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Abstract Pulmonary hypertension is a life-threatening

condition that affects people of all ages that can occur as an

idiopathic disorder at birth or as part of a variety of cardio-

vascular and infectious disorders. It is commonly treated

with inhaled pulmonary vasodilators such as nitric oxide and

less frequently using formulations and analogs of prostacy-

clin. To minimize systemic effects and preserve pulmonary

vasodilation, vasodilators are often administered directly

into the airway. Nitric oxide is the only USA Food and Drug

Administration-approved inhaled pulmonary vasodilator

that can be used duringmechanical ventilation. Over the past

two decades, interest has grown in the use of aerosolized

prostacyclin and prostacyclin analogs for the treatment of

pulmonary hypertension during mechanical ventilation.

Clinicianswho administer inhaled prostacyclinmay not have

a clear understanding of its risks because of the lack of data

from large clinical trials examining safety and efficacy;

moreover, its safe use remains poorly documented. The off-

label use of drugs is legitimate, but prescribers must recog-

nize the potential complications and liability in doing so.

This manuscript aims to address potential problems related

to the aerosol administration of pulmonary vasodilators in

the mechanically ventilated neonatal patient.

Key Points

Limited safety data exist pertaining to inhaled

prostacyclin during mechanical ventilation.

Several concerns should be taken into consideration

when delivering inhaled pulmonary vasodilators.

The alkaline excipients aerosolized with prostacyclin

may have unwanted effects on the airways.

1 Introduction

Pulmonary hypertension (PHTN) is a life-threatening con-

dition that affects people of all ages, and is commonly treated

with inhaled pulmonary vasodilators (IPVs) such as nitric

oxide (NO) and less frequently prostacyclin (PGI2) [1].

PHTN can occur as an idiopathic disorder at birth, diagnosed

as persistent PHTNof the newborn (PPHN), or it can occur as

part of a variety of cardiovascular and infectious disorders.

PPHN occurs in two per 1000 live births, and is particularly

difficult to treat in newborns with anatomic connections

between the pulmonary and systemic circulations, with a

mortality of 4–33% [2]. To minimize systemic effects and

preserve pulmonary vasodilation, vasodilators are often

administered directly into the airway. Aerosol administra-

tion of IPVs has disadvantages along with advantages. One

disadvantage to the inhaled route of administration is that

abrupt discontinuation of treatment or reduction in dosage

can result in vasoconstriction and rebound PHTN that

exacerbates hypoxemia. Topical effects within the lungmust

also be considered when administering a chemical by
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inhalation, particularly during mechanical ventilation, since

the upper airways are bypassed and the topical effects with

the lung may increase. NO is the only Food and Drug

Administration (FDA)-approved IPV that can be used during

mechanical ventilation. Inhaled nitric oxide (iNO, INO-

max�) is indicated for treatment of term and late preterm

neonates with PPHN complicated by hypoxemic respiratory

failure (HRF) [3]. iNO also has an FDA-cleared delivery

system that has been validated for more than 60 commer-

cially available ventilators. Over the past 2 decades, interest

has grown in the use of aerosolized prostacyclins for the

treatment of PHTN duringmechanical ventilation. Although

two analogs of prostacyclin have been approved by the FDA

for inhalation, no formulation of prostacyclin has an FDA-

cleared delivery device for use in conjunction with

mechanical ventilation. Clinicians who administer inhaled

prostacyclin may not have a clear understanding of its risks

because of the lack of data from large clinical trials exam-

ining safety and efficacy; moreover, its safe use remains

poorly documented. The off-label use of drugs is legitimate,

but prescribers must recognize the potential complications

and liability in doing so [4], [5]. This manuscript aims to

address potential problems related to the aerosol adminis-

tration of pulmonary vasodilators, especially prostacyclin, in

the mechanically ventilated neonatal patient.

2 The Pathophysiology of Pulmonary
Hypertension (PHTN)

The neonate is particularly susceptible to hypoxemia from

pulmonary hypertension (PHTN) because of intracardiac

and extracardiac shunts between the pulmonary and sys-

temic circulations through the foramen ovale and ductus

arteriosus, respectively (Fig. 1). The distribution of blood

flow is inversely proportional to the resistance on either

side of the shunt. As an example, using the ductus arte-

riosus, the higher the vascular resistance in either of these

circulations (pulmonary or systemic), the lower the fraction

of flow to that circulation, where PVR is pulmonary vas-

cular resistance and SVR is systemic vascular resistance:

FLOW / 1

PVR
þ 1

SVR

This equation demonstrates the relationship between

pulmonary vascular resistance and pulmonary blood flow.

The pathogenesis of PHTN occurs because increased

pulmonary vascular resistance limits pulmonary blood

flow and thus gas exchange. The therapeutic strategy

involves agents to dilate the pulmonary vascular bed to

reduce pulmonary vascular resistance and improve

pulmonary blood flow.

Another important physiologic principle governing

vascular resistance is Poiseuille’s law:

Resistance / 8
viscosityð Þ vessel lengthð Þ

pð#vessels)(vessel radiusÞ4

Three pathophysiologic processes in the newborn can

raise pulmonary vascular resistance: (1) increased

viscosity of the blood, which occurs with polycythemia

(hematocrit [65%) [6]; (2) reduced vessel number,

associated with pulmonary hypoplasia, such as that

occurring with congenital diaphragmatic hernia [7–9];

or (3) reduction of the radius of the pulmonary vessel

lumen, which occurs with vasoconstriction, hypertrophy

of the pulmonary vascular media muscularis [10], and

diffuse pulmonary vascular thrombosis [11]. Vessel

narrowing causes an increase in pulmonary vascular

resistance proportional to the fourth power of the vessel

radius.

Fig. 1 Models depicting the

flow of blood through the hearts

of a normal neonate (a) and a

neonate with right-to-left

intracardiac shunting (b). The
blue arrows represent the flow

of deoxygenated blood. The red

arrows represent the flow of

oxygenated blood. LA left

atrium, LV left ventricle, RA

right atrium, RV right ventricle

(Drawn by David White, with

permission)
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Pulmonary vasoconstriction in the newborn is often

associated with perinatal infections, especially group B

streptococcus (GBS) [12, 13]. The vasoconstrictor effects

of GBS appear to be mediated by the release of throm-

boxane-A2, which can be blocked by indomethacin, a

nonspecific cyclooxygenase inhibitor, and by dazmegrel, a

selective thromboxane antagonist [12]. Endotoxin associ-

ated with gram-negative infections is also a potent pul-

monary vasoconstrictor.

Hypoxemic respiratory failure (HRF) frequently leads to

PHTN because oxygen is one of the most potent pulmonary

vasodilators and, conversely, hypoxemia is a potent pul-

monary vasoconstrictor. Pulmonary artery flow of rela-

tively desaturated blood may continue to alveoli that are

not participating in gas exchange because of inflammatory

cells occluding the airway, or from severe alveolar col-

lapse, as occurs in respiratory distress syndrome in pre-

mature newborns. On the other hand, pulmonary

vasoconstriction from a variety of stimuli (such as endo-

toxin or acidic blood) may reduce or eliminate blood flow

to areas that are participating in gas exchange. Both situ-

ations cause ventilation/perfusion mismatch in which blood

perfusing the lungs through the pulmonary artery leaves the

lung through the pulmonary veins without adequate oxy-

genation, leading to systemic hypoxemia, which leads to

further acidosis and pulmonary vasoconstriction, exacer-

bating this vicious cycle.

2.1 Treatment of PHTN

Understanding our therapeutic options has furthered our

understanding of the etiology of PHTN. Following the

report by Gersony et al. [14], who described the syndrome

of persistent fetal circulation in two infants with profound

hypoxemia and clear lung fields, the search began for an

effective, therapeutic, selective pulmonary vasodilator.

Gersony et al. initiated treatment with tolazoline, a non-

specific vasodilator used to lower pulmonary vascular

resistance in adults and children with ventricular septal

defects [15]. While many of the pharmacologic properties

of tolazoline relate to its agonistic and antagonistic effects

on different mediators and receptors, its most important

vascular effects are mediated through release of histamine

[16]. In the newborn, histamine dilates the pulmonary

arteries as well as the systemic vessels, and decreases both

pulmonary and systemic vasculature resistances. Histamine

also stimulates gastric acid release, so much that it can

cause gastric ulceration and perforation in newborns with

persistent PHTN of the newborn (PPHN) [16–19]. Tola-

zoline required administration through a vein draining

through the superior vena cava to minimize shunting

through the foramen ovale, but its long half-life and his-

tamine release aggravated systemic hypotension and led to

further right-to-left shunting [15, 16, 20]. It was clearly not

a selective pulmonary vasodilator and was removed from

the US market.

The development of extracorporeal membrane oxy-

genation (ECMO) in the 1980s allowed rescue of many

newborns with PPHN until their pulmonary vasculature

reverted from a thick-walled, high-resistance circulation to

the thinned pulmonary arteries typical of older children and

adults [21, 22]. Later, a new substance isolated from the

endothelium was found to dilate the pulmonary vascula-

ture. Initially, it was referred to as endothelium-derived

relaxant factor (EDRF); subsequently, researchers identi-

fied EDRF as nitric oxide (NO) [23, 24]. Inhaled NO (iNO)

was shown to dilate the pulmonary vasculature through

increased synthesis of cyclic guanosine monophosphate

(cGMP) [25]. Much of its selectivity comes from admin-

istration through the airway. iNO diffuses into the pul-

monary interstitium, where it dilates the pulmonary

capillaries before entering the bloodstream. Once in the

blood, NO immediately binds to hemoglobin to form

methemoglobin. Adverse effects of methemoglobinemia

produce a dose limitation to iNO treatment; however, this

rarely occurs at doses used clinically (B20 ppm).

Besides NO, several other chemicals and conditions

have been identified that can either constrict or relax the

pulmonary vasculature (Table 1). Kinsella and Abman [26]

outlined many of these factors and directions for further

treatments.

2.2 Prostacyclin

Attempts to selectively lower pulmonary vascular resis-

tance by local drug administration have led to inhalation of

various vasoactive compounds, such as prostacyclin and its

structural analogs, prostaglandin E compounds, milrinone

[a phosphodiesterase (PDE)-3 inhibitor], and even the now

discontinued tolazoline. The prostanoids derive their

selectivity for dilating the pulmonary vasculature by

inactivation before they reach the systemic circulation.

Should the dosage exceed the clearance capacity within the

lung and its vasculature, dilation of the systemic vascula-

ture occurs; this may induce systemic hypotension and

result in or exacerbate right-to-left vascular shunts, espe-

cially in the newborn.

Clearance of traditional prostacyclin occurs rapidly

within the lung (half-life of 6.5–10 min), and has been

studied extensively since its discovery as PG-X by Mon-

cada and Gryglewski [27–30]. Of note, newer-generation

analogs of prostacyclin have longer half-lives; treprostinil,

for example, has a half-life of 4.4–4.6 h [31, 32].

After release of arachidonic acid (eicosa-all cis-

5,8,11,14-tetraenoic acid) from its phospholipid base,

cyclooxygenase-1 (COX1), the constitutive form, and

Inhaled Pulmonary Vasodilators 185



cyclooxygenase-2 (COX2), the inducible form, generate

the endoperoxides PGG2 and PGH2. In the endothelium,

COX2 provides the mitochondrial prostacyclin synthase

(PGI-S) with PGH2, from which it forms prostacyclin, a

potent vasodilator. The pulmonary endothelium is the

major source of prostacyclin in the body [27]. Prostacyclin

is then inactivated by PDE-3 and PDE-4 to 6-keto pros-

taglandin F1a. Elucidation of this pathway has led to

treatment with inhaled prostacyclin along with intravenous

milrinone, an inhibitor of PDE-3, an inotrope and a

vasodilator. This combination of vasodilators is effective,

but excessive dosages can lead to systemic hypotension.

The pivotal pharmacologic feature that supports efficacy

is dilation of the pulmonary vasculature more than the

systemic vasculature. Both prostaglandin E1 (PGE1) and

prostaglandin I2 are rapidly inactivated within the pul-

monary vasculature by PDE-3 and PDE-4. They have the

potential to provide selective pulmonary vasodilation as

long as the enzymes are not saturated.

The desire for an alternative treatment to iNO non-re-

sponders and a cheaper PHTN treatment has generated

significant interest in the use of aerosolized prostacyclin.

Studies evaluating the use of aerosolized prostacyclin date

as far back as the 1980s; however, interest in this as an

alternative to iNO greatly increased in the mid-1990s. In

fact, more than 90% of reports on aerosolized prostacyclin

have been published after 1995. It is important to note that

no formulation of prostacyclin is available that is Food and

Drug Administration (FDA) approved for inhalation during

mechanical ventilation. Initially, researchers and clinicians

aerosolized intravenous formulations of prostacyclins.

Recently, two formulations of prostacyclin have been

developed and approved for aerosolization in sponta-

neously breathing (not intubated) subjects [33, 34].

2.3 Concerns Related to the Aerosolized

Administration of Prostacyclin

2.3.1 Off-Label Use

It is permissible to use drugs off-label under various clin-

ical circumstances. These require a reasonable scientific

basis, reasonable use under the circumstances, and dis-

closure when used for investigational purposes [5]. Whe-

ther a pharmacologic agent is approved or off-label, what

constitutes negligent use would be the lack of a valid sci-

entific basis and whether reasonable physicians would

refrain from doing the same under similar circumstances.

Does the fact that there is another approved drug make the

off-label use of the drug unreasonable? This is not

Table 1 Chemicals and

conditions identified as being

able to either constrict or relax

the pulmonary vasculature, as

published in Kinsella and

Abman [26]

Lowers PVR Increases PVR

Endogenous mediators and mechanisms:

Oxygen

Nitric oxide

Prostacyclin (PGI2, PGE2, PGD2)

Adenosine, ATP, magnesium

Bradykinin

Atrial natriuretic factor

Alkalosis

K? channel activation

Histamine

Vagal nerve stimulation

Acetylcholine

b-Adrenergic stimulation

Endogenous mediators and mechanisms:

Hypoxia

Acidosis

Endothelin-1

Leukotrienes

Thromboxanes

Platelet activating factor

Ca?? channel activation

a-Adrenergic stimulation

PGF2a

Mechanical factors:

Lung inflation

Vascular cell structural changes

Interstitial fluid and pressure changes

Shear stress

Mechanical factors:

Overinflation or underinflation

Excessive muscularization, vascular remodeling

Altered mechanical properties of smooth muscle

Pulmonary hypoplasia

Alveolar capillary dysplasia

Pulmonary thromboemboli

Main pulmonary artery distention

Ventricular dysfunction, venous hypertension

ATP adenosine triphosphate, Ca?? calcium ion, K? potassium ion, PVR pulmonary vascular resistance
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necessarily the case, but it places the user at a higher risk

should an adverse event occur. This would rest on a factual

determination, specific to the safety factors, relative risk-

to-benefit ratio, alternatives, and costs (frequently, third-

party payers will not reimburse the costs of drugs used off-

label). Patients and parents of neonates need to be informed

of these facts and the circumstances under which the off-

label drug is being prescribed [35].

Prostacyclin poses some specific challenges for aero-

solized therapy. Most of these challenges stem from limited

study of this route of administration in neonates and adults

[28–30]. There have been no prospective, multicenter, ran-

domized, controlled clinical trials of inhaled prostacyclin

during mechanical ventilation in any patient population, nor

is there a consensus as to the safest andmost effective way to

administer it. Furthermore, there are no FDA-approved

devices for aerosolizing prostacyclin in conjunction with

mechanical ventilation (Fig. 2, bullet 1). For pediatric

patients, the Flolan package insert indicates that safety and

effectiveness have not been established [36]. However, a fair

number of case reports and retrospective reviews have been

conducted in recent years that indicate a growing use of

inhaled prostacyclin during mechanical ventilation;

although none of these publications were powered or

designed to evaluate safety of inhaled prostacyclin, several

do report similar efficacy with regard to pulmonary vasodi-

lation and oxygenation as iNO [37–40].

2.3.2 Pharmacy Logistics

Serious or potentially serious errors have been reported

with the use of prostacyclin in the critical care setting.

Medication errors associated with prostacyclin treatment

often stem from its preparation or administration (Fig. 2,

bullet 2). The Institute of Safe Medication Practices lists

intravenous prostacyclin as a high alert medication [41].

Classic formulations of prostacyclin must be dissolved

shortly prior to their use because they have a limited

activity in solution and cannot be stored for more than 48 h

[36]. A recent survey of specialists who treat PHTN

revealed that 65 of 95 respondents (68%) reported serious

or potentially serious errors with the administration of

intravenous prostacyclin [42]. The use of the wrong dose

because of a calculation or concentration error (n = 29) and

the use of a prostacyclin cassette or bag that was intended

for another patient (n = 25) were two notable sources of

medication errors [42]. Medication errors were examined

in an observational medical record review of 16 patients

receiving prostacyclin via inhalation in the Florida Hospital

Health System. Medication errors were reported in three

patients who incorrectly received prostacyclin intra-

venously, and one patient who was administered the

incorrect dose [43]. Most of these errors are less likely to

occur with newer-generation analogs of prostacyclin that

are intended to be delivered via the inhaled route.

Fig. 2 Concerns with the administration of inhaled prostacyclin to newborn infants with persistent pulmonary hypertension of the newborn.

FDA Food and Drug Administration, iNO inhaled nitric oxide (Drawn by David White, with permission)
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2.3.3 Drug Concentration Monitoring

Technology to continuously monitor the administered dose

of prostacyclin does not exist, which is potentially dan-

gerous when the dosage is being adjusted to effect and

when the dosage is being weaned. This concern is com-

pounded by the fact that different nebulizers deliver dif-

ferent amounts of drug to the airways and that different

formulations of prostacyclins have different recommended

doses. In early reports of use in adults, prostacyclin caused

initial improvement, but weaning from 50 to 20 ng/kg/min

reversed the initial beneficial effects, with resumption of

shunting and an increase in the alveolar-to-arterial oxygen

pressure difference (AaDO2) [29]. During a dose-response

study by Siobal et al. [44], the drug chamber both over-

flowed and dried. The investigators also pointed out, ‘‘The

effects of evaporation during jet nebulization are often

unrecognized and usually ignored, especially during con-

tinuous aerosolization’’. At this time, there is no adminis-

tration apparatus able to measure the concentration of drug

in the nebulization container or the concentration of drug

being delivered to the ventilator circuit or endotracheal

tube (ETT). Consequently, the delivered dosage of con-

tinuously aerosolized drug cannot be accurately monitored.

This is most relevant for drugs with very short half-lives,

which require constant replenishment to continue produc-

ing pharmacologic effects (Fig. 2, bullet 4). The initial

dose of prostacyclin was approximately 20% less than the

desired dose because of evaporative volume loss when the

reservoir is refilled [44].

Siobal et al. [44] developed a complicated dual infusion

device for aerosol administration of prostacyclin. This

system used a MiniHEART nebulizer (Westmed, Inc.,

Tuscon, AZ, USA) with a 30-mL capacity, intended to

provide varying dosages of prostacyclin by aerosol, using

two infusion pumps to deliver drug and normal saline into

the nebulizer in different ratios. Several factors in this

study prevented knowing what dosage was actually deliv-

ered. The initial dosage was always lower than the intended

dosage and, as evaporation progressed, the dosage varied,

but at an uncontrolled rate. The formulation prostacyclin

used is unstable at pH \ 10.2, and the lowest dosages

delivered had a pH of 10.13 ± 0.03, so inactive drug may

have been delivered [45]. The concentration of prostacyclin

in the drug chamber was not measured, nor was the pres-

ence of inactive drug.

2.3.4 Drug Delivery

The factors that contribute to these inconsistencies include

the specific nebulizer used, its placement within the ven-

tilator circuit, and ventilator settings used during drug

delivery. These variables ultimately determine the

concentration of the drug maintained inside the nebulizer

and the concentration delivered to the airways.

2.3.5 Delivery Devices

Van Heerden et al. reported the first two patients with

severe acute respiratory distress syndrome (ARDS) treated

with multiple vasopressors to which inhaled prostacyclin

was added, with improvement in oxygenation [29]. The

nebulizer for administration was locally engineered and did

not account for drug evaporation or loss of drug in passage

through the ventilator tubing and ETT. In the second

patient, the dosage was varied from 8.3 to 50 ng/kg/min,

but it is not indicated how this variation in dosage was

achieved. The authors acknowledged that the delivered

dose was unknown, as was how much drug was lost

through the expiratory limb of the circuit. This is particu-

larly relevant during critical care ventilation as opposed to

during anesthesia, as critical care ventilators use a high and

variable amount of bias flow in the ventilator circuit; this

bias flow circulates aerosolized medication that bypasses

the patient between breaths.

Administering aerosolized drug is affected by several

uncontrolled, yet important, variables [44]. These include

the carrier gas flow rate, ambient humidity, temperature of

the nebulizer, and the specific device used [44]. All of these

variables determine how much drug can be carried in the

aerosolized mist and how much will reach the patient. If

the concentration varies in the chamber, such as during

dose escalation or weaning, the actual dose delivered to the

ETT is not known. Based on in vitro studies with working

lung models, the dosage reaching the end of the ETT can

vary widely (Fig. 2, bullet 3). The concentration of drug

has been shown to change as the drug and diluent in the

device chamber evaporates. Finally, if aerosolization slows

because of a slow carrier gas flow [44], the container may

overflow as the drug continues to be infused [44].

2.3.6 Delivery Device Configuration

There is currently no consensus as to the optimal set-up for

the aerosolization of prostacyclin. In the case of albuterol

(the most commonly aerosolized medication), the location

of the nebulizer within the ventilator circuit has varied

from study to study and influences the delivered dose

[46, 47]. The position of the nebulizer within the circuit,

the type of nebulizer used, the amount of drug being dis-

pensed, the ventilation modality, and the ventilator settings

can affect drug delivery [46, 48]. No comprehensive

studies have been carried out to determine the most

effective nebulized PGI2 set-up; however, it is safe to

assume that the factors that affect albuterol delivery also

affect PGI2 delivery. Therefore, set-up of nebulized PGI2
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delivery systems continues to be left to the discretion of

respiratory therapists, who may or may not be using the

most ideal configuration. Additional research is needed to

validate the safest and most consistent delivery strategy

(Fig. 2, bullet 5).

2.3.7 Drug Delivery Monitoring

The nebulization apparatus used to administer prostacyclin

has no instrumentation to continuously monitor the con-

centration in the container, the delivered concentration and,

thus, the delivered dosage. Experts working in this field

predict that the mechanical properties of nebulizers will

vary during use [49]. This is a concern when a medical

device that is intended for intermittent use is utilized

continuously. Nebulizers lack an alarm to warn if the

concentration/dosage is too high or too low (Fig. 2, bullet

7). None of the nebulizers has received FDA clearance for

continuous administration for several days, the time that is

often required to treat severe PPHN.

2.3.8 Airway Deposition

Although much has been characterized about medication

aerosolization and delivery, the distribution of aerosolized

drug within the airway is unpredictable because of the

variation in particle sizes produced by the nebulizer. In

one of the first reports of inhaled prostacyclin treatment

of adults, 49% of the particles were larger than 5.17 lM
[50]. The particle size delivered varies with the specific

brand of nebulizer and, potentially, even among nebuliz-

ers from the same manufacturer [51]. Larger particles will

collect in the more proximal airway, while particles of

1–3 lM are likely to reach the alveolus. The site of

deposition is important for variations in the amount of the

dose delivered to the pulmonary interstitial space around

the alveolus and to the route of absorption. Proximal

airway absorption will return to the right atrium through

systemic veins, from which it is likely to enter the sys-

temic circulation through right-to-left shunts. This raises

the risk of systemic vasodilation before the drug can be

metabolized (Fig. 2, bullet 8).

2.3.9 Local Effects of the Delivered Drug

During mechanical ventilation, the upper airways are

bypassed by an artificial airway. This can be of benefit

when delivering inhaled medications since less medication

will deposit in the upper airways and more will deposit in

the lower airways. This increased targeted delivery also

increases unwanted local effects; when delivering aero-

solized prostacyclin, the pH and topical irritant effects of

the medications should be taken into consideration.

While the pH of the lung airway lining fluid is difficult

to measure accurately, measurements of exhaled breath

condensate (EBC) suggest that the surface of the lung is

slightly alkaline, with a pH between 7.4 and 8.2 [30].

Disturbances in the pH of the lung lining, either acidifi-

cation or alkalinization, can adversely affect lung tissue.

Airway acidification is associated with neutrophilic and

eosinophilic inflammation, bronchospasm, bronchial

hyper-reactivity, ciliary dysfunction, epithelial dysfunc-

tion, augmented oxidative damage, abnormal fluid trans-

port, inhibition of transport of cationic drugs (such as

albuterol), and inhibition of programmed cell death

[46–48, 52–54, 56]. Airway alkalinization is associated

with decreased mucociliary clearance, increased epithelial

damage and sloughing, and the inhibition of transepithelial

transport of albuterol [46–48, 53, 54, 56, 57].

To remain stable in solution, prostacyclin must be dis-

solved in a buffered solution. The two most common

excipients of aerosolized prostacyclin are a glycine buffer

(pH 10.3–12) and an arginine buffer (pH 11–13) [36, 45].

Of note, these formulations are designed for intravenous

administration, not inhalation. It is not known whether

inhalation of prostacyclin solution causes airway alkalin-

ization and lung injury in humans; however, a single, 3-mL

nebulized dose of glycine buffer mixed with albuterol

sulfate has been shown to cause an increase in human EBC

pH of 0.235 pH units [58]. The control group of this study

received standard albuterol sulfate, which has a pH of 3–5

[45]. No pH change was seen in this group even though the

aerosolized solution was acidic, indicating the relevance of

the buffers used in the alkaline diluents as opposed to the

relatively unbuffered acidic solutions in which most other

inhaled medications are dissolved (Table 2). Without a

potent buffer, inhaled medications are likely to assume the

pH of the airway lining fluid upon which they deposit as

opposed to what was observed with the glycine buffer.

Potentially irritating effects of one formulation of

prostacyclin and its glycine buffer on the airway itself have

been studied in animals, although the effects of the more

alkaline arginine buffer have yet to be evaluated. A 5- to

7-h study in five piglets (intubated but not mechanically

ventilated) showed mild tracheitis in all animals exposed to

the glycine or prostacyclin diluents. Potential airway tox-

icity was also evaluated in mechanically ventilated lambs

treated with epoprostenol by jet nebulizer for 8 h compared

to animals receiving nebulized saline [29]. The lung and

airways were evaluated in detail after a standardized dis-

section. No definite abnormalities could be demonstrated

from the inhaled drug as opposed to the effects of

mechanical ventilation, which were seen predominately in

the trachea. The animals were large and mature, weighing

28.5–48.5 kg, and were ventilated at a rate of 12 bpm, with

a positive end-expiratory pressure (PEEP) of 10 cmH2O

Inhaled Pulmonary Vasodilators 189



and inspiratory time of 1.66 s. These settings are quite

different from those used to support newborns and may

have minimized airway trauma, whereas higher pressures

and more rapid rates may predispose the neonatal trachea

to trauma from mechanical ventilation that further exposes

damaged tissue to prostaglandins. Very few newborns with

PPHN are treated for only 8 h. Long-term effects of airway

exposure to this pH must be determined, but have not been

reported to date. Airway trauma from prolonged mechan-

ical ventilation, when combined with exposure to alkaline

conditions, may produce damage not seen in a short

experiment and requires further study (Fig. 2, bullet 9).

Of note, subjects with inflammatory airway diseases

have been shown to have a low airway pH, in which case

the alkalinity of inhaled prostacyclin may have less of a

caustic effect [30, 58]. Also, the concerns related to the pH

of aerosolized prostacyclins are not relevant when using

one of the two formulations currently approved for

inhalation, both of which are buffered at a pH closer to

normal physiologic levels (Table 2) [33, 34]. However, in

the FDA Drug Approval Packages of treprostinil and ilo-

prost noted cough/respiratory irritation as a common side

effect of inhalation of these medications, suggesting local

irritant effects of these compounds [31, 32]. These effects

were observed in spontaneously breathing (not intubated)

patients and may be increased when the upper airways are

bypassed during mechanical ventilation.

2.3.10 Systemic Hypotension

Evaporation of drug or diluent within the nebulizer varies

the concentration and the delivered dose (Fig. 2, bullet 10).

This is important for a drug in which the dosage can exceed

the pulmonary clearance, so that it reaches the systemic

circulation where it may cause vasodilation, reduce sys-

temic resistance, decrease systemic blood pressure, and

increase shunting. Vasodilation by prostacyclin was sus-

pected to be the cause for increased splanchnic blood flow

during a study of adults comparing aerosolized prostacy-

clin to iNO [57].

2.3.11 Evidence of Efficacy

Few studies have compared the efficacy of iNO and aero-

solized prostacyclin in patients [57, 59]. In one such study

[59], the efficacy was compared in adults by measuring

changes in mean pulmonary artery pressure (PAP) and

pulmonary vascular resistance. The investigators failed to

adjust for differences in potency and stated that prostacy-

clin (dosed in ng/kg/min) produced greater reductions in

mean PAP and pulmonary vascular resistance than did iNO

(dosed in parts per million). Pharmacologically, this is not

a meaningful comparison, because differences in potency

will produce different slopes for the dose-response curves.

This comparison is further complicated by the lack of

verification of the aerosolized dosage of prostacyclin by

direct measurement of the concentration of active drug that

was aerosolized. The author stated that there is no assay for

prostacyclin, but a gas chromatography mass spectrometric

assay was used to measure the metabolism of prostacyclin

in rats in 1978 [60] and in humans in 1981 [61]. Large,

randomized, controlled studies are needed to accurately

determine the comparative efficacies (Fig. 2, bullet 11).

3 Summary

Airway administration of drugs to treat PHTN can improve

oxygenation, lower pulmonary vascular resistance, increase

pulmonary blood flow, and reduce right-to-left shunting.

Although several drugs have been shown to work acutely,

their pulmonary vascular ‘‘selectivity’’ is dependent upon

metabolic clearance before they reach the systemic circu-

lation. Complete clearance of prostacyclin and PGE1 (al-

prostadil) within the lung will be dose related. Minimizing

the systemic effects of prostaglandins will be a challenge

Table 2 The pH of common

aerosolized medications
Medication pH Diluent

Albuterol sulfate [62] 3–5 NaCl (pH adjusted with H2SO4)

Ipratropium bromide [63] 3–4 NaCl (pH adjusted with HCl)

Budesonide [64] 7.4 NaCl (suspended with EDTA)

N-Acetylcysteine [65] 7 H2O (EDTA, pH adjusted with NaOH)

Dornase alfa [66] 6.3 NaCl

Epoprostenol (Veletri) [45] 11–13 NaCl (buffered with arginine)

Epoprostenol (Flolan) [36] 10–12.3 H2O (buffered with glycine)

Iloprost for inhalation (Ventavis) [33] 8.1–8.4 H2O (buffered with TRIS/THAM)

Treprostinil for inhalation (Tyvaso) [34] 6.0–7.2 H2O (buffered with sodium citrate)

EDTA ethylenediaminetetraacetic acid, TRIS/THAM tris(hydroxymethyl)aminomethane
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because of the variation in particle size and wide variation

in the delivered dose. An apparatus to continuously deliver

aerosolized prostacyclin during mechanical ventilation has

not been developed. The prescriber must take responsibility

for both the drug selection and its administration, which

have been demonstrated to be variable.

There are several limitations to this review. Most of the

published data regarding aerosolized prostacyclin reported

the use of older-generation nebulizers and traditional for-

mulations of prostacyclin that were not designed to be

delivered via inhalation. As standard-of-care for aero-

solized drug delivery during mechanical ventilation

evolves towards newer-generation vibrating-mesh microp-

ump nebulizers, concerns related to drug device selection,

configuration, and delivery monitoring that are listed above

will be significantly lessened. Moreover, safety concerns

related to drug half-life and airway pH are greatly reduced

with newer-generation prostacyclin analogs. Many insti-

tutions are already using these technologies; unfortunately,

peer-reviewed safety data are still lacking [40].

As discussed in statements by the American Academy of

Pediatrics Committee on Drugs, off-label treatment is

permissible, but the prescriber must exercise appropriate

medical judgment and should inform the parents of the

status of the treatment [4, 5]. When considering aerosolized

pulmonary vasodilators, use of a compound designed for

pulmonary administration is recommended.
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