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Treatment of pulmonary hypertension in patients undergoing
cardiac surgery with cardiopulmonary bypass: a randomized,
prospective, double-blind study
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Objective Pulmonary hypertension can already be present

in patients undergoing cardiac surgery or can be

exacerbated by cardiopulmonary bypass. Postoperative

treatment is still a challenge for physicians. The aim of this

study was to evaluate the effects of inhaled prostacyclin

(iPGI2) and nitric oxide (iNO) compared with those of

intravenous vasodilators.

Methods This prospective, randomized, double-blind study

included 58 patients affected by severe mitral valve stenosis

and pulmonary hypertension with high pulmonary vascular

resistance (> 250 dynes�s�cmS5) and a mean pulmonary

artery pressure > 25 mmHg. All patients were monitored by

central venous, radial arterial and Swan–Ganz catheters.

Data were recorded at six different time points, before

induction of anaesthesia, during and after surgery.

Prostacyclin and nitric oxide were administered by

inhalation 5 min before weaning from cardiopulmonary

bypass and continued in the intensive care unit. Right

ventricular function was evaluated by transoesophageal

echocardiography.

Results Hospital mortality was 3.4%. After drug

administration, the mean pulmonary artery pressure

and pulmonary vascular resistance were significantly

decreased in the iNO and iPGI2 groups with respect to the

baseline values (P < 0.05) and such a decrease was

maintained throughout the study; this was not observed in
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the control group. In the iNO and iPGI2 groups we

demonstrated a significant increase in cardiac indices and

right ventricular ejection fraction after drug administration

with respect to baseline. Furthermore, patients in the

inhaled drug groups were weaned easily from

cardiopulmonary bypass (P U 0.04) and had a shorter

intubation time (P U 0.03) and intensive care unit stay

(P U 0.02) than the control group.

Conclusions Our data suggest that both iNO and iPGI2 are

effective in the treatment of pulmonary hypertension. iPGI2
has a number of advantages over iNO, including its easy

administration and lower cost. Intravenous vasodilator

treatment, on the other hand, is effective in terms of

mortality but has a higher morbidity rate. J Cardiovasc Med
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Introduction
Pulmonary hypertension in patients undergoing cardiac

surgery is associated with increased mortality and mor-

bidity rates [1]. Mitral valve stenosis is frequently associ-

ated with an increase in pulmonary vascular resistance

(PVR); cardiopulmonary bypass (CPB) may exacerbate

pulmonary hypertension, resulting in acute right ventri-

cular dysfunction. The cause of pulmonary hypertension

is multifactorial but is probably a combination of a pre-

existing pulmonary hypertension exacerbated by CPB-

induced damage to the pulmonary endothelium with a

further loss of the vasodilator function [2–9]. The admin-

istration of vasoactive agents by inhalation, so that vaso-

dilation is confined to the pulmonary circulation, has
improved the management of pulmonary hypertension

in cardiac surgery patients. The two inhaled agents that

have been investigated in this respect are inhaled nitric

oxide (iNO) and prostacyclin (iPGI2). iPGI2 appears to

be a selective pulmonary vasodilator acting through

cAMP instead of cGMP [10,11]. Its half life is 2–3 min,

and at physiological pH, it spontaneously hydrolyses to

6-keto-prostaglandin-F1a. Thus, its effect remains locali-

zed to ventilated lung units and it can decrease pulmon-

ary artery pressure, without causing systemic

hypotension, and improve oxygenation by decreasing

ventilation–perfusion mismatch [12–14]. Its effect on

cardiac function is controversial but it can increase

cardiac output when given intravenously [15,16]. The
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inhalation of NO was demonstrated to selectively reduce

pulmonary hypertension and improve the ventilation–

perfusion ratio [10,17]. iNO reacts with oxygen to form

nitrite anion. NO is converted to nitric and nitrous

acids. Peroxynitrite is formed when NO reacts with

superoxide anion radical and is highly cytotoxic. Combi-

nation of NO and haemoglobin rapidly produces nitrosyl

Fe(II)-haemoglobin and then methaemoglobin. Clini-

cally significant methaemoglobinaemia is rare after

low level NO exposure. NO toxic effects, related to

methaemoglobinaemia and nitrogen dioxide, are dose-

related. A paradoxical decrease in systemic oxygenation

has been observed at higher doses of iNO. It is hypo-

thesized that higher doses of NO may result in a diffus-

ion of NO to lung regions that are not well ventilated

and consequently promote a ventilation–perfusion ine-

quality.

The present study was carried out to compare iNO and

iPGI2 with intravenous vasodilators and vasoactive

agents, which are the drugs commonly used in treatment

of pulmonary hypertension during cardiac surgery in

adults.

Methods
This prospective, randomized study included 58 patients

affected by severe mitral valve stenosis with high PVR

(> 250 dynes�s�cm�5) who underwent mitral valve

repair or replacement. All patients signed an informed

consent. Patients were randomized into three groups:

iPGI2 group, iNO group, and control group (treated with

traditional intravenous vasodilators). Patients were con-

sidered to have pulmonary hypertension if systolic pul-

monary artery pressure was > 45 mmHg or the mean

pulmonary artery pressure (MPAP) was > 25 mmHg, as

measured during the preoperative period or estimated

by using Doppler echocardiography [18]. Data were

confirmed after insertion of a pulmonary catheter

(Swan–Ganz). The following exclusion criteria were

used: left ventricular dysfunction (ejection fraction

< 30%), emergency operative status, diathesis, known

coagulopathy, thrombocytopenia, and concomitant car-

diac procedures.

In all patients, anaesthesia was induced with sufentanil

(1 mg/kg), pancuronium bromide (0.1 mg/kg) and mid-

azolam (0.05 mg/kg) and maintained with continuous

infusions of sufentanil (1 mg/kg/h) and midazolam

(0.04 mg/kg/h). No anaesthetic gas was used. Minute

ventilation was adjusted to maintain end-tidal carbon

dioxide between 30 and 40 mmHg. A 5.0 MHz transoe-

sophageal omniplane probe (Hewlett-Packard Sonos

4500, Hewlett-Packard, Andover, Massachusetts, USA)

was inserted after induction of general anaesthesia. A

transoesophageal echocardiographic examination was

performed to evaluate systolic and diastolic parameters

of left and right ventricular performance.
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Normothermic cardiopulmonary bypass was conducted

in all patients. A continuous flow of 2–2.5 l/min/m2 and a

perfusion pressure between 50 and 70 mmHg was kept.

Intermittent antegrade cold blood cardioplegia was used

for myocardial protection.

The following haemodynamic parameters were

measured or calculated: heart rate, systolic, diastolic

and mean arterial pressure, cardiac index, stroke volume,

systolic and diastolic pulmonary artery pressure, MPAP,

central venous pressure, pulmonary capillary wedge pres-

sure, systemic vascular resistance, PVR, and right ventri-

cular ejection fraction. Data were recorded at the

following times: T1, at baseline (before induction of

anaesthesia); T2, after heparin dose; T3, at CPB inter-

ruption (drug administration); T4, after protamine; T5, at

chest closure; T6, 2 h before arrival at the intensive care

unit. The average dose of inotropic and pressor agents

administered intraoperatively was recorded for each

patient.

Drug administration protocol
Epoprostenol (Flolan, Glaxo-Wellcome Inc., Mississauga,

Canada) was given as epoprostenol salt 1.5 mg dissolved

in a sterile glycine buffer diluent for a concentration of

15 mg/ml. The drug was administered through a jet

nebulizer connected to the inspiratory limb of the venti-

lator near the endotracheal tube. Nebulization was

achieved with an oxygen flow of 8 l/min. This high flow

was used to achieve a high proportion of small particles

(< 5 mm). Because this added a secondary flow to the

patient, minute ventilation was adjusted to maintain peak

inspiratory pressures of < 30 cm H2O and a normal end-

tidal carbon dioxide.

NO was supplied as a 400 ppm mixture diluted in nitro-

gen. The NO/nitrogen mixture was delivered by an NO

delivery device (INOvent, Ohmeda Inc., Madison,

Wisconsin, USA). This delivery device is capable of

providing a user-selected consistent concentration of

inspired iNO, regardless of ventilator volume and flow

setting. The final blended gas was then introduced into

the inspiratory limb of the respiratory circuit. The inhaled

concentration of NO was determined by the INOvent

delivery device using electrochemical cell analysis with

sampling of the inspired gases at the distal inspiratory

limb of the breathing circuit occurring in a continuous

fashion. Although significant methaemoglobinaemia is

rare after low level NO exposure, its serum levels were

measured after 30 min of exposure to iNO; patients with

serum levels > 4% were monitored every 2 h. Drugs were

given immediately before the interruption of CPB and

discontinued at least 60 min after exposure.

Statistical analysis
Data were expressed as mean � SD. Data were statisti-

cally analysed using standard analyses of variance
orized reproduction of this article is prohibited.



C

Pulmonary hypertension in cardiac surgery Fattouch et al. 121

Table 1 Preoperative and perioperative patient characteristics

iPGI2 group (n ¼ 19) iNO group (n ¼ 21) Control group (n ¼ 18)

Age (years) 62 � 8 65 � 9 64 � 7
Atrial fibrillation 8 7 10
NYHA functional class 3.5 � 0.5 3.3 � 0.6 3.6 � 0.4
Anticoagulant therapy 11 14 8
Redo 2 1 0
Procedures

MVS 14 15 13
MVS þ TVR 5 6 5
CPB (min) 77 � 12� 72 � 14� 99 � 15

Aortic cross-clamping (min) 48 � 8 46 � 10 42 � 11
Bleeding (ml) 640 � 220 580 � 230 520 � 210
Intubation (h) 18 � 4.2� 20 � 3.1� 31 � 3.2
ICU stay (h) 45 � 12� 48 � 11� 78 � 38
In-hospital stay (days) 10 � 3 9 � 2.8 14 � 6
In-hospital mortality 0 1 1
Reoperation for bleeding 1 0 2

CPB ¼ cardiopulmonary bypass; ICU ¼ intensive care unit; iNO ¼ inhaled nitric oxide; iPGI2 ¼ inhaled prostacyclin; MVS ¼ mitral valve surgery; NYHA ¼ New York Heart
Association; TVR ¼ tricuspid valve repair. �P < 0.05 for the iPGI2 and iNO groups compared with the control group.
(ANOVA) in conjunction with Student-Newman–Keuls

multiple comparison tests. All tests were two-sided. A

two-way ANOVA (group by time) with time as a repeated

measure factor was performed on the variables heart rate,

mean arterial pressure, MPAP, cardiac index, PVR and

systemic vascular resistance, using the values from post-

bypass to arrival at the intensive care unit. When either

the groups’ effects were significant (P < 0.05) or a sig-

nificant interaction (group by time) was present, an

analysis at each time point was performed. A P value

of < 0.05 was considered statistically significant.

Results
The three groups did not differ statistically with regard to

demographic data or New York Heart Association func-

tional classification (Table 1). The three groups also did

not differ statistically with respect to surgical and anaes-

thesia treatment. Hospital mortality was 3.4% (one

patient died for right ventricular failure in the iNO group

and one for uncontrolled bleeding in the control group).

Baseline, intraoperative and postoperative haemody-

namic parameters are shown in Table 2. There were

no statistically significant differences in the baseline data

among the three groups.

After induction of anaesthesia (T2), MPAP and PVR

were decreased with respect to baseline (T1), but the

difference did not reach statistical significance. After drug

administration (T3), MPAP and PVR were significantly

decreased with respect to baseline (P < 0.05) and main-

tained throughout the study; this was not observed in the

control group. The right ventricular ejection fraction was

also significantly increased at T5 and T6 with respect to

T1 and a statistically significant difference was observed

in the iNO and iPGI2 groups with respect to the control

group and to baseline. Moreover, in the patients who

received iNO and iPGI2, we observed a statistically

significant increase in the cardiac indices at T3, T5
opyright © Italian Federation of Cardiology. Unau
and T6 as compared with baseline and the control group.

Patients in the inhaled drug groups were weaned easily

from CPB with respect to the control group (P ¼ 0.04)

and a significant difference was observed for time of

intubation (P ¼ 0.03) and intensive care unit stay

(P ¼ 0.02) (Table 1). Patients in the control group needed

higher doses of inotropic and vasopressor drugs than

patients in the iNO and iPGI2 groups (Table 3). No

adverse effects were observed due to drug administration.

Discussion
The cause of pulmonary hypertension in cardiac surgery

patients is multifactorial but is probably a combination of

a preexisting pulmonary hypertension, due to the cardiac

pathology, exacerbated by CPB. We know that CPB

induces pulmonary endothelial cell injury and pulmonary

dysfunction, probably due to hypoperfusion of the lung

during CPB or activation of the systemic inflammatory

response, which exacerbates the reactivity of the pul-

monary vascular bed. This may result in inhibition of NO

production and an increase in the production of endothe-

lin-1 after CPB [19,20]. Pulmonary hypertension may be

of sufficient severity to produce acute right ventricular

failure and an inadequate cardiac output. Treatment of

this condition has always been challenging. Most intra-

venous agents that dilate the pulmonary vasculature,

such as dobutamine, nitroglycerin, milrinone, sodium

nitroprusside, and calcium channel antagonists, can cause

systemic hypotension. Systemic hypotension will

decrease coronary artery perfusion to the right ventricle

at a time when right ventricular end-diastolic pressures

are high and right ventricular coronary perfusion pressure

is already likely to be low. Administering the vasodilator

agents by inhalation, so that vasodilation is confined to

the pulmonary circulation, has improved the manage-

ment of this condition. The role of NO and PGI2 as

specific pulmonary vasodilators in the setting of adult

cardiac surgery is well established. Previous studies,
thorized reproduction of this article is prohibited.
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Table 2 Haemodynamic data

T1 T2 T3 T4 T5 T6

HR (b/min)
iNO group 80 � 23 76 � 17 106 � 15 103 � 17 109 � 16 98 � 18
iPGI2 group 76 � 19 81 � 9 91 � 13 99 � 18 91 � 18 101 � 16
Control group 82 � 20 80 � 13 93 � 11 96 � 12 103 � 11 93 � 12

MAP (mmHg)
iNO group 79 � 10 78 � 9 83 � 11 81 � 8 86 � 9 85 � 11
iPGI2 group 82 � 11 78 � 11 69 � 8 79 � 12 90 � 8 95 � 12
Control group 80 � 9 80 � 8 70 � 12 68 � 10 70 � 12 68 � 12

MPAP (mmHg)
iNO group 38 � 6 32 � 5 22 � 5�,§ 23 � 5�,§ 20 � 3�,§ 22 � 6�,§

iPGI2 group 42 � 11 35 � 7 24 � 4�,§ 22 � 6�,§ 26 � 9�,§ 24 � 5�,§

Control group 38 � 8 33 � 8 35 � 4 35 � 6 33 � 5 35 � 5
PCWP (mmHg)

iNO group 23 � 6 21 � 5 16 � 6� 16 � 5� 15 � 3� 16 � 4�

iPGI2 group 25 � 8 22 � 7 17 � 8� 16 � 6� 17 � 5� 16 � 5�

Control group 24 � 6 22 � 8 21 � 6 19 � 8 22 � 7 21 � 6
CI (l/min)

iNO group 2.9 � 0.4 3.2 � 0.5 3.9 � 0.4�,§ 3.5 � 0.6 4.1 � 0.6�,§ 3.9 � 0.6�,§

iPGI2 group 2.8 � 0.6 2.9 � 0.2 3.7 � 0.6�,§ 3.4 � 0.3 3.7 � 0.6�,§ 3.8 � 0.5�,§

Control group 2.8 � 0.5 2.9 � 0.4 2.7 � 0.5 2.6 � 0.2 2.7 � 0.4 2.6 � 0.2
PVR (dynes�s�cm�5)

iNO group 495 � 210 416 � 185 236 � 102�,§ 211 � 95�,§ 235 � 115�,§ 235 � 98�,§

iPGI2 group 515 � 220 445 � 210 215 � 95�,§ 195 � 102�,§ 225 � 122�,§ 205 � 105�,§

Control group 475 � 216 459 � 198 367 � 205 312 � 178 355 � 185 385 � 150
SVR (dynes�s�cm�5)

iNO group 1720 � 351 1494 � 541 1420 � 451 1390 � 289 1406 � 382§ 1480 � 381§

iPGI2 group 1890 � 407 1590 � 709 1320 � 467 1420 � 237 1320 � 331§ 1310 � 353§

Control group 2074 � 592 1864 � 862 1974 � 382 2074 � 266 2214 � 466 2274 � 466
RVEF (%)

iNO group 29 � 12 30 � 10 36 � 8 35 � 12 39 � 10�,§ 42 � 9�,§

iPGI2 group 28 � 14 29 � 11 35 � 11 34 � 11 38 � 11�,§ 43 � 11�,§

Control group 30 � 12 33 � 9 30 � 9 30 � 12 31 � 8 32 � 7

Data are expressed as mean � SD. CI ¼ cardiac index; HR ¼ heart rate; iNO ¼ inhaled nitric oxide; iPGI2 ¼ inhaled prostacyclin; MAP ¼ mean arterial pressure;
MPAP ¼ mean pulmonary artery pressure; PCWP ¼ pulmonary capillary wedge pressure; PVR ¼ pulmonary vascular resistance; RVEF ¼ right ventricular ejection fraction;
SVR ¼ systemic vascular resistance; T1 ¼ baseline (before induction of anaesthesia); T2 ¼ after heparin dose; T3 ¼ cardiopulmonary bypass interruption (after drug
administration); T4 ¼ after protamine; T5 ¼ at chest closure; T6 ¼ 1 h before arrival at the intensive care unit. �P < 0.05 at each signed time compared with T1; §P < 0.05
for the iPGI2 and iNO groups compared with the control group.
however, have prospectively compared the treatment of

pulmonary hypertension with the different drugs avail-

able [10,11,13]. The present study sought to determine

the different effects that iNO and iPGI2 therapies have

on haemodynamic parameters and on the consequent

requirement of inotropic and pressor agents. Moreover,

we aimed at comparing the effects of iNO and iPGI2 with

respect to intravenous vasodilator therapy (nitroglycerin

or nitroprusside). Our data demonstrated that MPAP and

PVR, after weaning from CPB, were equally decreased in

both the inhaled drug groups (iNO and iPGI2). In the

control group, MPAP and PVR were decreased but there

was no statistically significant difference as compared to

baseline. Transoesophageal echocardiography showed a

progressive improvement in right ventricular ejection

fraction with respect to preoperative contractile function

in the iNO and iPGI2 groups; this improvement reached a

statistical significance in the intensive care unit as com-

pared with the preoperative condition.

This study suggests that patients with pulmonary hyper-

tension who are treated with iNO or iPGI2 require less

vasopressor agent and CPB support postoperatively than

patients treated with intravenous vasodilators. Probably,

treatment of pulmonary hypertension with intravenous

vasodilators, such as nitroglycerin or nitroprusside, can
yright © Italian Federation of Cardiology. Unauth
produce pulmonary and systemic hypotension that

require higher doses of vasopressor agents to support

the systemic pressure by inotropic effect and systemic

vasoconstriction. The requirement of inotropic support is

an indication of haemodynamic instability. Additionally,

morbidity is associated with the use of pressor agents in

terms of altered organ perfusion, arrhythmias, and pul-

monary vasoconstriction. The greater requirement and

use of the vasoactive agents in the group of patients who

were treated with intravenous vasodilators would be

expected to produce a deleterious effect on PVR and

consequently right ventricular ejection fraction. Despite

having the lowest initial PVR, the control group had the

highest PVR in the intensive care unit. Although PGI2 is a

powerful inhibitor of platelet aggregation, this effect has

not been shown to occur when it is administered by

means of inhalation. Our data confirm other findings

[12,21,22]. Moreover, the typical symptoms of headache,

facial flushing, arthralgias, nausea, and jaw pain associ-

ated with intravenous administration are not observed

with inhaled therapy [23], suggesting that systemic

absorption is minimal.

In conclusion, these data suggest that both iNO and

iPGI2 are effective in the treatment of pulmonary hyper-

tension. iPGI2 has a number of advantages over iNO,
orized reproduction of this article is prohibited.
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Table 3 Mean dose of inotropes and vasopressor agents used after
bypass surgery and in the intensive care unit

iPGI2 goup iNO group Control group

Dobutamine 3.1 � 0.9 2.9 � 0.6 4.1 � 1.1
Dopamine 2.9 � 0.9� 3.1 � 0.5� 5.3 � 2.1
Adrenaline 0.0 � 0.0� 0.01 � 0.009� 0.06 � 0.02
Noradrenaline 0.0 � 0.0� 0.0 � 0.0� 0.03 � 0.02

Data are expressed as mean � SD. iNO ¼ inhaled nitric oxide; iPGI2 ¼ inhaled
prostacyclin. �P < 0.05 for the iPGI2 and iNO groups compared with the control
group.
including its easy administration (which is both simple

and inexpensive in the case of PGI2), treatment cost

(significantly less for PGI2), and the fact that in contrast

to iNO, neither PGI2 nor its metabolites have any known

toxic effects. On the other hand, the traditional treatment

is effective in terms of mortality but not of morbidity.

Study limitations
The main limitation of this study is the small number of

patients enrolled in each group. This might not have

been sufficient to observe a statistically significant differ-

ence on outcomes or evidence could be not realistic.

Moreover, only one dose was studied. We did not explore

the dose–response curve of iNO and iPGI2. The dose

used was based on previous experience with the drug.

The quantity of drug that reaches the lungs, when

administering drugs by means of nebulization, is highly

variable. It depends on the characteristics of the drug

itself, the nebulizer used, the characteristics of the carrier

gas, the amount of the drug remaining in the nebulizer,

and the humidity and temperature in the nebulizer

circuit. Particles of 1–5 mm are considered to be in the

respirable range.
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