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Objectives: To evaluate the effects of inhaled epoprostenol and prone 
positioning, individually and in combination in mechanically ventilated 
patients with coronavirus disease 2019 and refractory hypoxemia.
Design: Retrospective study.
Setting: Academic hospital adult ICUs.
Patients: Adult patients who received inhaled epoprostenol and 
prone positioning during invasive ventilation were enrolled. Patients 
were excluded if inhaled epoprostenol was initiated: 1) at an outside 
hospital, 2) after prone positioning was terminated, 3) during extra-
corporeal membrane oxygenation or cardiopulmonary resuscitation, 
and 4) with Pao2/Fio2 greater than 150 mm Hg.
Interventions: Inhaled epoprostenol and prone positioning.
Results: Of the 43 eligible patients, 22 and seven received prone 
positioning and inhaled epoprostenol alone, respectively, prior to 
their use in combination, Pao2/Fio2 was not different pre- and post-
prone positioning or inhaled epoprostenol individually (89.1 [30.6] 
vs 97.6 [30.2] mm Hg; p = 0.393) but improved after the combined 
use of inhaled epoprostenol and prone positioning (84.0 [25.6] vs 
124.7 [62.7] mm Hg; p < 0.001). While inhaled epoprostenol and 
prone positioning were instituted simultaneously in 14 patients, 

Pao2/Fio2 was significantly improved (78.9 [27.0] vs 150.2 [56.2] 
mm Hg, p = 0.005) with the combination. Twenty-seven patients 
(63%) had greater than 20% improvement in oxygenation with 
the combination of inhaled epoprostenol and prone position-
ing, and responders had lower mortality than nonresponders  
(52 vs 81%; p = 0.025).
Conclusions: In critically ill, mechanically ventilated patients with coro-
navirus disease 2019 who had refractory hypoxemia, oxygenation 
improved to a greater extent with combined use of inhaled epopro-
stenol and prone positioning than with each treatment individually.  
A higher proportion of responders to combined inhaled epoprostenol 
and prone positioning survived compared with nonresponders. These 
findings need to be validated by randomized, prospective clinical 
trials.
Key Words: coronavirus disease 2019; hypoxemia; inhaled 
epoprostenol; prone positioning

In the U.K. national ICU audit, 72.7% of hospitalized patients 
with coronavirus disease 2019 (COVID-19) required advanced 
respiratory support (1). Management of COVID-19 remains 

largely supportive. Epoprostenol is a naturally occurring prosta-
glandin that relaxes vascular smooth muscle and also provides 
anti-inflammatory effects (2, 3). Inhaled epoprostenol (iEPO) 
has been used off-label for over 2 decades to reduce pulmonary 
artery pressure and improve oxygenation in critically ill patients 
(2–5). Hypoxemia in COVID-19 patients is mainly caused by 
ventilation-perfusion mismatch (6), which might be improved by 
inhalation of a pulmonary vasodilator. However, due to concerns 
of virus transmission by aerosol dispersion during nebulization 
(7), iEPO has been limited to rescue therapy for patients with 
COVID-19, especially during the early phase of the pandemic. 
In this report, we describe our preliminary experience with iEPO 
in mechanically ventilated COVID-19 patients with refractory 
hypoxemia (defined as Pao2/Fio2 ≤ 150 mm Hg) while on optimal 
ventilator settings according to the high positive end-expiratory 
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pressure (PEEP) low-Fio2 acute respiratory distress syndrome 
(ARDS) network protocol (8).

Prior to the COVID-19 pandemic, prone positioning (PP) was 
shown to improve oxygenation and reduce 28- and 90-day mortal-
ity in intubated patients with severe ARDS (9, 10). Thus, PP has 
been recommended by the Surviving Sepsis Campaign COVID-
19 subcommittee (11) and broadly used as an early intervention 
for intubated COVID-19 patients with refractory hypoxemia (8, 
12–17). In this preliminary study, we compared the effects of PP 
and iEPO both individually and in combination, on oxygenation 
in COVID-19 patients with refractory hypoxemia.

MATERIALS AND METHODS
After approval by the Institutional Review Board (20050405-
IRB01) at the Rush University Medical Center, a retrospective 
study was implemented to screen consecutive patients with lab-
oratory confirmed COVID-19 admitted to adult ICUs between 
March 18, 2020, and May 31, 2020. Adult patients who received 
iEPO and PP during invasive ventilation were enrolled. Patients 

were excluded if iEPO was initiated at an outside hospital or after 
PP was terminated, if iEPO was employed during extracorporeal 
membrane oxygenation (ECMO) or cardiopulmonary resus-
citation, or if iEPO was initiated with Pao2/Fio2 greater than 
150 mm Hg.

Epoprostenol (Veletri, Actelion Pharmaceuticals US, San 
Francisco, CA) was prepared in a 50-mL syringe and delivered 
via continuous nebulization using a vibrating mesh nebulizer 
(Aeroneb Solo; Aerogen, Galway, Ireland) and a syringe pump, 
with the nebulizer placed at the inlet of the humidifier (4). iEPO 
was initiated at 50 ng/kg/min of patient’s predicted body weight, 
and the dose was maintained for a minimum of 24 hours after ini-
tiation. iEPO weaning was determined by the treating physicians 
and was titrated down by 10 ng/kg/min every 30–60 minutes if the 
patient’s oxygenation remained stable. PP was initiated if patients’ 
Pao2/Fio2 ratio could not be maintained greater than or equal to 
150 mm Hg with PEEP set greater than or equal to 10 cm H2O and 
Fio2 greater than or equal to 0.6 (9). The prone position was main-
tained for at least 16 hours (12).

Figure 1. Research flow diagram. COVID-19 = coronavirus disease 2019, ECMO = extracorporeal membrane oxygenation, iEPO = inhaled epoprostenol,  
PP = prone positioning.
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The primary outcome was to compare oxygenation with PP or 
iEPO individually with combined use of PP and iEPO. Patient’s 
position (supine or prone) at which iEPO was initiated was col-
lected, and the number of sessions for PP prior to and after iEPO 
initiation was also recorded. The ratio of Pao2/Fio2 was compared 
within 2 hours pre and post either iEPO or PP or in combination. 
If Pao2 was not available, Spo2 was used as a substitute only in 
subjects with Spo2 less than or equal to 97%. A greater than 20% 
improvement of Pao2/Fio2 ratio (or Spo2/Fio2 if Pao2/Fio2 was not 
available) was considered as a positive response.

Kolmogorov-Smirnov was used to test normality of distri-
bution for considered variables. Continuous variables were 
expressed as mean (sd) or median (interquartile range [IQR]), 
depending on the normality of distribution. Paired t test or 
Wilcoxon sign-rank test was used to compare pre- and post 
responses with iEPO or PP and changes from supine to iEPO + 
PP, whereas t test or Mann-Whitney test was used to compare the 
incremental changes between the responder and nonresponder 
groups and differences in categorical variables were assessed with 
the chi-square test. A p value of less than 0.05 was considered 

statistically significant for all tests. Data analysis was conducted 
with the SPSS statistical software (SPSS 26.0; SPSS, Chicago, IL).

RESULTS
From March 18, 2020, to May 31, 2020, 336 adult patients with 
confirmed COVID-19 were admitted to our ICUs. Among the 234 
intubated patients, 57 patients received iEPO and PP during inva-
sive ventilation, 14 patients were excluded for the following reasons: 
1) iEPO was initiated after PP was terminated (n = 8), 2) iEPO was 
used during ECMO (n = 2), 3) iEPO was used during cardiopul-
monary resuscitation (n = 1), 4) iEPO was initiated at an outside 
hospital (n = 1), and 5) iEPO was initiated with Pao2/Fio2 greater 
than 150 mm Hg (n = 2) (Fig. 1). In total, 43 patients (27 male)  
were eligible, with a mean (sd) age 55.1 (13.8) years and the pre-
dominant ethnicities were Hispanic/Latino (54%) and African 
American (33%). On the day of iEPO initiation, patients’ median 
(IQR) Sequential Organ Failure Assessment score was 9 (8–11), 
and the duration from COVID-19 confirmation was 9 days (4–14 
d), whereas mechanical ventilation had been used for 68 hours 

Figure 2. Individual responses to prone positioning (PP) or inhaled epoprostenol (iEPO) and PP + iEPO. Among the 29 patients who received PP (n = 22) or 
iEPO (n = 7) individually, patients’ Pao2/Fio2 was not significantly different pre- and post-PP (green line) or iEPO (blue line) but improved after the combined 
use of iEPO and PP (89.1 [30.6] vs 113.3 [66.7] mm Hg; p = 0.042). Green bold line indicates average Pao2/Fio2 for the patients receiving PP, blue bold line 
indicates average Pao2/Fio2 for the patients receiving iEPO, and gray bold line indicates average Pao2/Fio2 for both group of patients.
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(5.3–203.3 hr). Prior to treatment (namely, in supine position at 
baseline), Pao2/Fio2 was 86.6 (28.9) mm Hg with PEEP at 16 cm 
H2O (12–18 cm H2O) with an Fio2 of 1.0 (0.8–1.0), whereas the 
compliance of respiratory system was 26.5 (7.2) mL/cm H2O.

Because of the retrospective nature of this study, it became 
apparent that patients fell into two categories: the majority (29) 
received therapy in an additive manner (either PP followed by the 
addition of iEPO or vice versa), whereas 14 patients started on 
PP and iEPO at the same time. The response to the approaches 
of adding one therapy to the other is described first, followed by 
combined therapy group.

Baseline Versus PP Versus PP + iEPO
Twenty-two patients had a median of 3 (1–5) sessions of PP prior to 
iEPO initiation. Despite response to PP prior to initiating iEPO in 
9 patients (41%), there was no difference in Pao2/Fio2 between pre- 
versus post-PP (91.7 [31.8] vs 98.0 [31.9] mm Hg; n = 21; p = 0.570)  
for the entire subset of patients (Fig. 2). In this group, iEPO was 
initiated 5.4 hours (1.8–17.9 hr) after being placed PP with sub-
sequent significant improvement in Pao2/Fio2 (83.3 [23.5] vs 
106.9 [53.4] mm Hg; n = 20; p = 0.034) (Table 1). Among the nine 
responders to PP, four (44%) showed continued improvements 
in oxygenation to iEPO with PP. Among the 13 nonresponders 
to PP, four (31%) responded to iEPO with PP (Fig. 1). Regarding 
the relationship between the initiation of iEPO to PP, six of the 22 
patients used iEPO during their first PP session, four (67%) of whom 
responded to PP, and three (75%) continued responding to iEPO 
with PP, whereas of the two patients (50%) who did not respond to 
initial PP responded to the combination of iEPO with PP.

Baseline Versus iEPO Versus iEPO + PP
Seven patients had iEPO initiated in supine position. Patients’ oxy-
genation (Pao2/Fio2 or Spo2/Fio2) was not significantly different 
pre- versus post-iEPO (Supplemental Table 1, http://links.lww.
com/CCX/A466), but in six patients, Pao2/Fio2 was higher after 
being placed on PP with iEPO (85.3 [21.1] vs 141.7 [90.0] mm Hg; 

p = 0.046). Among the seven patients, two responded to iEPO, one 
of whom continued responding to PP with iEPO, whereas among 
the remaining five patients who did not respond to iEPO, four 
responded to the combination of PP with iEPO (Fig. 1).

Baseline Versus iEPO + PP
To summarize, for the aforementioned 29 patients who received 
PP (n = 22) or iEPO (n = 7) individually prior to the combination, 
Pao2/Fio2 was not significantly different either pre- versus post-
iEPO or PP (89.1 [30.6] vs 97.6 [30.2] mm Hg; n = 24; p = 0.393). 
In contrast, after combined therapy, their Pao2/Fio2 was higher 
(89.1 [30.6] vs 113.3 [66.7] mm Hg; p = 0.042) (Fig. 2).

Fourteen patients had iEPO initiated within 51 minutes (22.5–
90 min) of PP, so that only the combined effects of therapy could be 
assessed. With the combined use of iEPO and PP, patients’ Pao2/
Fio2 was significantly improved (78.9 [27.0] vs 150.2 [56.2] mm 
Hg; p = 0.005) (Table 2). Of the 14 patients, 12 (86%) responded to 
the combined use of iEPO and PP (Fig. 1). Among the 11 patients 
who had never been proned before, 10 (91%) responded to iEPO 
with PP.

Taking all patients into account, compared with patients’ Pao2/
Fio2 under supine position, the combined use of iEPO and PP sig-
nificantly improved Pao2/Fio2 (84.0 [25.6] vs 124.7 [62.7] mm Hg; 
n = 36; p < 0.001) (Fig. 3).

Characteristics of Responders Versus Nonresponders to 
PP + iEPO
Compared with patients’ oxygenation (Pao2/Fio2 or Spo2/Fio2 if 
Pao2/Fio2 was not available) in supine position, 27 patients had 
positive responses (greater than 20% improvement) with the com-
bination of iEPO with PP. Compared with the nonresponders, 
responders had a trend of fewer PP sessions prior to the combined 
use of iEPO and PP (1 [0–4] vs 3 [1.3–3.8]; p = 0.054), particularly 
higher percentage of patients who had never been placed on PP 
before (44 vs 6%; p = 0.022). Responders had lower mortality than 
nonresponders (52 vs 81%; p = 0.025) (Table 3).

TABLE 1. Pre- and Post-responses to Prone Positioning and Inhaled Epoprostenol for the 22 
Intubated Coronavirus Disease 2019 Patients Who Received Inhaled Epoprostenol Under 
Prone Positioning

 Baseline PP p
PP (Few  

Hours Later)
Inhaled  

Epoprostenol + PP p

Pao2, mm Hga 76.6 ± 29.0 89.0 ± 30.4 0.258 76.1 ± 18.4 96.6 ± 46.4 0.041

Pao2/Fio2, mm Hga 91.7 ± 31.8 98.0 ± 31.9 0.570 83.3 ± 23.5 106.9 ± 53.4 0.034

Spo2, %
b 93 (91–97) 92 (90–95) 0.299 92 (86–93) 94 (88–96) 0.147

Fio2 0.8 (0.7–1.0) 1.0 (0.9–1.0) 0.073 1.0 (0.8–1.0) 1.0 (0.8–1.0) 1.0

Positive end-expiratory pressure, cm H2O 14 (12–16.5) 14 (14–18) 0.548 15 (14–18) 15 (14–16) 0.107

Static compliance of respiratory  
system, mL/cm H2O

c
28 (22–34) 28 (25–38) 0.316 25 (22–32) 24 (19–28) 0.071

PP = prone positioning.
aData were available in 21, 21, 20, and 20 patients, respectively.
bData were available in 15 patients.
cData were available in 18, 18, 13, and 13 patients, respectively.

http://links.lww.com/CCX/A466
http://links.lww.com/CCX/A466
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DISCUSSION
In this single-center cohort study, we found that the combined use 
of iEPO with PP improved oxygenation in intubated COVID-19 
patients with refractory hypoxemia, including some patients who 
did not respond to PP or iEPO individually. To our knowledge, 
this is the first report on the effects of combining iEPO with PP, 
which is consistent with other studies on the effects of combining 
PP with inhaled nitric oxide in patients with ARDS (10, 18).

The mechanism by which oxygenation improves with PP and 
iEPO might be due to a reduction in ventilation/perfusion mis-
match, via the combined benefits of dilating pulmonary vessels in 
the dorsal areas of the lung with improved ventilation of those areas 
(10). In ARDS, the iEPO response rate is approximately 60% but 
the response is lower in patients with sepsis (3) because of endo-
thelial dysfunction and dysregulation of nitric oxide and prostacy-
clin (19). Similarly, COVID-19 also induces both pulmonary and 

systemic endothelial dysfunction (6), thereby making it difficult to 
predict iEPO responsiveness. Our previous cohort study on intu-
bated COVID-19 patients found that over 70% of them responded 
to the first PP session, whereas the response rates decreased start-
ing from the second PP session (12). In this study, more than 50% 
of the enrolled patients had previously been placed on PP more 
than once on maximum ventilator settings (prior to enrollment), 
which might explain the lower response rate to iEPO and PP.

Compared with the nonresponders in the second and third 
PP sessions, the responders had lower rates of treatment fail-
ure, which was defined as death or escalation to ECMO therapy 
(12). We also found the responders had lower mortality. The high 
mortality rate even among the responders in this study might be 
explained by the higher severity of patients and the use of iEPO as 
the last resort. Likewise, Garcia et al (16) reported the survival rate 
of 14.3% in their cohort with veno-venous-ECMO for COVID-19 

patients that underwent PP, whereas Shelhamer et al 
(17) reported mortality of 77.4% in the PP group and 
83.9% in the control group that did not undergo PP. 
The authors explained that the high mortality was 
contributed by the severe acuity of patients receiving 
those treatments (PP or ECMO) as rescue therapy. 
In our study, 14 patients who first received iEPO and 
PP at the same time had higher response rate (86%) 
to iEPO with PP, however whether or not earlier 
use of iEPO and PP in combination could provide 
additional benefits in treating refractory hypoxemia 
in mechanically ventilated patients with COVID-19 
requires further investigation.

Our study is limited by the lack of a control group 
and a small sample size. However, our study found 
improvement in oxygenation when PP was combined 
with iEPO as rescue therapy in critically ill patients. 
Our findings suggest that combination has benefit but 
does not directly address whether patients with an 
oxygen response to iEPO/iNO might further benefit 
from combining PP. The combination of PP and iEPO 
should be considered as supportive therapy for refrac-
tory hypoxemia in mechanically ventilated patients 
in institutions where ECMO is not available or prior 

TABLE 2. Pre- and Post-responses for the 14 Intubated Coronavirus Disease 2019 Patients 
Who Received Inhaled Epoprostenol With Prone Positioning Simultaneously

 n Baseline
Prone Positioning + 

Inhaled Epoprostenol p

Pao2, mm Hg 10 71.4 ± 23.3 128.2 ± 48.1 0.008

Pao2/Fio2, mm Hg 10 78.9 ± 27.0 150.2 ± 56.2 0.005

Spo2, % 11 90 (81–92) 93 (90–95) 0.019

Spo2/Fio2 11 90 (81–95) 97 (90–134) 0.006

Fio2 14 1.0 (0.88–1.0) 0.95 (0.78–1.0) 0.172

Positive end-expiratory pressure, cm H2O 14 18 (13.5–18.5) 19 (15.5–20) 0.583

Static compliance of respiratory system, mL/cm H2O 9 23.1 ± 5.9 28.6 ± 6.4 0.008

Figure 3. Individual patient’s Pao2/Fio2 at baseline and after the combined use of prone 
positioning (PP) and inhaled epoprostenol (iEPO). Compared with overall patients’ baseline 
Pao2/Fio2, the combined use of iEPO and PP significantly improved Pao2/Fio2.
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to escalation to ECMO therapy. Our findings suggest that nonre-
sponders to the combined use of iEPO and PP should be priori-
tized as ECMO candidates. Randomized clinical trials are needed to 
confirm these findings in COVID-19 and non-COVID-19 patients 
with refractory hypoxemia and to investigate further if it improves 
survival in such critically ill patients. Seven patients (16%) did not 
have pre- and posttreatment Pao2/Fio2, so we used Spo2/Fio2 (only 
Spo2 < 97% were chosen) as an alternative to ensure better corre-
lation with Pao2/Fio2 (20). However, use of Spo2/Fio2 could result 
in discrepant findings. Thus, Pao2/Fio2 should be preferred as the 
parameter to assess response to refractory hypoxemia with the com-
bination of iEPO and PP in future studies.

CONCLUSIONS
In mechanically ventilated patients with COVID-19 who had 
refractory hypoxemia, combined use of iEPO and PP improved 
oxygenation to a greater extent than with each treatment individu-
ally. Responders to combined modalities had lower mortality than 
nonresponders.
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