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Abstract
Background—Superior mesenteric artery (SMA) flow increases after a feeding to meet the
intestines’ increased metabolic demands. Although a PDA can affect SMA perfusion in non-feeding
infants, there is no information about its effects on the hyperemic response that follows a feeding.

Objective—To study the effects of a PDA on SMA perfusion in preterm baboons.

Design—Preterm baboons were delivered at 67% gestation and ventilated for 14 days. Enteral
feedings were begun and advanced per protocol. Feeding studies were performed between days 10
and 14. Thirty-one studies were performed in animals with a closed ductus; 21 studies in those with
a moderate PDA shunt (Qp/Qs≥2:1). 2-D Echo and Doppler exams were performed before, 10 and
30 min after a feeding. The groups were similar in birth weights, feeding volumes, and age at time
of study.

Results—During the preprandial period, baboons with a moderate PDA had significantly lower
blood pressures and systemic blood flows than animals with a closed ductus. Preprandial SMA-blood
flow velocities did not differ between the open and closed ductus groups. Animals with a closed
ductus increased their SMA-velocities (diastolic and mean) and decreased their SMA relative-
vascular-resistance (mean BP/mean SMA-velocity) by 10 min after the feeding. By 30 min after the
feeding, the values were returning to their preprandial values. In contrast, in the PDA group, there
were no significant changes in SMA-velocity or resistance following the feeding, and SMA-velocities
were significantly lower than the closed ductus group.

Conclusions—A moderate PDA shunt limits the ability of the preterm newborn baboon to increase
its postprandial mesenteric blood flow velocity. We speculate that this may interfere with its ability
to meet increased intestinal metabolic demands and may contribute to feeding difficulties.
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Introduction
In full term infants, enteral feeding is accompanied by an increase in mesenteric blood flow to
meet the intestines’ new, increased, metabolic demands (1,2). The postprandial increase in
mesenteric blood flow is usually accomplished by decreasing mesenteric vascular resistance
(2). In contrast with older infants, preterm infants have less mesenteric blood flow reserve and
develop near maximal intestinal blood flow and oxygen extraction during feedings (3,4). Their
diminished reserve may increase their risk for developing intestinal ischemia when alterations
in intestinal blood flow occur.

Numerous studies have shown an association between a persistent PDA and feeding intolerance
in preterm infants (5,6). However, the exact role of the PDA, if any, has yet to be defined (7).
Although a PDA can affect mesenteric perfusion and resistance in non-feeding infants (8-10),
there is no information about its effect on the hyperemic response that normally accompanies
a feeding. This question is quite relevant since the regulation of intestinal blood flow appears
to depend more on its metabolic demands and less on alterations in systemic blood pressure
(1,9,11).

We designed the following study to examine the effects of a PDA on intestinal perfusion, both
before and after an enteral feed, in preterm baboons. We used the SMA end-diastolic velocity
as a surrogate measure of perfusion since a) it correlates with mesenteric blood flow (12) and
b) alterations in SMA velocity are predictive of subsequent feeding intolerence (13) and NEC
(14,15). We hypothesized that the presence of a PDA would inhibit the immature baboon's
ability to increase its SMA enddiastolic velocity when challenged with an enteral feeding.

Methods
General Animal care

Studies were performed at the Southwest National Primate Research Center, Southwest
Foundation for Biomedical Research in San Antonio, TX and were approved by the
Institutional Animal Care and Use Committee. Details of animal care have been published
elsewhere (16-18). Briefly, baboon (Papio papio) dams, with timed pregnancies, were treated
with 6 mg of intramuscular betamethasone 48 and 24 h before elective C-section delivery at
125 ± 2 days gestation (full term = 185 days). At birth, the infants were weighed, sedated,
intubated, given surfactant (Survanta, courtesy of Ross Laboratories, Columbus, OH) prior to
initiation of ventilator support (InfantStar, Infrasonics, San Diego, CA), and ventilated for 14
days.

Ventilator adjustments were made based on chest radiograph, clinical examination, arterial
blood gas measurements, and tidal volume measurements (17). Target goals for PaO2 were 55
to 70 mm Hg, for PaCO2 were 45 to 55 mm Hg, and for tidal volume were 4 to 6 ml/kg. Chest
radiographs were obtained daily. None of the animals developed septicemia or pneumonia
during the study period. Nutritional, fluid, transfusion, antibiotic and blood pressure
management have been previously described (17). None of the animals received postnatal
steroids.

Enteral feedings (by orogastric tube over a period of 5 minutes) were initiated on day 4 with
a premature infant formula (Primilac (20 cal/oz) or Similac Special Care (20 cal/oz)). Thirty
percent of the baboons received Similac Special Care because of a shortage of Primilac. There
were no differences between the study groups (see below) in the type of formula (Primilac or
Similac Special Care) that they were fed. Feedings were administered every 3 hours. The initial
daily feeding volume was 5 ml/kg/feed and the feeding volume was increased by 8−10 ml/kg/
day as tolerated (17).
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Blood pressures (BP), heart rate (HR), arterial blood gases, and FiO2 were recorded every 4
hours throughout the study. Oxygenation Index (OI= mean airway pressure (cm H2O) ×
FiO2 × 100/ PaO2) and Ventilation Index (VI= peak inspiratory pressure × ventilator rate ×
PaCO2/ 1000) were calculated at the same times and averaged over 12 hour intervals.

A complete echocardiographic exam, including assessment of ductal patency, was performed
daily using an 8-mHz transducer interfaced with a Biosound AU3 (Genoa, Italy)
echocardiographic system (19,20). In the presence of a ductus left-to-right shunt, we used the
measurement of flow, returning from the body, across the pulmonary valve, to estimate the
effective systemic output (Qs), and the flow, returning from the lungs, across the aortic valve,
to estimate the pulmonary blood flow (Qp). These measurements did not take into account any
left-to-right shunt at the level of the foramen ovale. By disregarding the foramen ovale shunt
we may have underestimated the magnitude of the left-to-right PDA shunt. At the time of the
feeding studies, most animals appeared to have either no or small amounts of foramen ovale
flow.

Study design
SMA velocity responses to enteral feedings were measured in animals that were at least 10
days old and that had been receiving enteral feedings for at least 4 days prior to the study.
Ventilator settings, pH, blood gases, hematocrit, weight and 2-D echocardiographic and
Doppler measurements of the ductus were recorded at the beginning of each study. Blood
pressure, heart rate, and SMA velocity measurements were recorded before, and at 10 and 30
minutes after a feeding. The baboons were studied in a supine, quiet state. The temperature
was maintained by servo control and none were receiving phototherapy. We used end-diastolic
velocity as a surrogate for blood flow since this has been shown to be well correlated with
mesenteric blood flow (12). The hemodynamic measurements were made by a single
investigator (DM). A 7.5 mHz transducer was used for tissue imaging and a 5.0 mHz transducer
was used for Doppler recordings. Color flow mapping was used to identify the arteries and
pulsed-wave was applied to measure SMA velocities. The Doppler sample volume was placed
in the proximal portion of the SMA near its origin from the aorta and correction was made for
the angle of insonation. Peak-systolic, end-diastolic, and time-averaged mean SMA velocity
measurements were obtained from the peak velocity envelope of three consecutive cardiac
cycles. We calculated two separate pulsatility indices [PI (mean) and PI (peak)] for each set
of velocity measurements, since each of these measurements has been used as a surrogate for
SMA impedance {PI (mean) = (peak systolic velocity – end diastolic velocity)/ time-averaged
mean velocity (14); PI (peak) = (peak systolic velocity – end diastolic velocity)/ peak systolic
velocity (21)}. We also calculated the SMA relative vascular resistance as a surrogate measure
of resistance (relative vascular resistance = mean arterial blood pressure divided by mean SMA
velocity) (22,23).

Statistical Analysis
Data are presented as mean ± standard deviation (SD). Comparisons of continuous variables
were performed using Student's t-test and categorical data using Fisher's exact test. Two-way
ANOVA with repeated measures and post hoc analysis (Tukey's test) was used to compare
differences within and between groups. Statistical significance was determined at 2-sided
values of p<0.05.

Results
The hemodynamic responses to feeding were grouped according to the degree of left-to-right
shunt through the ductus arteriosus: a) closed ductus (Qp/Qs ≤ 1.2), b) small shunt (Qp/Qs ≥1.4
and <2), or c) moderate shunt (Qp/Qs ≥ 2) (Table 1).
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The three groups did not differ in the degree of initial respiratory distress during the early
neonatal course {OI (at 24 hours after birth): Closed=5.3±2.2, Small=5.1±2.0, Moderate=4.4
±2.8); VI (at 24 hours after birth): Closed=33.8±6.8, Small=34.1±9.9, Moderate=32.7±17}.
Similarly, at the time of the feeding studies, there were no differences between the groups in
postnatal age, weight, or in the volume or type of formula that was being fed. Nor were there
difference in the VI, OI, or arterial blood gases prior to the feeding (Table 1).

During the baseline period prior to the feeding, animals with a closed ductus had significantly
lower LVEDD and HR, and significantly higher mean blood pressure than the animals in the
open ductus groups (Table 1). The effective systemic blood flow was significantly reduced by
the presence of a PDA shunt, but only when the shunt was moderate in size (Qp/Qs>2) (Table
1). Since effective systemic blood flow was reduced only by a moderate size PDA shunt, we
focused our comparisons on the closed ductus and moderate PDA shunt groups.

Enteral feeding had no effect on BP, HR or effective systemic output in either the closed or
moderate shunt groups (Figure 1). The significant differences in BP, HR and systemic output,
that existed prior to the feeding study, between the closed and moderate shunt groups, persisted
throughout the postprandial period.

Although the animals in both groups had forward flow in the SMA throughout the cardiac
cycle, the response of the SMA velocity profiles to feeding differed significantly between the
two groups. In the closed ductus group, there was a significant increase in diastolic and mean
SMA velocities, and a significant decrease in the relative vascular resistance, by 10 minutes
after the feeding (compared with determinations made prior to the feeding) (Figure 2). By 30
minutes after the feeding, the velocities and relative vascular resistance were returning towards
their baseline pre-prandial values (Figure 2).

In contrast, animals in the moderate shunt group had no change in SMA flow velocity (peak,
mean or diastolic) or in relative vascular resistance at either 10 or 30 minutes after the feeding
(Figure 2).

The PI, our surrogate measure of SMA impedance, was significantly elevated in the pre-
prandial period in the moderate shunt group, and continued to be significantly greater than the
PI in the closed ductus group throughout the postprandial period (Figure 3).

Animals in the small PDA shunt group (Qp/Qs ≥1.4 and <2) had SMA flow velocities (peak,
mean and diastolic), relative vascular resistances and PIs (both prior to and following the
feeding) that fell midway between the values in the closed ductus and moderate shunt groups,
respectively (data not shown). Our study was not powered to be able to detect significant
differences in values between the small PDA shunt group and the groups with either a closed
or moderate PDA shunt.

Discussion
The mesenteric circulation is a “pressure-passive” system. Its blood flow and oxygen extraction
are primarily regulated by the intestine's metabolic demands. Autoregulation plays only a minor
role in its control in both the fed and fasted state (1,9). The introduction of feedings into the
intestinal tract increases its metabolic requirements and increases its oxygen uptake (1,2). In
the adult, the intestine's increased postprandial oxygen uptake is initially achieved by an
increase in blood flow. This is followed by an increase in oxygen extraction as the postprandial
hyperemia wanes (2).

Although a left-to-right aortopulmonary shunt has a profound impact on mesenteric perfusion
(24), full term infants, with systemic-to-pulmonary arterial shunts, are able to maintain their
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mesenteric blood flow, both at rest and during feedings, by vasodilating their splanchnic
circulation (24). The immature infant, on the other hand, has a limited ability to increase its
mesenteric blood flow and oxygen extraction at rest (3,4). Prior studies have shown that, during
the fasting state, a left-to-right PDA shunt causes a decrease in arterial perfusion pressure, an
increase in localized mesenteric vascular resistance, and a decrease in mesenteric blood flow
(8-10).

The presence of a PDA produces similar changes in other “pressure-passive” vascular beds;
however, the presence of a PDA does not necessarily impede their ability to increase local
perfusion when metabolic demand increases. For example, the presence of a PDA decreases
blood flow to resting skeletal muscle by nearly 50% (25). However, once the muscle starts to
contract, its vascular resistance decreases precipitously and blood flow increases markedly. As
a result, blood flow, oxygen delivery and muscle performance are the same whether the ductus
is open or closed (25).

Our findings in the mesenteric circulation, contrast markedly with what has been observed in
skeletal muscle. We found that preterm baboons, with a moderate PDA shunt, have lower
systemic BP, lower mean and diastolic SMA velocities, and increased PI during the baseline,
preprandial period (Figures 1, 2 and 3). Preterm animals, with a closed ductus, are able to
increase their SMA velocities and decrease their relative resistance index following a feeding
(Figure 2); in contrast, animals with an open ductus are not able to make the same compensatory
changes (Figure 2).

The inability to increase postprandial flow, in the presence of a PDA, may increase the risk for
intestinal ischemia, feeding intolerance, and NEC (5,6,14,15,26). Although it is unlikely that
a PDA is sufficient to produce the ischemic injury itself, the inability to increase flow following
a feeding might render the intestine more vulnerable to other cardiovascular stresses or
ischemic insults. For example, small increases in intra-abdominal pressure (produced by
increased diaphragmatic breathing) have no effect on intestinal blood flow in newborn animals
with a closed ductus; in contrast, in the presence of a PDA, the same changes in intra-abdominal
pressure lead to decreased intestinal blood flow (25). This hypothesis is consistent with the
study by Palder et al (27), which showed that the severity of NEC was increased in the presence
of a PDA.

Several caveats are needed when interpreting our results. The two animal groups were not
randomly chosen. They were comprised of those that spontaneously closed their ductus before
day 10 and those that failed to close their ductus by that date. Therefore, our experimental
design does not allow us to determine whether the differences between the groups are due to
the PDA shunt, itself, or to factors that might coexist in animals that fail to close their ductus
spontaneously. Although the distribution of several factors known to affect the postprandial,
hyperemic response (e.g., initial degree of illness and postnatal age (28,29), prior exposure to
feedings (11,28), feeding volume (22,29), exposure to phototherapy (30), and degree of
mechanical ventilation at the time of study (21)) were similar between the two groups, other
unknown conditions may have contributed to our findings. Our experimental model, also, does
not allow us to comment on the role of a PDA with larger feeding volumes, or of the immature
intestine's ability to increase its oxygen extraction. It should also be noted that the investigator
who performed the hemodynamic assessments was not blinded to the status of the ductus shunt.
This may have introduced an unconscious bias when performing the SMA-specific
hemodynamic measurements.

There are also several differences between our results in baboons and those that have been
reported in humans. In general, the postprandial hyperemic response in the baboon was of
shorter duration than that observed in the human (10,28,29). The PDA shunts in our animals
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were only moderate in size; and, none of the animals developed NEC. In addition, none of the
animals had reversal of flow in the descending aorta or mesenteric bed. In contrast, reversal of
flow has been observed in the human studies (10,31).
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Figure 1.
Blood pressure, heart rate and effective systemic output are significantly different between the
closed ductus (n=31) and moderate shunt (n=21) groups. Enteral feeding had no effect on any
of these variables. Values are mean±sd. * p<0.05, moderate shunt versus closed ductus; #
p<0.05, postprandial value versus preprandial value.
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Figure 2.
Superior Mesenteric Artery flow velocities and relative vascular resistances before and after a
feeding. There were significant increases in diastolic and mean SMA velocities and a
significant decrease in relative vascular resistance at 10 minutes after a feeding in the closed
ductus (n=31) group but not in the group with a moderate shunt (n=21). * p<0.05, moderate
shunt versus closed ductus; # p<0.05, postprandial value versus preprandial value.
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Figure 3.
Both mean and peak pulsatility indices are significantly increased in the moderate shunt (n=21)
group compared with the closed ductus (n=31) group. * p<0.05, moderate shunt versus closed
ductus; # p<0.05, postprandial value versus preprandial value.
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Table 1
Pre-prandial measurements (at the time of the feeding study) in baboons with a closed, small and moderate PDA

Closed
(Qp/Qs ≤1.2)

Small Shunt
(Qp/Qs ≥1.4 and <2)

Moderate Shunt
(Qp/Qs >2)

Number of animals 13 13 11
Number of studies 31 20 21
Postnatal age (d) 11.5 ± 1.1 11.6 ± 1.0 11.6 ± 1.3

Weight (gm) 365 ± 47 374 ± 40 382 ± 49
Qp/Qs 1.00 ± 0.07 1.65 ± 0.18* 2.26 ± 0.40*

LVEDD (mm) 0.9 ± 0.1 1.0 ± 0.1* 1.1 ± 0.1*
Effective systemic output (ml/kg/min) 228 ± 45 254 ± 57 192 ± 43*

BP systolic (mm Hg) 65 ± 8 56 ± 7* 56 ± 8*
BP diastolic (mm Hg) 34 ± 7 30 ± 7 31 ± 7

BP mean (mm Hg) 46 ± 5 41 ± 5* 42 ± 6*
HR (beats/min) 151 ± 15 158 ± 12* 162 ± 13*

Feeding (ml/kg/feed) 4.2 ± 1.0 3.8 ± 0.8 3.9 ± 0.9
PaO2 (mm Hg) 71.9 ± 4.7 69.9 ± 0.6 71.4 ± 3.5

PaCO2 (mm Hg) 51.4 ± 0.9 50.3 ± 0.2 52.1 ± 1.5
pH 7.34 ± 0.1 7.35 ± 0.1 7.33 ± 0.1

Hematocrit (%) 37±3 38±2 36±3
VI 36.7 ± 3.3 38.9 ± 0.6 40.0 ± 4.9
OI 5.3 ± 0.6 5.3 ± 0.1 4.5 ± 0.5

Values are means ± SD.

*
p<0.05 versus closed ductus group
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