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Rationale: The effects of high-dose inhaled nitric oxide on
hypoxemia in coronavirus disease (COVID-19) acute respiratory
failure are unknown.

Objectives: The primary outcome was the change in arterial
oxygenation (PaO2

/FIO2
) at 48 hours. The secondary outcomes

included: time to reach a PaO2
/FIO2

.300mmHg for at least 24
hours, the proportion of participants with a PaO2

/FIO2
.300mmHg

at 28 days, and survival at 28 and at 90 days.

Methods: Mechanically ventilated adults with COVID-19 pneumonia
were enrolled in a phase II, multicenter, single-blind, randomized
controlled parallel-arm trial. Participants in the intervention arm
received inhaled nitric oxide at 80 ppm for 48 hours, compared with
the control group receiving usual care (without placebo).

Measurements and Main Results: A total of 193 participants
were included in the modified intention-to-treat analysis. The
mean change in PaO2

/FIO2
ratio at 48 hours was 28.3mmHg in the

intervention group and 21.4mmHg in the control group (mean
difference, 39.1mmHg; 95% credible interval [CrI], 18.1 to 60.3).
The mean time to reach a PaO2

/FIO2
.300mmHg in the

interventional group was 8.7 days, compared with 8.4 days for
the control group (mean difference, 0.44; 95% CrI, 23.63 to
4.53). At 28 days, the proportion of participants attaining a
PaO2

/FIO2
.300mmHg was 27.7% in the inhaled nitric oxide group

and 17.2% in the control subjects (risk ratio, 2.03; 95% CrI, 1.11
to 3.86). Duration of ventilation and mortality at 28 and 90 days
did not differ. No serious adverse events were reported.

Conclusions: The use of high-dose inhaled nitric oxide resulted
in an improvement of PaO2

/FIO2
at 48 hours compared with usual

care in adults with acute hypoxemic respiratory failure due to
COVID-19.
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Inhaled nitric oxide (NO), a selective
pulmonary vasodilator, was first approved by
the U.S. Food and Drug Administration in
1999 for the delivery of 20 ppm in newborns
with hypoxemic respiratory failure with
persistent pulmonary hypertension (1–3).
Subsequently, the use of inhaled NO therapy
was expanded to critically ill adult patients
with hypoxemic respiratory failure and to
postoperative cardiac patients (4, 5). The
beneficial effects of inhaled NO therapy have
been attributed to its ability to reduce
intrapulmonary shunting (6), resulting in
improved oxygenation for the first 24 hours
of inhalation in mechanically ventilated adult
patients with severe acute respiratory distress
syndrome (ARDS) (7–10). Despite its well-
defined physiological effects and excellent
safety profile, inhaled NO up to 20ppm did
not demonstrate efficacy in improving
clinical outcomes among adults with ARDS
in prior randomized trials (7, 10–13).

Numerous in vitro studies have shown
that nitric oxide in solution has dose-
dependent bactericidal properties (14, 15)
and inhibits viral replication (16, 17). Prior
studies used low doses of inhaled NO to
facilitate pulmonary vasodilation and
improve oxygenation (18). Although the
antiviral dose of inhaled NO has not been
established, early application of high-dose
inhaled nitric oxide (up to 300ppm) has
been shown to sustainably improve systemic
oxygenation in nonintubated hospitalized
adults and decrease the length of
hospitalization in pregnant and pediatric
patients with viral and bacterial pneumonia
(19, 20). However, the role of high antiviral
doses of inhaled NO in improving systemic
oxygenation has not been assessed in

critically ill patients with COVID-19
requiring mechanical ventilation.

Based onmounting evidence (14, 21–28),
this study tested the hypothesis that a high
concentration of inhaled NO administered
early after the onset of infection, beyond what
had been previously evaluated, might be
beneficial in critically ill patients with
acute hypoxemic respiratory failure due to
coronavirus disease (COVID-19) pneumonia.
This study was designed to evaluate the effect
of inhaled NO on systemic oxygenation after
48hours among critically ill andmechanically
ventilated patients with COVID-19 in a phase
II, multicenter, single-blind, randomized (1:1)
controlled parallel-arm trial.

Methods

Study Design and Participants
This was an investigator-initiated
multicenter, single-blind, randomized (1:1)
controlled parallel-arm clinical trial
conducted at four sites in the United States
and one site in Sweden. The study enrolled
adult patients with confirmed severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection (using RT-PCR)
admitted to the ICU who were intubated
andmechanically ventilated. Detailed
information on the study protocol, inclusion
and exclusion criteria, randomization,
masking, and consent procedures are
available in the online supplement. This
study was registered on ClinicalTrials.gov as
NCT04306393 (Registered onMarch 12,
2020). Figure 1 describes patient enrollment
and follow-up as per Consolidated Standards
of Reporting Trials recommendations.

Procedures
Participants in the treatment arm received
inhaled NO at 80ppm for the first 48hours
after enrollment. The gas was started
immediately after randomization within the
first 72hours of mechanical ventilation. After
the first 48hours of treatment, the gas was
reduced to 40ppm andmaintained at this
concentration until severe hypoxemia resolved
(PaO2

/FIO2
. 300mmHg). The procedures for

inhaled NO administration and weaning are
described in the online supplement.

Outcomes
The primary outcome of this study was the
change in arterial oxygenation (PaO2

/FIO2
)

at 48hours.
The secondary outcomes were all-cause

mortality at 28 and 90days, time to reach
PaO2

/FIO2
ratio. 300mmHg for at least

24 hours, and the proportion of participants
attaining a PaO2

/FIO2
ratio. 300mmHg

in the two groups at 28 days. The safety
outcomes for this clinical trial included
methemoglobinemia defined as
methemoglobin (MetHb). 5%, inhaled
nitrogen dioxide. 3ppm, hemodynamic
instability (rebound hypotension) during
weaning, the occurrence of acute kidney
injury by 28days, or the initiation of renal
replacement therapy by 90days. Exploratory
study outcomes included change in viral load
(log10 copies of SARS-CoV-2 RNA per ml) in
plasma and sputum, duration of mechanical
ventilation, use of venovenous extracorporeal
membrane oxygenation, and neurological
signs and symptoms (motor and sensory) at
90 days. The 90-day follow-up procedures
and the preparation of plasma and sputum
samples for measurement are described
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in the online supplement. To describe
oxygenation beyond the PaO2

/FIO2
ratio,

saturation of oxygen (SaO2
), alveolar–arterial

oxygenation gradient, and ventilatory ratio
were analyzed and presented as exploratory
outcomes.

Statistical Analysis
Participants randomized to inhaled NOwere
hypothesized to have at least 20% greater

improvement in PaO2
/FIO2

at 48hours after
gas initiation compared with the usual care
alone (29). Assuming a two-tailed a of 0.05,
the enrollment of 182 participants would
provide 90% power to detect an effect size of
38mmHg PaO2

/FIO2
change based on the

effect estimates in a previous investigation in
hypoxemic intubated and mechanically
ventilated patients. Presuming a 10%
dropout, the target sample size was 100 in
each group (n=200 total). The target sample
size was 100 in each group (n=200 total).

The baseline characteristics were
summarized as the median and interquartile
range (IQR) for continuous data and counts
and percentages for categorical data.
Standardized mean difference (SMD) is
reported to quantify the differences between
the two study arms, with values greater than
0.20 suggesting a potential imbalance
between groups.

The primary and secondary outcomes
analysis was conducted using a Bayesian
framework that estimates the treatment effect
conditional on prespecified variables defined
a priori (age, age2, sex, body mass index, and
Acute Physiology and Chronic Health
Evaluation [APACHE] II score). In addition,
a sensitivity analysis was conducted
including the prespecified covariates and
variables with SMD. 0.20 (race, study site,
hypertension, diabetes, malignancy, and
liver disease) (see Table E1 in the online
supplement) To assess the primary outcome,
the PaO2

/FIO2
ratio at 48 hours was regressed

on baseline PaO2
/FIO2

ratio, randomized
group assignment, and additional covariates,
as specified above. Time to reach PaO2

/FIO2

ratio. 300mmHg was evaluated using the
Kaplan-Meier method. All study outcomes
were analyzed in the modified intention-to-
treat population. All statistical analyses were
performed using R 4.0.2 (R Core Team) with
Bayesian estimation conducted in RStan. The
statistical analysis and the detailed statistical
analysis plan are described in the online
supplement.

Results

Patient Characteristics
The study enrolled 200 participants with
respiratory failure due to SARS-CoV-2
betweenMarch 2020 andMay 2022
(Figure 1). Subject recruitment occurred
betweenMarch 22, 2020, andMay 21, 2021,
with the final follow-up on June 15, 2022.
The primary modified intention-to-treat

analysis included 193 participants who met
inclusion criteria and did not meet exclusion
criteria. The study cohort had a median age
of 62 (IQR, 50–70) years and included
33.7% females; 51.8% identified asWhite
and 29.5% as Hispanic. Baseline clinical and
demographic characteristics were balanced
between the study arms except for
(SMD. 0.20) APACHE II score,
hypertension, diabetes, malignancy, liver
disease, connective tissue disease, smoking
history, race, and creatinine (Table 1).
The baseline PaO2

/FIO2
ratio was 177 (IQR,

125–241) mmHg in the treatment arm and
195 (IQR, 120–235) mmHg in the control
arm. Ventilator settings and adjunctive
therapies are presented in Table 2 and Table
E2, respectively. On December 2, 2020, the
data safety monitoring board (DSMB) noted
a difference in the primary outcome of the
study between the two groups. However,
the stopping rule (defined as a significant
increase in mortality in the NO group) was
not met. Thus, the trial continued to
complete enrollment.

Primary Outcome
The mean change in PaO2

/FIO2
at 48 hours in

the inhaled NO arm was 28.3 (89.3) mmHg
and21.4 (68.9) mmHg in the usual care
arm. The change in PaO2

/FIO2
from baseline

to 48hours was 39.1 (95% credible interval
[CrI], 18.1 to 60.3) higher in the treatment
arm compared with the usual care arm
(Table 3 and Figure 2). Inhaled NO therapy
had a 99.5% probability of increasing the
PaO2

/FIO2
at 48 hours (Figure 3). The

probability of inhaled NO therapy improving
the PaO2

/FIO2
at 48 hours using various

thresholds is described in Table E3.

Secondary Outcomes
The mean time to reach a sustained PaO2

/FIO2

ratio. 300mmHg in survivors was 8.7 (5.0)
days in the treatment group versus 8.4 (6.5)
days in the usual care arm. Among survivors,
the probability that inhaled NO therapy
would decrease the time to PaO2

/FIO2

ratio. 300mmHg was 42.9% compared
with the usual care arm (mean difference,
0.44; 95% CrI,23.63 to 4.53). At 28 days, the
overall proportion of participants with a
PaO2

/FIO2
ratio. 300mmHg was 27.7% in

the inhaled NO group and 17.2% in the
control subjects, respectively. There was a
98.1% probability that inhaled NO therapy
would increase the chance of attaining a
PaO2

/FIO2
ratio. 300mmHg (risk ratio

[RR], 2.03; 95% CrI, 1.11 to 3.86; Table 3 and

At a Glance Commentary

Scientific Knowledge on the
Subject: Prior clinical trials have
shown that low-dose, 1–20 ppm of
inhaled nitric oxide (NO) leads to
short-term improvement in
oxygenation in critically ill patients
with acute lung injury. During the
severe acute respiratory syndrome
outbreak of 2003, low-dose inhaled
NO was shown to improve
oxygenation. Subsequent laboratory
studies have demonstrated that NO
inhibited the in vitro replication of
severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in a
dose-dependent manner. This phase
II, multicenter, single-blind,
randomized controlled parallel-arm
trial hypothesized that high-dose (up
to 80 ppm) NO would inhibit viral
replication and cause sustained
improvement in oxygenation in
patients with coronavirus disease
(COVID-19) with acute hypoxemic
respiratory failure.

What This Study Adds to the
Field: Compared with usual care,
inhaled NO improved oxygenation at
48 hours. Administration of inhaled
NO did not reduce mortality, length
of mechanical ventilation, or duration
of hospital stay. Participants treated
with NO experienced a faster
reduction of viral load in sputum and
blood samples and had a reduced rate
of sensory and motor neurologic
symptoms. Finally, treatment with NO
was well tolerated, and no serious
adverse events were recorded. Further
studies are required to characterize the
antiviral properties of high-dose NO
and determine the optimal dosage.
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Figure E1). In the inhaledNOarm, the
proportion of deathswithin 28days and
90days was 28.7% and 34.0%, respectively. In
the usual care arm, the proportion of deaths

within 28days and 90dayswas 27.3% and
32.3%, respectively. Participants randomized
to the inhaledNOgroup had a 71.9% and
71.4% probability of having a lower risk of

death at 28days and 90days, respectively,
comparedwith usual care alone (RR for 28-day
mortality, 0.85; 95% CrI, 0.50 to 1.46; RR for
90-daymortality, 0.87; 95% CrI, 0.52 to 1.43).

1223 Screened

636 Assessed for Inclusion

274 Eligible

233 Approached for Consent

200 Consented

200 Randomized

587 Did Not Meet Inclusion Criteria (Non-Exclusive)
474 Negative RT-PCR
107 Not intubated / mechanically ventilated
80 Not admitted to the intensive care unit
8 < 18 years of age

362 Met an Exclusion Criteria (Non-Exclusive)
118 Intubated > 72 hours
57 Admission unrelated to COVID-19
52 Enrolled in interventional trial
49 Not committed to full support
45 Estimated six-month mortality > 50%
42 Received renal replacement therapy prior to 

enrolment
20 Physician refusal
15 Received inhaled nitric oxide prior to enrollment
12 Impaired ability to ventilate without assistance
10 Tidal volume < 3 ml/kg
9 Pneumonectomy / lung transplant
8 Cardiac arrest with > 30 minutes of                  

cardiopulmonary resuscitation
4 Severe deficits with fixed pupils
4 Severe burns
2 Other reasons

41 Not Approached for Consent
35 Unable to consent patient/healthcare proxy
1 Staff unavailable
1 Prisoner 
4 Other reasons

33 Declined Consent

100 Assigned to Control Group 100 Assigned to Treatment Group

94 Analyzed in Treatment Group99 Analyzed in Control Group

6 Excluded from Analysis
3 Treatment unavailable 
1 Patient with one lung
1 Patient intubated for > 72 hours
1 Patient with certainty of death 

before randomization

1 Excluded from Analysis
1 Patient received renal          

replacement therapy

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) diagram. COVID-19=coronavirus disease.
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The posterior probability curves of the
secondary outcomes with inhaled NO
therapy have been depicted in Figure 3.

Safety and Adverse Outcomes
High-dose inhaled NO therapy was well
tolerated, with no serious adverse events
related to inhaled NO reported (Table 4).

The median duration of inhaled NO therapy
of>20ppmwas 10.8 days (IQR,
5.1–16.3 days). MetHb exceeded the
threshold of 5% eight times during the 1,282
inhaled NO–treatment days. In five of these
events, a dose reduction of inhaled NO by
50% was required to achieve an appropriate
reduction inMetHb under 5%. The inhaled

nitrogen dioxide reached 3ppm on one
occasion and rapidly decreased upon
reduction of inhaled NO from 80ppm to
40ppm. No events of hemodynamic
instability or rebound pulmonary
hypertension were reported during the
inhaled NO treatment and subsequent
weaning of inhaled NO. NO did not increase

Table 1. Baseline Demographics and Clinical Characteristics of All the Enrolled and Randomized Intubated Patients with
COVID-19 Who Were Included in the Modified Intention-to-Treat Analysis

Treatment Group
(n=94)

Control Group
(n=99) SMD

Age 64 (53.0–70.0) 62 (50.0–69.5) 0.142
Sex, female 31 (33.0) 34 (34.3) 0.029
Race 0.282
American Indian/Alaska Native 1 (1.1) 0 (0.0)
Asian 6 (6.4) 7 (7.1)
Black/African American 23 (24.5) 20 (20.2)
Other 14 (14.9) 11 (11.1)
Unknown 1 (1.1) 0 (0.0)
White 49 (52.1) 61 (61.6)

Hispanic or Latino ethnicity 27 (28.7) 30 (30.3) 0.035
BMI, kg/m2 31.0 (26.9–35.8) 30.2 (26.8–35.4) ,0.001
Smoking history 0.202
Current smoker 4 (4.3) 6 (6.1)
Former smoker 25 (26.6) 30 (30.3)
Never smoked 49 (52.1) 42 (42.4)
Unknown 16 (17.0) 21 (21.2)

Hypertension 63 (67.0) 46 (46.5) 0.424
History of myocardial infarction 13 (13.8) 11 (11.1) 0.082
Diabetes 39 (41.5) 29 (29.3) 0.257
Cerebrovascular disease 5 (5.3) 8 (8.1) 0.111
Chronic kidney disease 10 (10.6) 8 (8.1) 0.088
COPD 4 (4.3) 8 (8.1) 0.160
Connective tissue disease 6 (6.4) 1 (1.0) 0.288
Dementia 4 (4.3) 3 (3.0) 0.065
Hemiplegia 4 (4.3) 0 (0.0) 0.065
Immune deficiency 5 (5.3) 3 (3.0) 0.115
Liver disease 8 (8.5) 0 (0.0) 0.431
History of malignancy 7 (7.4) 0 (0.0) 0.401
History of peptic ulcer 3 (3.2) 4 (4.0) 0.045
ARDS class
COVID-19, PaO2

/FIO2
300–400mmHg 9 (9.6) 5 (5.1) 0.170

Mild ARDS, PaO2
/FIO2

200–300mmHg 28 (29.8) 36 (36.4) 0.140
Moderate ARDS, PaO2

/FIO2
100–200mmHg 43 (45.7) 37 (37.4) 0.170

Severe ARDS, PaO2
/FIO2

, 100mmHg 14 (14.9) 21 (21.2) 0.165
APACHE II score, mean (SD) 24.6 (7.7) 21.1 (6.5) 0.499
SOFA score 8.5 (7–11) 8 (7–10) 0.100
Compliance, ml/cm H2O, mean (SD) 36.7 (18.7) 36.8 (15.6) 0.004
PEEP, cm H2O 12 (10–14) 12 (10–14) 0.019
VT, ml/kg, mean (SD) 4.7 (1.5) 4.7 (1.4) 0.009
PaO2

/FIO2
ratio, mmHg 177 (125–241) 195 (120–235) 0.066

FIO2
, mean (SD) 0.59 (0.21) 0.61 (0.21) 0.110

PaCO2
, mmHg, mean (SD) 42 (37–47) 43 (39–50) 0.228

V_
E, L/min 8.7 (7.3–10.5) 8.5 (7.2–9.7) 0.186

Creatinine, mg/dl 1.08 (0.84–1.96) 0.99 (0.72–1.42) 0.261
D-dimer 2492 (1,414–5,377) 1,815 (1,014–5,018) 0.200

Definition of abbreviations: APACHE=Acute Physiology and Chronic Health Evaluation; ARDS=acute respiratory distress syndrome; BMI=body
mass index; COPD=chronic obstructive pulmonary disease; COVID-19=coronavirus disease; PEEP=positive end-expiratory pressure;
SMD=standardized mean difference; SOA=Sequential Organ Failure Assessment.
Data are presented as median (interquartile range) or n (%) unless otherwise noted. VT has been calculated for the ideal body weight (ml/kg).
Patients with COVID-19 pneumonia and impaired PaO2

/FIO2
but with PaO2

/FIO2
between 300 and 400mmHg are listed as “COVID-19 with

PaO2
/FIO2

300–400mmHg.” Patients with ARDS are classified as mild PaO2
/FIO2

200–300mmHg, moderate PaO2
/FIO2

100–200mmHg, and severe
PaO2

/FIO2
, 100mmHg according to the Berlin Definition.
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the risk for acute kidney injury (RR, 0.82;
95% CrI, 0.39–1.70) or the need for renal
replacement therapy (RR, 1.65; 95% CrI,
0.78–3.56).

Exploratory Outcomes
For quantitative SARS-CoV-2 viral load
testing, plasma was collected serially for
2weeks from 37 patients (17 in the treatment
group and 20 in the control group), for a
total of 145 samples (68 from participants
enrolled in the treatment group and 77 from
participants enrolled in the control group).

Patient characteristics are listed in Table E4.
Sputum was collected for up to 7weeks from
37 participants (17 in the treatment group
and 20 in the control group), for a total of 82
samples (38 from participants in the
treatment group and 44 from participants in
the control group). The median viral loads in
the first plasma samples obtained after
randomization did not differ between study
arms: 2.6 log10 RNA copies/ml (IQR, 2.2 to
3.4 log10 RNA copies/ml) in the treatment
group versus 2.8 log10 RNA copies/ml (IQR,
1.8 to 3.7 log10 RNA copies/ml) in the

control group. Similarly, the median viral
loads when comparing the first sputum
samples obtained after randomization were
similar in the study groups: 7.6 log10 RNA
copies/ml (IQR, 6.0 to 9.0 log10 RNA copies/
ml) in the treatment group versus 6.9 log10
RNA copies/ml (IQR, 5.9 to 8.0 log10 RNA
copies/ml) in the control group. Over time,
there was a steeper decline in plasma viral
load (change per unit time,20.21; 95% CrI,
20.25 to20.17; group differences,20.30;
95% CrI,21.00 to 0.42) in patients enrolled
in the inhaled NO arm compared with those

Table 2. Ventilator Settings at Baseline, 24Hours, and 48Hours

Variables

Baseline 24Hours 48Hours

Treatment
Group

Control
Group

Treatment
Group

Control
Group

Treatment
Group

Control
Group

PaO2
/FIO2

ratio, mmHg 177 (125–241) 195 (120–235) 196 (150–252) 188 (130–263) 200 (157–239) 183 (122–235)
FIO2, % 51.5 (40–70) 60 (42.5–75) 45 (36–57) 50 (40–60) 45 (38–60) 50 (40–60)
PEEP, cm H2O 12 (10–14) 12 (10–14) 12 (10–14) 12 (10–14) 12 (10–13) 12 (10–14)
Plateau pressure,

cm H2O
24 (21–28) 23 (21–27) 24 (21–26) 23 (20–26) 24 (21–26) 24 (20–26)

Respiratory system
compliance,
ml/cm H2O

31.7 (24.1–37.5) 32.0 (27.0–40.0) 32.0 (25.5–41.9) 32.0 (27.0–41.0) 31.0 (25.0–38.0) 35.0 (27.0–42.0)

Respiratory rate,
breaths
per min

22 (20–25) 22 (18–25) 22 (20–25) 23 (19–26) 22 (18–26) 24 (20–27)

VT/IBW, ml/kg 6.0 (6–6.8) 6.0 (5.6–6.7) 6.1 (5.6–6.6) 6.0 (5.4–6.5) 6.0 (5.5–6.5) 5.9 (5.5–6.5)
V_

E, L/min 8.8 (7.1–10.1) 8.4 (7.2–9.9) 8.4 (7.5–10.1) 8.7 (7.3–9.9) 8.6 (7.0–10.2) 8.7 (7.4–10.4)
Use of neuromuscular

blockade
53 (56) 45 (45) 46 (49) 39 (39) 46 (49) 30 (30)

Lifting sedation 0 (0) 4 (4) 0 (0) 3 (3) 1 (1) 3 (3)

Definition of abbreviations: IBW= ideal body weight; PEEP=positive end-expiratory pressure.
Data are presented as median (interquartile range) or n (%).

Table 3. Primary and Secondary Outcomes in the Final Analysis Population

Treatment Group
(n=94)

Control Group
(n=99)

Difference or RR
(95% CrI)

Primary endpoint: change in PaO2
/FIO2

ratio at 48 h, mmHg
Overall population 28.3 (89.3) 21.4 (68.9) 39.1 (18.1 to 60.3)

Stratified by baseline PaO2
/FIO2

ratio
,100mmHg 85.9 (72.1) 31.0 (44.6) 50.6 (5.1 to 95.6)
100–200mmHg 34.6 (74.1) 10.2 (53.2) 32.5 (1.9 to 63.1)
>200mmHg 20.6 (101.9) 228.5 (80.9) 27.6 (216.5 to 72.3)

Secondary endpoints
Mortality within 28 d, n (%) 27 (28.7) 27 (27.3) RR, 0.85 (0.50 to 1.46)
Mortality within 90 d, n (%) 32 (34.0) 32 (32.3) RR, 0.87 (0.52 to 1.43)
Time to PaO2

/FIO2
ratio. 300mmHg, d* 8.7 (5.0) 8.4 (6.5) 0.44 (23.63 to 4.53)

Patients reaching PaO2
/FIO2

ratio.300mmHg, n (%)*
33 (35.1) 21 (21.2) RR, 2.03 (1.11 to 3.86)

Definition of abbreviations: CrI = credible interval; RR= risk ratio.
Data are presented as mean (SD) unless otherwise noted.
*Measured over 28days after randomization in survivors with baseline PaO2

/FIO2
, 300mmHg, as prespecified (67 patients in the treatment

group and 72 in the control group).
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in the control arm (time3 group estimate,
20.04; 95% CrI,20.12 to 0.04; Figure 4).
Similarly, among the subset of patients from
whom sputum samples were taken, there
was a greater decline in viral load over time
(change per unit time,20.13; 95% CrI,
20.16 to20.11; group differences, 0.29; 95%
CrI,20.87 to 1.44) in the treatment arm
compared with the control arm
(time3 group estimate,20.04; 95% CrI,
20.09 to 0.01).

In the exploratory analysis, although the
duration of mechanical ventilation and the
use of venovenous extracorporeal membrane
oxygenation were not different between the
two groups, the frequency of neurological
signs and symptoms in the inhaled NO
group at 90 days was lower compared with
the usual care group (4.2% and 17.2%,
respectively; RR, 0.17; 95% CrI, 0.04–0.62;
Table 5). Compared with usual care,
participants in the treatment group with
inhaled NO demonstrated fewer sensory
symptoms (0% vs. 14.1%; RR, 0.01; 95% CrI,
0.00–0.12; Table 5). Detailed motor and
sensory findings from notes by a physician
caring for the patient are listed in Table E5.

Change in the SaO2
, alveolar–arterial

oxygenation gradient, and ventilatory index at
48hours with inhaled NO therapy are
presented in Table 5, and a subgroup analysis
stratified for PaO2

/FIO2
is presented in Table E6.

Discussion

This investigator-initiated, phase II,
multicenter, single-blind, randomized
controlled parallel-arm trial showed that
high-dose inhaled NO improved systemic
oxygenation in mechanically ventilated
critically ill participants with acute
hypoxemic respiratory failure due to
COVID-19 pneumonia. The median PaO2

/
FIO2

ratio increased from 177 (IQR, 125–241)
mmHg to 200 (IQR, 157–239) mmHg in the
treatment arm but decreased from 195 (IQR,
120–235) mmHg to 183 (IQR, 122–235)
mmHg in the control arm. Compared with
the usual care group, a larger proportion of
participants in the inhaled NO group
reached PaO2

/FIO2
. 300mmHg for at

least 24 hours at 28 days, but the time to
attain the level of oxygenation was similar.
Furthermore, although there was no
difference in mortality or other exploratory
clinical outcomes, participants who
received inhaled NO had a lower occurrence
of sensory symptoms than those who
received usual care alone 90days after
randomization.

Prior evidence from ameta-analysis
combining four randomized controlled trials
demonstrated that inhaled NO therapy in
patients with ARDS was associated with an
increased risk of acute kidney injury (AKI)

(30). However, this large contemporary
randomized controlled trial of critically ill
mechanically ventilated patients with ARDS
showed that the incidence of AKI was high,
but similar, in both arms of the study. Thus,
we cannot conclude whether NO reduces or
increases the risk of AKI and reduces or
increases the need for kidney replacement
therapy. The high incidence of AKI may be
secondary to ARDS and COVID-19
infection. The increased risk of AKI due to
COVID-19 has been attributed to direct
cytotoxicity, microvascular thrombosis, and
endothelial dysfunction (31). Inhaled NO
therapy was not associated with an increased
risk of any adverse events, including AKI and
the need for renal replacement therapy.
However, the present trial does not eliminate
the possibility that NO therapy could be
potentially nephrotoxic because of the
relatively small number of participants.
Future larger trials are needed to evaluate the
renal toxicity of high doses of early
administration of inhaled NO. All
participants in the treatment group tolerated
the administration and weaning of inhaled
NO. Although there were eight events of
MetHb. 5% and one with inhaled nitrogen
dioxide. 3ppm, reduction of inhaled NO
led to the resolution of these abnormalities.

In multiple randomized clinical trials
conducted more than 2 decades ago (7, 8,
10–13), inhaled NO between 0.01 and
20ppmwas shown to improve systemic
oxygenation in adult patients with ARDS,
presumably because of decreased
intrapulmonary shunting (3). However, the
previous studies showed that oxygenation
improved at 24 hours but not at 48–72hours
after initiation of inhaled NO therapy. In
contrast, in the current trial, a sustained
improvement in systemic oxygenation was
noted in the NO group at least up to 28days
after initiation of inhaled NO in patients
with respiratory failure due to COVID-19
pneumonia. The reasons for this observed
discordance may include the implementation
of protective lung ventilation in this trial, the
depletion of NO synthesis because of
widespread injury of the endothelium
caused by the viral infection, and the antiviral
effects of high-dose NO. Furthermore, a
homogenous population of patients with
acute hypoxic respiratory failure due to
COVID-19 was included in the current
investigation instead of the numerous
heterogeneous etiologies of ARDS in prior
investigations.
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Figure 2. Systemic oxygenation at baseline, 24 hours, and 48 hours. This figure depicts the
mean change in the PaO2

/FIO2
ratio from baseline to 24 and 48 hours from the time of

randomization. The treatment group (n=94) and the control group (n=99) have been depicted
in red and blue, respectively. The data are represented as mean (point) and SEM (error bars).
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To date, randomized trials on inhaled
NO preceded the implementation of the
2000 ARDSNetwork (ARDSnet) ventilatory
strategies for acute hypoxemic respiratory
failure (32) and used high VT and high
airway pressure, which likely induced
lung injury. A large randomized trial
demonstrated that such a ventilatory
approach itself results in lung injury leading
to death (32). In contrast, patients enrolled
in this trial received low VT and low airway
pressure ventilation according to the
ARDSnet tables for mechanical ventilation.
The avoidance of injurious ventilation in this
trial may have unmasked beneficial effects of
inhaled NO andmarkedly prolonged the
improvement in oxygenation compared

with the pre-ARDSnet NO trials. This is
reminiscent of the trial results on prone
positioning (33–35) and ECMO (36, 37)
in patients with respiratory failure.

At the pathophysiological level,
COVID-19 pneumonia is characterized by
severe endothelial injury with widespread
thrombosis and microangiopathy of the
pulmonary vessels (37), resulting in
profound perfusion abnormalities seen in
dual-energy computed tomography imaging
studies (38). In an autopsy study, Villalba
and colleagues compared histological
parenchymal and vascular alterations of
patients deceased for respiratory failure due
to COVID-19 pneumonia to those for other
etiologies (38). Lungs of patients with

COVID-19 showed increased pulmonary
congestion and aberrant alveolar-septal
congestion (38). Administration of inhaled
NOmight replete the NO deficiency
observed in patients with COVID-19 (39).
Bypassing the dysfunctional endothelium,
inhaled NOmay directly alleviate
intrapulmonary shunting and improve
pulmonary blood flow, resulting in sustained
improvements in oxygenation. Moreover,
the observed improved ventilatory ratio
indicates a reduction of alveolar dead
space, possibly due to the antiplatelet
or antileukocyte adhesion properties
of NO (39, 40).

In a subset of participants with
daily sputum and plasma sampling for

Figure 3. Posterior probability curves for the association of study outcomes with inhaled nitric oxide therapy.
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quantitative SARS-CoV-2 viral load
estimation, the use of inhaled NOwas
associated with faster clearance of viremia
and a more rapid viral load reduction in

the sputum. This antiviral property of NO
may have contributed to the sustained
improvement in systemic oxygenation
observed in this trial. Because SARS-CoV-2

viral load is associated with increased
disease severity and mortality (41, 42), faster
reduction of viral load by inhaled NO is
expected to decrease the disease severity of
pneumonia and improve oxygenation.
Previous in vitro studies showed that the
antiviral or antibacterial effects of NO are
dose dependent. For example, laboratory
studies showed that NO directly inhibits
SARS-CoV-2 replication by nitrosating viral
membrane proteins and hindering SARS-
CoV-2 viral protease in a dose–response
manner (16). A recent phase III randomized
trial showed that, compared with a placebo,
repeated NO nasal spray administrations
reduced SARS-CoV-2 viral load from the
nasal cavity (43). Antiviral activity of NO has
also been demonstrated against influenza,
Coxsackie, and SARS-CoV-1 (17, 23, 44).
Although the concentrations of inhaled NO
that exert antimicrobial effects are unknown,
studies have shown that high-dose inhaled
NO (up to 300ppm) is well tolerated and
improves respiratory function in hospitalized
adults and decreases the length of
hospitalization in pregnant patients and
pediatric patients with viral and bacterial
pneumonia (19–22, 45).

Experimental evidence in animals and
recent human studies suggests that SARS-
CoV-2 infection causes neuroinflammation
and neuronal damage (46, 47). Furthermore,
accumulating evidence points to an increased
risk of long-term neurologic disorders in
people who had COVID-19 (48). In the
current study, participants receiving inhaled
NO had reduced rates of sensory findings

Table 4. Safety Outcomes in the Final Analysis Population Assigned to Treatment

Treatment Group
(n=94)

Control Group
(n=99)

Difference or
RR (95% CrI)

Safety outcomes
Acute kidney injury 65 (69.1) 69 (69.7) RR, 0.82 (0.39–1.70)
Class 1 17 (18.1) 20 (20.2)
Class 2 11 (11.7) 22 (22.2)
Class 3 37 (39.3) 27 (27.2)

RRT 33 (35.1) 22 (22.2) RR, 1.65 (0.78–3.56)
Hemodynamic instability

during weaning
0 (0)

MetHb.5%
Events/treatment days

overall
8/1,282

Events/treatment days
at 80 ppm

7/292

Events requiring dose
reduction

5

MetHb highest daily level, %
Overall 1.4 (0.7–1.5)
At 80 ppm 2.2 (1.5–3.0)

NO2.3 ppm
Events/treatment days

overall
1/1,282

Events/treatment days
at 80 ppm

1/292

Events requiring dose
reduction

1

NO2 highest daily level, ppm
Overall 0.8 (0.0–1.0)
At 80 ppm 1.0 (1.0–1.8)

Definition of abbreviations: CrI = credible interval; MtHb=methemoglobin; RR= risk ratio;
RRT= renal replacement therapy.
Data are presented as median (interquartile range), n, or n (%).

Figure 4. Blood and sputum viral count. (A and B) Predicted log10 of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral load
by PCR over time in blood (A) and sputum (B). (A) Treatment group (n=17 patients; 68 samples) in red, and control group (n=20 patients; 77
samples) in blue. (B) Treatment group (n=17 patients; 38 samples) in red, and control group (n=20 patients; 44 samples) in blue.
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at 90 days. Inhaled NO has been shown to
elicit systemic antiinflammatory and
antithrombotic responses, which may
explain our findings (49). Further studies
are needed to investigate the mechanisms
and effects of inhaled NO on neurological
outcomes, as persistent neurological deficits
are a major driver of healthcare burden in
survivors of ARDS and severe COVID-19
infection (50, 51).

This study presents some limitations
that warrant discussion. First, this study was
a relatively small phase II trial that was not
powered to test whether NO exposure
reduces mortality. Nevertheless, the positive
findings and the pragmatic design of this
multicenter study pave the way for larger
andmore extensive phase III clinical trials
evaluating the effects of high-dose inhaled
NO onmortality. Second, healthcare
providers were not blind, and the control
(usual care) group lacked a placebo
intervention. This was done to protect
healthcare workers from an increased risk
of COVID-19 exposure. The trial started in
March 2020, when no vaccines were available
and disconnection of respiratory tubing
from the ventilator could expose healthcare
workers to contaminated respiratory
equipment and aerosolization. Thus, in
agreement with the investigational review
board at our institutions, the trial was
designed without a placebo and with an
absence of blinding. Similarly, baseline levels
of right heart dysfunction measured by
transthoracic echocardiography were not
obtained, to minimize healthcare workers’

exposure to COVID-19. A third limitation of
this study is that the trial enrolled exclusively
critically ill participants with COVID-19
pneumonia, limiting the generalizability
of the results to other causes of acute
hypoxemic respiratory failure. Differently
frommost critical care trials in respiratory
failure and, specifically, from prior inhaled
NO trials, this investigation included
participants with a singular etiology of
hypoxemic respiratory failure (i.e.,
COVID-19 pneumonia). Enrolling
such a well-defined population allowed
us to avoid heterogeneity from other
mechanisms of respiratory failure. It enabled
the characterization of the effects of inhaled
NO in this specific patient population.
Future studies are required to evaluate the
benefits of inhaled NO therapy in other
patient populations. Fourth, the time from
the onset of first symptoms of COVID-19 to
the time of intubation and the use (and
duration) of noninvasive ventilation and
high flow were not recorded, and the
protocol of the study allowed intensivists to
implement the local guideline
recommendations on COVID-19 ARDS to
care for the patients enrolled in the study.
Hence, the trial protocol did not mandate the
optimization of positive end-expiratory
pressure before enrollment or the use of
recruitment maneuvers. Fifth, the formation
of MetHb during inhaled nitric oxide
treatment might decrease the oxygen-
carrying capacity, which may offset the
improvement in the PaO2

/FIO2
ratio (52). To

address this concern, this study also

measured changes in SaO2
from the arterial

blood samples at 48hours, which was similar
to usual care. Sixth, this study did not
investigate a concentration.80ppm of
inhaled NO. Other studies have shown that
up to 300ppm of inhaled NO is safe and
decreases the length of stay in patients with
viral pneumonia. This was observed in both
COVID-19 (19) and respiratory syncytial
virus pneumonia (20). The role of high-dose
NO as a therapeutic for respiratory infections
needs further investigation. Finally, the
impact of inhaled NO on the length of ICU
and hospital stay could not be accurately
evaluated in this study. During the
pandemic, ICUs and hospital floors
underwent major modifications. Many
regular hospital floors were transformed into
ICUs to allow caring for intubated and
mechanically ventilated patients. Patients
were discharged directly from the ICU to
their homes, whereas others were discharged
to improvised facilities where patients were
allowed to recover until they tested negative
for COVID-19. The above conditions made
it impossible to compare ICU and hospital
stay between groups.

Conclusions
In mechanically ventilated critically ill
participants with acute hypoxemic
respiratory failure due to COVID-19
pneumonia, high-dose inhaled NO at
80 ppm for the first 48 hours of mechanical
ventilation improved PaO2

/FIO2
compared

with the use of usual care alone. The
treatment with inhaled NO did not reduce

Table 5. Exploratory Outcomes in the Final Analysis Population

Exploratory Outcomes
Treatment Group

(n= 94)
Control Group

(n=99) Difference or RR (95% CrI)

Requirement for VV-ECMO 4 (4.2) 5 (5.0) RR, 0.70 (0.14 to 3.39)
Neurological signs and symptoms

(Day 90)*
4 (4.2) 17 (17.2) RR, 0.17 (0.04 to 0.62)

Motor 4 (4.2) 12 (12.1) RR, 0.36 (0.08 to 1.42)
Sensory 0 (0.0) 14 (14.1) RR, 0.01 (0.00 to 0.12)
Ventilator time, h, mean (SD) 447.1 (225.4) 448.6 (962.4) 33.73 (2187.52 to 254.18)

Mean Difference (95% CrI)

Change in A–a gradient at 48 h 228.8 (259.8 to 1.0)
Change in SaO2

at 48 h 0.12 (0.00 to 0.24)
Change in ventilatory ratio at 48 h 20.10 (20.30 to 0.09)

Definition of abbreviations: CrI = credible interval; RR= risk ratio; VV-ECMO=veno-venous extracorporeal membrane oxygenation.
Data are presented as n (%) unless otherwise noted.
*Measured at 90days after randomization in survivors: 62 patients in the treatment group and 67 in the control group.
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mortality or duration of mechanical
ventilation, but exploratory results suggest
that participants with inhaled NO had a
steeper reduction in plasma viral load and
reduced rates of sensory neurologic
symptoms and signs at 90 days. Finally,
treatment with inhaled NOwas well
tolerated, and no serious adverse events
related to the intervention were reported.
Overall, the findings highlight the
importance of planning future
dose–response investigations into the
antimicrobial and clinical properties of
high-dose inhaled NO therapy in adults with
acute hypoxemic respiratory failure.�
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