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ABSTRACT. We determined whether closing the ductus 
arteriosus of the fetal lamb several d before birth would 
cause persistent pulmonary hypertension after birth. Six 
experimental fetuses who had their ductus arteriosus li- 
gated 3-17 d before delivery, three control fetuses who had 
sham ligation of the ductus arteriosus 14 d before delivery, 
and six control fetuses who had no prenatal surgery were 
delivered by cesarean section between 138 and 144 d of 
gestation. Each was instrumented to measure pulmonary 
and systemic arterial pressures and pulmonary blood flow. 
Each newborn lamb was ventilated with room air during 
the first 45 min after birth and then with decreasing 
amounts of inspired oxygen from 108 to 9%. Pulmonary 
arterial pressure decreased significantly when ventilation 
was begun in the control lambs but not in the lambs who 
had their ductus arteriosus ligated before deliverv. - 
Throughout the experiment, pulmonary arterial pressure 
and total pulmonary resistance were significantly higher, 
and pulmonary blood flow was significantly lower in the 
lambs who had their ductus arteriosus ligated before deliv- 
ery. In two of them, pulmonary arterial pressure was 
greater than or equal to systemic arterial pressure, even 
during ventilation with 100% oxygen. This animal prepa- 
ration provides a method of investigating persistent pul- 
monary hypertension in the newborn lamb and may provide 
insight into an etiology of the syndrome of persistent 
pulmonary hypertension of the newborn. (Pediatr Res 
25:245-250,1989) 

sion? There are at least two major differences between the 
pulmonary circulation of the fetus and that of the adult during 
chronic hypoxia. In the fetus, right ventricular output is shunted 
away from the lungs across the ductus arteriosus (7, 8) and the 
peripheral, intraacinar arteries of the pulmonary ciruclation are 
not remodeled (9). Perhaps the diversion of right ventricluar 
output somehow protects the intraacinar arteries and prevents 
the development of persistent pulmonary hypertension (10, 1 1). 
There are reports of long-term survival of the fetus after closure 
of the ductus arteriosus (12, 13). We performed this study to 
determine whether closing the ductus arteriosus of the fetal lamb 
several d before birth would cause persistent pulmonary hyper- 
tension after birth. 

MATERIALS AND METHODS 

A total of 21 fetal lambs were used for this study. Term 
gestation in sheep is 146 d. Twelve experimental fetuses had 
their ductus arteriosus ligated when they were between 123 and 
135 d of gestation, 3- 17 d before delivery. Three control fetuses 
had sham ligation of the ductus arteriosus when they were 127 
d of gestation, 14 d before delivery. Six control lambs had no 
surgery before delivery. Each surviving fetus was delivered be- 
tween 138 and 144 d of gestation. 

Ligation and sham ligation of ductus arteriosus before delivery. 
Each of 15 pregnant ewes was induced into anesthesia with an 
intravenous injection of sodium thiamylal. Surgery was then 
performed under halothane anesthesia. The uterus was exvosed 
through a midline abdominal incision, and the left foreaim of 
the fetus was delivered through a uterine incision. A thoracotomy 
was performed in the left third intercostal space of the fetus, and 

In the pulmonary circulation of the adult and, even more the pericardium was opened. In the 12 experimental fetuses, the 
strikingly, of the newborn, chronic alveolar hypoxia causes vase- intrapencardial portion of the ductus arteriosus was closed with 
constriction, hypertension, and remodeling of the vasculature a ligature of umbilical tape. In the three sham-operated control 
(1- 5). ~f alveolar oxygen tension is returned to initially fetuses, the ductus arteriosus was visualized but not ligated. The 
pulmonary arterial pressure remains severely elevated, then it fetal chest wall was closed and the forearm returned to the uterus. 
decreases toward normal over days (3, 5). The pulmonary cir- Ampicillin 300 mg and gentamicin 12 mg were injected into the 

culation of the fetus has many of the characteristics which amniotic Sac. The Uterus and maternal abdominal wall were 
produce this persistent pulmonary hypertension in the adult or closed. The fetus and ewe were allowed to recover from anes- 
newborn. Its oxygen tension would be considered hypoxic after thesia. The ewe received 700 mg of ampicillin and 28 mg of 
birth and causes intense vasoconstriction (6). Its arterial pressure gentamicin each day for 3 d. 
is high, being equal to systemic arterial pressure (7, 8). The In addition to the above surgery, the first three experimental 
muscular coats of its preacinar, arteries are thickened (9). Despite lambs had ~at~etersplaced in the right atrium, pulmonary artery, 
these similarities to the adult pulmonary circulation during and aorta to allow sequential measurement of v ~ s c u ~ ~ I '  pressures 
chronic hypoxia, pulmonary arterial pressure drops sharply in and of pulmonary blood flow by the radioactive microsphere 
the newborn when alveolar oxygen tension increases at birth (7, technique (6). Jkcause only one of these fetuses survived to 

8). delivery, prenatal catheterization and radioactive microsphere 
Why do all newborns not have persistent pulmonary hyperten- injections were then eliminated from the protocol. 

Surgery at delivery. For each surviving fetus, anesthesia was 
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Supported by NIH Grant 1 POI HL34323. sion in the ewe. It was placed in a plastic bag to prevent 

245 



evaporative heat loss and was kept warm with a heating pad and 
a radiant lamp. A tracheostomy was performed. A clamped tube 
with ports for measurement of pressure and expired gases was 
inserted such that the ports were immediately above the trache- 
ostomy. A cutdown was performed on the carotid artery, and a 
catheter was passed into the ascending aorta. A cutdown was 
performed on the jugular vein, and a catheter was passed into 
the right atrium. A temperature transducer was inserted into the 
rectum. 

A thoracotomy was then performed in the left third intercostal 
space. An electromagnetic flow transducer was placed around 
the main pulmonary artery and a catheter inserted into the artery. 
In some fetuses, a catheter was inserted directly into the left 
atrium. The control fetuses had the ductus arteriosus ligated at 
this point so that the transducer around the main pulmonary 
artery measured pulmonary blood flow in both experimental 
and control lambs. The tracheostomy tube was unclamped and 
ventilation begun. The umbilical cord was immediately ligated 
and cut, and the newborn lamb received ketamine 5 mg/kg 
intravenously with additional doses when necessary to maintain 
anesthesia. 

Experimental protocol. The newborn lambs were ventilated at 
a tidal vol of approximately 10 ml/kg with 20 ml/kg sighs at 15- 
min intervals. End expiratory pressure was maintained at 2 cm 
of water. Ventilator rate was adjusted to maintain end tidal 
carbon dioxide concentration at 5%. During the first 45 min, the 
lambs were ventilated with room air. Then their response to 
changes in alveolar oxygen tension was determined by ventilating 
them with 100, 50,21, 15, and 9% oxygen for 5-min periods. In 
preliminary experiments, three identically instrumented new- 
born lambs were exposed to these fractions of inspired oxygen 
in this order and in reverse order. Average pulmonary arterial 
pressure, blood flow, and resistance, and blood gases at a given 
fraction of inspired oxygen varied by 510% between the orders 
of exposure. 

At the end of the experiment, each lamb was sacrificed with 
phenobarbital. The position of the right atrial catheter was 
checked. The ductus arteriosus was examined to insure it was 
closed to inspection and did not allow passage of a 1.5-mm 
probe. 

Measurements. The following phasic variables were recorded 
continuously: pulmonary and systemic arterial pressure, right 
and left atrial pressure, airway pressure, pulmonary blood flow, 
and expired oxygen and carbon dioxide concentrations. Every 
15 min for the first 45 min and at the end of each exposure to a 
new oxygen concentration, electronically meaned values of each 
of the phasic variables, except expired gases, were recorded, and 
a systemic arterial blood sample for measurement of pH and the 
tensions of oxygen and carbon dioxide was obtained. 

Expired gases were analyzed by a Perkin-Elmer MGA 1100 
mass spectrometer (Perkin-Elmer Corp., Norwalk CT). Vascular 
pressures were measured by Bentley Trantec transducers. Airway 
pressure was measured by a Gould-Statham differential pressure 
transducer. Pulmonary blood flow was measured by a C&C 
Instruments electromagnetic flow transducer and analyzed by a 
Gould SP2202 electromagnetic flowmeter (Gould Inc., Oxnard, 
CA). Each of these variables was processed and recorded by a 
Gould physiologic amplifier recorder system. Blood gas tensions, 
pH, and Hb were measured by a Radiometer ABL2. Rectal 
temperature was measured by a Yellow Springs Instruments Co. 
(Yellow Springs, OH) telethermometer and maintained at 39- 
40°C. 

The one experimental fetus that had been catheterized pre- 
natally and survived to delivery spontaneously 6 d after ligation 
of the ductus arteriosus was studied by a different protocol. It 
was placed in a chamber which allowed it to walk about and feed 
while the Fi,, in the chamber was varied between 0.21 and 1.0. 
Pulmonary and systemic arterial pressures and systemic arterial 
blood gases and pH were monitored under these conditions for 
2 d. 

Data analysis. All pressures were referenced to the midchest. 
Pulmonary blood flow was corrected for body wt in kg. Total 
pulmonary resistance was calculated as pulmonary arterial pres- 
sure/pulmonary blood flow/kg. Left atrial pressure was not used 
as it was not consistently available (Table 1). The ratio of 
pulmonary arterial to systemic arterial pressure was determined. 

Factorial ANOVA with repeated measures applied to the first 
factor (time or Fi,,) was used to determine if the pulmonary 
circulatory variables changed with time or with Fi,, and whether 
they are different between the control lambs and those with 
prenatal ligation of the ductus arteriosus (14). To maintain equal 
group sizes, these analyses compared the six surviving lambs that 
had prenatal ligation of the ductus arteriosus without catheteri- 
zation to the six control lambs that had no prenatal surgery. 
Regression of pulmonary arterial pressure, blood flow, and re- 
sistance on d of ligation of the ductus arteriosus before birth was 
analyzed using the data at the end of the first 45 min of ventila- 
tion with air. To avoid skewing the data with a large number of 
points at 0 d of ligation, this analysis was applied to the data 
from the three sham-operated control lambs and the six surviving 
lambs with prenatal ligation of the ductus arteriosus without 
catheterization. The one surviving lamb that had prenatal cath- 
eterization is summarized separately. 

RESULTS 

Three of the nine fetuses who had prenatal ligation of the 
ductus arteriosus without catheterization died before study. Two 
were found dead after spontaneous delivery while unattended. 
These two were heavily stained with meconium and had inflated 
lungs, indicating live birth. One died during insertion of a left 
atrial catheter after cesarean section. 

Hemodynamics. During the first 45 min of ventilation with 
air, pulmonary arterial pressure decreased in the control lambs 
without prenatal surgery but not in the lambs who had their 
ductus arteriosus ligated 3- 17 d before delivery (Fig. 1 A). During 
this period, pulmonary arterial pressure was higher, pulmonary 
blood flow was lower, and total pulmonary resistance was higher 
in the lungs of the lambs who had their ductus arteriosus ligated 
before delivery. 

During the variation in inspired oxygen from 100 to 9%, 
pulmonary arterial pressure remained higher, pulmonary blood 
flow lower, and total pulmonary resistance higher in the lambs 
who had their ductus arteriosus ligated before delivery (Fig. 1 B). 
Decreasing Fi,, increased pulmonary arterial pressure and resist- 
ance in both groups of lambs. 

Prenatal thoracotomy alone did not cause pulmonary hyper- 
tension. The ratio of pulmonary arterial pressure in the sham- 
operated control lambs to that in the control lambs without 
prenatal surgery averaged 0.98 f 0.03 over the course of the 
experiment. Similarly, the ratio of pulmonary blood flow in the 
sham-operated to the unoperated control lambs averaged 1.33 k 
0.03. 

Aortic pressure tended to be lower in the lambs with prenatal 
ligation of the ductus arteriosus, though the tendency did not 
reach significance (Table I). Right atrial pressure was higher in 
the lambs who had prenatal ligation of the ductus arteriosus. 
This was a very similar elevation of left atrial pressure in the 
three lambs with prenatal ligation in whom measurements were 
made. The higher total pulmonary resistance was not due to this 
elevation of left atrial pressure. If pulmonary vascular resistance 
is calculated in all lambs using right atrial pressure as an index 
of left atrial pressure, it remains significantly elevated in the 
lambs with prenatal ligation of the ductus arteriosus. 

Pulmonary arterial pressure approximated systemic arterial 
pressure throughout the experiment in the lambs that had their 
ductus arteriosus ligated before delivery. During the variation in 
inspired oxygen, the ratio of pulmonary to systemic arterial 
pressure averaged 1.02 on room air (Fig. 2) and in two lambs it 
was at least 1 .O, even during ventilation with 100% oxygen. The 
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Table 1. Heart rate and systemic arterial and atrial pressures during the first 45 min of ventilation with air and during variation in 
Fio2 in six control newborn lambs and six lambs that had their ductus arteriosus ligated before delivery* 

Heart rate (beatslmin) Mean pressure (tom) 

Systemic arterial Right atrial Left atrial 

Control Ligated 
Fie, Control Ligated Control Ligated Control Ligated (n = 3) (n = 3) 

0.2 1 
(15 min) 147 t 8 173 t 13 84 k 4 62 t 5 -1 k 2  5 + 1  O t  1 5 + 1  
(30 min) 1 6 4 t  9 177 t 12 83 + 5 65 + 5 - 2 +  1 4 + 1  0 t 2 4 +  1 
(45 min) 1 5 9 t  7 175 k 18 78 + 4 62 t 5 -3 + 1 4 t  1 -1 + 2  4 + 1  

t t t tS 
I .O 155 t 5 155 t 16 73 + 5 6 1 t 6  -3 + 1 4 2 1  - I  + I 3 t l  
0.5 1 6 0 t  4 160k  16 72 + 5 59 + 6 -3 + 1 4 + 1  O t 1  3 t l  
0.21 161 + 5 171 t 14 67 + 3 54 t 6 -3 + 1 3 f  1 -1 f 1 2 t l  
0.15 166 + 7 178 + 14 66 + 4 53 + 5 - 2 +  1 3 + 1  - 2 +  1 2 + 1  
0.09 165 + 7  199 + 17 65 + 6 54 + 7 - 2 +  1 5 + 1  - 2 k  I 2 + 1  

t t t t f 

* Values are mean -c SEM. 
Values in the column above change significantly with time or with Fie,, p 5 0.05. 

$ Values in the column above are significantly different than those in the control lambs, p 5 0.05 

0 15 30 45 
Time Aner Birth (Min.) 

Fig. 1. Pressure, blood flow, and resistance in the pulmonary circulation of six control newborn lambs (broken lines) and six newborn lambs 
that had their ductus arteriosus ligated 3-17 d before delivery (solid lines). A, during the first 45 min of ventilation with room air; B, during 
ventilation with stepwise decreases in Fio, from 1.0 to 0.09. Values are mean t SEM. ' = Significantly different than in the control lambs during 
the first 45 min of ventilation with air or during the variation in Fie,, p 5 0.05. + = Changes significantly with time of with Fie, p 5 0.05. 

longer the ductus arteriosus was ligated, the higher the pulmonary 
arterial pressure and resistance and the lower the pulmonary 
blood flow (Fig. 3). 

Gas exchange. End tidal tensions of oxygen and carbon dioxide 
were the same in the lambs that had prenatal ligation of the 
ductus arteriosus and the controls that had no prenatal surgery. 
Obtaining the same end tidal gases required a higher ventilator 
rate and inspiratory pressure in the lambs that had prenatal 
ligation of the ductus arteriosus, 4 1.4 + 4 versus 2 1 + 1 breaths/ 
min ( p  5 0.05) and 33 + 2 versus 21 + 2 torr ( p  5 0.005) after 
45 rnin of ventilation. 

Systemic arterial pH was the same in both groups of lambs 
(Table 2). Systemic arterial oxygen tension was substantially 
lower during ventilation with room air in the lambs that had 
their ductus arteriosus ligated before delivery. During ventilation 
with 100% oxygen, the three of these lambs that had the highest 
pulmonary arterial pressure had evidence of extrapulmonary 
shunting of blood. Arterial oxygen tensions were 545 torr in 
these lambs, and oxygen tensions were >I00 torr in each control 
lamb. 

Prenatal thoracotomy did not impair gas exchange after birth. 
The sham-operated control lambs had ventilator settings and 
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FIo2 oil51 0.09 

Fig. 2. The ratio of pulmonary to systemic arterial pressure in six 
control newborn lambs and six newborn lambs that had their ductus 
arteriosus ligated 3-17 d before delivery. Values are mean + SEM. 
Symbols are as in Figure I. 

arterial oxygen tension similar to the control lambs without 
prenatal surgery. After 45 min of room air ventilation, their 
ventilator rate averaged 19 + 3 breathslmin their inspiratory 
pressure averaged 14 + 2 torr, and their arterial oxygen tension 
averaged 66 + 4 torr. 

Hernodynamics and gas exchange over 2 d. In the lamb that 
had prenatal catheterization, pulmonary arterial pressure was 
initially quite labile, increasing abruptly with activity (Fig. 4). It 
was more than systemic arterial pressure except during some of 
the periods when the lamb breathed 100% oxygen. Over time, 
pulmonary arterial pressure stabilized and finally decreased to 
less than systemic arterial pressure during air breathing. Systemic 
arterial oxygen tension was initially quite low, but it improved 
by the end of the experiment. 

DISCUSSION 

The newborn lambs that had their ductus arteriosus ligated 3- 
17 d before delivery had the physiologic characteristics of new- 
borns with persistent pulmonary hypertension (15, 16). Their 
pulmonary arterial pressure was elevated, often exceeding sys- 
temic arterial pressure (17, 18). It remained elevated on 100% 
oxygen, still exceeding systemic arterial pressure in some (17, 
18). Oxygen tension was low (17, 18); and there was evidence of 
extrapulmonary shunting of blood (19) and decreased compli- 
ance of the lungs (16, 20-22). There was a tendency toward 
systemic hypotension which may also be an important compo- 
nent of the clinical problem (5, 23). In the awake lamb that was 
studied over time, pulmonary arterial pressure was quite labile, 
but it eventually stabilized and decreased to less than systemic 
pressure (16). The accompanying report demonstrates that ligat- 
ing the ductus arteriosus of fetal lambs causes changes in the 
anatomy of the pulmonary vascular bed which have been re- 
ported in newborns that die from persistent pulmonary hyper- 
tension. This experimental animal preparation has the features 
of persistent pulmonary hypertension of the newborn. 

There have been previous attempts to create a newborn animal 
with the physiologic characteristics of persistent pulmonary hy- 
pertension based on the assumption that the syndrome is caused 
by chronic fetal hypoxia with or without hypercarbia. Thus, 
investigators have placed pregnant animals in environments with 
low Fi,,, embolized the placenta, or partially occluded the um- 
bilical cord (24-26). These approaches should divert even more 
of the right ventricular output away from the lungs in the fetus 
(7). In the report on partial occlusion of the umbilical cord, the 

Prenatal Closure of the Ductus arteriosus 

( d a y s )  

Fig. 3. The regression of pressure, flow, and resistance in the pul- 
monary circulation of 12 newborn lambs on d of ligation of the ductus 
arteriosus before delivery. Linear regression lines, their equations, and 
their 95% confidence belts are given. Each regression was significant, p 
5 0.02. 

newborn lambs had elevated pulmonary arterial pressure and 
resistance relative to control lambs (26). However, during venti- 
lation with air, pulmonary arterial pressure was less than 60% of 
systemic arterial pressure, blood shunted left to right across the 
ductus arteriosus, and oxygenation was normal. In the report of 
embolizing the placenta, the three treated lambs had elevated 
pulmonary arterial pressure relative to the control lamb (25). 
However, pulmonary arterial pressure averaged less than sys- 
temic on room air, pulmonary blood flow was not measured, 
and hypoxemia was not reported. Chronic intrauterine hypoxia 
alone did not cause pulmonary hypertension in newborn guinea 
pigs (24). 

Based on case reports of persistent pulmonary hypertension in 
infants of mothers treated with salicylates or indomethacin, 
prostaglandin synthesis inhibition has been postulated as a cause 
of the syndrome. Inhibiting prostaglandin synthesis in pregnant 
ewes constricts the ductus arteriosus, increasing pulmonary ar- 
terial pressure above systemic arterial pressure in fetal lambs 
(27-30). This was associated with a doubling of pulmonary blood 
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Table 2. Systemic arterial blood gases and pH in six control newborn lambs and six lambs that had their ductus arteriosus ligated 
before delivery* 

PH (U) PCO~ (ton) PO, (tom) 

Fi02 Control Ligated Control Ligated Control Ligated 

0.2 1 
(15 min) 7.26 ?z 0.02 7.23 c 0.05 37 r+ 2 47 + 6 50 + 6 3 1 c 6  
(30 min) 7.29 + 0.01 7.28 + 0.02 35 + 2 43 k 1 52 + 3 31 + 4  
(45 min) 7.30 ?z 0.01 7.29 k 0.03 35 t I 42 t 4 52 k 3 32 + 5 

t t $ $ 
1 .O 7.33 + 0.03 7.33 t_ 0.02 36% 1 39 + 2 245 + 35 163 rt 66 
0.21 7.31 +. 0.02 7.32 t 0.02 34 C 2 40 + 2 56 c 2 33 c 5 
0.09 7.32 c 0.03 7.30 + 0.05 34 t 2 42 + 4 21 + 2  1 7 t  1 

t t 
* Values are mean + SEM. 
t Values in the column above change significantly with time or with Fie,, p 5 0.05. 
$ Values in the column above are significantly different than those in the control lambs, p 5 0.05. 

Time (hours) 

Fig. 4. Pulmonary and systemic arterial pressure and systemic arterial Po, during the first 2 d after birth in an awake lamb that had ligation of 
the ductus arteriosus 6 d before spontaneous vaginal delivery. 

flow in the report of Heymann and Rudolph (27) and a 5-fold 
increase in flow in the report of Morin et al. (29). No physiologic 
studies have been made after birth in the lambs of ewes treated 
with indomethacin as the fetuses die within a d or two after 
treatment (1 1, 28). There was a recent study of the effect of 
indomethacin on the fetal guinea pig (3 1). This study found that 
treating the pregnant guinea pig with 7 mg/kg/day of indometh- 
acin did not cause persistent pulmonary hypertension at birth. 
Treating the pregnant guinea pig larger doses of indomethacin 
caused fetal death. 

There are previous reports of long-term survival of the fetus 
after mechanical closure of the ductus arteriosus (12, 13). We 
have found that most fetal lambs survive for many days after 
mechanical closure of the ductus arteriosus. It is possible that 
the fetal deaths after maternal indomethacin administration are 
due to effects of prostaglandin synthesis inhibition other than 
closure of the ductus arteriosus such as the increase in uterine 
vascular resistance (32, 33). 

Mechanical closure of the ductus arteriosus increases pulmo- 
nary arterial pressure above systemic arterial pressure in the fetus 
(12, 13, 34, 35). It also increases pulmonary blood flow out of 
proportion to the increase in pressure, thus decreasing calculated 
pulmonary vascular resistance (8, 35). It is not clear how long 
the increase in pressure and flow are maintained. Sequential 
measurements of pulmonary vascular pressures and blood flow 
after closure of the ductus arteriosus need to be made. Then the 

relationship of these factors to the remodeling of the intraacinar 
arteries and the development of persistent pulmonary hyperten- 
sion at birth can be determined. 

This experimental animal preparation can be used to study 
the effects of pulmonary hypertension on the transition from gas 
exchange by the placenta to gas exchange by the lungs at birth. 
Such study should enhance our understanding of, and manage- 
ment of, newborns with persistent pulmonary hypertension (1 5).  
Does this preparation also provide insight into an etiology of 
persistent pulmonary hypertension of the newborn? Case reports 
indicate the ductus arteriosus can close before birth (36). Persist- 
ent pulmonary hypertension is commonly reported in postterm 
newborns (16, 17). The ductus arteriosus may become more 
sensitive to constricting stimuli toward term (37, 38). It is plau- 
sible that the ductus arteriosus is prone to intrauterine constric- 
tion, or closure, when the fetus passes term gestation. 
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