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Abstract 

Background  The benefit of Inhaled nitric oxide (iNO) therapy in the setting of COVID-19-related ARDS is obscure. We 
performed a multicenter retrospective study to evaluate the impact of iNO on patients with COVID-19 who require 
respiratory support.

Methods  This retrospective multicenter study included COVID-19 patients enrolled in the SCCM VIRUS COVID-19 
registry who were admitted to different Mayo Clinic sites between March 2020 and June 2022 and required high-
flow nasal cannula (HFNC), non-invasive ventilation (NIV), or invasive mechanical ventilation (IMV). Patients were 
included in the ‘spontaneously breathing’ group if they remained non-intubated or were initiated on an HFNC (± NIV) 
before intubation. Patients who got intubated without prior use of an HFNC (± NIV) were included in the ‘intu‑
bated group.’ They were further divided into categories based on their iNO usage. Propensity score matching (PSM) 
and inverse propensity of treatment weighting (IPTW) were performed to examine outcomes.

Results  Among 2767 patients included in our analysis, 1879 belonged to spontaneously breathing (153 received 
iNO), and 888 belonged to the intubated group (193 received iNO). There was a consistent improvement in FiO2 
requirement, P/F ratio, and respiratory rate within 48 h of iNO use among both spontaneously breathing and intu‑
bated groups. However, there was no significant difference in intubation risk with iNO use among spontaneously 
breathing patients (PSM OR 1.08, CI 0.71–1.65; IPTW OR 1.10, CI 0.90–1.33). In a time-to-event analysis using Cox 
proportional hazard model, spontaneously breathing patients initiated on iNO had a lower hazard ratio of in-hospital 
mortality (PSM HR 0.49, CI 0.32–0.75, IPTW HR 0.40, 95% CI 0.26–0.62) but intubated patients did not (PSM HR: 0.90; CI 
0.66–1.24, IPTW HR 0.98, 95% CI 0.73–1.31). iNO use was associated with longer in-hospital stays, ICU stays, ventilation 
duration, and a higher incidence of creatinine rise.
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Background
Acute Respiratory Distress Syndrome (ARDS) is charac-
terized by acute hypoxemic respiratory failure with onset 
less than seven days, worsening respiratory symptoms, 
and bilateral opacities that are not explained by effusions, 
lung collapse, or nodules as seen on chest imaging. It 
develops in the background of a known clinical insult to 
the lung in the absence of any cardiogenic cause [1–3]. 
The presence of alveolar inflammation and the result-
ing accumulation of fluid rich in proteins and alveolar 
inflammatory cells leads to reduced lung compliance, 
ventilation-perfusion mismatch, and subsequent devel-
opment of hypoxia.

Traditionally, the management of ARDS is focused on 
resolving the underlying cause as well as providing sup-
portive treatment. In cases of severe refractory hypoxia, 
treatment with inhaled nitric oxide (iNO) can be 
employed. Inhaled nitric oxide has the potential for pref-
erential pulmonary vasodilation in the ventilated lung 
parenchyma, improving ventilation-perfusion mismatch 
and thereby enhancing arterial oxygenation [4, 5]. Addi-
tionally, iNO has been shown to induce bronchodilation 
and decrease vascular endothelium inflammation platelet 
aggregation, thereby reducing intra-pulmonary micro-
thrombosis [6, 7].

The use of iNO in adult ARDS patients stems back 
to 1993 when improvements in PaO2/FiO2 ratio and 
reduction of pulmonary artery pressure were observed 
in severe ARDS, as reported by Roissant et  al. [4]. 
Subsequent literature reported that despite a role in 
improving oxygenation, benefits with iNO were found 
to be limited in terms of overall hospitalization out-
comes [8]. A systematic review with meta-analysis 
comprising 13 clinical trials of 1243 patients showed 
there were no significant differences in ventilator-free 
days, duration of mechanical ventilation, or length 
of stay in the intensive care unit or hospital, although 
a significant improvement in oxygenation index was 
noted at 24 h of iNO therapy [9]. Similar findings were 
reported in a previous systematic review conducted by 
Adhikary et al. [10]. Both studies reported an associa-
tion between renal impairment and iNO therapy. Given 
the lack of significant survival benefits, there is a pau-
city of clinical evidence supporting the routine use of 

iNO in the ARDS population, but it is often considered 
in patients who remain severely hypoxemic despite 
optimal ventilation and rescue strategies [11, 12].

The Coronavirus Disease 2019 (COVID-19) pan-
demic has posed a global challenge with its varying lev-
els of disease severity and clinical manifestations. Wu 
et al. (2020) reported that COVID-19-associated ARDS 
(CARDS) can develop in up to 42% of patients, with 
61% to 81% of them requiring treatment in intensive 
care units [13]. A significant portion of CARDS patients 
require mechanical ventilation due to hypoxemic res-
piratory failure, and the estimated mortality rates range 
between 26 and 88% [14–18]. Despite the lack of clini-
cal guidelines on the use of iNO in COVID-19 ARDS, 
studies have reported the use of iNO in an attempt to 
improve oxygenation, often in refractory hypoxemia 
[19–22]. Moreover, during the SARS-CoV-1 epidemic 
in 2004, it was also hypothesized that iNO might have 
antiviral properties; therefore, COVID-19 patients may 
also demonstrate similar benefits [23]. A multicenter, 
randomized, placebo-controlled trial performed on 385 
patients with moderate to severe lung injury demon-
strated that low-dose iNO led to short-term improve-
ment in oxygenation status but did not decrease the 
duration of ventilatory support or mortality [24]. The 
literature afterward reported conflicting results, with 
some showing improvement in oxygenation indices 
and some not showing benefit from therapy [25–29]. A 
recent study conducted by Chandel et al. also reported 
the findings associated with iNO use in spontaneously 
breathing, non-intubated COVID-19 patients. They 
found that iNO delivered via high-flow nasal cannula 
(HFNC) did not reduce oxygen requirements in the 
majority of patients or improve clinical outcomes [26]. 
Di Fenza et  al., in their phase II multicenter trial, also 
found that the use of high-dose inhaled nitric oxide 
resulted in improvement in PaO2/FiO2 ratio at 48  h 
compared to the usual care group among intubated 
COVID-19 patients, although they did not notice any 
mortality difference [30]. A recently published system-
atic review and meta-analysis comprising 17 studies on 
this topic  pointed out the variability in study findings 
and limitations associated with small sample sizes, the 
median study sample being 34 patients [31].

Conclusions  This retrospective propensity-score matched study showed that spontaneously breathing COVID-19 
patients on HFNC/ NIV support had a decreased in-hospital mortality risk with iNO use in a time-to-event analysis. 
Both intubated and spontaneously breathing patients had improvement in oxygenation parameters with iNO therapy 
but were associated with longer in-hospital stays, ICU stays, ventilation duration, and higher incidence of creatinine 
rise.
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On the background of limited evidence on sponta-
neously and non-spontaneously breathing COVID-19 
patients, we conducted a multicenter retrospective study, 
including hospitalized COVID-19 ARDS patients who 
were supported on invasive ventilation, non-invasive 
ventilation, or high flow nasal cannula and compared 
their oxygenation indices as well as hospital outcomes 
based on presence or absence of iNO therapy.

Methods
Study design
This multicenter, retrospective cohort study includes all 
critically ill hospitalized COVID-19 patients who devel-
oped hypoxic respiratory failure and were supported 
by either HFNC, Non-invasive ventilation (BiPAP), or 
mechanical ventilation. Patients were included in the 
‘spontaneously breathing’ group if they were put on an 
HFNC (± NIV) before intubation or received HFNC 
(± NIV) treatment without getting intubated. Patients 
included in the ‘intubation group’ were those who got 
intubated without prior use of an HFNC/NIV. Patients 
were divided into two groups based on whether they 
received iNO during their hospitalization. Patients who 
received iNO therapy and also were intubated were fur-
ther subdivided into two groups based on the timing of 
iNO initiation: pre-intubation (those who were started 
on iNO while on HFNC/ NIV support before intubation) 
and post-intubation (those who were started on iNO 
after intubation as a measure to improve oxygenation or 
treat refractory hypoxemia). All patients were followed 
until the day they were discharged from the hospital or 
died.

Ethics
This study was performed under the exemption crite-
ria from the Mayo Clinic Institutional Review Board. 
Access to the multicenter Mayo Clinic data was granted 
through “Viral Infection and Respiratory Illness Uni-
versal Study [VIRUS]: COVID-19 Registry and Valida-
tion of C2D2 (Critical Care Data Dictionary)” under 
IRB ID 20–002610. The need for informed consent was 
waived by the IRB due to its retrospective design, data 
anonymity, and non-interventional nature.

Study population
This study included adult COVID-19 patients who were 
admitted to different Mayo Clinic sites between March 
2020 and June 2022 and were enrolled in the Society 
of Critical Care Medicine VIRUS COVID-19 registry 
[32–34]. Patients were included in the analysis if they 
developed hypoxic respiratory failure and needed res-
piratory support by HFNC, NIV, or mechanical ven-
tilation. Patients were excluded if they were aged less 
than 18  years, lacked research authorization, or did 
not receive ventilatory support by high-flow nasal can-
nula or invasive mechanical ventilation. Patients who 
received only BiPAP but not HFNC were not included 
in the “spontaneously breathing” group as the indica-
tion of BiPAP could not be confirmed (whether hypoxic 
respiratory failure or home usage for obstructive sleep 
apnea). Figure 1 demonstrates the CONSORT diagram 
for our study design.

Fig. 1  A CONSORT diagram depicting the inclusion/exclusion criteria for our study cohort
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Inhaled nitric oxide setup
On the background of limited yet conflicting data on 
the use of iNO in COVID-19 patients, its application 
in the Mayo Clinic System was semi-protocolized [35]. 
Among hypoxic patients who sustained desaturation 
(SpO2 < 85% and/or PaO2 < 60) despite being on reservoir 
NC or NRBM, high flow nasal cannula (60 LPM, 50–80% 
FiO2) were often initiated if work of breathing was rela-
tively low. A trial of 5–20 ppm iNO was often added to 
the HFNC if patients were having pure hypoxemia with-
out increased work of breathing (or respiratory acidosis). 
The presence of pulmonary hypertension or RV failure 
were other factors favoring the use of iNO in such situa-
tions. Most importantly, clinician judgment and provider 
preference were significant in such scenarios. A similar 
strategy was adopted in mechanically ventilated patients 
demonstrating refractory hypoxia [35].

iNO is delivered to the patient through a non-invasive 
method such as HFNC, a non-invasive positive airway 
pressure machine, or an invasive mechanical ventila-
tor. The inhaled nitric oxide via the INOmax DSIR Plus 
machine is connected to the usual care setup of oxygen 
therapy.

HFNC
High-pressure oxygen and air at 40 psi from the hos-
pital wall supply are y-sited into a blender to provide a 
prescribed FiO2. The prescribed FiO2 travels through a 
flowmeter at the provider’s prescription, ranging from 
between 10 to 60 L/min. Just before the oxygen and air 
combination reaches the humidifier, it is connected to 
an injection tubing that comes from the iNO machine. 
The machine delivers a prescribed amount of iNO. All 
of these gases then travel to a heater/humidifier at 31 
degrees Celsius and 100% humidity. From here, the gas 
combination travels through tubing on its way to reach 
the patient’s HFNC prongs. Before the mixture reaches 
the patient, sampling-tubing is t-pieced to measure 
the amount of iNO (ppm) that reaches the patient. The 
machine reads this amount and adjusts the amount of 
iNO that is delivered to the patient through the injection 
tubing at the beginning, as some is lost before it reaches 
the patient. In the end, the prescribed FiO2, liters of oxy-
gen, and the calculated ppm of iNO travel through tubing 
to the patient at the prescribed doses.

BiPAP/ETT
High-pressure oxygen and air at 40 psi are y-sighted to 
the ventilator. The ventilator combines this air to allow 
the correct FiO2 and other provider-prescribed settings 
to reach the patient. From the machine, the air travels to 
an injector where iNO, the nitric oxide machine, enters 
the mix of air, oxygen, and gas. This is all transferred to a 

heater/humidifier at 31 degrees Celsius and 100% humid-
ity. This mixture travels to the patient. Just before it 
reaches the ETT (invasive ventilation) or mask (NIV such 
as BiPAP/CPAP), a sampling tubing comes from the iNO 
machine and is in place. It measures the concentration 
of iNO that is actually reaching the patient and adjusts 
the amount that the patient receives through the injec-
tor tubing as some iNO is lost during the humidification 
process.

Data collection
Data were collected by retrospective chart review of 
patients in our cohort who received iNO therapy. Man-
ual data extraction was performed on RedCap interface 
to collect the initiation dose and timing of nitric oxide 
therapy, oxygenation indices at admission, and different 
intervals after iNO therapy. Automated data pull col-
lected information related to patient demographics, hos-
pital outcomes, timing and duration of non-invasive and 
invasive ventilation, and baseline severity scores such as 
SOFA score. All data were collected and handled while 
maintaining anonymity and confidentiality and were 
stored in a secure intranet database.

Outcomes
Our primary endpoint was assessing the improvement 
in oxygenation indices (P/F ratio, FiO2 requirement, 
and respiratory rate). The secondary outcomes of inter-
est were assessing the risk of intubation, in-hospital 
mortality, creatinine rise, continuous renal replacement 
therapy (CRRT) requirement, extracorporeal membrane 
oxygenation (ECMO) length of invasive mechanical ven-
tilation, hospital length of stay, and ICU length of stay 
among patients with iNO in patients on high-flow nasal 
cannula. ‘Creatinine rise’ was defined per KDIGO crite-
ria as an increase in creatinine 0.3 mg/dL within 48 h or 
an increase in creatinine ≥ 1.5 times baseline during the 
hospital stay[36]. Due to the lack of accurate hourly urine 
output data in our database, we were unable to identify 
who fulfilled (or did not fulfill) the complete KDIGO cri-
teria for AKI. We also performed additional subgroup 
analysis wherein patients identified as “responders” were 
compared with “non-responders.” Patients were defined 
as responders if they had improved oxygenation sta-
tus (decreased FiO2 requirement and/ or increased P/F 
ratio) within 48  h of iNO initiation. For mechanically 
ventilated patients, vent-free days (VFD) were calculated 
as the number of days spent on mechanical ventilation 
deducted from 28  days (28-total number of days spent 
on mechanical ventilation). Any patient who died within 
28 days of mechanical ventilation initiation or had more 
than 28  days spent on invasive ventilation was assigned 
zero (0) vent-free days. Similarly, ICU-free days were 
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calculated as the number of days spent in ICU deducted 
from 28  days (28-total number of days spent in ICU). 
Any patient who died within 28 days of hospital admis-
sion or had more than 28 days spent in ICU was assigned 
zero (0) ICU-free days.

Statistical analysis
Data analyses were conducted using BlueSky software 
version 10.3.1 and R Studio, with R version 4.2.1. We pre-
sented categorical data as percentages and assessed dif-
ferences using the Chi-square test. Median values, along 
with the first and third quartiles, represented continu-
ous data, and differences between groups were evaluated 
using the Wilcoxon rank sum test for independent sam-
ples, with a significance threshold set at a p-value less 
than 0.05. For patients treated with inhaled nitric oxide, 
oxygenation indices before and after iNO treatment were 
compared using Wilcoxon paired sample tests. All analy-
ses were performed separately for spontaneously breath-
ing and post-intubation group patients.

For propensity score modeling, variables identified as 
relevant were included using the "MatchIt" package in 
R [37]. Patients were excluded if they had key variables 
missing that would deny us from generating propensity 
scores. Among 958 spontaneously breathing patients 
(137 iNO group and 821 non-iNO), who did not have any 
key variables missing, the propensity score was calcu-
lated for each individual through logistic regression. The 
‘genetic matching’ method served as the matching algo-
rithm, employing the Generalized Linear Model (glm) 
as the distance metric, with a preset caliper distance of 
0.2. Matching was conducted on a 1:2 basis without 
replacement (130 patients who received iNO treatment 
were matched with 260 similar patients in the non-iNO 
group). We then evaluated the balance of covariates post-
matching to confirm the effectiveness of the matching 
process. We considered a standardized median difference 
below 0.1 indicative of a minor imbalance and above 0.2 
as a significant imbalance [38]. Variables included in the 
propensity matching method, as well as respective covar-
iate balances, are demonstrated using the Supplementary 
file 1:  Figure S1 (built using the "love.plot" package in 
R). Subsequently, we applied a univariate logistic regres-
sion model to the matched data, incorporating "weights" 
based on the propensity scores, to investigate the causal 
association between the outcomes of interest (creatinine 
rise, intubation, CRRT requirement) and iNO use. Lin-
ear regression models were adopted for non-binary out-
comes (IMV length, ICU LOS, Hospital LOS). Survival 
analysis was performed using the Cox univariate regres-
sion model, with the day since HFNC start (for spontane-
ously breathing patients) or the time since intubation (for 
the post-intubation group) as the time variable [39]. A 

similar methodology was adopted to match 145 patients 
who received iNO after intubation with 290 patients who 
did not receive iNO after intubation.

Anticipating the impact of reduced sample size due 
to 1:2 matching, we also applied inverse propensity of 
treatment weighting (IPTW) based on propensity scores 
derived from a separate logistic regression that included 
all variables used in propensity matching. Similar to pro-
pensity matching, patients were excluded if they had key 
variables missing. 958 spontaneously breathing patients 
(137 in  iNO group and 821 non-iNO), who did not 
have any key variables missing, were therefore included 
in the IPTW model. The IPTW formula used was: 
IPTW = [(iNO use/Propensity) + ((1–iNO use)/(1—Pro-
pensity))]. We created a distinct dataset of 958 patients, 
each assigned an IPTW. We then conducted separate 
regression analyses on this dataset, using "weights" 
defined as the inverse of the propensity weight of treat-
ment (ipw), to explore the association between iNO 
use and outcomes of interest. A similar methodology 
was adopted on 666 intubated patients  without missing 
key variables (171 received iNO and 495 did not receive 
iNO), to explore the effect of post-intubation iNO usage 
on our primary and secondary outcomes of interest. 
Figure 1

Results
During the study period, 8098 patients were screened. Of 
these patients, 346 received inhaled nitric oxide (iNO). 
We subdivided our patients into two cohorts: those who 
were spontaneously breathing with (n = 153) or without 
iNO (n = 1726) use and those who were intubated then 
were started (n = 193) or were not started (n = 695) on 
iNO.

Demographics and patient characteristics: (Tables 1, 2)

Spontaneously breathing patients (on HFNC/ NIV)
This cohort included 1879 spontaneously breath-
ing patients. Among these, 153 received iNO while on 
HFNC/ NIV, and 1726 did not. Before propensity match-
ing analysis, there was no significant difference in the dis-
tribution of age, sex, BMI, comorbidities, or COVID-19 
vaccination rate. However, patients who received iNO 
were less likely to be Caucasian and have a higher base-
line and maximum SOFA score. After a propensity score 
matching (1:2 ratio), we included 390 patients based 
upon predefined criteria; there was no significant imbal-
ance in the distribution of demographics and comorbidi-
ties (all SMD < 0.2) between the two groups.



Page 6 of 18Isha et al. Critical Care          (2024) 28:344 

Mechanically ventilated patients who were initiated 
on iNO after intubation
This cohort included 888 intubated patients. Of which, 

193 were given iNO after intubation and 695 were 
not. Before propensity matching, there was no sig-
nificant difference in demographics such as age, sex, 

Table 1  Spontaneously breathing patients who were started on HFNC/ NIV with or without iNO use

SMD > 0.2 signifies significant difference between the groups

CAD: Coronary artery disease; HTN: hypertension; CHF: congestive heart failure; CKD: chronic kidney disease; BMI: body mass index, SOFA: sequential organ failure 
assessment; IMV: invasive mechanical ventilation; NIV: non-invasive ventilation; HFNC: high-flow nasal cannula; ECMO: extracorporeal membrane oxygenation; CRRT: 
continuous renal replacement therapy; LOS: length of stay. Statistically significant p-values (<0.05) are highlighted in bold font.

Variables Before matching After matching

No iNO used (n = 1726) iNO used (n = 153) SMD No iNO used (n = 260) iNO used (n = 130) SMD

Age 63.37 (16.58) 62.03 (13.47) 0.089 62.23 (14.31) 62.35 (13.65) 0.008

Female Sex 613 (35.5%) 52 (34.0%) 0.032 76 (29.2%) 43 (33.1%) 0.083

Race 0.308 0.084

Caucasian 1460 (84.6%) 119 (77.8%) 213 (81.9%) 103 (79.2%)

American Indian/Alaska Native/ Pacific 
Islander

46 (2.7%) 5 (3.3%) 7 (2.7%) 5 (3.8%)

African American 43 (2.5%) 12 (7.8%) 12 (4.6%) 7 (5.4%)

Asian 68 (3.9%) 11(7.2%) 16 (6.2%) 9 (6.9%)

Mixed/Other/Unknown 109 (6.3%) 6 (3.9%) 12 (4.6%) 6 (4.6%)

BMI 32.07 (8.12) 31.30 (6.07) 0.108 31.23 (5.81%) 31.36 (6.37%) 0.022

Highest SOFA 7.02 (4.03) 9.02 (4.24) 0.485 8.68 (4.33) 8.68 (4.07)  < 0.001

Baseline SOFA 4.59 (2.36) 5.12 (2.08) 0.236 5.34 (2.58) 4.98 (1.99) 0.157

CAD 155 (9.0%) 15 (9.8%) 0.028 23 (8.8%) 14 (10.8%) 0.065

HTN 672 (38.9%) 66 (43.1%) 0.086 108 (41.5%) 54 (41.5%)  < 0.001

CHF 45 (2.6%) 1 (0.7%) 0.155 2 (0.8%) 1 (0.8%)  < 0.001

CKD 146 (8.5%) 11 (7.2%) 0.047 15 (5.8%) 8 (6.2%) 0.016

DM 412 (23.9%) 37 (24.2%) 0.007 64 (24.6%) 31 (23.8%) 0.018

HLD 517 (30.0%) 55 (35.9%) 0.128 84 (32.3%) 46 (35.4%) 0.065

Pre-hospital obesity diagnosis 158 (9.2%) 16 (10.5%) 0.044 23 (8.8%) 15 (11.5%) 0.089

COVID-19 vaccination 802 (46.5%) 64 (41.8%) 0.093 116 (44.6%) 56 (43.1%) 0.031

Baseline code status 0.252 0.125

Full code 1486 (86.1%) 143 (93.5%) 246 (94.6) 122 (93.8%)

No CPR, Yes intubation 20 (1.2%) 1 (0.7%) 0 (0.0%) 1 (0.8%)

Yes CPR, No intubation 22 (1.3%) 1 (0.7%) 2 (0.8%) 1 (0.8%)

DNR/DNI 192 (11.1%) 8 (5.2%) 12 (4.6%) 6 (4.6%)

Unknown 6 (0.3%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Creatinine rise 780 (45.2%) 115 (75.2%) 0.643 168 (64.6%) 99 (76.2%) 0.255
IMV 301 (17.4%) 68 (44.4%) 0.611 109 (41.9%) 57 (43.8%) 0.039

ECMO 7 (0.4%) 13 (8.5%) 0.400 1 (0.4%) 8 (6.2%) 0.329
CRRT​ 53 (3.1%) 16 (10.5%) 0.297 20 (7.7%) 12 (9.2%) 0.055

HFNC duration (mean) 4.44 (4.48) 11.03 (11.95) 0.731 5.03 (5.67) 11.28 (11.64) 0.683
NIMV Days (mean) 2.24 (2.45) 2.34 (2.61) 0.036 1.67 (1.75) 2.42 (2.70) 0.327
IMV Days (mean) 9.40 (8.28) 15.48 (15.09) 0.499 10.13 (8.09) 14.85 (13.56) 0.424
Vent-free days 12.18 (11.15) 9.18 (10.69) 0.275 11.82 (10.75) 8.36 (9.62) 0.340
ECMO duration hospitalization (mean) 16.43 (18.24) 38.62 (24.98) 1.015 7.00 (N/A) 40.88 (24.98) NA
CRRT duration (mean) 8.79 (8.77) 10.31 (10.44) 0.158 9.30 (9.56) 9.92 (9.43) 0.065

ICU LOS (mean) 7.65 (7.69) 18.82 (19.42) 0.756 10.36 (8.95) 18.97 (18.02) 0.605
ICU-free days 20.62 (6.66) 13.23 (9.68) 0.890 18.07 (7.73) 12.67 (9.56) 0.621
Hospital LOS (mean) 12.61 (9.35) 26.05 (23.96) 0.739 16.92 (12.76) 25.91 (20.52) 0.526
In-hospital mortality 278 (16.1%) 36 (23.5%) 0.187 63 (24.2%) 29 (22.3%) 0.046
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BMI, COVID-19 vaccination or comorbidities. How-
ever, patients in iNO group were less likely to be Cau-
casians and had a higher maximum SOFA score. After 
a propensity score matching (1:2 ratio), we included 
435 patients based on predefined criteria. There was 

no significant imbalance in the distribution of demo-
graphics and comorbidities (all SMD < 0.2) between 
the two groups.

Table 2  Intubated patients stratified by use of iNO

SMD > 0.2 signifies a significant difference between the groups

CAD: Coronary Artery Disease; HTN: Hypertension; CHF: Congestive Heart Failure; CKD: Chronic Kidney Disease; BMI: Body Mass Index, SOFA: Sequential Organ Failure 
Assessment; IMV: Invasive Mechanical Ventilation; NIV: Non-Invasive Ventilation; HFNC: High-Flow Nasal Cannula; ECMO: Extracorporeal Membrane Oxygenation; 
CRRT: Continuous Renal Replacement Therapy; LOS: Length of Stay. Statistically significant p-values (<0.05) are highlighted in bold font.

Variables Before matching After matching

No iNO (n = 695) iNO used (n = 193) SMD No iNO (n = 290) iNO used (n = 145) SMD

Age (mean) 60.21 (16.45) 57.27 (14.20) 0.191 59.20 (14.70) 58.58 (14.40) 0.043

Female Sex 236 (34.0%) 65 (33.7%) 0.006 99 (34.1%) 54 (37.2%) 0.065

Race 0.342 0.136

Caucasian 554 (79.7%) 140 (72.5%) 218 (75.2%) 105 (72.4%)

American Indian/Alaska Native/
Pacific Islander

18 (2.6%) 17 (8.8%) 13 (4.5%) 11 (7.6%)

African American 15 (2.2%) 10 (5.2%) 11 (3.8%) 6 (4.1%)

Asian 24 (3.5%) 9 (4.7%) 15 (5.2%) 8 (5.5%)

Mixed/other/unknown 84 (12.1%) 17 (8.8%) 33 (11.4%) 15 (10.3%)

BMI (mean) 32.95 (8.60) 32.83 (7.64) 0.014 32.36 (7.33) 32.92 (8.11) 0.072

Highest SOFA 12.24 (2.92) 13.83 (2.54) 0.580 13.34 (2.40) 13.39 (2.40) 0.020

CAD 54 (7.8%) 13 (6.7%) 0.040 22 (7.6%) 12 (8.3%) 0.026

HTN 233 (33.5%) 66 (34.2%) 0.014 105 (36.2%) 53 (36.6%) 0.007

CHF 14 (2.0%) 2 (1.0%) 0.080 2 (0.7%) 2 (1.4%) 0.068

CKD 51 (7.3%) 14 (7.3%) 0.003 18 (6.2%) 12 (8.3%) 0.547

DM 138 (19.9%) 36 (18.7%) 0.031 63 (21.7%) 31 (21.4%) 0.008

HLD 151 (21.7%) 38 (19.7%) 0.050 70 (24.1%) 34 (23.4%) 0.016

Pre-hospital obesity diagnosis 56 (8.1%) 23 (11.9%) 0.129 19 (6.6%) 10 (6.9%) 0.014

COVID vaccination 275 (39.9%) 63 (32.6%) 0.145 109 (37.6%) 55 (37.9%) 0.007

Baseline code status 0.192 0.070

Full code 663 (95.4%) 188 (97.4%) 283 (97.6%) 140 (96.6%)

No CPR, Yes Intubation 12 (1.7%) 4 (2.1%) 5 (1.7%) 4 (2.8%)

Yes CPR, No intubation 4 (0.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

DNR/DNI 13 (1.9%) 1 (0.5%) 2 (0.7%) 1 (0.7%)

Unknown 3 (0.4%) 0 (0.0%) - -

Creatinine rise 534 (76.8%) 182 (94.3%) 0.513 251 (86.6%) 138 (95.2%) 0.303
ECMO 31 (4.5%) 51 (26.4%) 0.638 20 (6.9%) 34 (23.4%) 0.474
CRRT​ 92 (13.2%) 65 (33.7%) 0.497 62 (21.4%) 40 (27.6%) 0.145

NIMV Days (mean) 2.14 (2.91) 1.69 (2.19) 0.173 1.58 (2.32) 1.22 (1.41) 0.185

HFNC Duration (mean) 3.53 (3.92) 5.08 (7.23) 0.265 3.51 (3.66) 5.03 (7.48) 0.259
IMV Days (mean) 9.66 (11.92) 23.25 (23.40) 0.732 11.47 (12.49) 22.35 (19.30) 0.670
VFD at 28 days 13.50 (11.55) 5.44 (8.92) 0.781 11.98 (11.05) 5.85 (9.13) 0.604
ECMO Duration (mean) 37.16 (25.41) 43.73 (30.40) 0.234 35.30 (20.86) 41.56 (31.87) 0.232
CRRT duration (mean) 9.86 (10.32) 15.40 (15.55) 0.497 10.69 (11.41) 14.90 (13.95) 0.330
ICU LOS Days (mean) 13.19 (13.61) 28.12 (27.50) 0.688 15.27 (14.67) 27.59 (24.54) 0.610
ICUFD at 28 days 11.37 (10.37) 4.20 (7.46) 0.794 10.60 (10.25) 4.87 (8.16) 0.619
Hospital LOS Days(mean) 20.21 (16.93) 35.36 (33.16) 0.576 22.48 (17.26) 35.43 (31.87) 0.505
In hospital mortality 238 (34.2%) 98 (50.8%) 0.339 100 (34.5%) 65 (44.8%) 0.213
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Comparison of oxygenation and respiratory indices: (Table 3)

Spontaneously breathing patients (on HFNC/ NIV)
We also analyzed oxygen indices and support require-
ments at initiation, 24 h post initiation, and 48 h post-ini-
tiation for patients who received iNO. For non-intubated 
patients who received iNO, there was a statistically sig-
nificant difference in FiO2 requirements both at the 
24- and 48-h post-initiation marks. There was also a sta-
tistically significant increase in the P/F ratio at 24 h post 
iNO initiation but not at 48 h. On the other hand, there 
was a significant decrease in respiratory rate after 48 h of 
iNO initiation, although such a difference was not appar-
ent at 24 h.

Mechanically ventilated patients who were initiated 
on iNO after intubation:
Despite the initiation of iNO, some patients progressed 
to requiring intubation. Among patients who progressed 
to intubation after at least 48 h of iNO treatment, there 
was no significant difference in respiratory rate, FiO2 
requirement, and P/F ratio at 24- and 48 h post-initiation 
with iNO treatment.

Among patients who were already intubated and iNO 
was initiated, there was a statistically significant decrease 
in the respiratory rate at 24  h and 48  h post initiation, 
as well as in FiO2 requirements and P/F ratio at 24- and 
48 h. iNO was also found to decrease PEEP requirements 
at 24 h and 48 h.

Figure 2 demonstrates changes in oxygenation param-
eters across time with iNO usage among spontaneously 
breathing and intubated patients.

Patient‑centric outcomes (intubation, IMV length, ICU LOS, 
Hospital LOS, mortality): (Table 4)
We evaluated relevant patient-centric outcomes both 
through propensity score (PS) matched and inverse prob-
ability treatment weighting (IPTW).

Spontaneously breathing patients (on HFNC/ NIV)
On comparing PS-matched groups, spontaneously 
breathing patients receiving iNO had a longer duration 
of treatment with HFNC, NIMV, and IMV. They also had 
a longer ICU and hospital LOS, as well as fewer vent-
free or ICU-free days (Table  1). Upon regression analy-
sis, we noted there was no difference in intubation rate, 
although the iNO-treated patients had a longer duration 
spent on IMV (PS Estimate: 4.73, CI 1.43–8.02; IPTW 
Estimate: 4.84, CI 1.98–7.70). Patients receiving iNO also 
had a longer Hospital length of stay (PS estimate 8.98, CI 
5.66—12.30; IPTW estimate 8.76, CI 6.68—10.84) and 
ICU length of stay (PS Estimate: 8.61, CI 5.53–11.69; 
IPTW Estimate: 6.49, CI 4.30–8.68). Patients receiving 
iNO also had fewer vent-free days (PS estimate: − 3.47, 
CI − 6.79; − 0.14; IPTW estimate: − 3.24, CI − 5.72; 
− 0.76) and ICU-free days (PS estimate − 5.18, CI − 7.27; 
− 3.09; IPTW estimate: − 4.21, CI − 5.55; − 2.87). A uni-
variate Cox regression analysis demonstrated decreased 
mortality risk with iNO use among spontaneously 
breathing patients upon propensity-matched (HR: 0.49, 
CI 0.32–0.75) and IPTW analysis (HR 0.40, CI 0.26–0.62) 
(Table 4). Figure 3 demonstrates the Kaplan–Meier curve 
for 30-day mortality trends with respect to iNO use in 
spontaneously breathing patients.

Table 3  Comparison of oxygenation and respiratory indices across time in different patient subgroups

P < 0.05 denotes statistical significance. Pairwise comparisons were performed using the Wilcoxon paired sample test. FiO2: Fraction of inspired oxygen; P/F: PaO2: 
FiO2 ratio; PEEP: Positive end-expiratory pressure. Statistically significant p-values (<0.05) are highlighted in bold font.

At iNO initiation 24 h after iNO initiation 48 h after iNO initiation p value (initiation 
vs 24 h)

p value 
(initiation vs 
48 h)

Non-intubated

Resp rate 24.0 (20.8, 28.0) 22.0 (19.0, 28.0) 22.0 (18.0, 25.5) 0.080 0.002
FiO2 req 100 (82.5, 100) 80.0 (68.7, 100.0) 70.0 (50.0, 100.0)  < 0.001  < 0.001
P/F ratio 68.9 (60.2, 84.0) 83.9 (72.5, 106.7) 76.9 (67.9, 95.1) 0.039 0.063

Progressed to intubation (> 48 h)

Resp rate 22.0 (20.0, 27.0) 21.0 (18.0, 27.0) 22.0 (19.0, 26.0) 0.423 0.495

FiO2 req 100 (80.0, 100.0) 100.0 (80.0, 100.0) 100.0 (76.2, 100.0) 0.951 0.914

P/F ratio 61.9 (55.9, 72.1) 110.3 (77.6, 175.2) 124.8 (84.9, 148.9) 0.625 0.875

Post intubation

Resp rate 24.0 (19.0, 28.0) 22.0 (15.0, 26.0) 20.0 (15.0, 26.0) 0.003  < 0.001
FiO2 req 100 (70.0, 100.0) 65.0 (50.0, 80.0) 50.0 (40.0, 75.0)  < 0.001  < 0.001
P/F ratio 80.0 (64.3, 113.3) 117.5 (88.7, 186.0) 127.5 (88.7, 187.0)  < 0.001  < 0.001
PEEP 12.0 (10.0, 14.0) 10.0 (10.0, 13.0) 10.0 (10.0, 14.0) 0.007 0.025
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Fig. 2  Boxplots demonstrating changes in oxygenation parameters across time with iNO usage among spontaneously breathing and intubated 
patients
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Mechanically ventilated patients who were initiated 
on iNO after intubation
Comparing PS-matched groups, patients receiving iNO 
after intubation had a longer duration of treatment with 
HFNC, NIMV, and IMV as well. iNO-treated patients had 
a longer ICU and hospital LOS. (Table  2) Upon regres-
sion analysis, iNO-treated patients had a longer IMV 
duration (PS-matched estimate: 10.88, CI 7.87–13.90; 
IPTW estimate: 10.69, CI 6.99–14.40). Intubated patients 
receiving iNO were more likely to have longer stay in the 

ICU (PS-matched estimate: 12.33, CI 8.61–16.04; IPTW 
estimate: 11.57, CI 8.47–14.67) and in the hospital (PS-
matched estimate: 12.95, CI 8.33–17.57; IPTW estimate: 
10.69, CI 6.99–14.40). Despite a difference in crude in-
hospital mortality rate between the groups, there was no 
difference regarding in-hospital mortality on Cox regres-
sion analysis for intubated patients who received iNO 
(Table 4). Figure 4 demonstrates the Kaplan–Meier curve 
for 30-day mortality trends with respect to iNO use 
among intubated patients.

Table 4  Comparison of hospital outcomes with iNO use in different patient subgroups

IMV: Invasive mechanical ventilation; NIV: Non-invasive ventilation; HFNC: high-flow nasal cannula; ECMO: extracorporeal membrane oxygenation; CRRT: continuous 
renal replacement therapy; LOS: length of stay; VFD: ventilator-free days; ICUFD: ICU free days. Statistically significant p-values (<0.05) are highlighted in bold font.

Method Odds ratio/hazard ratio/estimate 95% CI p value

Spontaneously breathing patients

Intubation risk PS-matched 1.08 0.71–1.65 0.717

IPTW 1.10 0.90–1.33 0.361

In-hospital mortality PS-matched 0.49 0.32–0.75 0.001
IPTW 0.40 0.26–0.62  < 0.001

Creatinine rise PS-matched 1.75 1.09–2.82 0.022
IPTW 2.18 1.80–2.65  < 0.001

CRRT- requirement PS-matched 1.22 0.58–2.58 0.602

IPTW 1.05 0.70–1.58 0.801

IMV length PS-matched 4.73 1.43–8.02 0.005
IPTW 4.84 1.98–7.70 0.001

VFD at 28 days PS-matched − 3.47 − 6.79; − 0.14 0.043
IPTW − 3.24 − 5.72; − 0.76 0.011

ICU LOS PS-matched 8.61 5.53–11.69  < 0.001
IPTW 6.49 4.30–8.68  < 0.001

ICUFD at 28 days PS-matched − 5.18 − 7.27; − 3.09  < 0.001
IPTW − 4.21 − 5.55; − 2.87  < 0.001

Hospital LOS PS-matched 8.98 5.66–12.30  < 0.001
IPTW 8.76 6.68–10.84  < 0.001

Post-intubation cohort

In-hospital mortality PS-matched 0.90 0.66–1.24 0.526

IPTW 0.98 0.73–1.31 0.879

Creatinine rise PS-matched 3.06 1.33–7.03 0.008
IPTW 3.77 2.56–5.54  < 0.001

CRRT- requirement PS-matched 1.40 0.88–2.22 0.150

IPTW 1.34 1.03–1.75 0.029
IMV length PS-matched 10.88 7.87–13.90  < 0.001

IPTW 10.69 6.99–14.40  < 0.001
Ventilator-free days PS-matched − 6.12 − 8.20; − 4.04  < 0.001

IPTW − 6.70 − 8.28; − 5.12  < 0.001
ICU LOS PS-matched 12.33 8.61–16.04  < 0.001

IPTW 11.57 8.47–14.67  < 0.001
ICU free days PS-matched − 5.74 − 7.65; − 3.82  < 0.001

IPTW − 6.20 − 7.66; − 4.74  < 0.001
Hospital LOS PS-matched 12.95 8.33–17.57  < 0.001

IPTW 10.69 6.99–14.40  < 0.001
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Fig. 3  Kaplan Meier curve demonstrating 30-day mortality trends with respect to iNO use in spontaneously breathing patients

Fig. 4  Kaplan Meier curve demonstrating 30-day mortality trends with respect to iNO use in intubated patients
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Events during hospitalization (Creatinine rise, need 
for CRRT, ECMO use)
Spontaneously breathing patients who were supported 
on HFNC during iNO initiation
We evaluated significant events during the hospitaliza-
tion, such as creatinine rise, the need for CRRT, and 
ECMO use. On comparing 2:1 PS-matched groups 
with similar baseline covariates, spontaneously breath-
ing patients who were treated with iNO demonstrated 
a higher incidence of creatinine rise (76.2% vs 64.6%, 
SMD 0.255). However, there was no difference in CRRT 
requirements. On the other hand, iNO-treated patients 
had a higher frequency and duration of ECMO use 
(Table 1).

Our separate PS- weighted and IPTW-based regres-
sion analyses demonstrated patients who were started on 
iNO while spontaneously breathing were more likely to 
develop a creatinine rise (PS-matched OR 1.75, CI 1.09–
2.82; IPTW OR 2.18, CI 1.80–2.65). However, despite 
higher creatinine rise events, such patients did not show 
an increased need for CRRT (PS-matched OR 1.22, CI 
0.58–2.58; IPTW OR 1.05, CI 0.70–1.58). (Table 4).

Mechanically ventilated patients who were initiated 
on iNO after intubation
Similarly, on comparing 2:1 PS-matched intubated 
patient groups with comparable baseline covariates, iNO 
use was associated with a higher incidence of creatinine 
rise (95.2% vs. 86.6%, SMD 0.303) and ECMO use (23.4% 
vs. 6.9%, SMD 0.474). However, we did not find any dif-
ference in the incidence of CRRT use or ECMO duration, 
although the mean CRRT duration was longer in the iNO 
group (SMD = 0.330) (Table 2).

In our regression analyses, there was an increased risk 
of creatinine rise among intubated patients who were ini-
tiated on iNO (PS-matched OR 3.06, CI 1.33–7.03; IPTW 
OR 3.77, CI 2.56–5.54). However, only for IPTW did this 
translate into a statistically significant difference in CRRT 
requirement (PS-matched OR 1.40, CI 0.88–2.22; IPTW 
OR 1.34, CI 1.03–1.75).

Additional subgroup analysis:
Patients progressing to intubation (Supplemental file 1: 
Table S1)
An additional subgroup analysis evaluated patients who 
were spontaneously breathing but progressed to intu-
bation at some point during their hospitalization. A 1:1 
propensity matched analysis was performed between 
patients receiving iNO versus those without iNO, to 
achieve balance in baseline covariates (demographics and 
comorbidities). Patients undergoing iNO treatment had a 
longer interval between NIV/HFNC start date and inva-
sive ventilation start date (SMD = 0.389). iNO group also 

had a longer duration of treatment with HFNC, IMV, and 
ECMO.

There was no significant difference in the incidence 
of creatinine rise (SMD = 0.134) between the groups, 
however, patients in iNO group had a longer duration 
CRRT (SMD = 0.299). Similarly, iNO-treated patients 
were more likely to require ECMO, had longer duration 
of ECMO support, stayed longer in the ICU and in the 
hospital. There was a trend for lower in-hospital mortal-
ity rate among patients receiving iNO treatment, but it 
did not reach statistical significance (35% vs 43.3%, SMD 
0.171).

Patient undergoing early intubation (Supplemental file 1: 
Table S2)
An additional analysis was completed of patients treated 
with HFNC/ NIV who underwent early intubation (intu-
bation within 5  days of non-invasive ventilation). After 
1:2 propensity matching for achieving baseline covariate 
balance, we noted patients receiving iNO had a longer 
time duration between NIV/HFNC start and progress-
ing to IMV, HFNC duration, NIV duration, days spent on 
IMV, frequency of ECMO support, ICU and in-hospital 
length of stay. In the iNO-treated group, the incidence 
of creatinine rise was higher, but the CRRT duration was 
lower. Finally, the crude in-hospital mortality was lower 
among patients who underwent early intubation and 
were given iNO (28.6% vs 42.9%, SMD 0.302).

Responders vs non‑responders (Supplemental file 1: 
Table S3)
Our subgroup analysis also evaluated the characteristics 
of patients who received iNO and responded to those 
who did not respond to iNO. Patients were defined as 
responders if they demonstrated improvement in oxy-
genation status (decrease in FiO2 requirement and/or 
increase in P/F ratio) within 48 h of iNO initiation. For 
spontaneously breathing patients, 52 patients were clas-
sified as non-responders, while 78 were classified as 
responders. There was no statistically significant dif-
ference (SMD < 0.2) regarding age, race, sex, BMI, or 
comorbidities. However, the non-responders had a lower 
COVID-19 vaccination rate (SMD = 0.345) and a higher 
maximum SOFA score (SMD = 0.465) during hospitali-
zation than the responders. Non-responder patients also 
showed a higher intubation rate, in-hospital mortality 
rate, longer IMV duration, NIMV duration, ECMO dura-
tion, ICU LOS, and hospital LOS. Furthermore, there 
was no difference in days of HFNC support or CRRT 
duration. Patients who responded to iNO had a higher 
respiratory rate, FiO2 requirement, and PaO2 just prior 
to iNO initiation. Responders were also started on a rela-
tively higher dose of iNO, but the required maximum 



Page 13 of 18Isha et al. Critical Care          (2024) 28:344 	

iNO dose was relatively lower in them (Supplementary 
file 1: Table S3).

For intubated patients, there was mostly no significant 
difference in baseline characteristics and comorbidi-
ties between the responders and non-responders, except 
that responders were more likely to have hypertension, 
hyperlipidemia, and diabetes. Non-responders had a 
slightly higher maximum SOFA score (SMD = 0.506). 
Patients classified as responders required fewer days of 
IMV, HFNC, and ECMO support. Responders stayed 
in the ICU (SMD = 0.283) for a shorter period, but 
there was no difference in overall hospital length of stay 
(SMD = 0.156). Intubated patients who were responders 
were started at a higher dose of nitric oxide and titrated 
to a greater maximum dose. There was no difference in 
respiratory rate or SpO2 immediately before intubation. 
Responders did have a higher FiO2 but a lower PaO2 and 
P/F ratio before iNO initiation (Supplementary file 1: 
Table S3).

We also explored the difference between intubated and 
non-intubated groups among those who received iNO 
while on HFNC. Patients who progressed to intubation 
despite being treated with iNO while on HFNC support 
were more likely to be females, have pre-existing comor-
bidities (diabetes and hypertension), have a higher base-
line and maximum SOFA score, but are less likely to be 
vaccinated against COVID-19. Intubated patients had 
relatively worse outcomes, such as higher incidence of 
creatinine rise, use of CRRT, and ECMO usage. They 
had longer in-hospital and ICU length of stay as well as 
higher in-hospital mortality rates (Supplementary file 1: 
Table S4).

Discussion
Our retrospective multicenter propensity-matched anal-
ysis revealed that iNO was associated with improved oxy-
genation indices at 24 h and 48 h in both non-intubated 
and mechanically ventilated patients. Interestingly, such 
differences were not noticed in patients who were initi-
ated on iNO while spontaneously breathing but subse-
quently progressed to intubation. Among spontaneously 
breathing patients who were initiated on iNO, our analy-
sis did not show any statistically significant difference 
in the risk of intubation, although iNO use was associ-
ated with significantly increased time interval between 
non-invasive oxygenation mode initiation and intubation 
event in such patients. In a time-event analysis, the in-
hospital mortality risk was significantly lower with iNO 
use among spontaneously breathing patients. On the 
other hand, among patients who were started on iNO 
while intubated, the risk of mortality was not different 
compared to the control group. In a subgroup analy-
sis, patients who were ‘responders’ to iNO had a lower 

intubation rate (among spontaneously breathing patients) 
and a lower mortality rate (spontaneously breathing and 
post-intubation).

Alveolar membrane inflammation, ongoing vascu-
lar endothelial damage, and the formation of micro-
thrombi in pulmonary vasculature are some of the key 
mechanisms noticed in COVID-19 and ARDS-related 
hypoxia. While maintaining adequate oxygenation often 
requires invasive or non-invasive mechanical ventila-
tion in patients with respiratory failure, additional chal-
lenges remain associated with such modalities, such as 
ventilator-associated complications, sedative require-
ment, longer hospital stays, increased cost, and health-
care burden. Therefore, from time to time, attempts have 
been made to decrease oxygen requirement and improve 
oxygenation indices among such patients to avoid 
the  potential need for invasive ventilatory support [40, 
41]. The enhancement of oxygenation through smooth 
muscle relaxation in the pulmonary vasculature and opti-
mization of ventilation-perfusion matching are known 
physiological effects of iNO, resulting in an expected 
improvement in oxygenation indices. In our study, we 
noted a significantly improved PaO2/FiO2 ratio as well as 
FiO2 requirement at 24 h and 48 h of iNO initiation in 
the non-intubated and post-intubation groups.

In our study cohort, the majority (overall 72.93% of 
patients, 68.24% non-intubated, 82.07% post-intubation, 
and 44.44% of pre-intubation patients) were found to be 
‘responders’ in terms of oxygenation improvement. Such 
findings align with multiple prior studies focused on the 
COVID-19 population, including a systematic review and 
meta-analysis performed by Alqahtani et al., where they 
reported a cumulative response rate of 66% for patients 
in terms oxygenation levels following iNO therapy with 
or without concomitant vasodilators [31]. In studies con-
ducted by Chandel et al. and Tavazzi et al., the percent-
age of responders was 39% and 25%, respectively [26, 
28]. It was interesting, although clinically correlating, to 
note that most spontaneously breathing patients in our 
cohort who failed to respond to iNO within 48  h, pro-
gressed to intubation during the hospital stay. This may 
indicate a subset of patients who are less likely to benefit 
from iNO due to certain patient factors or could repre-
sent a group of patients suffering from a higher degree of 
COVID-19-related systemic inflammatory response that 
rescue therapy eventually failed to improve oxygenation. 
We noted that among spontaneous breathers, respond-
ers had a higher COVID-19 vaccination rate and a lower 
intubation rate, ECMO duration, ICU LOS, and mortal-
ity rate. This differs from Chandel et  al.’s work, which 
found no difference in intubation among ‘responders,’ 
although their finding was limited due to a much smaller 
sample size. On the other hand, keeping with prior study 
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findings, we noted that responders had a higher mean 
starting dose of iNO yet a lower maximum iNO dose 
compared to non-responders [26]. This provides some 
insight into the dose-dependency of iNO responsive-
ness and should be explored further in future prospective 
studies.

On the other hand, in the subset of spontaneously 
breathing patients who progressed to intubation, iNO use 
was associated with a relatively longer interval between 
HFNC initiation and intubation, with more than 80% of 
patients in the iNO group undergoing late intubation. The 
sustained improvement in oxygenation with rescue iNO 
therapy could explain such findings. However, the risk of 
developing patient self-inflicted lung injury (P-SILI) has 
been reported with increased duration between NIV and 
IMV, and such risk can be avoided with IMV through 
strict tidal volume control [42, 43]. From time to time, 
attempts have been made to identify the optimal timing 
for intubation among hypoxic COVID-19 patients. A 
‘very early intubation’ performed early in the pandemic 
to avoid viral spread by NIV-induced aerosol generation 
was refuted by emerging data that showed the safety of 
non-invasive ventilation and HFNC [44–51]. With the 
increasing use of non-invasive oxygenation modali-
ties, accumulating evidence suggested that “very late’ or 
“delayed” were associated with greater mortality than 
early intubation (within 3–5  days of NIV/ HFNC) [52–
57]. Several prediction models have also been developed 
to identify the risk of NIV failure, and a timely switch 
to invasive ventilation has been recommended among 
such patients [58–60]. In order to avoid the confounding 
effect of delayed intubation on patient outcome, in our 
subgroup analysis, we looked at all the patients undergo-
ing early intubation. We noted a significantly decreased 
crude mortality rate with iNO use in this subgroup while 
using propensity-matched comparison, although sample 
size was a limiting factor. A more personalized approach, 
accounting for patients’ responsiveness to iNO, should 
therefore be considered, and a timely switch to invasive 
ventilation in case of non-improvement could be a more 
rational approach to improve overall patient outcomes, 
and future prospective trials can potentially explore such 
a hypothesis.

Although improvement in oxygenation status has 
been reported in several past studies, including those 
focusing on the non-COVID ARDS population, the 
impact of such improvement on patient-centric out-
comes remains unclear. In our propensity-matched and 
IPTW-analysis, we found no difference in the intuba-
tion rate with iNO use among patients supported with 
HFNC. These findings align with a retrospective study 
performed by Chandel et al. [26] On the other hand, we 
observed a noticeable decrease in in-hospital mortality 

among HFNC-supported patients, which differs from 
Chandel et  al., although their study design was limited 
by a relatively smaller sample size [26]. Within the intu-
bated cohort, in-hospital mortality did not differ with 
iNO use, which aligns with two prior systematic reviews 
and meta-analyses performed on mechanically venti-
lated non-COVID ARDS patients [12, 61]. While a very 
limited number of studies have explored the effect of 
iNO on mortality among intubated COVID-19 patients, 
the majority were limited by the lack of a comparator 
group [62, 63]. Al Sulaiman’s study adopted a propensity-
matched approach in mechanically ventilated COVID-19 
patients and reported no difference in 30-day and in-
hospital mortality with iNO use [64]. Moreover, a recent 
multicentric phase II RCT performed on COVID-19 
patients by Di Fenza et al. did not note any difference in 
the mortality at 28 and 90 days with iNO use, compared 
to the usual care group, although their study utilized 
high-dose iNO [30].

These findings induce further research on whether 
early use of iNO can be beneficial for patient-centric out-
comes, particularly in a group of spontaneously breathing 
patients. In the absence of any apparent benefit in reduc-
ing the intubation rate among spontaneously breathing 
patients, such mortality-lowering effect of iNO is appar-
ently intriguing. While the exact causal mechanism is 
beyond the scope of this study, we can probably hypoth-
esize that the antiviral and anti-inflammatory properties 
of iNO could probably have some contribution towards 
attenuating extrapulmonary ARDS, as reported by prior 
studies [23, 30].

The development of AKI in the background of COVID-
19 has been well-studied and linked to virus-induced sys-
temic inflammation. However, renal dysfunction is also 
one of the potential adverse effects that have been linked 
with iNO use in the ARDS population. A 2016 Cochrane 
Review of the Clinical Trials reported a pooled relative 
risk of 1.59 (95% CI 1.17–2.16; I2 = 0%) for the develop-
ment of renal impairment in patients receiving iNO, and 
the evidence was upgraded from moderate to high qual-
ity [12]. In a separate meta-analysis performed by Wang 
et  al., iNO was again found to be a risk factor for AKI 
in ARDS patients, but it reduced the incidence of AKI 
in patients undergoing cardiac surgery, thereby propos-
ing a disease-specific effect on renal function with iNO 
use [65]. In our study, we noted a consistent increase in 
the incidence of creatinine rise associated with iNO use 
in spontaneously breathing and intubated COVID-19 
patients. These findings align with Al Sulaiman et  al.’s 
study but not with Chandel et al.’s work—both focused on 
the COVID-19 population [26, 64]. Moreover, we did not 
find any statistically significant difference in the require-
ment for CRRT or duration of CRRT with iNO use, 
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aligning with prior literature. Therefore, careful consid-
eration should probably be made about the potential for 
transient renal dysfunction upon iNO use in the COVID-
19 population.

In summary, this large retrospective multicentre study 
demonstrated a potential beneficial effect of iNO, par-
ticularly reducing mortality in spontaneously breathing 
COVID-19 patients. While it may delay the time to intu-
bation, possibly through improvement in oxygenation 
indices, we did not notice a decrease in intubation rate 
with iNO use. The beneficial role of iNO towards patient-
centric outcomes was not apparent in the intubated 
cohort, but iNO did show a consistent increase in oxy-
genation indices, thereby highlighting its potential rescue 
role in refractory hypoxemia. Moreover, there was a con-
sistently high incidence of creatinine rise among patients 
receiving iNO. Therefore, further large-scale prospective 
studies are needed to fully understand its utility.

Strengths and limitations
This study has several strengths. First, we included intu-
bated as well as spontaneously breathing patients and 
evaluated the impact of nitric oxide separately in both 
patient groups. Each group comprised a relatively larger 
sample size than the existing literature, which held true 
even after propensity matching. Second, including two 
different patient subcategories (spontaneously breathing 
and post-intubation) from the same multicentric clinical 
establishments helps avoid heterogeneity in the stand-
ard of clinical care, treatment approaches, and patient 
characteristics. Prior studies have looked at both patient 
subgroups but in different patient populations, raising 
questions about the comparability of findings. Third, 
adopting multiple complementary statistical strategies 
has also allowed us to minimize the risk of bias across 
two groups and evaluate the consistency of findings 
across varying sample sizes. Finally, the current study 
is one of the few studies that have explored the patient-
outcome-centric effects of iNO in the ARDS population, 
keeping in line with current best practices after the intro-
duction of the ADSNet protocol, where there is a paucity 
of data.

On the other hand, this study has certain limitations 
that are worth noting. The retrospective design, even 
though supported by rigorous methodology, denies us 
from establishing causality. COVID-19 is a multisystemic 
inflammatory disease state and often presents with phe-
notypically different inflammatory responses despite 
similar patient characteristics. Accounting for such con-
founding factors is often beyond the scope of traditional 
statistical approaches. Certain complications like creati-
nine rise are known adverse outcomes associated with 
COVID-19 disease itself, and the associations between 

such complications with iNO could at least be partially 
affected by confounders. Second, we considered any cre-
atinine rise developed during the hospitalization period 
that may not have a temporal association with iNO expo-
sure in the iNO cohort. On the other hand, the difference 
in creatinine rise could also be confounded by reduced or 
delayed mortality in the iNO group as they spent a longer 
time in the hospital. However, in order to avoid the risk 
of introducing bias, we opted not to adjust for post-
baseline covariates. Due to insufficient data on hourly 
urine output in our database, we were not able to utilize 
full KDIGO criteria to make formal AKI diagnoses. We 
also chose to use the lowest creatinine during hospitali-
zation as baseline creatinine, which is often considered 
a crude approach and denies us to capture patients pre-
senting with AKI at admission. Third, although we col-
lected the starting and maximum dose of iNO, we did 
not perform a dose or duration-dependent outcome 
analysis in the iNO group due to the dynamic nature of 
dosing and its fluctuation based on the patient’s clini-
cal response. The study participant received a low-dose 
iNO treatment, whereas prior studies have studied vari-
able responses with different dosing regimens [66, 67]. 
In that aspect, our findings may have limited generaliz-
ability for different dosing practices. Fourth, the use of 
iNO was semi-protocolized per institutional practice 
guidelines but was often affected by clinician judgment 
based on the likelihood of treatment success or unmeas-
ured patient factors (such as goals of care, comorbidity 
burden, etc.) [35]. Despite adopting a robust methodol-
ogy, the effects of these confounding factors sometimes 
cannot be overcome. Finally, many patients in our cohort 
were supported by adjunctive measures for decreasing 
inflammation (e.g., corticosteroids, interleukin inhibitors, 
antivirals, etc.) or improving the oxygenation (e.g., prone 
positioning, prostaglandin analogs, etc.), which could be 
potential confounders. Although we did not specifically 
include those, we believe such interventions were equally 
offered to both patient categories whenever appropriate 
based on clinician judgment.

Conclusions
In this multicentric retrospective study on hospitalized 
COVID-19 patients, the use of iNO was associated with 
significant improvements in oxygenation indices among 
both spontaneously and intubated patients. While iNO 
use was not associated with intubation rate reduction, 
it was associated with lowered in-hospital mortality 
among spontaneously breathing patients but not in the 
post-intubation cohort. In both patient cohorts, iNO was 
associated with an increased risk of creatinine rise.
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