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Effect of Intravenous Sildenafil on Pulmonary Hemodynamics
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Acute Lung Injury in Piglets
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ABSTRACT: Sildenafil is becoming increasingly popular for the
treatment of pulmonary hypertension. However, there are potential
concerns regarding its effects on oxygenation and systemic hemody-
namics that could theoretically reduce its utility in the neonatal
population. We performed a prospective cumulative dose-response
study of increasing doses of i.v. sildenafil (0.4, 1, and 3 mg/kg) on
hemodynamics and oxygenation in 32 anesthetized piglets, of which
17 had meconium-induced pulmonary hypertension and lung injury,
and 15 did not. Sildenafil caused a reduction in mean pulmonary
artery pressure and pulmonary vascular resistance (PVR) at all doses,
in non—lung-injured animals. There was no difference in pulmonary
hemodynamics between doses. Oxygenation index [OI = mean
airway pressure (cm H,O) * FiO, * 100/PaO, (mm Hg)] did not
reach critical levels at any dose. In lung-injured animals, sildenafil
also reduced mean pulmonary artery pressure and PVR by 30%.
Again, this effect was achieved at the lowest dose, without subse-
quent changes at higher doses. However, in lung-injured animals,
sildenafil produced a dose-related increase in oxygenation index.
Sildenafil reduced the systemic vascular resistance (SVR) at the
lowest dose in lung-injured animals, but this occurred only at higher
doses in non-lung-injured animals. In conclusion, sildenafil is a
potent pulmonary vasodilator. However, it should be administered
with caution in the presence of lung injury because of a dose-related
increase in oxygenation index and concomitant systemic vasodilata-
tion. (Pediatr Res 59: 762-766, 2006)

Persistent pulmonary hypertension of the newborn (PPHN)
is a significant cause of morbidity and mortality in neo-
nates (1,2). Meconium aspiration syndrome is the single most
common cause of PPHN in term infants. Around 5% of
newborns aspirate meconium and develop a degree of lung
injury (3). This parenchymal lung injury can, when severe,
lead to PPHN with severe cardiopulmonary impairment and
hypoxemia.

Current treatment of PPHN includes therapies aiming at
reducing the PVR, including nitric oxide [augmenting cyclic-
guanosine 5’-monophosphate (cGMP)], prostacyclin [aug-

menting cyclic-adenosine 5'-monophosphate (cAMP)], and
dipyridamole [phophodiesterase-5 (PDE-5) inhibitor delaying
degradation of cGMP]. More recently, another PDE-5 inhib-
itor sildenafil (Viagra) has gained increasing interest in the
treatment of pulmonary hypertension (4-9). Sildenafil is elim-
inated primarily by hepatic metabolism (mainly cytochrome
P-450 3A4) and is converted to an active metabolite with
similar properties. Both forms have a half-life of approxi-
mately 4 h. Enterally administered, sildenafil has been shown
to reduce pulmonary arterial pressure without impairing sys-
temic hemodynamics in hypoxia-induced pulmonary hyper-
tension (10). When administered by the enteral route, the
bioavailability is only about 40% in healthy individuals (11).
In the critically ill neonate, absorption from the gut may be
even more unpredictable.

We have previously shown that i.v. sildenafil is able to
reduce PVR both when given alone and in combination with
nitric oxide (12,13). However, when given in combination
with nitric oxide, the OI [OI = mean airway pressure (cm
H,0) * FiO, * 100/PaO, (mm Hg)] increased significantly.
This observation was in keeping with the findings of Klein-
sasser et al. (14), who observed systemic vasodilatation and an
increase in intrapulmonary shunt in animals receiving enteral
sildenafil.

The purpose of this study was twofold. First, we wished to
establish whether the adverse effects of sildenafil on systemic
hemodynamics and oxygenation were dose related, and sec-
ond we investigated whether these effects occurred only in the
presence of lung injury.

MATERIALS AND METHODS

The study was approved by the National Board on Animal Care and Use.
Thirty-two Danish Landrace piglets (mean weight 4.9 kg) were premedicated
with an intramuscular injection of ketamine (10 mg/kg) and midazolam
(0.5 mg/kg). The animals were subsequently ventilated, and instrumented for
the study as previously described (12). A stable plane of anesthesia was
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maintained through the experiment with an i.v. infusion of fentanyl (60
ng/kg/h) and midazolam (6 mg/kg/h).

Systemic blood pressure, pulmonary arterial pressure and central venous
pressure were continuously monitored and cardiac output was measured in
triplicate using thermodilution. Hemodynamic and ventilatory measurements
were recorded every 60 min.

After completing the preparation, hemodynamics were allowed to stabilize
for 30 min and then blood gas analysis was performed, hemodynamic and
ventilatory variables were recorded and cardiac output was measured. Ven-
tilation was subsequently adjusted to achieve a Po, of 70—-110 mm Hg, and
Pco, of 35-45 mm Hg, and 30 min later, all recordings were repeated. This
set of measurements was taken as baseline (0 min). Systemic and pulmonary
vascular resistance and oxygenation index were calculated using standard
equations.

The animals were assigned to one of four groups, as shown in the flow
chart (Fig. 1). Seven animals remained anaesthetized and received no further
therapeutic interventions. Eight animals received hourly, incrementally in-
creasing, doses of i.v. sildenafil (0.4 mg/kg, 1 mg/kg, and 3 mg/kg, respec-
tively) following baseline measurements. Ten had endotracheal instillation of
meconium with no other therapeutic interventions. The remaining seven
animals received an endotracheal instillation of meconium (as previously
described) after baseline measurements (12), followed by three incrementally
increasing doses of sildenafil, as above, starting at 120 min, as hemodynamics
previously were shown to reach a plateau at this time (12,13). In all animals,
hemodynamic measurements, blood gases, and ventilatory settings were
recorded every 60 min. Ventilation was adjusted to achieve the target blood
gases, where possible. At the end of the study period, the animals were killed
with an overdose of pentobarbital (1000 mg/kg).

Sildenafil preparation. Sildenafil was infused over 30 min as a solution of
sildenafil citrate 1 mg/mL, diluted in isotonic NaCl to a total volume of 15
mL. For ease of interpretation, we have referred to the incremental doses of
sildenafil of 0.4 mg/kg, 1 mg/kg, and 3 mg/kg as low, medium, and high dose,
respectively.

Statistics. The hemodynamic parameters were analyzed by repeated-
measure analysis to compare the two or three groups with respect to change
over time. The data were analyzed on a logarithmic scale using SPSS
statistical package version 10.0.5. In the figures, the geometric mean values
are shown for each group at each time point. The geometric means are
calculated from the mean on the logarithmic scale and are an estimate of the
median.

Changes over time (Table 1) are stated as mean relative changes with 95%
confidence interval. No error bars are shown in the figures, but the coefficient
of variation (on the original scale), which is approximately the SD on the
(natural) logarithmic scale is presented in parentheses in the tables.

A p value <0.05 was considered statistically significant.

RESULTS

There was no difference in weight, systemic and pulmonary
hemodynamics, or blood gases at baseline between groups.

Effect of i.v. sildenafil in the absence of lung injury.
Intravenous sildenafil reduced pulmonary artery pressure
(PAP) (p = 0.003) and PVR (p = 0.01) over time when
compared with baseline (Fig. 2). PVR was significantly re-
duced by 29% in comparison with the control animals that
were only anesthetized (p = 0.03). This effect was present at
the lowest dose of sildenafil and was not further augmented
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Figure 1. Flow chart represents interventions in the four groups of animals.
Sil, sildenafil infusion.

with increased doses. The sildenafil infusion did not alter
mean arterial pressure significantly in comparison to baseline,
but compared with the anesthesia controls, systemic blood
pressure was significantly reduced in animals receiving silde-
nafil alone (p = 0.006) (Fig. 3). SVR decreased by 21% (p =
0.02), but cardiac output remained unchanged during silde-
nafil infusion.

A significant increase in OI was found (p < 0.001), but the
relatively stable values with OI < 5 indicate that the worsen-
ing in lung oxygenation was not clinically significant (Fig. 2).

Effect of i.v. sildenafil in animals with meconium aspira-
tion. Instillation of meconium caused a significant increase in
PAP (Fig. 2). The lowest dose of sildenafil caused a 32%
reduction in PAP (p = 0.001), whereas increasing doses did
not augment the effect. Following the first dose of sildenafil,
the PVR went down by 68% to baseline values (p < 0.001).
The first two doses of sildenafil did not change mean arterial
pressure significantly, but following the highest dose, a
marked fall in blood pressure was observed (p = 0.04)
compared with preinfusion values (Fig. 3). SVR was signifi-
cantly reduced (p = 0.03) following the first dose of sildenafil,
while cardiac output increased (p = 0.03) significantly.

Instillation of meconium significantly increased the OI in
both groups by more than 100%.

OI increased by 26% (p = 0.06) following the first dose of
sildenafil (Fig. 2), and the two additional doses caused statis-
tically significant increases by 21% (p = 0.04) and 31% (p =
0.001), respectively.

DISCUSSION

This study has demonstrated that at doses lower than pre-
viously used, i.v. sildenafil is an effective pulmonary vasodi-
lator in pigs with acute lung injury and pulmonary hyperten-
sion secondary to meconium aspiration. We have also
demonstrated for the first time similar pulmonary vascular
effects of the i.v. agent in healthy, noninjured lungs. Impor-
tantly, the degree of pulmonary vasodilatation produced by
sildenafil was not dose related.

Intravenous sildenafil produced a dose-dependent decrease
in SVR in all animals, confirming a degree of nonselectivity
for the pulmonary vasculature.

Finally, in contrast with our previous studies, in which a
consistent single dose of sildenafil was used, we have now
demonstrated that sildenafil produces a dose-dependent wors-
ening in arterial oxygenation (and increase in OI), in the
presence and absence of lung injury.

Timing of the sildenafil administration was based on the
experience from previous studies using this model with meco-
nium aspiration (12,13), where we found that the PAP reached
a plateau 120 min after meconium instillation and remained
stable for the rest of the study period, consistent with the
observations in the present study.

In a previous study (13), the OI increased significantly,
when sildenafil was infused at a rate of 1 mg/kg/h in animals
following inhaled nitric oxide. We therefore decided to inves-
tigate whether the increase in OI was related to the actual dose
given or whether it was associated with the underlying paren-
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Table 1. Mean artery pressure, pulmonary hemodynamics, and ventilatory requirements in the four groups

0 Min 60 Min 120 Min 180 Min 240 Min 300 Min P
MAP/time
Anesthesia (n = 7) 74.3 (0.22) 78.5(0.17) 74.9 (0.18) 66.2 (0.16) 63.3(0.17) 61.7 (0.19) 0.001
Sildenafil (n = 8) 73.0 (0.21) 68.0 (0.32) 64.4 (0.26) 64.9 (0.25) NS
Meconium (n = 10) 63.2 (0.21) 66.4 (0.17) 63.3 (0.10) 67.3 (0.10) 70.6 (0.16) 67.5(0.13) NS
Mec+sil (n = 7) 70.8 (0.18) 72.8 (0.11) 68.1 (0.11) 63.1(0.23) 64.6 (0.16) 61.0 (0.15) NS
PAP/time
Anesthesia (n = 7) 19.4 (0.24) 21.2 (0.30) 22.8 (0.21) 20.5 (0.15) 20.7 (0.17) 19.1 (0.17) NS
Sildenafil (n = 8) 18.9 (0.20) 16.8 (0.16) 16.2 (0.17) 15.8 (0.13) 0.003
Meconium(n = 10) 17.5 (0.20) 23.0 (0.14) 25.8 (0.18) 26.9 (0.16) 27.9 (0.21) 28.7 (0.17) <0.001
Mec+sil (n = 7) 17.4 (0.15) 22.3(0.14) 27.5(0.24) 20.0 (0.14) 18.8 (0.05) 18.4 (0.06) <0.001
Fio,/time
Anesthesia (n = 7) 0.47 (0.03) 0.46 (0.05) 0.46 (0.04) 0.46 (0.04) 0.46 (0.15) 0.46 (0.15) NS
Sildenafil (n = 8) 0.48 (0.05) 0.48 (0.06) 0.49 (0.07) 0.49 (0.05) 0.04
Meconium(n = 10) 0.34 (0.13) 0.36 (0.12) 0.38 (0.11) 0.38 (0.11) 0.40 (0.14) 0.40 (0.21) 0.004
Mec+sil (n = 7) 0.48 (0.03) 0.48 (0.04) 0.47 (0.05) 0.48 (0.07) 0.50 (0.03) 0.49 (0.03) NS
Pao,/time
Anesthesia (n = 7) 12.6 (0.28) 11.3 (0.30) 11.5(0.14) 13.9(0.17) 12.5 (0.16) 13.0 (0.24) NS
Sildenafil (n = 8) 16.2 (0.22) 15.2 (0.23) 12.2 (0.16) 11.5(0.17) 0.01
Meconium(n = 10) 14.1 (0.27) 7.5 (0.26) 9.9 (0.17) 10.1 (0.27) 9.7 (0.34) 9.6 (0.23) <0.001
Mec+sil (n = 7) 14.5(0.31) 13.1 (0.46) 11.0 (0.22) 9.8 (0.37) 8.6 (0.23) 7.7 (0.28) <0.001
PVR/time
Anesthesia (n = 7) 0.057 (0.54) 0.082 (0.48) 0.097 (0.51) 0.085 (0.38) 0.100 (0.23) 0.082 (0.38) 0.011
Sildenafil (n = 8) 0.063 (0.42) 0.047 (0.40) 0.047 (0.35) 0.044 (0.39) 0.011
Meconium(n = 10) 0.064 (0.36) 0.090 (0.41) 0.113 (0.43) 0.130 (0.31) 0.127 (0.37) 0.129 (0.40) <0.001
Mec+sil (n = 7) 0.045 (0.44) 0.077 (0.35) 0.110 (0.33) 0.056 (0.32) 0.050 (0.38) 0.047 (0.48) <0.001
Ol/time
Anesthesia (n = 7) 3.2 (0.56) 3.4 (0.48) 3.3(0.22) 2.9 (0.21) 3.2 (0.32) 3.2(0.21) NS
Sildenafil (n = 8) 2.2(0.22) 2.3(0.21) 2.6 (0.20) 2.8 (0.24) <0.001
Meconium(n = 10) 3.1(0.32) 8.8 (0.34) 7.2(0.37) 7.3(0.41) 8.0 (0.60) 7.4 (0.49) <0.001
Mec+sil (n = 7) 2.1(0.31) 7.3(0.51) 8.1 (0.68) 10.5 (0.88) 13.1(0.83) 17.8 (0.76) <0.001

Data are given as geometric means and the numbers in parentheses are coefficients of variation.

p Values reflect changes over time.

NS, not significant; MAP, mean aortic pressure (mm Hg); PAP, pulmonary artery pressure (mm Hg); FiO,, inspiratory fraction of oxygen; Pao,, partial pressure

of oxygen in arterial blood.

chymal lung injury during the course of meconium aspiration.
For that purpose, we chose the same dose as previously and
compared the effect with a lower and a higher dose, respec-
tively. Even the lowest dose was sufficient to reduce PAP and
PVR to baseline values, and higher doses did not cause any
significant changes. In contrast, the OI increased with increas-
ing doses of sildenafil, which is likely to reflect a dose-
dependent adverse effect of the drug. However, we cannot
completely rule out that it may partly be time dependent as
well, although the OI remained stable in the meconium control
animals.

Kleinsasser er al. (14) compared three doses of enteral
sildenafil with healthy anesthetized pigs without lung injury
and, like us, found significant reductions of PAP, PVR at all
doses, and dose-dependent effects on systemic hemodynamics,
oxygenation, and intrapulmonary shunt.

The exaggerated detrimental effect on oxygenation of sil-
denafil in animals with meconium aspiration in our current
study, when compared with the healthy controls, would con-
firm more profound effects on intrapulmonary shunt in the
presence of lung injury. This may have been due to a combi-
nation of factors: first, a significant increase in cardiac output
with sildenafil in the meconium group and, second, the pres-
ence of pulmonary hypertension and parenchymal damage
resulting in preexisting ventilation-perfusion mismatch. In

addition, increased sympathetic activation resulting in a higher
metabolic rate and oxygen consumption may have also re-
sulted from sildenafil administration, as suggested by the
investigation of Phillips et al. (15) of sildenafil in healthy
humans. We must emphasize that arterial oxygenation is a
relatively crude marker of intrapulmonary shunt, and, in the
absence of direct shunt measurement, one cannot rule out
more subtle effects of sildenafil in our healthy animals.
Schwemmer et al. (16) observed in a study on anesthetized
healthy adult dogs a dose-dependent effect of i.v. sildenafil
(0.01-1 mg/kg/min) on systemic blood pressure and heart rate.
In the present study, only minor effects on systemic hemody-
namics were observed, consistent with the low doses used
(0.007-0.05 mg/kg/min). Data from the present study and the
previous two studies (12,13) indicate that there seems to be a
severe adverse effect when using i.v. sildenafil in animals with
lung injury. A marked increase in OI was seen following
sildenafil infusion in the meconium aspiration group, which
was not seen when given to the animals without lung injury.
In the study by Kleinsasser et al. (14), the intrapulmonary
right-to-left shunting of blood was studied by measuring the
ventilation/perfusion distribution (V/Q) after enteral adminis-
tration of sildenafil. They found that any dose of sildenafil
increased blood flow to areas with an intrapulmonary shunt,



DOSE-RESPONSE OF SILDENAFIL ON HEMODYNAMICS 765

Pulmonary vascular resistance
(mmHg/ml/min/kg)

Pulmonary artery pressure
(mmHg)

« 20 g
£
£ 15 t
+ -

c t o ¢
2 10 o
g — g g .
o 5
X = s . E— .
o of ; y *% i ‘

0 60 120 180 240 300

Time (min)

Figure 2. Changes in pulmonary hemodynamics during the study in the
anesthesia group [n = 7 (#)], the sildenafil group [n = 8 (A)], the meconium
group [n = 10 (M)], and the meconium+sildenafil group [n = 7 (O)]. Graphs
represent (starting from the top): changes in PVR (mm Hg/mL/min/kg),
changes in mean artery pressure (mm Hg), changes in OI. *p < 0.01 in the
sildenafil group over time; **p < 0.001 in the sildenafil group over time; fp
< 0.001 in the meconium+sildenafil group compared with 120 min; fp <
0.05 in the meconium+sildenafil group compared with 120 min; §p < 0.001
in the meconium+sildenafil group compared with 120 min.

whereas blood flow to areas with a normal V/Q ratio was
reduced.

The animals in this study definitely have areas in the lungs
that are poorly ventilated due to the presence of meconium
plugs and edema; thus, the severe worsening in oxygenation
could be caused by increased blood flow to these areas due to
the vasodilating effect of sildenafil. The impairment of oxy-
genation may be related to the route of administration as no
increase in intrapulmonary shunting of blood was found when
nebulized sildenafil was administered in lambs with pulmo-
nary hypertension induced by a thromboxane analogue (17).

Intravenous sildenafil seems to have several advantages
over the oral drug in the treatment of pulmonary hypertension
in newborns. Intravenous sildenafil is easy to administer, and
the bioavailability is predictable in critically ill newborns with
questionable enteral absorption. However, i.v. sildenafil, un-
like inhaled nitric oxide, is not selective to ventilated lung
regions. Inhalation therapy with nitric oxide or prostacyclin
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Figure 3. Hemodynamic changes during the study in the anesthesia group
[n = 7 (#)], the sildenafil group [n = 8 (A)], the meconium group [n = 10
(M)], and the meconium+sildenafil group [n = 7 (O)]. Graphs represent
(starting from the top): changes in mean artery pressure (mm Hg), changes in
central venous pressure (mm Hg); changes in SVR (mm Hg/mL/min/kg),
changes in pulmonary capillary wedge pressure (mm Hg), changes in cardiac
output (mL/min/kg). *p < 0.05 in the sildenafil group over time; **p < 0.01
in the sildenafil group compared with the anesthesia group; fp < 0.05 in the
meconium+sildenafil group compared with baseline; fp < 0.05 in the
meconium-+sildenafil group over time.

primarily dilates the vessels in well-ventilated areas of the
lung. This would suggest a possible role for future studies of
nebulized sildenafil in our model.
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Some limitations of this study should be mentioned. The
sildenafil group without lung injury was only observed for
180 min to obtain a similar time span following sildenafil
administration in all groups. However, it might have been
interesting to observe the effect of sildenafil on hemodynamics
and oxygenation for a prolonged period following cessation of
the infusion. We did not determine the maximal duration of
the pulmonary vasodilatation following sildenafil, and it is
unknown whether the OI would have increased further to
critical values. The group of animals without lung injury did
not have pulmonary hypertension, so the effect of sildenafil
needs to be evaluated in a setup with pulmonary hypertension
due to causes other than meconium aspiration. Finally, the
lowest dose of sildenafil resulted in a significant reduction in
pulmonary pressures and vascular resistance and caused im-
pairment of oxygenation. We cannot rule out that an even
lower dose might have been sufficient to obtain significantly
improved hemodynamics without any deterioration of oxy-
genation. These issues need to be addressed in future studies.

CONCLUSION

Low-dose i.v. sildenafil is an effective pulmonary vasodi-
lator in the presence and absence of pulmonary hypertension
secondary to meconium aspiration. However, the agent ap-
peared to be relatively nonselective for the pulmonary vascu-
lature, this dose-related effect being more marked in the
lung-injured animals. In animals with meconium aspiration,
sildenafil produced a dose-dependent, rapid deterioration in
oxygenation.

Intravenous sildenafil should be administered cautiously
with the setting of pulmonary hypertension secondary to acute
lung injury because of an observed rapid increase in OI.
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