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Ligating the Ductus Arteriosus before birth
Remodels the Pulmonary Vasculature of the
Lamb
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ABSTRACT. The clinical syndrome of persistent pulmo-
nary hypertension of the newborn includes a develop-
mentally abnormal pulmonary microvasculature which con-
tains excessive amounts of muscle and which cannot adapt
to air breathing in the perinatal period. Surgical ligation
of the ductus arteriosus of the fetal lamb has produced a
physiologic model of pulmonary hypertension of the new-
born. The aim of the present investigation is to determine
whether surgical ligation of the ductus arteriosus in fetal
sheep produces anatomic changes in the pulmonary blood
vessels. The pulmonary vasculature of seven neonatal
lambs that underwent surgical ligation of the ductus arter-
iosus from 6 to 17 d before birth was compared to that of
five control lambs with a patent ductus arteriosus without
fetal surgery and three control lambs with a patent ductus
arteriosus that underwent sham surgery. Quantitative mi-
croscopic analysis of the barium gelatin-filled peripheral
pulmonary vascular bed revealed an increase in the pro-
portion of partially and fully muscularized pulmonary ar-
teries at the level of the terminal bronchiole and within the
acinus ( p < 0.0001). This finding demonstrates that medial
muscle develops in areas of the distal pulmonary vascular
bed where it is normally absent. Periadventitial fibrosis
surrounding intraacinar pulmonary arteries was also
present. No change in the number of small intraacinar
arteries was detected. This structural remodeling of the
peripheral pulmonary vascular bed was initiated in utero
by ductus arteriosus occlusion. Prenatal closure of the
ductus arteriosus for 6 to 17 d in fetal lambs produces
anatomic changes in small pulmonary arteries of the new-
born lamb. These anatomic changes are similar to patho-
logic alterations reported in human neonates dying with
idiopathic persistent pulmonary hypertension of the new-
born. (Pediatr Res 25:251-257, 1989)

Abbreviations

PPHN, persistent pulmonary hypertension of the newborn
ED, external diameter
MT, medial thickness

The clinical syndrome of idiopathic PPHN is characterized
morphologically by the abnormal presence of muscle in the walls
of the smallest pulmonary artery branches (1). The etiology of
PPHN occurring in the absence of primary cardiac, pulmonary,
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or hematologic disorders is unknown. Prenatal ligation of the
ductus arteriosus 6 to 17 d before birth in fetal lambs produces
physiologic characteristics similar to the human syndrome (2).
We studied the peripheral pulmonary vasculature in these lambs
to identify histologic changes in pulmonary arteries and to deter-
mine whether these changes represented an experimental model
which reproduced the human disease.

MATERIALS AND METHODS

Animals studied and surgical preparation. The study included
15 neonatal lambs: five control lambs with patent ductus arter-
iosus during fetal development and without fetal surgery, three
control lambs with a patent ductus arteriosus and sham surgery,
and seven lambs that had ligation of the ductus arteriosus from
6 to 17 d before birth. The surgical preparation has been de-
scribed in detail (2) and will be only summarized here. Seven
pregnant ewes at 123-134 d of gestation were operated upon
under halothane anesthesia. The fetus was exposed through a
hysterotomy, a thoracotomy performed, and the ductus arterio-
sus was ligated. The fetus was returned to the uterus, and the
ewe and fetus recovered from surgery. Between 138 and 142 d
of gestation, these fetuses were delivered, producing newborn
lambs that had been exposed to 6-17 d of prenatal ductus
arteriosus ligation. They lived and breathed air for several h after
birth while physiologic measurements were made. Similarly,
three control fetuses were operated upon under halothane anes-
thesia 14 d before birth. They underwent maternal hysterotomy
followed by fetal thoracotomy, incision of the pericardium and
visualization, but not ligation of the ductus arteriosus. At 140 d
of gestation, these fetuses were delivered; they lived for 3 to 5 h
while undergoing physiologic measurements. Five control fetuses
that did not have surgery were delivered at 134-142 d of gesta-
tion. After ventilation for 3-5 h, all lambs were sacrificed with
phenobarbital injection.

Preparation of tissue. The trachea, lungs, and heart were
immediately removed en bloc from the chest cavity through a
midline sternotomy and frozen (3). They were later thawed by
immersion in a water bath at 40°C. The right ventricle was
incised, and a wide bore catheter was inserted through the right
ventricle into the main pulmonary artery, where it was secured
with a ligature. The left atrium was opened to allow outflow.
The pulmonary arteries were injected with a warm barium gelatin
suspension (400 ml micropaque powder, Nicholas Picker Co.,
Stoughton, MA; 50 g gelatin, Bloom 8-G, Fisher Scientific Co.,
Fairlawn, NJ; 500 ml distilled water, and a few crystals of phenol)
at 75 cm water pressure and 60°C for 2 min using the technique
of Reid adapted from the method of Short (4-6). This injection
technique fills all pulmonary artery branches greater than ap-
proximately 10 um in diameter, but does not easily pass through
the capillary bed. It thus differentiates intraalveolar precapillary
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arteries from postcapillary venules. It provides uniform disten-
tion of all pulmonary arteries, and it also permits landmarking
of pulmonary arteries in relation to their accompanying airway.
The trachea was cannulated, and the lungs were infused with
10% neutral buffered formalin at 25 cm H,O pressure until all
Iung lobes were firmly distended and the lung margins were well
defined. The trachea was then ligated, and the fully distended
lungs were immersed in fixative for at least 24 h. Pulmonary
arteriograms were prepared from each lamb using fine grain film
and 55 keV, 10 ma and 0.16 s.

Lungs were then serially sectioned at 2- to 3-mm intervals,
and the slices were arranged in a single layer under a plastic
transparency imprinted with equidistant numbered points. Five
blocks of parenchymal tissue were selected from each animal
using a random number table, thus providing an A-weighted
random tissue sample (7). Tissue blocks were processed through
graded alcohols, embedded in paraffin, and sectioned at 4 um.
Tissue sections were stained with hematoxylin and eosin and
Miller’s elastic Van Gieson method to demonstrate elastic tissue
and smooth muscle.

Analysis of tissue sections. In each animal, at least 50 arteries
were analyzed at 1000X, including a minimum of 10 arteries in
each of the five categories used in this study. Each artery was
identified or landmarked by the airway it accompanied. In this
study, preacinar pulmonary arteries were defined as those vessels
located adjacent to terminal bronchioles or bronchioles. Intraa-
cinar pulmonary arteries were those vessels located next to
respiratory bronchioles and alveolar ducts or small barium gela-
tin-filled vessels within the alveolar wall.

With a filar micrometer (American Optical, Buffalo, NY), the
ED of each artery was measured as the shortest distance between
the outer elastic lamina in any tangential section, and the MT of
muscular and partially muscular arteries was measured as the
distance between internal and external elastic lamina in the same
plane. For each fully muscular pulmonary artery, medial thick-
ness was related to external diameter as a percentage of MT
according to the formula %MT = 2MT/ED X 100. For each
partially muscular pulmonary artery, the formula %MT = MT/
ED X 100 was used (8).

For each animal, the density of barium-filled arteries was
assessed by counting the number of filled arteries and alveoli in
10 consecutive high-power microscopic fields. The ratio of alveoli
to filled arteries was determined.

From the arteriogram, the lumen diameter of the axial artery
of each lung was measured at the hilum and at 10% intervals
from the hilum to the level where it appeared to end, a few
millimeters from the pleural surface.

For analysis, arteries were categorized according to their posi-
tion in the respiratory tree. Preacinar arteries were divided into
those accompanying bronchioles and terminal bronchioles, and
intraacinar arteries were grouped into those accompanying res-
piratory bronchioles, alveolar ducts, and those within the alveolar
wall. All microscopic sections were examined without knowledge
of the experimental group to which the lamb belonged. External
diameter, medial thickness, and percentage of MT of arteries
from lambs with patent and ligated ductus arteriosus were com-
pared at each preacinar and intraacinar level using the ¢ test. The
mean =SEM were obtained for each animal and each feature
studied. The distribution of vessels by wall structure was exam-
ined by chi-square analysis except at the level of the alveolar
duct and the alveolar wall where Fisher’s exact test was used
because some expected frequencies were 0. When three groups
were compared, the Bonferroni correction was used, and a 0.016
significance level was selected. Linear regression analysis was
used to determine the relationship between peripheral extension
of arterial muscle and the duration of prenatal ductus arteriosus
ligation.

RESULTS

No significant difference was found between the control groups
of lambs with and without sham surgery for any macroscopic or
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microscopic characteristic; therefore, in the text, all untreated
lambs are collectively referred to as control lambs or as lambs
with a patent ductus arteriosus unless otherwise specified.

Wt and gestational age. The fetal lambs with a patent ductus
arteriosus weighed between 2.45 and 4.2 kg at birth. Fetal lambs
with prenatal ligation of the ductus arteriosus showed a similar
distribution of wt, ranging between 2.55 and 4.30 kg at birth.
Lung wt were similar in the lambs with ligated and patent ductus
arteriosus (ligated: 22.9 + 2.7 g/kg body wt, control: 23.8 + 1.8
g/kg body wt). Control lambs were delivered at 134-142 d of
gestation, and lambs with surgically ligated ductus were delivered
at 138-142 d of gestation.

Macroscopic appearance of lungs and pulmonary arteriograms.
Lungs of all lambs showed the normal number and configuration
of lobes. Vascular filling was uniform in the pulmonary arterio-

Fig. 1. Newborn lamb pulmonary arteriograms: 4, control; B, pre-
natal ductus arteriosus ligation for 8 d. No difference in arterial branching
pattern, axial artery diameter, or background haze is identified (original
magnification, X 1.5).
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grams of lambs with both patent and ligated ductus arteriosus.
No difference was found between groups in the branching pattern
of the pulmonary arterial tree, diffuse background haze (repre-
senting filling of small intraacinar arteries), and the length and
lumen diameter of large axial arteries (Fig. 1).

Histologic features of pulmonary arteries. Microscopic exami-
nation of the lungs revealed two abnormal features of the pul-
monary arterial tree. The most prominent of these changes was
the presence of muscle in smaller and more peripherally located
arteries (Tables 1 and 2). The most striking shift in the distribu-
tion of muscularized arteries occurred within the acinus (Table
2); however, changes were also found in pulmonary arteries at
the level of the terminal bronchiole (Table 1). In arteries associ-
ated with respiratory bronchioles, fully and partially muscular-
ized vessels accounted for 90.5% of the total in ligated lambs
compared with 27% in sham-operated controls. In alveolar duct
arteries, 29% were fully or partially muscularized in ligated
newborns versus 3% in sham-operated controls; alveolar wall
arteries which are normally all nonmuscular showed the devel-
opment of partially or fully muscularized walls in 8.5%. Pul-
monary arteries associated with terminal bronchioles showed a
less striking but still significant change in the degree of muscu-
larization with fully and partially muscular vessels accounting
for 90% of the total in sham-operated control lambs versus 100%
in ligated lambs. No difference in muscle distribution was found
in arteries accompanying bronchioles that were all fully muscu-
larized in both control and ligated groups. Linear regression
analysis showed a significant correlation between the increasing
proportion of fully muscularized pulmonary arteries at the level
of the respiratory bronchiole and the duration of ductus arterio-
sus ligation (r = 0.81, p < 0.001) and between the decreasing
proportion of nonmuscularized pulmonary arteries at the level
of the respiratory bronchiole and alveolar duct and the duration
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of ductus arteriosus ligation (respiratory bronchiole: r = 0.77, p
< 0.003, alveolar duct: r = 0.73, p < 0.01).

The second morphologic finding of interest was the presence
of periadventitial fibroconnective tissue (Fig. 2). This feature was
identified qualitatively in muscularized intraacinar and terminal
bronchiolar pulmonary arteries, and the proliferation was most
marked in lungs of newborn lambs with more than 1 wk of
prenatal ductal occlusion. No difference in the ratio of alveoli to
intraacinar arteries was found between groups. No pulmonary
thrombemboli were found.

At most pre- and intraacinar locations, the ED of arteries did
not change in size when compared to either sham- or nonoper-
ated control lambs; however, at two locations, ED did change
(Tables 3 and 4). In the preacinar group, the ED of pulmonary
arteries accompanying terminal bronchioles were significantly
smaller than the same arteries in sham-operated lambs. In the
intraacinar blood vessels, ED of fully muscular pulmonary arter-
ies accompanying respiratory bronchioles increased compared to
nonoperated controls, and ED of partially muscular pulmonary
arteries at this level decreased compared to sham-operated con-
trols. Vessel size thus changed in only two places, and in one of
these locations external diameters both increased and decreased
depending on whether fully or partially muscularized vessels
were analyzed. MT of muscle increased in treated lambs in only
partially muscular arteries accompanying respiratory bronchioles
(Table 4).

DISCUSSION

Newborn lambs with ductus arteriosus ligation before birth
had pulmonary pathologic alterations which show similarities to
those described in human neonates with the fatal clinical syn-
drome of PPHN (1). Quantitative microscopic examination of
the lungs of newborn lambs with prenatal ligation of the ductus

Table 1. Number and percentage of fully muscular, partially muscular and nonmuscular pulmonary arteries associated with
preacinar airways in newborn lambs with patent and ligated ductus arteriosus

Bronchioles

Terminal bronchioles

Degree of No. of % Degree of No. of %
Status of ductus muscularization arteries distribution muscularization arteries distribution

Sham-operated controls (n = 3) Fully 30 100 Fully 23 77
Partially 0 Partially 4 13
Absent 0 Absent 3 10

Nonoperated controls (7 = 5) Fully 51 100 Fully 41 80
Partially 0 Partially 6 12
Absent 0 Absent 4 8

Ligated (n = 7) Fully 80 100 Fully 99 97*
Partially 0 Partially 3 3*
Absent 0 Absent 0

* Distribution of arteries significantly different from sham- and nonoperated control groups, p < 0.0001.

Table 2. Number and percentage of fully muscular, partially muscular and nonmuscular pulmonary arteries associated with
intraacinar airways in newborn lambs with patent and ligated ductus arteriosus

Respiratory bronchiole

Alveolar duct Alveolar wall

Status of ductus ar-  Degree of mus- No. of % distribu-

Degree of mus-

No. of % distribu- Degree of mus- No. of % distribu-

teriosus cularization arteries tion cularization arteries tion cularization arteries tion
Sham-operated Fully 0 Fully 0 Fully 0
controls (7 = 3) Partially 8 27 Partially 1 3 Partially 0
Absent 22 73 Absent 29 97 Absent 30 100
Nonoperated con- Fully 4 7.5 Fully 0 Fully 0
trols (1 = 5) Partially 16 30.0 Partially 2 4 Partially 0
Absent 33 62.5 Absent 49 96 Absent 51 100
Ligated (n=7) Fully 53 55.0* Fully 11 12* Fully 1 1.0*
Partially 34 35.5* Partially 15 17* Partially 6 7.5%
Absent 9 9.5% Absent 63 71* Absent 74 91.5%

* Distribution of arteries significantly different from sham- and nonoperated control groups, p < 0.0001.
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Fig. 2. Photomicrograph of branches of the pulmonary artery asso-
ciated with respiratory bronchioles. The lumen of each artery is filled

with densely staining barium-gelatin particles. 4, a pulmonary artery (25
um ED) with a single elastic lamina (arrow) and nonmuscular arterial
wall from a control lamb. B, a pulmonary artery (28.5 um ED) with a
double elastic lamina (arrows), muscularized arterial wall, and adventitial

fibrosis from a lamb in which the ductus arteriosus was ligated for 15 d
in utero. Respiratory bronchiole (R). Paraffin embedded section (4 pm)

stained with Miller’s elastic stain (X 512).



Table 4. ED, MT, and % of muscular, partially muscular and nonmuscular pulmonary arteries associated with intraacinar airways in newborn lambs with patent and ligated
ductus arteriosus™

Alveolar wall

Alveolar duct

Respiratory bronchiole

Degree of
No. of musculari-

arteries

Degree of

No. of MT No. of

MT

ED
(um)

ED MT

(um)

musculari-

Status of ductus

arteries

%MT

(um)

arteries ED (um)

%MT

(um)

zation
Fully

%MT

(xm)

zation
Fully

arteriosus

0
8

22

Sham-operated controls

1

29

3.96 £ 0.00

Partially 2270 0.0 0.90 0.0

Absent
33

4.96 = 0.44

1.56 = 0.11

Partially 32.57 + 2.91

=3)

(n

17.94 £ 0.49

23.84 = 0.73

28.90 + 1.01

Absent
Fully

4
16

20.05+0.78 1.70 £0.11 17.05 %= 1.30

Partially 28.15 % 1.51

Nonoperated controls

3.68 + 0.06

29.90 £0.50 1.10 0.0
Partially 21.62 + 0.59

Fully
Absent

5.10 £ 0.45

1.37 £ 0.09

=5)

17.03 £0.58

49

28.03 = 1.06

Absent

1

6

14.00 = 0.00 2.10 £ 0.00 3.00 = 0.00
1893 £ 1.66 1.43 £0.26 7.80 £ 1.55

17.77 £ 0.52

11

19.06 £ 1.27 2.63 +£0.27 28.65 = 3.20

Partially 26.02 + 1.32 1.35+0.18 5.61 £0.99

Fully
Absent

53
34

19.09 + 0.97

Partially 25.97 +£0.95% 1.91 £0.10§ 7.80 + 0.55§||

Fully 26.68 + 0.78%1 2.45 £ 0.11

Ligated (n = 7)
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15

<
~

63

22.34 £ 0.59

9

25.74 £ 0.77

Absent

* Values are mean + SEM.

+ P < 0.02, compared to nonoperated control.

1 P < 0.01, compared to sham-operated control.

§ P < 0.001, compared to nonoperated controls.

Il P<0.02, compared to sham-operated controls.

arteriosus revealed the development of smooth muscle in the
media of intraacinar pulmonary arteries which are normally
nonmuscular. Control lambs with a patent ductus arteriosus
during fetal development had either fully or partially muscular-
ized arterial walls in almost all preacinar pulmonary arteries
(arteries larger than 35 pm). Intraacinar arteries, however, con-
tained very little medial muscle. This abrupt decline in the
proportion of muscularized arteries was found proximally in the
acinus where approximately two-thirds of pulmonary arteries
accompanying respiratory bronchioles were nonmuscular. Vir-
tually all pulmonary arteries found distally within the acinus
were nonmuscular. A previous anatomic study of the pulmonary
vasculature of the fetal lamb (9) has shown a constant medial
width to ED ratio of pulmonary arteries of various sizes over the
gestational period. However, that study did not landmark all
arteries by their position in relation to bronchioles and did not
report population counts of muscularized arteries at each ana-
tomic level. The histologic finding of muscularization of almost
all preacinar pulmonary arteries with an abrupt transition to
nonmuscularized vessels within the acinus establishes the struc-
ture of the pulmonary microvasculature of the newborn lamb. It
also shows that the anatomic distribution of arterial muscle in
the distal lung of the normal newborn lamb is quite similar to
the arrangement which exists in normal human newborns (1).
In contrast, newborn lambs with prenatal ligation of the ductus
arteriosus showed a significantly increased proportion of mus-
cularized pulmonary arteries at all intraacinar locations. This
muscle was present in anatomic locations where it is not normally
seen, and it represents the appearance of newly formed muscle.
Meyerick and Reid (10) have shown that the development of
this new muscle results from stimulation and metaplasia of
precursor cells which are normally found in the subendothelial
location in nonmuscular pulmonary arteries.

An increase in the proportion of muscularized pulmonary
arteries within the acinus has been identified in both humans
and animals with pulmonary hypertension due to various causes
including hypoxia (11), congenital heart disease (12), and PPHN
(1). In the small number of human infants with lethal PPHN
whose lungs have been studied quantitatively, all intraacinar
arteries have been muscularized. Treated animals in the present
study, although showing a significant distal extension of muscle
within the acinus, do not show this change to as severe a degree
as is found in children who die from PPHN. As the change in
the proportion of muscularized intraacinar pulmonary arteries
correlated with the duration of ductus arteriosus ligation, this
structural change might become more severe if animals were
exposed to a longer period of ductal ligation. Given modern
intensive care, the lambs in this study may have been survivors,
and their pulmonary vascular changes could reflect an earlier or
less severe form of the clinical syndrome which in humans would
not be available for pathologic study or histologic comparison.

Medial muscular thickening was not consistently identified in
lambs with prenatal ductal ligation. Rabinovitch et al. (12) have
previously described the independent development of abnormal
extension of muscle without accompanying medial thickening of
intraacinar arteries in cases of congenital heart disease. In those
cases, they suggested that muscle extension without medial thick-
ening represented mild disease and that medial thickening de-
veloped only after muscularization of all alveolar wall arteries.
In the present study, the absence of consistent medial muscle
thickening may also indicate an early stage of disease.

Periadventitial fibroblastic proliferation was identified quali-
tatively surrounding fully muscularized terminal bronchiolar and
intraacinar pulmonary arteries. The significance of adventitial
fibrosis is not entirely clear, but it has been previously noted in
human neonates with lethal PPHN (1), and it may cause de-
creased vascular compliance and limit dilation of intraacinar
resistance vessels. Stenmark ez al. (13) have identified and quan-
titated adventitial thickening caused by fibroblast hyperplasia
and increased production of collagen and elastin in pulmonary
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arteries accompanying bronchioles of 134- to 277-um diameter
in newborn calves with pulmonary hypertension caused by 2 wk
of 4300-m simulated altitude. Meyrick and Reid (14) have shown
that adventitial thickening caused by both an increase in the
number of fibroblasts and in the number of collagen fibers occurs
in the hilar pulmonary arteries of rats with hypoxic pulmonary
hypertension. They have also shown the rapid development of
increased mitotic activity in adventitial fibroblasts of both the
hilar and intraacinar pulmonary arteries of rats with hypoxia-
induced pulmonary hypertension (15). In that study, increased
mitotic activity of adventitial fibroblasts occurred within 1 d of
exposure to hypoxia and preceeded *H-thymidine labeling of
medial muscle cells, suggesting that vascular adventitial fibrosis
is an earlier response than medial thickening in some types of
pulmonary hypertension.

Aside from the development of medial muscle more distally
than normal in the acinus and the presence of adventitial fibrosis
of small pulmonary arteries, no other abnormality of lung de-
velopment was detected. The preacinar arterial branching pattern
and lumen diameter seen on the arteriogram, microscopic ap-
pearance of airways and alveoli, and the alveolar to arterial ratio
were unchanged. The anatomic findings of distal appearance of
medial muscle and adventitial fibrosis represent remodeling of
the pulmonary microvasculature caused by occlusion of the
ductus arteriosus during the late intrauterine period. The mech-
anism by which prenatal ductal occlusion alters the anatomy of
small pulmonary arteries remains speculative. Morin and Egan
(16) have shown that mechanical closure of the ductus arteriosus
immediately increases pulmonary blood flow in the fetal lamb.
Although additional fetal measurements of pulmonary blood
flow and pulmonary artery pressure during the period of ductal
occlusion are needed, it is suspected that these hemodynamic
alterations are the stimulus for the anatomic lesions.

A large body of previous work (17-33) and clinical observation
(19, 20) has associated prenatal occlusion of the ductus arteriosus
and development of PPHN. Administration of indomethacin or
other prostaglandin synthetase inhibitors to pregnant animals
causes ductal constriction and elevation of pulmonary artery
pressure in the fetus (17, 18). Indomethacin has been implicated
in causing intrauterine ductal occlusion and PPHN in human
neonates (19). Levin et al. (20), using a unique method of
quantitative analysis of the injected pulmonary vasculature,
showed increased medial wall thickness of fifth generation pul-
monary arteries in two human neonates who died of PPHN after
maternal ingestion of prostaglandin synthetase inhibitors (indo-
methacin, acetylsalicylic acid). However, vessels were not land-
marked by the accompanying airway in that study, and it is not
certain that muscularized vessels of the same level were being
compared. Indomethacin given to pregnant ewes late in gestation
caused elevation of pulmonary artery pressure and increased
medial thickness of injected fifth generation arteries in the fetus
(21). However, in that study, indomethacin also induced a sig-
nificant decrease in the ED of pulmonary vessels, thus vasocon-
striction may have accounted for the change in medial width to
ED ratio. Administration of indomethacin to guinea pigs during
fetal development did not produce pulmonary artery hyperten-
sion or the characteristic vascular changes of PPHN (22). A
previous study without injection of the pulmonary vasculature
or quantitative analysis found that fetal sheep exposed to -2 wk
of surgical ligation of the ductus arteriosus developed right
ventricular hypertrophy and adventitial fibrosis of small pulmo-
nary arteries (23). Mechanical occlusion of the ductus arteriosus
permits evaluation of the hemodynamic effect of ductal closure,
without the presence of other pulmonary and systemic changes
induced by prostaglandin synthetase inhibition.

The current study demonstrates that prenatal ductal ligation
for 6-17 d in fetal sheep causes remodeling of the pulmonary
microvasculature with the development of new muscle distally
within the ainus and adventitial fibrosis of small pulmonary
arteries. These changes, although not as severe as those found in
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the lethal clinical syndrome of PPHN, are similar to those of
PPHN, and they may correspond to an earlier stage of the human
syndrome. Future studies to correlate prenatal measurements of
pulmonary arterial pressure, blood flow, and resistance with
pulmonary microvascular anatomy during the period of fetal
ductal ligation would be of interest in defining more precisely
the pathogenesis of this abnormally structured pulmonary cir-
culation.
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