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Inhaled nitric oxide (NO) is increasingly used in the treatment
of pulmonary hypertension, despite its potential toxicity and the
risk of life-threatening rebound pulmonary hypertension upon its
discontinuation. We investigated whether i.v. dipyridamole, a
cGMP phosphodiesterase inhibitor, increased the effects of in-
haled NO and prevented rebound pulmonary hypertension. In 14
anesthetized and mechanically ventilated piglets, pulmonary hy-
pertension was induced with U-46619, a thromboxane A2 ana-
logue. Response to NO and rebound pulmonary hypertension
were evaluated without and with i.v. dipyridamole. Low-dose
dipyridamole (10 �g/kg/min) increased cardiac output and aug-
mented the effects of inhaled NO on pulmonary vascular resis-
tance, with marginal additive effect on mean pulmonary artery
pressure. Pulmonary vascular resistance decreased from 904 to
511 (20 parts per million NO) (p � 0.0005) and 358 dyne s cm�5

(20 parts per million NO � dipyridamole) (p � 0.001 versus NO
alone), and mean pulmonary artery pressure decreased from 29.0
to 20.5 (p � 0.0001) and 19.3 mm Hg (NS versus NO), respec-
tively. Mean arterial pressure decreased from 85 to 74 mm Hg
(dipyridamole � NO) (p � 0.01). High-dose dipyridamole (100
�g/kg/min) with inhaled NO reduced pulmonary vascular resis-

tance to 334 dyne s cm�5 but also decreased mean arterial
pressure to 57 mm Hg. Eight piglets developed rebound pulmo-
nary hypertension. Two died of acute right ventricular failure
and, in five, rebound pulmonary hypertension was prevented by
low-dose dipyridamole. In conclusion, low-dose i.v. dipyridam-
ole augments the effects of inhaled NO on right ventricular
afterload with moderate changes in systemic hemodynamics, and
can prevent rebound pulmonary hypertension. (Pediatr Res 52:
730–736, 2002)

Abbreviations
CO, cardiac output
MAP, mean arterial pressure
MPAP, mean pulmonary artery pressure
NO, nitric oxide
NO2, nitrogen dioxide
PDE 5, phosphodiesterase type 5
PHT, pulmonary hypertension
ppm, parts per million
PVR, pulmonary vascular resistance
SVR, systemic vascular resistance

NO is a potent endothelium-derived relaxing factor that
exerts its vasodilating action through stimulation of soluble
guanylyl cyclase and subsequent increase in cGMP in the
vascular smooth muscle cell (1–3), where it is rapidly hydro-
lyzed by cGMP-specific phosphodiesterases (PDE 5) (4, 5).
Since its introduction as a selective pulmonary vasodilator,
inhaled NO (5, 6) has been used in a variety of pathologies
associated with PHT, including adult respiratory distress syn-
drome, persistent PHT of the newborn, and in adult and

neonatal cardiac surgery (7–10). Despite these beneficial ef-
fects, two major problems are a cause for concern. First, the
safety of long-term inhalation of NO has not been fully eluci-
dated. The maximal exposure limit of 25 ppm NO for 8 h a day,
set by the Occupational Safety and Health Administration (11),
may not be safe in patients with PHT who are receiving NO
continuously for a prolonged period and who, additionally, are
likely to have an abnormal pulmonary circulation. Second,
severe rebound PHT on sudden withdrawal of inhaled NO has
been described previously (12, 13).

Because cGMP phosphodiesterase (PDE 5) inhibitors induce
pulmonary vasodilation (14–16), we investigated whether di-
pyridamole, a clinically available cGMP phosphodiesterase
inhibitor, could enhance the effects of inhaled NO in experi-
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mentally induced PHT in piglets. This could result in lower
concentrations of inhaled NO to be effective and may conse-
quently reduce potential toxicity associated with NO inhala-
tion. We also hypothesized that increased plasma cGMP levels,
expected as a result of dipyridamole infusion, could prevent
rebound PHT on withdrawal of inhaled NO.

METHODS

The experiments were performed in accordance with insti-
tutional guidelines for animal research.

Animal Selection and Surgical Procedures

Fourteen healthy piglets (age 5–6 wk; weight 10–12.5 kg)
were studied under general anesthesia. None of the piglets had
any sign of pulmonary or other infection.

Thirty minutes before induction of anesthesia, the piglets
were premedicated with azaperone (8 mg/kg intramuscularly).
General anesthesia was induced with i.v. sodium thiopental (10
mg/kg) and pancuronium (0.15 mg/kg) injected in an ear vein.
The animals were intubated and mechanically ventilated (frac-
tion of inspired oxygen 0.40 and arterial PCO2 5.3–6 kPa).
Anesthesia was maintained with propofol (160–200 �g/kg/
min), sufentanil (0.03 �g/kg/min), and pancuronium (7
�g/kg/min).

After surgical incision, a 20-gauge catheter (Vygon, Ecouen,
France) was introduced into the right carotid artery and posi-
tioned in the aorta for blood pressure monitoring and sampling
of cGMP and arterial blood gases (288 Blood Gas System,
Chiron, Emeryville, CA, U.S.A.). Pulmonary artery pressures
and CO were measured with a 5F thermodilution catheter
(Baxter Healthcare, Deerfield, IL, U.S.A.) introduced via the
right external jugular vein. The left external jugular vein was
cannulated with a 5F three-lumen catheter (William Cook
Europe ApS, Bjaeverskov, Denmark) for measurement of cen-
tral venous pressure and administration of dipyridamole and
i.v. fluids. U-46619 was administered via a 20-gauge catheter
(Vygon) positioned in a femoral vein. ECG and invasive blood
pressures were monitored with an HP 78304 A monitor
(Hewlett Packard, Palo Alto, CA, U.S.A.). The animals were
positioned on a heated water pad to maintain rectal temperature
between 38.5 and 39.5°C.

Delivery of Inhaled NO

Medical-grade NO from a 1000 ppm NO cylinder (BOC,
Guildford, Surrey, U.K.) was delivered before the ventilator
via a nitrogen rotameter to obtain inspiratory concentrations of
2.5, 5, 10, and 20 ppm. Inhaled NO and NO2 concentrations
were continuously monitored with a fast response chemilumi-
nescence analyzer (NOX 4000, Seres, Aix-en-Provence,
France) at the level of the endotracheal tube.

Drug Preparation

A stock solution of U-46619 (10 mg/mL, Pharmacia, Pea-
pack, NJ, U.S.A.) was stored at �20°C. Immediately before
the experiments, 0.5 mg of U-46619 was dissolved in 50 mL of
Ringer lactate. Dipyridamole (10 mg/2 mL, Boehringer In-

gelheim, Ingelheim, Germany) was diluted in 0.9% saline to a
final concentration of 0.25 mg/mL (part A) and 1 mg/mL (part
B) in the second protocol.

Measurement of Plasma cGMP

Plasma cGMP concentrations were determined in eight pig-
lets using 125I RIA (Immunotech, Biocode, Liege, Belgium).
For each cGMP measurement, 1 mL of blood was sampled
from the arterial line and cooled in ice. Within 5 min, the
samples were centrifuged during 10 min in a cooled (4°C)
centrifuge (Hettich Universal 16 R, Hettich-Zentrifugen, Tut-
tlingen, Germany) at 2500 � g. Plasma was separated and
stored at �20°C until the assay was performed. Plasma cGMP
concentrations were measured using competitive binding of
sample and known amounts of 125I-labeled cGMP for a specific
antibody. All samples were determined in duplicate and intra-
and interassay quality were controlled by measuring a known
amount of cGMP. Plasma cGMP concentrations are expressed
as picomoles per milliliter plasma.

Experimental Protocol 1: Response to Inhaled NO

After 20 min of stable baseline conditions, an infusion of a
potent pulmonary vasoconstrictor U-46619, a stable endoper-
oxide analogue of thromboxane A2 (9,11-dideoxy-9�,11�-
epoxymethanoprostaglandin F2�) was titrated at a rate of 0.03–
0.06 �g/kg/min to increase MPAP to 170–180% of baseline
values. When MPAP was stable for 10 min, incremental doses
of inhaled NO (2.5, 5, 10, and 20 ppm) were delivered over 5
min for each concentration and hemodynamic measurements
were performed at each NO concentration. CO was measured
as the average of two determinations after injection of 5 mL
normal saline at room temperature. Thereafter, NO was dis-
continued and MPAP was recorded every minute over 10 min
to detect rebound PHT, which was defined as an elevation of at
least 20% above values obtained with U-46619. After this
10-min period, the infusion of U-46619 was discontinued for
20 min to allow the right ventricle to recover from the high
afterload and to prevent right ventricular dysfunction.

Experimental Protocol 2: Response to Inhaled NO with
Intravenous Dipyridamole

Twenty minutes after the end of protocol 1, MPAP was
increased again with U-46619, as in protocol 1.

Part A. Intravenous dipyridamole was infused at 10 �g/kg/
min in the 12 surviving piglets and continued throughout the
experiment. Hemodynamic measurements were performed at 5
and 10 min, after which protocol 1 was repeated. Again, a
10-min NO-free period was repeated to monitor rebound PHT
while dipyridamole was continued.

Part B. Fifteen minutes after NO was stopped, dipyridamole
was increased to 100 �g/kg/min. Again, the response to in-
haled NO was repeated. In this experiment, however, dipyrid-
amole was not continued until the end of the experiment, but
stopped together with the last dose of NO (Fig. 1).

Plasma cGMP concentrations were measured in eight piglets
at baseline, during infusion of U-46619, during dipyridamole
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infusion (10 and 100 �g/kg/min), and 20 min after the high-
dose dipyridamole (100 �g/kg/min) was stopped.

Statistical Analysis

Data are presented as means � SD. Statistical analysis was
performed with SigmaStat (SPSS Science, Chicago, IL, U.S.A)
using two-way ANOVA for repeated measures for analysis
within and between groups. A p value � 0.05 was considered
significant.

RESULTS

Two piglets died of acute right ventricular failure resulting
from extreme rebound PHT after withdrawal of inhaled NO at
the end of protocol 1, and consequently did not receive a
dipyridamole infusion. Data obtained from these animals were
not used for statistical analysis. All 12 surviving piglets com-
pleted the entire study protocol. All data shown comprise these
12 piglets, except when mentioned otherwise. NO2 concentra-
tions were �0.3 ppm at all times, and a 5% difference between
the delivered and the aimed NO concentration was considered
acceptable.

Protocol 1

Infusion of U-46619 increased MPAP from 16.6 � 1.6 to
29.0 � 2.6 mm Hg (p � 0.0001) and PVR from 353 � 76 to
904 � 183 dyne s cm�5 (p � 0.0001). MAP increased from 74
� 14 to 90 � 14 mm Hg (p � 0.001), SVR increased from
2671 � 772 to 3548 � 779 dyne s cm�5 (p � 0.001), and CO
decreased from 2.1 � 0.2 to 1.9 � 0.2 L/min (NS).

Inhaled NO significantly decreased both MPAP and PVR at
all concentrations (Table 1) without changes in systemic he-
modynamic parameters. There were no significant changes in
central venous pressure and pulmonary capillary wedge pres-
sure (PcwP) during the experiment. The response to inhaled

NO showed 5, 10 and 20 ppm NO to be more effective than 2.5
ppm both for MPAP and PVR, whereas only 20 ppm was
significantly different from 5 ppm (Fig. 2). Rebound PHT
occurred in six of the surviving twelve piglets within 2 min
after NO was discontinued, with a peak after 5 min. MPAP (n
� 6) increased from 29.8 � 2.9 mm Hg to 36.8 � 4.7 (p �
0.04) and 41.0 � 4.8 mm Hg (p � 0.001) at 2 and 5 min,
respectively (Fig. 3).

Protocol 2

Part A. Restarting the infusion of U-46619 resulted in a
MPAP of 29.7 � 2.6 mm Hg and a PVR of 966 � 246 dyne
s cm�5. Ten minutes of i.v. dipyridamole (10 �g/kg/min)
reduced MPAP and PVR, but also MAP and SVR with a
concomitant increase in CO. Heart rate increased from 126 �
18 to 138 � 27 beats/min (NS) after 10 min of dipyridamole
infusion. Addition of inhaled NO further decreased PVR to
levels below those obtained with inhaled NO alone (at all NO
concentrations) without further alterations in systemic hemo-
dynamics, except for an additional increase in CO (Table 1).

In five of the six piglets with rebound PHT in protocol 1,
dipyridamole infusion completely prevented rebound PHT
(Fig. 3). In one piglet, dipyridamole failed to prevent rebound
PHT. In this animal, MPAP increased from 33 to 43 mm Hg 6
min after withdrawal of NO, but decreased to 37 mm Hg 10
min after NO discontinuation.

Part B. Dipyridamole at 100 �g/kg/min reduced both MPAP
and PVR, but also induced a profound systemic vasodilation
and increased CO. Furthermore, HR increased significantly
from 126 � 18 before the high-dose dipyridamole infusion to
149 � 19 beats/min (p � 0.02). However, most of the HR
increase occurred during the NO withdrawal period, irrespec-
tive of whether dipyridamole was administered or not. Filling
pressures decreased slightly, but the changes were not statisti-

Figure 1. Schematic representation of study protocol 1, 2A, and 2B. NO in ppm. Each NO dose was administered during 5 min. Hemodynamic measurements
were performed at baseline, during U-46619, and at the end of each NO dosing period. Arrows indicate time points for cGMP measurements.
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cally significant. Central venous pressure and PcwP decreased
from 6.2 � 3.0 to 5.6 � 2.4 (NS) and from 7.2 � 1.8 to 7.1 �
2.2 mm Hg (NS). Inhalation of NO further reduced MPAP and
PVR without major changes in systemic hemodynamics, ex-
cept a further increase in CO (Table 2). None of the animals
experienced rebound PHT, despite simultaneous cessation of
i.v. dipyridamole infusion and inhalation of NO, not even 20
min after both drugs were discontinued, suggesting prolonged
protection of dipyridamole against rebound PHT. In fact,
MPAP remained significantly lower versus U-46619.

Plasma cGMP concentrations (n � 8) increased from base-
line values of 11.7 � 2.1 to 15.3 � 3.5 (p � 0.006) and 16.5
� 5.1 (p � 0.05) pmol/mL at 10 and 100 �g/kg/min dipyrid-
amole, respectively (Fig. 4). Even 20 min after dipyridamole
and NO administration were stopped, these high cGMP levels
were maintained at 15.6 � 4.9 pmol/mL (p � 0.05).

DISCUSSION

NO produced by pulmonary vascular endothelial cells is an
important modulator of pulmonary vascular tone (17, 18).
Because PHT may be associated with attenuated endogenous
NO production (18, 19) and persistent or increased cGMP
phosphodiesterase activity (16), the combination of NO with a
cGMP phosphodiesterase inhibitor might reduce the effective

Figure 2. Response to inhaled NO (protocol 1 and 2A): effects on MPAP
(mm Hg) and PVR (dyne s cm�5). NO in ppm. Dip 10, dipyridamole 10
�g/kg/min. Data are mean � SD (n � 12). Control: data from protocol 1. Dip:
data from protocol 2a. For MPAP: *p � 0.001 vs 2.5 NO, †p � 0.01 vs 5 NO,
§p � 0.01 vs 2.5 NO � Dip 10, °p � 0.01 vs 5 NO � Dip 10, **p � 0.0001
vs baseline. For PVR: *p � 0.01 vs 2.5 NO, †p � 0.05 vs 5 NO, §p � 0.01
vs 2.5 NO � Dip 10, °p � 0.05 vs 5 NO � Dip, **p � 0.0001 vs baseline.

T
ab

le
1.

H
em

od
yn

am
ic

ef
fe

ct
s

of
N

O
w

it
ho

ut
an

d
w

it
h

di
py

ri
da

m
ol

e
(p

ro
to

co
ls

1
an

d
2A

)

B
as

el
in

e
U

-4
66

19

N
O

U
-4

66
19

D
ip

10

D
ip

yr
id

am
ol

e
�

N
O

2.
5

5
10

20
2.

5
5

10
20

M
PA

P
16

.6
�

1.
6

29
.0

�
2.

6
23

.3
�

2.
3

21
.3

�
2.

3
20

.8
�

2.
4

20
.5

�
1.

9
29

.7
�

2.
6

27
.0

�
3.

2
22

.4
�

2.
3

20
.8

�
2.

2
20

.1
�

2.
2

19
.3

�
2.

5
(*

p
�

0.
00

01
)

(†
p

�
0.

00
01

)
(†

p
�

0.
00

01
)

(†
p

�
0.

00
01

)
(†

p
�

0.
00

01
)

(*
p

�
0.

00
01

)
(†

p
�

0.
00

1)
(N

S)
(N

S)
(N

S)
(N

S)
PV

R
35

3
�

76
90

4
�

18
3

64
8

�
13

0
55

3
�

10
7

54
1

�
11

5
51

1
�

95
96

6
�

24
6

73
4

�
20

0
50

7
�

15
1

42
3

�
89

39
7

�
89

35
8

�
88

(*
p

�
0.

00
01

)
(†

p
�

0.
00

1)
(†

p
�

0.
00

05
)

(†
p

�
0.

00
05

)
(†

p
�

0.
00

05
)

(*
p

�
0.

00
01

)
(†

p
�

0.
00

1)
(§

p
�

0.
00

3)
(§

p
�

0.
00

1)
(§

p
�

0.
00

1)
(§

p
�

0.
00

1)
M

A
P

74
�

14
90

�
14

92
�

15
93

�
15

93
�

15
93

�
15

85
�

13
72

�
9

73
�

10
72

�
10

72
�

9
74

�
11

(*
p

�
0.

00
1)

(N
S)

(N
S)

(N
S)

(N
S)

(*
p

�
0.

01
)

(†
p

�
0.

02
)

(§
p

�
0.

00
1)

(§
p

�
0.

00
1)

(§
p

�
0.

00
1)

(§
p

�
0.

00
1)

SV
R

26
71

�
77

2
35

48
�

77
9

35
34

�
79

9
35

51
�

87
1

35
74

�
93

9
35

56
�

85
1

33
96

�
91

4
24

45
�

69
9

22
32

�
61

5
20

62
�

41
6

20
70

�
41

8
20

44
�

52
4

(*
p

�
0.

00
1)

(N
S)

(N
S)

(N
S)

(N
S)

(*
p

�
0.

00
01

)
(†

p
�

0.
00

01
)

(§
p

�
0.

00
01

)
(§

p
�

0.
00

01
)

(§
p

�
0.

00
01

)
(§

p
�

0.
00

01
)

C
O

2.
1

�
0.

2
1.

9
�

0.
2

1.
9

�
0.

2
1.

9
�

0.
2

2.
0

�
0.

2
2.

0
�

0.
2

1.
9

�
0.

4
2.

2
�

0.
4

2.
5

�
0.

5
2.

6
�

0.
4

2.
6

�
0.

3
2.

7
�

0.
5

(N
S)

(N
S)

(N
S)

(N
S)

(N
S)

(N
S)

(†
p

�
0.

01
)

(§
p

�
0.

00
3)

(§
p

�
0.

00
06

)
(§

p
�

0.
00

06
)

(§
p

�
0.

00
07

)

M
PA

P,
M

A
P

in
m

m
H

g.
PV

R
,

SV
R

in
dy

ne
s

cm
�

5
.

C
O

in
L

m
in

�
1
.

N
O

in
pp

m
.

D
ip

10
�

10
�

g/
kg

/m
in

di
py

ri
da

m
ol

e.
*

U
-4

66
19

vs
ba

se
lin

e.
†

N
O

or
D

ip
10

vs
U

-4
66

19
.

§
N

O
�

D
ip

10
vs

N
O

al
on

e
(e

qu
al

co
nc

en
tr

at
io

ns
).

n
�

12
.

733DIPYRIDAMOLE IN PULMONARY HYPERTENSION



dose of NO and limit potential toxicity related to NO inhalation
(20, 21). Although the experimental PDE 5 inhibitor zaprinast
(generic name) is slightly more potent than dipyridamole (4)
and has already been used to enhance the effects of inhaled NO
(22, 23), we preferred to study dipyridamole because it is an
approved, inexpensive drug that has been clinically available
for more than 30 y. If dipyridamole potentiates the effects of
inhaled NO without compromising the systemic circulation, it
can be useful in the setting of PHT in neonates and infants after
surgery for congenital heart disease.

Our study shows that low-dose i.v. dipyridamole (10 �g/kg/
min) is not a selective pulmonary vasodilator, but reduces
MPAP and PVR, with a significant reduction in SVR but a
clinically acceptable decrease in MAP (Table 1). Whereas
inhaled NO (protocol 1) significantly vasodilates pulmonary
blood vessels (MPAP �29%, PVR �43%, 20 ppm NO),

Figure 3. Rebound PHT (n � 6) occurred within 2 min after withdrawal of 20 ppm NO. 1–10 min � data collected every minute after NO withdrawal over
10 min. Both Dip 10 and Dip 100 prevented rebound PHT. Data are mean � SD. *p � 0.05 vs NO without dipyridamole, §p � 0.05 vs U-46619.

Figure 4. Plasma cGMP levels (n � 8) increased significantly with infusion
of Dip 10 and Dip 100, and remained elevated 20 min after discontinuation of
both NO and Dip 100 (� stop Dip 10). Data are mean � SD. *p � 0.05 vs
baseline.

Table 2. Effects of Dip 100 vs NO (protocol 2B)

Baseline U-46619 2.5 NO 20 NO Dip 100
Dip 100 � 2.5

NO
Dip 100 � 20

NO Stop Dip 100

MPAP 16.6 � 1.6 29.7 � 2.6 23.3 � 2.3 20.5 � 1.9 23.5 � 2.3 21.1 � 2.5 19.9 � 2.8 28.5 � 4.1
(*p � 0.0001) (†p � 0.0001) (†p � 0.0001) (†p � 0.0001) (NS) (NS) (†p � 0.01)

PVR 353 � 76 966 � 246 648 � 130 511 � 95 465 � 111 384 � 85 334 � 85 558 � 131
(*p � 0.0001) (†p � 0.001) (†p � 0.0005) (†p � 0.002) (§p � 0.0005) (§p � 0.0005) (†p � 0.001)

MAP 74 � 14 85 � 13 92 � 15 93 � 15 57 � 8 56 � 8 57 � 10 69 � 11
(*p � 0.01) (NS) (NS) (†p � 0.005) (§p � 0.0001) (§p � 0.0001) (†p � 0.01)

SVR 2671 � 772 3396 � 914 3534 � 799 3556 � 851 1452 � 308 1359 � 299 1318 � 329 1696 � 422
(*p � 0.0001) (NS) (NS) (†p � 0.005) (§p � 0.0001) (§p � 0.0001) (†p � 0.005)

CO 2.1 � 0.2 1.9 � 0.4 1.9 � 0.2 2.0 � 0.2 2.8 � 0.4 3.0 � 0.4 3.2 � 0.5 3.1 � 0.8
(NS) (NS) (NS) (†p � 0.006) (§p � 0.0002) (§p � 0.0002) (†p � 0.001)

HR 126 � 18 115 � 19 113 � 14 149 � 19 151 � 16 155 � 19 160 � 30 165 � 32
(NS) (NS) (NS) (†p � 0.005) (§p � 0.005) (§p � 0.005) (†p � 0.005)

MPAP, MAP in mm Hg. PVR, SVR in dyne s cm�5. CO in L min�1. HR in beats min�1. NO in ppm. Dip 100 � dipyridamole 100 �g/kg/min. Stop Dip
100 � Dip 100 � NO discontinued for 20 min.

* U-46619 vs baseline. † Dip 100 or NO vs U-46619. § Dip 100 � NO vs NO alone (equal concentrations). n � 12.
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dipyridamole in combination with inhaled NO (protocol 2A)
further decreases PVR (�29%, for 20 ppm NO), without
significant effect on MPAP (�6%) (Table 1). Whether this
reflects enhanced pulmonary vasodilation or is merely the
result of general vasodilation by dipyridamole is difficult to
assess from our data. Although dipyridamole itself increases
CO, most probably as a result of systemic vasodilation, the
addition of inhaled NO to i.v. dipyridamole further increases
CO, with a small decrease in MPAP and an unchanged MAP,
suggesting true additional pulmonary vasodilation (Table 1).
This increase in CO can probably be attributed to a decrease in
right ventricular afterload with maintained coronary perfusion,
resulting in improved right ventricular function.

Although in the present study 100 �g/kg/min dipyridamole
(protocol 2B) decreased MPAP and reduced PVR more than
any concentration of NO studied (Table 2), this dose is unac-
ceptable in clinical practice because of the systemic hypoten-
sion it induces. Additionally, the combination of decreased
coronary perfusion pressures and increased heart rate can be
deleterious for right and left ventricular function as well as
myocardial oxygen balance. Despite a possible residual effect
of the low-dose dipyridamole, the abrupt decrease in MPAP,
MAP, PVR, and SVR on initiation of 100 �g/kg/min i.v.
suggests this high dose to be responsible for the potentially
dangerous effects on systemic hemodynamics.

Interestingly, low-dose dipyridamole combined with 2.5
ppm NO reduces PVR more than 20 ppm NO alone, with a
clinically acceptable decrease in MAP (Table 1). In clinical
practice, this might allow the use of much lower doses of
inhaled NO, thereby reducing the potential toxicity related to
NO inhalation, such as methemoglobinemia (24), oxidation of
NO to NO2 (25), and NO2-related bronchospasm in humans
(20). Furthermore, very little is known about the oxidant stress
from the production of peroxynitrite (21) in patients with lung
inflammation and in immature babies likely to have decreased
antioxidant defenses (10). Although the toxicity issue of NO
inhalation is not yet resolved, in the absence of in vivo studies
addressing safe duration and dosage of NO inhalation, the
combination of dipyridamole with low inhaled NO concentra-
tions can be considered to reduce potential NO and NO2-
related toxicity.

Our results are similar to those obtained by Ziegler et al.
(26) in pediatric patients with severe PHT. The authors report
a decrease in PVR and SVR with dipyridamole alone, and a
further reduction by 20% in PVR in half of the patients when
NO and dipyridamole are combined. In contrast to these and
our data, Fullerton et al. (27) report i.v. dipyridamole in
combination with inhaled NO to cause selective pulmonary
vasodilation in patients immediately after mitral or aortic valve
surgery. The authors also reported an increase in CO (�50%)
similar to what we have found when dipyridamole and NO are
combined. The longstanding left atrial and pulmonary venous
hypertension and the relatively low dose of dipyridamole
administered in their study may account for the selective nature
of the pulmonary vasodilation.

Rebound PHT on withdrawal of inhaled NO after congenital
heart surgery (12, 28, 29) and in severe respiratory failure (13)
has been described previously. The dangers of rebound PHT

are not only related to an abundant increase in pulmonary
artery pressure, jeopardizing right ventricular function, but also
to a sudden “rebound” decrease in arterial oxygen saturation
(13). Because there is evidence that NO itself inhibits NO
synthase activity in various tissues via a feedback mechanism
(30), a possible explanation for the phenomenon of rebound
PHT is inhibition of endogenous NO production in the pulmo-
nary vascular endothelium during NO inhalation, combined
with a reduced NO production after sudden withdrawal of
inhaled NO (31). When endogenous pulmonary NO production
cannot be restored instantly after discontinuation of NO inha-
lation, we speculate that drugs that prolong the half-life of
NO’s second messenger, cGMP, may be useful to prevent
rebound PHT.

Although there is increasing evidence that dipyridamole
augments the effects of inhaled NO (22, 27, 32) and may be
useful in patients who cannot be weaned easily from NO
inhalation (33), there is only one report that addresses the
potential of dipyridamole to attenuate rebound PHT after with-
drawal of inhaled NO (29). The obvious hypothesis for this
phenomenon is that dipyridamole reduces the breakdown of
increased cGMP levels resulting from NO inhalation in pul-
monary vascular smooth muscle cells. Although increased
plasma cGMP levels during zaprinast infusion and cGMP
release from the lungs during combined treatment with i.v.
zaprinast and inhaled NO have been described (23), to the best
of our knowledge the present study is the first to address the
role of increased cGMP levels during dipyridamole infusion in
the setting of rebound PHT. Our data show that i.v. dipyrid-
amole increases plasma cGMP concentrations. The long half-
life of i.v. dipyridamole (between 12 and 15 h) (34) may well
explain why, even 20 min after both dipyridamole and NO
were discontinued, cGMP levels were significantly elevated
(Fig. 4) and pulmonary artery pressures were similar to those
during dipyridamole infusion (Table 2). We hypothesize that
the increased plasma cGMP levels measured in our study
reflect, to some extent, intrapulmonary vascular smooth muscle
cGMP concentrations and, therefore, may protect against re-
bound PHT after sudden withdrawal of inhaled NO. Although
slowly weaning the NO is usually sufficient to avoid rebound
PHT in most instances, this technique may be cumbersome and
low-dose dipyridamole may be a valuable alternative when
weaning from NO is difficult.

Study Limitations

The increased plasma cGMP levels in our study cannot
solely be attributed to the release of cGMP from pulmonary
blood vessels, but other tissues such as systemic blood vessels
may be involved. Another putative mechanism of vasodilation
by dipyridamole includes inhibition of adenosine re-uptake
(35). However, the evidence that pulmonary vasodilation by
dipyridamole is not altered by adenosine receptor blockers
such as theophylline but is exerted through an effect on cGMP
metabolism (15, 32), and the fact that i.v. dipyridamole can
prevent rebound PHT, suggest that cGMP concentrations in
pulmonary vascular smooth muscle cells are increased by
dipyridamole.
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From our results, it is difficult to conclude whether dipyrid-
amole induces true pulmonary vasodilation. Although it de-
creases MPAP, the reduction in PVR is mainly the result of an
increase in CO and may indicate recruitment of pulmonary
arterioles. However, the setting of a decrease in pulmonary
artery pressure in combination with an important increase in
pulmonary blood flow suggests at least a component of direct
pulmonary vasodilation. Comparison of these data with those
obtained with an inotropic agent, the use of lower doses of
dipyridamole, or a more selective PDE 5 inhibitor like silde-
nafil (36), with probably less effect on the systemic circulation,
might resolve this problem. Furthermore, our study design
cannot elucidate whether the increase in CO with dipyridamole
should be attributed solely to a reduction in right and left
ventricular afterload, or also results from a direct inotropic and
chronotropic effect on the myocardium. The fact that the
increase in heart rate occurs mainly during the NO withdrawal
period (both with and without dipyridamole) further compli-
cates interpretation of these data.

CONCLUSION

Intravenous dipyridamole enhances the effects of inhaled
NO on PHT. It allows lower doses of inhaled NO to be used in
this setting, and may thus reduce potential toxicity related to
NO inhalation. The combination of both drugs, when properly
titrated, may result in adequate reductions of pulmonary artery
pressure and right ventricular afterload with clinically accept-
able effects on systemic hemodynamics. In clinical practice,
i.v. dipyridamole is a promising drug in the setting of neonatal
and pediatric cardiac surgery to prevent rebound PHT on
withdrawal of inhaled NO, and may be useful in patients who
cannot be weaned easily from NO inhalation.
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