mL/h) 2.0 + 0.4 1.4 + 0.5t 
% Albumin 

Lymph 64 + 5 63 + 6 
Plasma 56 4 5 5 + 4  

*Values represent mean f SD. QL, lymph flow; Lp, lymph protein 
concentration; Pp, plasma protein concentration; QL x L:P, lymph 
protein clearance; and % Albumin, albumin concentration as a percent- 
age of total protein concentration. 

t Significant difference between values for ductus open and ductus 
closed, p < 0.05. 

within 60 min of closure of the DA. Lymph flow decreased and 
L:P increased. 

The results for all six lambs, summarized in Table 3, pertain 
only to the first period of DA patency and the first period of DA 
closure after delivery. These results follow the pattern illustrated 
by the individual lamb in Figure 1. When the DA was open, FpA 
and PLVtD were significantly higher than they were when the DA 
was closed; pulmonary blood flow was twice what it was when 
the DA was closed. Lymph flow was 70% greater and L:P was 
17% less when the DA was open than when it was closed. Lymph 
protein clearance was 40% greater when the DA was open. All 
of these differences were statistically significant. The ratio of 
a1bumin:globulin in lymph and plasma was unaffected by the 
presence or absence of a PDA, indicating that increased blood 
flow through the DA did not affect protein sieving in the pul- 
monary microcirculation. 

DISCUSSION 

This study examined the effects of a PDA on pulmonary 
hemodynamic and lung lymph variables in mechanically venti- 
lated, surfactant-treated, premature lambs. Preterm lambs stud- 
ied during the first 3 h of life at 135 d gestation have a 4-fold 
increase in the rate of albumin entry into the lung air spaces 
compared with full-term animals (30). Because the DA is open 
in premature lambs in the first few hours after birth (3 1, 32), the 
permeability changes might have been due to the hemodynamic 
effects of a PDA. In a previous study (1 5), we assessed the effects 
of DA patency on the amount of liquid in the lungs of mechan- 
ically ventilated, surfactant-treated, premature lambs 3 h after 
delivery. In that study, neither net water accumulation nor net 
albumin entry into the air spaces were different. When animals 
with an open DA were compared with those with a closed DA, 
however, the fraction of albumin contained in lung tissue was 
greater in the animals with an open DA (67 versus 50% with the 
DA closed). 

Under steady state conditions, lung lymph flow reflects net 
filtration of liquid from the pulmonary circulation into the 
interstitium, and the protein concentration of lung lymph ap- 
proximates that of lung interstitial liquid (33). Our results indi- 
cate that a PDA is associated with increased lymph flow rates 
and protein clearance in prematur_e lambs. An open DA caused 
pulmonary blood flow to double; Pp, and PLvED increased by 16 
mm Hg (2.1 kPa, 66% change) and 4 mm Hg (0.5 kPa, 98% 
change), respectively, compared with values obtained when the 
DA was closed. Lymph flow was 68% greater, L:P was 17% less, 
and lymph protein clearance was 39% greater when the DA was 
open than when it was closed. 

The sequence of DA patency and closure was identical in all 
six experiments (with the DA initially open). For several reasons, 
however, we do not think that the observed changes were simply 
a function of time after birth. First, the changes in vascular 
pressures and lymph flow occurred abruptly (within 30 min) 
after DA closure. Second, the interval between birth and DA 
closure varied from 5 to 11 h in these experiments, but the 
temporal sequence of changes in lymph flow consistently 
matched the time of DA closure. Moreover, in the two lambs in 
which the DA was opened a second time, the second opening of 
the DA was associated with an increase in lymph flow and a 
decrease in L:P. In the one animal in which the DA was closed 
a second time, lymph flow and protein concentration decreased 
and increased, respectively, to values similar to those observed 
in this animal during its first period of DA closure (Fig. 1). 

We also do not think that differences in respiratory gas ex- 
change or ventilatory variables can explain the observed differ- 
ences in lymph flow and L:P. Arterial pH and Pacoz were stable 
throughout each experiment, and although there were differences 
in Paoz with the DA open and closed, neither condition was 
associated with hypoxia, which may increase lung lymph flow in 
newborn lambs (34). Thus, differences in oxygenation that oc- 
curred in these experiments should not have affected lymph flow. 
Ventilatory settings were similar with the DA open and closed, 
so that patterns of ventilation should not have affected lymph 
flow appreciably. Changes in lymph flow and lymph protein 
concentration coincided specifically with hemodynamic changes 
associated with DA patency and closure. 

Several conditions may have influenced the absolute values of 
lymph flow and protein concentration in our lambs. Our animals 
were studied a few hours after thoracic surgery, which sometimes 
affects lung lymph flow and lymph protein concentration, al- 
though this is not a consistent finding (35). Premature lambs are 
likely to have immature lungs with respiratory distress (17, 22, 
23, 30), which also increases lung lymph flow and protein leak 
(17, 30). Although surfactant administration ameliorates this 
condition (22, 23) and reduces the extent of protein leakage in 
immature lungs (3 I), its effects are not completely corrective. 

There are three major ways by which patency of the DA may 
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affect lung lymph flow and protein concentration: by influencing 
pulmonary microvascular pressure; by altering patency of the 
lung vascular bed, which in turn may affect microvascular surface 
area; or by disrupting the normal barrier function of the pul- 
monary vascular endothelium. Postnatal clearance of liquid from 
the lung lumen also may affect pulmonary lymph flow and 
protein concentration during the initial hours after delivery (1 6, 
17). 

To examine how the PDA affected pulmonary microvascular 
fluid filtration, we studied the relationship between lung lymph 
flow and L:P (Fig. 2), which is a useful way to distinguish between 
changes in fluid filtration caused by differences in vascular 
pressure, surface area, or protein permeability. In our preterm 
lambs with and without a PDA, there was an inverse relationship 
between lymph flow and L:P. As lymph flow increased in the 
presence of an open DA, L:P decreased. These results parallel 
those of previous studies in which lung microvascular pressure 
was increased in mature newborn lambs by inflating a balloon 
in their left atrium, with a resultant increase in lung lymph flow 
and reduction in L:P (36). Data from our experiments show that 
with an open DA there was 7.8% increase in lymph flow for 
each 1 mm Hg increase in PC. This is very close to the value of 
7.6% increase in lymph flow/mm Hg change in PC obtained in 
the experiments with left atrial hypertension in newborn lambs 
(36). The similarity of these results suggests that a PDA increases 
vascular fluid filtration by increasing hydrostatic pressure in the 
pulmonary microcirculation. 

Feltes and Hansen (1 1) recently reported that increased pul- 
monary blood flow produced by a conduit between the aorta and 
pulmonary artery of young lambs increased lymph flow as a 
result of increased filtration pressure. Our experiments extend 
their findings by examining the effects of a greater increase in 
pulmonary blood flow in the preterm lung. 

Both pulmonary artery pressure and left atrial pressure influ- 
ence microvascular filtlation pressure in the lungs, and the 
relative importance of PpA becomes accentuated under condi- 
tions in which pulmonary blood flow is high (37). As pulmonary 
blood flow increases, the fraction of pulmonary vascular resist- 
ance downstream from the effective filtration site increases pro- 
gressively and may reach >80% of total pulmonary vascular 
resistance at very high flow rates (37). When flow is fast, the 
effective pressure at the site of fluid filtration within the pulmo- 
nary circulation more likely reflects the pressure in the pulmo- 
nary artery than it does the pressure in the left atrium. When 
pulmonary blood flow is extremely high (> three times normal 
flow), left atrial pressure may contribute relatively little to net 
filtration pressure (37). This may help to explain why pulmonary 
edema often exists in preterm infants with a PDA despite a 
normal left atrial pressure (38). 
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Fig. 2. Index of lung vascular permeability: the relationship between 
L:P and lung lymph flow. Our data (PDA) are compared with data from 
other experiments: data for increased left atrial pressure are from refer- 
ence 36; data for pulmonary oxygen toxicity are from reference 43; and 
data for increased blood flow without increased pressure are from refer- 
ence 10. 

The second way that a PDA might increase microvascular 
fluid filtration is by increasing patency of the pulmonary vascular 
bed, often described as "vascular recruitment." The fact that 
pulmonary vascular resistance decreased in our lambs when the 
DA was open is consistent with this possibility. In a previous 
study done with lambs that were 2 wk old, a 20% increase in 
pulmonary blood flow, which was induced by opening a periph- 
eral arteriovenous fistula, led to a 40% increase in lung lymph 
flow without a significant change in lymph protein concentration 
(Fig. 2). This observation is consistent with an increase in per- 
fused surface area. In the same study, however, when left atrial 
pressure was increased by - 1 1 mm hg (1.5 kPa), increased 
perfusion had no significant effect on lymph flow. This finding 
indicates that the vascular bed of the newborn lung has only a 
modest capacity for recruitment. Blood flow models derived 
from morphometric data also suggest minimal potential for 
recruitment of unfilled capillaries at increased rates of blood flow 
(39). Pitt et al. (12, 13) studied healthy lambs that were 1 d old 
and found evidence that the newborn lung is already maximally 
recruited under baseline conditions. When newborn lambs were 
subjected to hypoxia, however, there was loss of functional 
vascular surface area, indicating that the newborn lung is capable 
of "derecruitment" (12). Whether premature lambs, with areas 
of microatelectasis in their lungs, can open up pulmonary vessels 
from these "derecruited" zones is unknown. Berry et al. (40) 
showed that the distribution of blood flow to the lungs may 
change in premature lambs with artificially induced atelectasis, 
so that their venti1ation:perfusion ratio improves. This finding 
suggests that vascular tone and vessel caliber in lungs of preterm 
lambs can change in response to different conditions. In our 
study, we observed a significant decrease in L:P when lymph 
flow increased, a result that is not indicative of vascular recruit- 
ment. 

Our data for lung lymph flow and lymph protein concentration 
in preterm lambs with and without a PDA also is not consistent 
with a change in pulmonary vascular permeability. If an open 
DA had been associated with increased protein permeability, 
then we would have expected to see little, if any, decrease in L:P 
as lymph flow increased (41, 42). Figure 2 compares our results 
with those obtained in young lambs with increased lung vascular 
protein permeability from prolonged oxygen breathing (43). In 
contrast to our results with preterm lambs and a PDA, L:P 
increased as lymph flow increased in lambs with pulmonary 
oxygen toxicity. In studies performed with adult sheep that had 
almost two thirds of their total lung mass resected, Landolt et al. 
(6) did not detect any evidence of increased lung vascular perme- 
ability, despite the fact that the entire cardiac output of these 
sheep flowed through only a small fraction of the pulmonary 
vascular bed. Thus, we think that increased blood flow to the 
lungs through a PDA, even in relatively small lungs of preterm 
lambs, does not cause an increase in pulmonary vascular protein 
permeability. 

In summary, this study shows that patency of the DA in 
preterm lambs is associated with increased lymph flow and 
protein clearance. The reduction in lymph protein concentration 
that accompanied the increase in lymph flow indicates that these 
changes were the result of increased microvascular filtration 
pressure. Our previous study (15) showed that the lungs of 
mechanically ventilated premature lambs do not accumulate 
excess water or protein during the early period after delivery. We 
infer from our current findings that the increase in lymph flow 
that occurs when the DA is open probably compensates for the 
early increase in fluid filtration and protein extravasation that 
are associated with increased blood flow. Taylor (44) has referred 
to this compensatory increase in lung lymph flow as an "edema 
safety factor," which inhibits fluid accumulation in the lungs. 
We think that this may be an important mechanism for pre- 
venting pulmonary edema under conditions of increased fluid 
filtration, as in preterm lambs with a PDA. If lung lymphatic 
drainage is impaired, as it may be in the presence of pulmonary 
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interstitial emphysema or fibrosis. the likelihood of edema would 20. Drake RR, Laine GA, Allen SJ, Katz J,  Gabel JC 1986 Overestimation of 
sheep lung lymph contamination. J Appl Physiol 61: 1590-1 592 increase' Funheirnore, Our studies have not addressed the POs- 

21, Drake R, Giesler M, Laine G, Gabel J, Hansen T 1985 Effect of outflow 
sibility that prolonged patency of the DA may have an adverse pressure on lung lymph flow in unanesthetized sheep. J Appl Physiol58:70- 
effect on lung fluid balance several days after birth. when vul- 76 
monary vascilar resistance is much lower than it is during-the 
immediate postnatal period. 
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