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OBJECTIVES: Inhaled epoprostenol is a continuously delivered selective pul-
monary vasodilator that is used in patients with refractory hypoxemia, right heart 
failure, and postcardiac surgery pulmonary hypertension. Published data suggest 
that inhaled epoprostenol administration via vibrating mesh nebulizer systems may 
lead to unexpected interruptions in drug delivery. The frequency of these events 
is unknown. The objective of this study was to describe the incidence and clinical 
consequences of unexpected interruption in critically ill patients.

DESIGN: Retrospective review and analysis.

SETTING: Stanford University Hospital, a 605-bed tertiary care center.

PATIENTS: Patients receiving inhaled epoprostenol in 2019.

INTERVENTIONS: No interventions.

MEASUREMENTS AND MAIN RESULTS: Clinical indication, duration of 
inhaled epoprostenol delivery, mode of respiratory support, and documented 
unexpected interruption. In 2019, there were 493 administrations of inhaled 
epoprostenol in 433 unique patients. Primary indications for inhaled epopro-
stenol were right heart dysfunction (n = 394; 79.9%) and hypoxemia (n = 
92; 18.7%). Unexpected delivery interruptions occurred in 31 administrations 
(6.3%). Median duration of therapy prior to unexpected interruption was 2 days 
(interquartile range, 2–5 d). Respiratory support at the time of unexpected inter-
ruption was mechanical ventilation (61.3%), high-flow nasal cannula (35.5%), 
and noninvasive positive pressure ventilation (3.2%). Adverse sequelae of unex-
pected interruption included elevated pulmonary artery pressures (n = 12), sys-
temic hypotension (n = 8), hypoxemia (n = 8), elevated central venous pressure 
(n = 4), and cardiac arrest (n = 1). Therapeutic interventions following unex-
pected interruption included initiation of inhaled nitric oxide (n = 21), increase in 
vasoactive medication (n = 2), and increase in respiratory support (n = 2). Most 
of the adverse events were Common Terminology Criteria for Adverse Events 
grade 3 and 4 (93.5%).

CONCLUSIONS: A retrospective review of patients receiving inhaled epo-
prostenol via vibrating mesh nebulizer in 2019 revealed interruptions in 6.3% 
of administrations with most of these interruptions requiring therapeutic inter-
vention. The true incidence of unexpected interruption and subsequent rate of 
unexpected interruption’s requiring intervention is unknown due to the reliance 
on unexpected interruption identification and subsequent documentation in 
the electronic medical record. Sudden interruption in inhaled epoprostenol 
delivery can result in severe cardiopulmonary compromise, and on rare occa-
sion, death.
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Inhaled epoprostenol (iEpo) is a synthetic pros-
tacyclin analog that is used off-label as a selec-
tive pulmonary vasodilator (SPV) in critically ill 

patients with refractory hypoxemia, right ventricular 
failure, and postcardiac surgery pulmonary hyper-
tension (PH) (1, 2). By relaxing pulmonary vascular 
smooth muscle in ventilated portions of the lung, iEpo 
improves ventilation-perfusion (V/Q) matching and 
reduces pulmonary vascular resistance (PVR) (3, 4). 
Published studies suggest that SPV therapy decreases 
pulmonary artery pressures, augments cardiac output, 
and improves oxygenation (2, 5). While the physio-
logic effects of iEpo are accepted, the reliability of cur-
rent iEpo delivery methods remains uncertain.

Vibrating mesh nebulizers (VMNs) are widely 
used to deliver iEpo. The Aerogen Solo (Aerogen, 
Galway, Ireland) is approved by the Food and Drug 
Administration to continuously nebulize medications 
such as albuterol. It is the only single-patient use VMN 
that is compatible with invasive mechanical ventilation 
(MV) and is used by many health systems. Published 
data, however, have reported concerns with the relia-
bility of this technology. In a survey of respiratory ther-
apists, 22% noted frequent or occasional drug delivery 
interruption due to device failure (6). Additionally, 
Gowda et al (7) reported unexpected cessation in the 
delivery of normal saline and distilled water in 12 of 40 
(30%) experimental runs using the Aerogen Solo.

Given the use of iEpo in patients with severe phys-
iologic compromise, coupled with its short half-life 
of 2–3 minutes, unexpected interruptions (UIs) in 
delivery can result in cardiopulmonary decompensa-
tion due to rebound increases in PVR and/or changes 
in V/Q matching (8). We report the incidence, subse-
quent physiologic adverse events (AEs), and clinical 
consequences of unplanned UIs identified by bedside 
clinicians in patients receiving iEpo via the Aerogen 
Solo VMN.

METHODS

After obtaining approval from the Stanford University 
Institutional Review Board (Number 55025), all 
administrations of iEpo in 2019 were reviewed using 
pharmacy records. If iEpo was terminated and subse-
quently reinitiated on an individual patient, this was 
regarded as two separate administrations. The elec-
tronic health record (EHR) was reviewed to obtain 

demographic information, indication for use, mode of 
delivery, duration of use, and date of UI when appli-
cable. A UI refers to an abrupt, unplanned cessation 
in iEpo delivery due to device malfunction. UIs were 
identified by the clinical team who directly examined 
the Aerogen Solo nebulizer system when patients ex-
perienced abrupt clinical deterioration. Furthermore, 
transducer position, laboratory studies, and hemo-
dynamic data were taken into consideration in de-
termining the etiology of physiologic compromise. 
Clinical deterioration was attributed to interruptions 
in iEpo delivery when there were abrupt changes in 
clinical condition, visual inspection of the iEpo de-
livery system revealed pooling of fluid and a lack of 
nebulization, and the reinitiation of iEpo resulted in 
physiologic improvement. If an AE was noted, two 
reviewers independently assessed the EHR documen-
tation to identify physiologic events and therapeutic 
maneuvers. The AE severity was graded according to 
the Common Terminology Criteria for Adverse Events 
(CTCAE), a system initially developed for chemother-
apy-related clinical events that was adapted to describe 
AEs (9) (Supplemental Table 1, http://links.lww.com/
CCX/A812). Discordant assessments were adjudicated 
by a third reviewer.

The iEpo formulation used at Stanford University 
Medical Center during this time period was VELETRI 
(Actelion Pharmaceuticals US, South San Francisco, 
CA). The delivery system consisted of a Becton 
Dickinson Alaris (Becton Dickinson, San Jose, CA) sy-
ringe pump that infused epoprostenol through pump 
tubing to the Aerogen Solo, which delivered epo-
prostenol to the patient via high-flow nasal cannula 
(HFNC), noninvasive positive pressure ventilation 
(NIV), or MV modes (Fig. 1A). The default initial dose 
of iEpo was 0.05 μg/kg/min (10 mL/hr into the nebu-
lizer cup). The Aerogen Solo was exclusively used by 
the institution for continuous nebulization during the 
study period.

RESULTS

There were 493 administrations of iEpo to 433 unique 
patients, with 31 instances of UI (6.3%) (Table  1). 
The median (25–75th interquartile range [IQR]) du-
ration of iEpo use was 3 days (2–6 d), with a total of 
2,398 iEpo-days/yr. Forty-three percent of patients 
receiving iEpo were mechanically ventilated. Among 
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UIs, 19 (61.3%) occurred with use of MV, 11 (35.5%) 
with HFNC, and 1 (3.2%) with NIV. There was no sig-
nificant difference between observed and expected 
frequencies of UI by mode of respiratory support χ2  
(2, n = 493 = 1.88; p = 0.39).

The most frequently documented physiologic AEs 
were elevated pulmonary artery pressures (n = 12), hy-
potension (n = 8), and hypoxemia (n = 8). One patient 
sustained cardiac arrest related to iEpo UI (Table 2). 
Therapeutic interventions employed to manage the 
physiologic consequences of UI included transitioning 
to inhaled nitric oxide (iNO) (n = 21), increasing vaso-
active agents (n = 2), and increasing respiratory support  
(n = 2). The CTCAE scores ranged from 2 to 5, with 
the majority constituting life-threatening AEs, CTCAE 
4 (n = 18; 58.1%).

DISCUSSION

This study describes the incidence and AEs associ-
ated with iEpo delivery interruption when using the 
Aerogen Solo in critically ill patients. We noted a UI 

rate of 6.3%, which is much 
lower than a 30% failure 
rate of Aerogen VMN 
devices in a 2017 study 
(7). Due to the short half-
life of this medication, UI 
in iEpo delivery may cause 
severe cardiopulmonary 
compromise secondary to 
an abrupt increase in PVR 
and loss of V/Q match-
ing. The AEs of UI ranged 
from clinically silent to 
profound hypoxemia and 
hemodynamic instability. 
This is of particular impor-
tance given the use of the 
Aerogen Solo for contin-
uous nebulization in many 
institutions.

The majority of the 
UIs were classified as life-
threatening AEs. Despite 
the potentially serious 
outcomes, iEpo delivery 
interruptions have not 
been widely reported in 

the literature. There was only one interruption using 
an Aerogen device reported to the Manufacturer and 
User Facility Device Experience (MAUDE) database in 
2019 (10). The off-label use of this medication and the 
Aerogen Solo delivery system may preclude reporting 
of AEs via the MAUDE database.

In 67.7% of patients with UI, we transitioned from 
iEpo to iNO. iNO is an alternative SPV and is deliv-
ered as a gas, while iEpo is a nebulized liquid. In con-
trast to iEpo, the iNO delivery system is equipped with 
interruption alarms and reserve delivery mechanisms 
(11), which may result in more reliable delivery. While 
these medications have been found to have similar ef-
ficacy in managing refractory hypoxemia and postcar-
diac surgery PH (12–15), the cost of iNO precludes its 
widespread use. The estimated cost of iEpo is approx-
imately $1.30–$6.52/hr, while iNO is approximately 
$220.46/hr (16).

This study has several limitations. First, our re-
ported UI rate is likely underestimated (i.e., many 
UIs were likely not identified) due to the retrospective 

Figure 1. Inhaled epoprostenol delivery system and example of an unexpected interruption in 
medication delivery. A, Schematic of inhaled epoprostenol delivery system with syringe pump 
delivering epoprostenol to Aerogen Solo. B, Epoprostenol accumulation in Aerogen Solo delivery 
chamber. The red arrow indicates accumulation in the medication chamber with no aerosol delivery 
to the patient. NaCl = sodium chloride.
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study design, challenging recognition, and the general 
under-reporting of safety events. Short of a high index 
of suspicion for iEpo delivery interruption, clinical de-
terioration may have been attributed to other etiolo-
gies. The absence of a medication delivery failure alarm 
system further contributes to under-recognition.

Due to overall under-recognition of UIs, the esti-
mated incidence of AEs classified as severe in our 
study likely overestimates the proportion of events that 
were life-threatening. However, it should be noted that 
as our institutional awareness of UIs of iEpo expanded, 

clinicians were able to recognize delivery interruptions 
and intervene in an expeditious fashion, mitigating 
further decompensation. In such cases, the severity of 
sequelae was likely minimized due to clinician vigilance 
and immediate troubleshooting of the delivery system. 
Detection of iEpo interruption is performed by inspect-
ing the nebulizer cup for the presence of pooled liquid 
and the absence of aerosol in the chamber (Fig. 1B).  
Troubleshooting the Aerogen Solo VMN may include 
gentle agitation of the nebulizer cup to resume aerosol-
ization, replacement of the nebulizer, controller and/

TABLE 1. 
Patient Demographics and Summary Characteristics of Inhaled Epoprostenol Delivery 
and Interruptions via the Aerogen Solo Nebulizing System

Characteristic
iEpo Instances  

(n = 493)
iEpo Interruptions 

(n = 31)
No Interruptions 

(462)

Age (yr), median (IQR) 60 (48–69) 62 (55–68) 59 (47–69)

Male, n (%) 303 (61.5) 20 (64.5) 283 (61.3)

Race, n (%)

 Non-Hispanic/Latino 323 (65.5) 24 (77.4) 299 (64.7)

 Hispanic/Latino 67 (13.6) 3 (9.7) 64 (13.9)

 African American 32 (6.5) 1 (3.2) 31 (6.7)

 Asian 58 (11.8) 2 (6.5) 56 (12.1)

 American Indian, Pacific Islander,  
 or Alaska native

6 (1.2) 1 (3.2) 5 (1.1)

 Unknown 7 (1.4) 0 7 (1.5)

Indications for iEpo, n (%)

 RV dysfunction, RV protection,  
 or pulmonary hypertension

394 (79.9) 29 (93.5) 365 (79.0)

 Hypoxemic respiratory failure 92 (18.7) 2 (6.5) 90 (19.5)

 Other 7 (1.4) 0 7 (1.5)

Mode of delivery, n (%)

 MV 215 (43.6) 19 (61.3)a 202 (43.7)

 HFNC 71 (14.4) 11 (35.5)a 68 (14.7)

 NIV 7 (1.4) 1 (3.2)a 7 (1.5)

 MV, HFNCc 172 (34.9)  162 (35.1)

 MV, NIVc 3 (0.6)  3 (0.7)

 HFNC, NIVc 6 (1.2)  6 (1.3)

 MV, HFNC, NIVc 19 (3.9)  14 (3.0)

Duration of iEpo administration (d),  
median (IQR)

3 (2–6) 2 (2–5)b 3 (2–6)

HFNC = high-flow nasal cannula, iEpo = inhaled epoprostenol, IQR = interquartile range, MV = mechanical ventilation, NIV= noninva-
sive ventilation, RV = right ventricle.
aMode of delivery at the time of iEpo dispensing failure.
bDays on iEpo prior to dispensing failure.
cPatients who received iEpo via more than one modality during their ICU stay.
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or the controller cable, dabbing the cup to get rid of 
possible bubble lock, and finally transitioning to an al-
ternative SPV. In our institution, we commonly transi-
tion patients with tenuous hemodynamics from iEpo 
to iNO due to the presence of safety features incorpo-
rated into delivery system. We preferentially use iEpo 
as our first-line SPV but have transitioned to the High 
Output Extended Aerosol Respiratory Therapy contin-
uous nebulizer, which we have found to be more reli-
able. Institutions that continue to administer iEpo via 
the Aerogen Solo should incorporate safety protocols 
to ensure assessment of the delivery system at regular 
intervals and implement efforts to promote clinician 
awareness of interruptions. However, the most impor-
tant risk mitigation strategy would be for the manufac-
turer to incorporate safety measures such as a delivery 
interruption alarm.

The results of this study are particularly relevant 
as many institutions exclusively use the Aerogen Solo 
for administration of iEpo in critically ill patients. 
However, the reliability of iEpo delivery in a physio-
logically fragile patient population should remain an 
important consideration. Clinicians caring for patients 
receiving iEpo via VMNs should be vigilant for UI. In 
the absence of an effective alarm system, frequent bed-
side evaluations of the delivery system or a change to a 
different device are required.

CONCLUSIONS

In this retrospective study, we find iEpo administered 
via the Aerogen Solo is prone to UI that can result 
in severe, acute cardiopulmonary compromise. The 

intensivist should be familiar with the possibility of 
iEpo delivery interruption and understand trouble-
shooting techniques, alternative SPV delivery systems, 
and alternative SPVs. Further investigations are re-
quired to fully understand the clinical burden of iEpo 
delivery failure in critically ill patients.
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