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ABSTRACT: Premature newborn baboons [125 d (67%) gestation],
exposed to a moderate-size patent ductus arteriosus (PDA) [pulmo-
nary-to-systemic blood-flow-ratio (Qp/Qs) � 1.8] for 14 d, have
impaired pulmonary function and arrested alveolar development and
surface area when compared with age matched fetuses (140 d ges-
tation). Pharmacologic closure of the PDA reduces the detrimental
effects of preterm delivery on pulmonary function and surface area.
We used preterm baboons (delivered at 125 d gestation and ventilated
for 14 d) to study the effects of surgical PDA ligation on pulmonary
function and alveolar surface area. After ligation (on day of life 6),
ligated animals had lower Qp/Qs ratios [Qp/Qs (ligated, n � 10) �
1.00 � 0.04; (nonligated, n � 12) � 2.05 � 0.17; mean � SD] and
higher systemic blood pressures than nonligated control animals.
Ventilation and oxygenation indices did not differ between the
groups, during either the pre- or postoperative periods. Alveolar
surface area measurements were made by digital image analysis and
compared with measurements made from fetal lungs at 125 d (n � 6)
and 140 d (n � 7) gestation. PDA ligation failed to improve the
postnatal arrest in alveolar surface area. In contrast with pharmaco-
logic closure of the PDA, surgical closure failed to improve either
pulmonary function or alveolar surface area in baboons with a
moderate PDA shunt. (Pediatr Res 63: 299–302, 2008)

Lung injury, superimposed on an immature lung, leads to
bronchopulmonary dysplasia (BPD). BPD is now char-

acterized primarily by impaired alveolar and vascular growth,
rather than by extensive fibrosis, smooth muscle proliferation,
and regional heterogeneity (1). A persistent patent ductus
arteriosus (PDA) has been shown to impair pulmonary me-
chanics (2–4) and prolong the need for mechanical ventilation
(5). Although numerous studies have found an association
between the presence of a PDA and the development of BPD,
there is little available information to indicate whether this is
a cause-and-effect relationship (6,7). Most of the controlled
clinical trials examining PDA treatments were not specifically
designed to address this issue; nor has there been an appro-
priate animal model to test the hypothesis (8–10).

The premature baboon, delivered at 125 d gestation (67% of
gestation, term � 185 d) has recently been used to explore the
causes of BPD. The premature baboon has a similar neonatal
course as the premature human delivered between 26 and 27
wk of gestation (11): they both develop respiratory distress
and fail to close their PDA after birth. Despite antenatal
glucocorticoids, surfactant treatment, total parenteral nutrition,
low tidal volume ventilation, and low supplemental oxygen
administration during the first 2 wk after delivery, premature
baboons develop pulmonary histopathologic changes that are
similar to those described in premature human infants with
BPD (1,12).
Using this model, we have examined the effects of pharma-

cologic closure of a PDA (with ibuprofen) on the development
of BPD (13). Ibuprofen decreased left-to-right ductus shunt
and improved pulmonary compliance and ventilation indices.
Ibuprofen treatment also had beneficial effects on lung mor-
phology in the preterm newborn baboon. Digital image anal-
ysis showed significant improvement in alveolar surface area
in ibuprofen-treated animals compared with control animals
(that did not receive ibuprofen, and that had a persistent PDA
during the first 2 wk after delivery) (13).
In the study reported below, we examined whether ductus

ligation at 6 d after birth produced similar beneficial effects on
lung development. Lungs obtained from premature baboons,
mechanically ventilated during the first 2 wk after delivery,
were examined by the same digital image analysis techniques
that were used in the previous ibuprofen-treatment study (13).
We found that, in contrast with pharmacologic closure with
ibuprofen, surgical closure of the PDA offered no benefit for
either pulmonary function or for alveolar development during
the first 2 wk after delivery.

METHODS

Studies were performed at the Southwest Foundation for Biomedical
Research Primate Center in San Antonio, TX and were approved by the
Committee on Animal Research. A complete description of the details of
animal care and the surgical procedures have been published elsewhere
(1,12,14) (see also online data supplement for Refs. 1,12,14). Briefly, timed
pregnant baboon (Papio papio) dams were delivered at 125 � 1 d gestation
(full term � 185 d) and their newborns were mechanically ventilated for 14 d.
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The dams did not receive antenatal glucocorticoids. At birth, the infants were
weighed, sedated, intubated, and given surfactant (Survanta, courtesy of Ross
Laboratories, Columbus, OH) before initiation of ventilator support (In-
fantStar, Infrasonics, San Diego, CA). Ventilator adjustments were made
based on chest radiograph, clinical examination, arterial blood gas measure-
ment, and tidal volume measurement (12). Target goals for PaO2 were 55–70
mm Hg, for PaCO2 45–55 mm Hg, and for tidal volume 4–6 mL/kg.
Nutritional, fluid, transfusion, antibiotic, and blood pressure management
have been previously described (12). None of the animals received postnatal
steroids.

Animals were randomized before delivery to either ductal ligation (liga-
tion) at 6 d after birth or no intervention (control). This time point was chosen
because the animals are relatively stable from a cardiopulmonary standpoint
(see Fig. 1) and because previous experience has shown that the animals do
not tolerate the surgery before day of life 5–6. Animals in the ligation group
underwent ductus ligation, using standard surgical techniques, after induction
of anesthesia with ketamine (10 mg/kg), and fentanyl (20 �g/kg), and muscle
relaxation with pavulon (0.1 mg/kg). Animals in the control group did not
receive anesthesia or sham surgery because our intention was to mimic the
clinical care of human newborns.

We studied the newborns for the first 14 d after birth since beyond 14 d
there is a high likelihood that the animals would develop septicemia or
pneumonia (1). Because sepsis plays a significant role in the development of
chronic lung disease in the preterm, the presence of septicemia or pneumonia
in the animals would significantly alter our ability to detect differences due to
other interventions. X-rays were obtained daily and surveillance cultures were
obtained while the animals were alive; histologic examinations were per-
formed at necropsy. None of the animals in the control or ligation groups
developed septicemia or pneumonia during the study period.

Pulmonary function testing was performed using the VitalTrends plethys-
mograph system (VT1000, Vitaltrends Technology, New York, NY). The
reproducibility and sensitivity of this system has been described previously
(12). Compliance measurements were of the respiratory system as a whole
and were corrected for body weight. Oxygenation index [�mean airway
pressure (cm H2O) � FiO2 � 100/PaO2] and ventilation index (�peak
inspiratory pressure � ventilator rate � PaCO2/1000) were calculated at the
same times.

A complete echocardiographic exam, including assessment of ductal pa-
tency, was performed daily using an 8-mHz transducer interfaced with a
Biosound AU3 echocardiographic system (Genoa, Italy) (15,16).

Findings in these study animals related to the clinical course, cardiovas-
cular performance, and proinflammatory cytokines have been published else-
where (14).

Control fetuses. Lung tissue was also obtained from 125-d gestation
fetuses and from fetuses (140-d gestation) that remained in utero for the
equivalent 14-d newborn experimental period. Fetuses were delivered by
cesarean section and euthanized before breathing.

Lung morphometry and digital image analysis. At necropsy, the right
lower lobe was removed, weighed, and intrabronchially fixed with phosphate-
buffered 4% paraformaldehyde at 20 cm H2O constant pressure for 24 h. After
fixation, the volume of the right lower lobe was determined by volume
displacement and subsequently processed for light microscopy (12). The right

lower lobe was cut into four pieces of equal thickness. Tissue sections from
each of the right lower lobe pieces were obtained following a stratified
random sampling procedure and 27–33 sections were photographed with a
�10 objective (17).

Digital image analysis of the gray-scale photographs was performed by
adapting the algorithm of Tschanz and Burri (18) into a macro for ImagePro
5.0 (Media Cybernetics, Silver Spring, MD). Each photographic image was
processed with the macro to thin, or skeletonize, the alveolar septa on the
two-dimensional section into a network of lines that were a single pixel in
thickness (18). The number and length of primary septal segments and
secondary crests were tallied and summed to obtain the total alveolar surface
area for the right lower lobe (19).

Statistics. Our sample size was limited both by the expense of the model
and our attempt to limit the use of this precious animal resource. In our
previous study, we detected a significant increase in alveolar surface area (an
increase of 364 cm2, or 26%, compared with fetal controls) in animals treated
with ibuprofen to close their PDA (13). We used a larger number of newborn
animals in the current study, and calculated that this number of animals should
enable us to detect an increase in alveolar surface area of 240 cm2 (or 17%)
with a two-sided significance level of 5%, and a probability of 80%.

Data are presented as mean � SD. Between groups differences were
compared by analysis of variance (ANOVA), unpaired t test, or the Mann-
Whitney rank sum test were appropriate. Statistical results were generated
using Statview (SAS Institute, San Francisco) software.

RESULTS

Twenty-two newborn animals (control � 12, ligation � 10)
were ventilated for 14 d. All animals had a patent ductus on
day 6 (the day of planned ductus ligation). There were no
differences between the 2 groups in birth weight (control �
403 � 13, ligation � 405 � 13 g), sex (% male: control �
58%, ligation � 70%), gestation (control � 125 � 1, liga-
tion � 125 � 1 d), or in any of the measured parameters
before the time of planned ductus ligation (day 6) (see below).
Before ductus ligation, both groups had similar systemic

blood pressures and similar degrees of left-to-right PDA shunt
[as reflected by the pulmonary-to-systemic blood flow ratios
(Qp/Qs)] (Fig. 1). The ductus in the control group stayed open
throughout the 14-d experiment; the average Qp/Qs ratio for
the control group fluctuated between 1.7 and 2.3 from days 7
through 13 (average Qp/Qs ratio � 2.05 � 0.17) (Fig. 1).
Animals in the ligation group had higher mean systemic blood
pressures (Fig. 1B), and higher systolic and diastolic pressures
(data not shown) at all times after the ligation. There were no

Figure 1. Comparison of indices of (A) pulmonary-to-systemic blood flow ratio (Qp/Qs), (B) mean systemic blood pressure (mean BP), (C) ventilation index
(VI), (D) dynamic compliance per kilogram body weight, (E) oxygenation index (OI), and (F) fluid intake and urine (fluid) output, in control (n � 12) and ligation
(n � 10) groups. Values are mean � SD. Values between the study groups were similar before the day of ligation (day 6). After the ligation, Qp/Qs (p � 0.001,
on days 7–14, ANOVA) and mean BP values (p � 0.001, on days 7–14, ANOVA) were significantly different between the study groups. VI, OI, Compliance,
fluid intake, and fluid output were not significantly different between the study groups. Vertical arrow indicates the day of ligation.
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differences in the fluid intake and urine output between the
two groups (Fig. 1); nor were there differences between the
two groups in base deficit, serum bicarbonate, or need for
dopamine/dobutamine administration during the 14-d treat-
ment course (data not shown).
There were no differences in ventilation index, dynamic com-

pliance, or oxygenation index between the two groups, during
both the preoperative and postoperative periods (Fig. 1).
At necropsy, there were no differences in the histopatho-

logic findings between the two groups. Both groups exhibited
varying degrees of inflation. Atelectasis was usually associ-
ated with the presence of mucus plugs in a few bronchiolar
lumens. In the regions with well-inflated parenchyma, the
saccular walls were dilated and few secondary crests/alveoli
were evident. Bronchopneumonias and septic emboli were not
identified. Airway and vascular lesions were not evident.
We performed digital image analysis to obtain the total

alveolar surface area for the right lower lobe [using the
algorithm of Tschanz and Burri (18)]. The total alveolar
surface area increased significantly with advancing gestation
(compare 140-d gestation fetal lung with 125-d gestation fetal
lung) (Fig. 2). In contrast, there was no increase in the total
alveolar surface area if the fetuses were delivered prematurely
and ventilated for 14 d (Fig. 2). Furthermore, ductus ligation
did not lead to an increase in total alveolar surface area
(Fig. 2). The lack of impact of ductus ligation on alveolar
surface area contrasts with the previously reported increase in
alveolar surface area observed with ibuprofen treatment (13)
(Fig. 2).

DISCUSSION

Premature newborn baboons, exposed to a moderate-size
PDA shunt for 2 wk, have decreased pulmonary function and
arrested alveolar development (13) (Fig. 2). We previously
found that pharmacologic closure of the PDA, with ibuprofen,
prevented the deterioration in both pulmonary function and
alveolar development (Fig. 2) (13). In contrast, we found that
surgical ligation of the PDA did not alter pulmonary mechan-
ics or the evolution of histologic BPD during the first 2 wk
after birth. We used the same digital imaging techniques to
evaluate alveolar surface area that we used in the prior ibu-
profen-treatment study (13).
It is possible that the trauma of surgical ligation, itself, will

have obscured the effects of PDA closure on postnatal lung
development. Airway aspirates from infants that develop BPD
contain proinflammatory cytokines/chemokines (like IL-6 and
IL-8) during the first days after delivery (20–25). Premature
delivery and mechanical ventilation of preterm baboons have
also been shown to increase proinflammatory cytokines/
chemokines (1,12,13). However, in studies we have previ-
ously reported, IL-6 and IL-8 expression did not seem to differ
between control animals (with a PDA) and those with a
surgically ligated ductus (14).
It is possible that differences in alveolar development,

between the control and ligation groups, may have been more
apparent if the animals had been exposed to larger left-to-right
PDA shunts (Qp/Qs � 3:1). However, in our previous study,
significant improvement in alveolar development occurred
even after similar size PDA shunts (Qp/Qs � 1.8 � 0.2) were
closed pharmacologically (Fig. 2) (13).
In the ibuprofen-treatment experiments, ibuprofen was

started at 24 h after birth and ductus closure occurred on day
3 (13). In contrast, in the current experiments, surgical closure
was not performed until day 6 (because preterm baboons do
not tolerate surgery before this time). It is possible that the 3
extra days of exposure to the left-to-right PDA shunt in our
current experiments will have contributed to the lack of
improvement in alveolar growth in the ligated animals.
At this time, it is unclear whether the beneficial effects of

ibuprofen are due to its effect on the ductus left-to-right shunt
or are due to some other pharmacologic effect that might
promote alveolarization. It is worth noting that ibuprofen-
induced ductus closure, like surgical ductus ligation, did not
seem to affect the expression of IL-6 or IL-8 (the cytokines
most commonly associated with the development of BPD in
this model) (13).
Our findings are consistent with the limited amount of data

available from clinical studies. There is little evidence to
suggest that surgical ductus closure prevents the evolution of
BPD (26). If anything, recent population-based, observational
studies have suggested just the opposite, namely, that surgical
ligation may act as an independent risk factor for the devel-
opment of BPD (9,27). In the only published controlled trial to
compare pharmacologic closure of the PDA with surgical
ligation (28), infants that were treated pharmacologically with
indomethacin required shorter durations of CPAP than those
treated surgically (p � 0.06).

Figure 2. Digital image analysis of total alveolar surface area of the right
lower lobe in fetuses (125 and 140 d gestation) and 14-d-old premature
newborn baboons (see Methods section). Values are mean � SD, n � number
of animals. *p � 0.05, groups compared with the 125-d gestation fetus. †p �
0.05, groups compared with the 140-d gestation fetus. (A) Total alveolar
surface area in fetuses (125 and 140 d gestation) and 14-d-old premature
newborns [with an open ductus (Nb cont) or a ligated ductus (Nb ligat)]. Total
alveolar surface area increased with advancing gestation (compare 125 d fetus
with 140 d fetus). There was no increase in surface area after 14 d in preterm
newborns with either an open ductus or a ligated ductus. (B) Data extrapolated
from previously reported experiments (13) using fetuses (125 and 140 d
gestation) and 14-d-old premature newborns [with an open ductus (Nb cont)
or a ductus that was closed with ibuprofen (Nb ibup)]. In this set of
experiments, there was an increase in surface area (compared with 125 d
gestation fetuses) when ibuprofen was used to close the preterm newborn
ductus (Nb ibup).
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Ductus ligation is associated with several known morbidi-
ties: thoracotomy, postoperative myocardial dysfunction (29),
hypotension (30), pneumothorax, chylothorax, infection, and
vocal cord paralysis (8,30); neonatal transport to another
facility may be required if surgical expertise is not readily
available. In sum, ductus ligation, while eliminating one po-
tential cause for neonatal morbidity, may introduce another set
of problems. We suggest that a careful evaluation of both the
desired and achievable goals of ductus ligation be performed
before committing infants to routine or early surgical closure.
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