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High-Flow Nasal Oxygen vs Noninvasive Ventilation in Patients
With Acute Respiratory Failure
The RENOVATE Randomized Clinical Trial

RENOVATE Investigators and the BRICNet Authors

Editorial
IMPORTANCE High-flow nasal oxygen (HFNO) and noninvasive ventilation (NIV) are commonly Multimedia

used respiratory support therapies for patients with acute respiratory failure (ARF).
Supplemental content

OBJECTIVE To assess whether HFNO is noninferior to NIV on the rates of endotracheal
intubation or death at 7 days in 5 patient groups with ARF.

DESIGN, SETTING, AND PARTICIPANTS This noninferiority, randomized clinical trial enrolled
hospitalized adults (aged =18 years; classified as 5 patient groups with ARF:
nonimmunocompromised with hypoxemia, immunocompromised with hypoxemia, chronic
obstructive pulmonary disease [COPD] exacerbation with respiratory acidosis, acute
cardiogenic pulmonary edema [ACPE], or hypoxemic COVID-19, which was added as a
separate group on June 26, 2023) at 33 hospitals in Brazil between November 2019 and
November 2023 (final follow-up: April 26, 2024).

INTERVENTIONS High-flow nasal oxygen (n = 883) or NIV (n = 883).

MAIN OUTCOMES AND MEASURES The primary outcome was endotracheal intubation or death
within 7 days assessed using a bayesian hierarchical model with dynamic borrowing across
patient groups. Noninferiority was defined by a posterior probability of 0.992 or greater for
an odds ratio (OR) less than 1.55.

RESULTS Among 1800 patients, 1766 completed the study (mean age, 64 [SD, 17] years; 707
[40%] were women). The primary outcome of endotracheal intubation or death at 7 days
occurred in 39% (344/883) in the HFNO group vs 38% (336/883) in the NIV group. In the
immunocompromised with hypoxemia patient group, the primary outcome occurred in 57.1%
(16/28) in the HFNO group vs 36.4% (8/22) in the NIV group; enrollment was stopped for
futility (final OR, 1.07; 95% credible interval [Crl], 0.81-1.39; noninferiority posterior
probability [NPP], 0.989). In the nonimmunocompromised with hypoxemia group, the
primary outcome occurred in 32.5% (81/249) in the HFNO group vs 33.1% (78/236) in the NIV
group (OR, 1.02 [95% Crl, 0.81-1.26]; NPP, 0.999). In the ACPE group, the primary outcome
occurred in 10.3% (14/136) in the HFNO group vs 21.3% (29/136) in the NIV group (OR, 0.97
[95% Crl, 0.73-1.23]; NPP, 0.997). In the hypoxemic COVID-19 group, the primary outcome
occurred in 51.3% (223/435) in the HFNO group vs 47.0% (210/447) in the NIV group (OR, 1.13
[95% Crl, 0.94-1.38]; NPP, 0.997). In the COPD exacerbation with respiratory acidosis group,
the primary outcome occurred in 28.6% (10/35) in the HFNO group vs 26.2% (11/42) in the
NIV group (OR, 1.05 [95% Crl, 0.79-1.36]; NPP, 0.992). However, a post hoc analysis without
dynamic borrowing across the 5 ARF patient groups revealed some qualitatively different
results in patients with COPD, immunocompromised patients, and patients with ACPE. The

incidence of serious adverse events was similar (9.4% of patients in HFNO group vs 9.9% in Group Information: The RENOVATE
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linicians use high-flow nasal oxygen and noninvasive

ventilation (pressure support ventilation with positive

end-expiratory pressure) to treat acute respiratory fail-
ure associated with several conditions, including hypoxemic
acute respiratory failure in both nonimmunocompromised and
immunocompromised patients, exacerbation of chronic ob-
structive pulmonary disease (COPD), acute cardiogenic pulmo-
nary edema, and COVID-19.! However, patients may not al-
ways tolerate noninvasive ventilation due to discomfort.?
Compared with low-flow oxygen, high-flow nasal oxygen of-
fers physiological advantages, including improved oxygen-
ation, reduced dead space, alveolar recruitment, humidifica-
tion, heating, and enhanced secretion clearance.** Moreover,
high-flow nasal oxygen has been shown to effectively reduce
Paco, levels in patients experiencing an exacerbation of COPD,>®
decrease cardiac preload, and improve signs of respiratory fail-
ure for patients with acute heart failure.”®

Compared with noninvasive ventilation, high-flow nasal
oxygen is easier to use and more comfortable for the patient.®
Patients using a high-flow nasal cannula can eat, drink, and talk
more easily than with noninvasive ventilation. However, high-
flow nasal oxygen may be less effective than noninvasive ven-
tilation in reducing the workload on respiratory muscles dur-
ingacute respiratory failure.'° Evidence on the most appropriate
form of noninvasive respiratory support across different causes
of acute respiratory failure is limited. Guidelines recommend
noninvasive ventilation for acute respiratory failure caused by
COPD exacerbation and acute cardiogenic pulmonary edema;
however, the evidence''? supporting the use of noninvasive
ventilation is based on comparison with low-flow oxygen not
high-flow nasal oxygen. High-flow nasal oxygen is preferred over
low-flow oxygen for treating patients with hypoxemic acute re-
spiratory failure, including those with immunosuppression or
COVID-19.">!* However, considerable uncertainty remains re-
garding the comparative effectiveness of high-flow nasal oxy-
gen vs noninvasive ventilation.%'>9
We conducted a multicenter, adaptive, randomized clini-

cal trial to evaluate the noninferiority of high-flow nasal oxy-
gen compared with noninvasive ventilation and assess poten-
tial superiority in reducing the rates of endotracheal intubation
or death across 5 patient groups hospitalized with acute re-
spiratory failure (nonimmunocompromised with hypox-
emia, immunocompromised with hypoxemia, COPD exacer-
bation with respiratory acidosis, acute cardiogenic pulmonary
edema, or hypoxemic COVID-19).

Methods

Study Design and Oversight

The High-Flow Nasal Oxygen Cannula Compared to Non-
Invasive Ventilation in Adult Patients With Acute Respiratory
Failure (RENOVATE) was a multicenter, adaptive, noninferi-
ority randomized clinical trial conducted at 33 hospitals in
Brazil. The main adaptation in this trial was the use of fre-
quent interim analyses that allowed for the stopping of indi-
vidual patient groups with acute respiratory failure based on
futility, noninferiority, or superiority (additional details
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Key Points

Question Is high-flow nasal oxygen noninferior to noninvasive
ventilation for rate of endotracheal intubation or death at 7 days in
patients with acute respiratory failure due to a variety of causes?

Findings In this randomized clinical trial (n = 1766 patients),

a bayesian hierarchical model with dynamic borrowing across 5
patient groups found high-flow nasal oxygen was noninferior
(defined by a posterior probability =0.992 for an odds ratio
<1.55) to noninvasive ventilation for rates of endotracheal
intubation or death at 7 days in 4 of the patient groups
(nonimmunocompromised with hypoxemic acute respiratory
failure, chronic obstructive pulmonary disease exacerbation with
respiratory acidosis, acute cardiogenic pulmonary edema, and
hypoxemic COVID-19). One patient group (immunocompromised
with hypoxemic acute respiratory failure) was stopped for futility.

Meaning Compared with noninvasive ventilation, high-flow nasal
oxygen met prespecified criteria for noninferiority for the outcome
of endotracheal intubation or death within 7 days in 4 of the 5
patient groups with acute respiratory failure.

appear in the eResults in Supplement 1). The trial protocol
(Supplement 2) and statistical analysis plan (Supplement 3)
were published.?%2! The trial was overseen by an interna-
tional steering committee and an independent data and
safety monitoring committee whose members were unaware
of the treatment group assignment (additional details appear
in the eMethods in Supplement 1).

The bayesian adaptive trial design, analysis of the pri-
mary outcome, and 28-day mortality assessments were per-
formed by Berry Consultants, LLC. The Hcor Research Insti-
tute coordinated the trial and conducted all other statistical
analyses. Additional details regarding trial governance and
responsibilities appear in the eMethods in Supplement 1.
The trial was conducted in accordance with principles of the
Declaration of Helsinki,?? and the trial protocol (Supple-
ment 2) was approved by the institutional review boards at
each site and a national ethics review board. Due to the
urgency of clinical decisions regarding respiratory support
and based on the recommendation of the national ethics
review board, written consent was sought from all patients
or their surrogate decision-makers after enrollment in the
trial.

Patients

Adult patients (aged =18 years) were eligible if they were ad-
mitted to intensive care units (ICUs), emergency depart-
ments, or hospital wards because of acute respiratory failure,
which was defined by presence of hypoxemia (oxygen satu-
ration as measured by pulse oximetry [Spo,] <90% or Pao,
<60 mm Hg at room air) and either respiratory effort (use of
accessory musculature, paradoxical breathing, or thoracoab-
dominal asynchrony) or tachypnea (respiratory rate >25
breaths/min). Patients were initially classified into 1 of the fol-
lowing 4 mutually exclusive patient groups with acute respi-
ratory failure: nonimmunocompromised with hypoxemia, im-
munocompromised with hypoxemia, COPD exacerbation with
respiratory acidosis, or acute cardiogenic pulmonary edema
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(additional eligibility criteria appear in the eMethods in Supple-
ment 1). Hypoxemic COVID-19 was added later and is further
described below. Before randomization, the use of low-flow
oxygen was allowed for all patients; the use of noninvasive ven-
tilation was allowed for most patients, but not for those with
acute cardiogenic pulmonary edema.

Immunocompromised patients were defined as those with
(1) regular use of immunosuppressive drugs for more than 3
months or high doses of corticosteroids (>0.5 mg/kg/d);
(2) presence of solid organ transplants, solid tumor treated with
chemotherapy within the past 5 years, or hematologic malig-
nancy treated within the past 5 years; or (3) diagnosed with
AIDS or a primary immunodeficiency.?* A COPD exacerba-
tion with respiratory acidosis was defined as being present in
patients with (1) high clinical suspicion of COPD or previous
COPD diagnosis; (2) arespiratory rate greater than 25 breaths/
min or use of accessory musculature, paradoxical breathing,
or thoracoabdominal asynchrony; or (3) an arterial blood pH
level lower than 7.35 and a Paco, level greater than 45 mm Hg.
Acute cardiogenic pulmonary edema was defined as being pre-
sent in patients (1) with sudden-onset dyspnea and diffuse
crackling rales with or without the third audible heart sound;
(2) without a history of pulmonary aspiration, infection, or pul-
monary fibrosis; (3) with acute cardiogenic pulmonary edema
as the primary clinical hypothesis; or (4) with a chest x-ray with
bilateral alveolar infiltrates suggestive of pulmonary edema,
respiratory rate greater than 25 breaths/min, and Spo, level less
than 95%.

The main exclusion criteria were (1) an urgent need for en-
dotracheal intubation (prolonged respiratory pauses, cardio-
respiratory arrest, heart rate <50 beats/min with decreased level
of consciousness, arterial blood pH level <7.15, irrespective of
the cause), (2) hemodynamic instability, and (3) contraindi-
cations to noninvasive ventilation (eg, uncontrolled vomit-
ing, copious oral secretions, facial deformities, a Glasgow
Coma Scale score <12 points, presence of pneumothorax,
or a do-not-intubate order).

After March 2020, patients with COVID-19 inevitably en-
tered the trial in 1 of the 4 patient groups with acute respira-
tory failure described above. All analyses were conducted with-
out separating patients with COVID-19 into a distinct group until
the fifth interim analysis was conducted in March 2023. After
March 2023, patients with COVID-19 were separated out for the
purposes of the statistical analysis (described in an amend-
ment to the trial protocol in June 2023). This decision was made
by the trial steering committee while still blinded to any out-
come data and as a good faith effort to match the aims of the
original design while addressing the emergence of the COVID-19
pandemic. This decision was based on several critical factors,
including that COVID-19 represented a novel disease with an
anticipated intubation rate that could differ significantly from
other causes of acute respiratory failure.

In addition, there was a rapidly evolving learning curve re-
garding the optimal management of patients with COVID-19,
particularly in relation to noninvasive respiratory support and
endotracheal intubation. This learning curve led to substan-
tial shifts in intubation rates and mortality over time as clini-
cal practices adapted. Consequently, the original assump-
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tions about endotracheal intubation and mortality rates in the
noninvasive ventilation (control) group during the trial’s de-
sign phase may have been overly optimistic to accurately rep-
resent patients with COVID-19 (eMethods in Supplement 1).

Randomization

The randomization list was generated electronically with per-
muted block sizes that were unknown to the investigators.
The allocation concealment was maintained via an online
central automated system available 24 hours daily, stratified
by center and acute respiratory failure patient group. Patients
were randomly assigned in a 1:1 ratio to high-flow nasal oxy-
gen or noninvasive ventilation (Figure 1). The blinding of
patients and clinicians was not possible because of the nature
of the intervention.

Interventions

High-flow nasal oxygen was delivered continuously (Airvo-2,
Fisher & Paykel Healthcare) with a flow starting at 30 L/min
for patients with COPD exacerbation with respiratory acido-
sis and at 45 L/min for those in the 4 other patient groups with
acute respiratory failure, titrated gradually toward 60 L/min
or the highest flow tolerated. Fraction of inspired oxygen (FI0,)
started at 50% and was titrated to maintain SpO, within 88%
t0 92% in the COPD exacerbation with respiratory acidosis pa-
tient group and within 92% to 98% in the other patient groups.
After 24 hours, weaning from high-flow nasal oxygen therapy
could begin if clinical improvement had been achieved
(eMethods in Supplement 1). Noninvasive ventilation rescue
therapy was allowed for the COPD exacerbation with respira-
tory acidosis and the acute cardiogenic pulmonary edema pa-
tient groups at the discretion of the treating physician (eFig-
ure 1in Supplement 1).

In the noninvasive ventilation group, the therapy was
delivered through a face mask using either a ventilator de-
signed primarily for invasive or noninvasive ventilation. In the
COPD exacerbation with respiratory acidosis patient group, the
settings for inspiratory positive airway pressure were be-
tween 12 and 16 cm of H,0; for all the other patient groups,
the settings were between 12 and 14 cm of H,0. In the COPD
exacerbation patient group, the expiratory positive airway pres-
sure setting was 4 cm of H,0; for all the other patient groups,
the setting was 8 cm of H,0. In the COPD exacerbation pa-
tient group, the F10, level was titrated to maintain an Spo,
within 88% and 92%; for all the other patient groups, FI0, level
was titrated to maintain an Spo, within 92% and 98%.

The inspiratory positive airway pressure or the expira-
tory positive airway pressure could be increased indepen-
dently by 1 or 2 cm of H,O until (1) a maximum of 20 cm of H,0
for inspiratory positive airway pressure and a maximum of 12
cm of H,O0 for expiratory positive airway pressure or (2) pa-
tient tolerability and signs of clinical improvement (defined
as a respiratory rate <25 breaths/min and no signs of acces-
sory respiratory muscle activity). The tidal volume target was
6 to 9 mL/kg of ideal body weight.

On the first day, 24 hours of noninvasive ventilation use
was encouraged. Thereafter, weaning from noninvasive venti-
lation could be started in patients without signs of respiratory
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distress and included decreasing the duration of the noninva-
sive ventilation sessions, decreasing F10, level, and decreasing
pressure levels each day at the discretion of the clinical team.
A patient was considered weaned when FI0, level was less than
or equal to 30%, and both the expiratory positive airway pres-
sure and pressure support were less than or equal to 6 cm of H,0
(eMethods in Supplement 1). The criteria for endotracheal in-
tubation appear in the eMethods in Supplement 1. The final de-
cision about endotracheal intubation was made by the attend-
ing physician.

Primary Outcome

The primary outcome was endotracheal intubation or death
within 7 days of randomization. The primary outcome was
initially defined as endotracheal intubation within 7 days.
However, we expanded the definition in the fifth version of
the protocol (April 2021) to include both endotracheal intu-
bation and death within 7 days to also consider eventual
patients with acute respiratory failure who died without
being intubated.

To maintain consistency in the indication for endotra-
cheal intubation across sites and to minimize the risk
of delayed intubation, predefined criteria were applied:
(1) respiratory or cardiac arrest; (2) hemodynamic instability
with mean arterial pressure lower than 65 mm Hg, systolic
arterial pressure lower than 90 mm Hg after proper fluid
resuscitation, or need for increasing doses of vasopressors
(>0.3 g/kg/min of norepinephrine); (3) cognitive impairment
and agitation that prevents medical or nursing care without
full sedation; (4) a Glasgow Coma Scale score of less than 11;
(5) failure to maintain an Spo, level greater than 92% (or
>88% in patients with COPD) despite having an F10, level of
60%; (6) a progressive increase in Paco, that is greater than
10 mm Hg and a concurrent drop in arterial blood pH level
despite attempts of improving ventilation; (7) an intolerabil-
ity to high-flow nasal oxygen or noninvasive ventilation;
(8) development of hypersecretion and inability to eliminate
such secretion; (9) require frequent discontinuation of nonin-
vasive ventilation therapy; (10) severe arrhythmia with
hemodynamic instability; (11) persistent respiratory acidosis
with arterial blood pH level lower than 7.2 after 60 minutes
of optimal treatment; or (12) physician discretion.

Secondary and Tertiary Outcomes

The secondary outcomes were 28-day mortality, 90-day mor-
tality, mechanical ventilation-free days at 28 days, and ICU-
free days at 28 days. The tertiary outcomes were hospital and
ICUlength of stay within 90 days, vasopressor-free days within
28 days, the proportion of patients who received a do-not-
intubate order within 7 days after randomization, and patient
comfort score.

Statistical Analysis

The trial used bayesian adaptive statistical methods to assess
the primary outcome (statistical analysis plan appears in
Supplement 3). We hypothesized that high-flow nasal oxy-
gen would be noninferior or superior to noninvasive ventila-
tion in all 5 patient groups with acute respiratory failure. The
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noninferiority margin was established based on an estimated
absolute effect of 36% for noninvasive ventilation on the rate
of endotracheal intubation.?* Considering that the noninferi-
ority margin should not exceed half of this effect, we selected
an absolute difference of 10%.2> Next, we proportionately ex-
trapolated the 10% absolute difference on a 30% event rate (de-
rived from a population with hypoxemic acute respiratory fail-
ure) to the other patient groups through the conversion to an
odds ratio (OR) of 1.55 (the noninferiority margin).

The noninferiority and superiority hypotheses were
tested in order with gatekeeping, thus without the need for a
multiplicity correction. Noninferiority was declared if the
noninferiority posterior probability was higher than 0.992. If
noninferiority was demonstrated, then superiority was
declared if the superiority posterior probability was also
higher than 0.992 for an OR less than 1. If noninferiority was
not demonstrated, the final result was futility. Stopping for
futility, superiority, and noninferiority was allowed and con-
ditioned on thresholds defined for each interim analysis
(eMethods in Supplement 1 and Supplements 2-3). The
interim and final values for the posterior probability thresh-
olds for noninferiority and superiority were set to control for
type I error at less than 0.025 in all 5 patient groups with
acute respiratory failure (eTable 1 in Supplement 1). Up to 6
interim analyses were planned, starting after the 500th
patient was randomized, with a maximum total sample size
of 2000 patients. Simulations showed that, in a scenario of
similar treatment effects, the power of our trial to demon-
strate noninferiority would be 84.9% for nonimmunocom-
promised patients with hypoxemia, 76.1% for immunocom-
promised patients with hypoxemia, 68.5% for patients with
COPD exacerbation with respiratory acidosis, 5.5% for
patients with acute cardiogenic pulmonary edema, and
92.5% for patients with hypoxemic COVID-19 (eTable 2 in
Supplement 1).

The primary analysis considered an intention-to-treat
population that consisted of all randomized patients with
informed consent. The primary outcome was analyzed using
bayesian hierarchical modeling with dynamic borrowing
across the 5 patient groups with acute respiratory failure,
which shrinks the posterior distributions of the effects in
each group toward the overall estimate. We used modestly
informative prior distribution for the primary outcome rate
for the noninvasive ventilation (control) group for each of the
5 patient groups with acute respiratory failure (eMethods in
Supplement 1 and Supplement 3). A time-varying effect was
considered for patients with hypoxemic COVID-19 to account
for potential changes in the risk of the primary outcome
across time.2® The results are presented as rates, model-fitted
median ORs, 95% credible intervals (Crls), and posterior
probabilities of noninferiority and superiority.

Mortality within 28 days was analyzed using the same
bayesian model structure as the primary outcome, with
adjustments to the prior distributions to account for different
rates of 28-day mortality. For the other secondary outcomes,
we used bayesian linear and logistic regression models to cal-
culate the posterior probability of the intervention’s superior-
ity, using uninformative prior distributions. Specifically, we
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applied flat priors for the model coefficients, allowing the
data to drive the estimates without influence from prior
assumptions. Posterior probabilities of superiority and the
95% Crls for the secondary outcomes did not account for
multiplicity, and, therefore, should not be used to infer
definitive differences in treatment effects. There were no
missing data for the primary outcome. The secondary out-
comes were analyzed using only patients with available data,
without imputation of missing data.

The sensitivity analyses included (1) a per-protocol analy-
sis; (2) an analysis only including the COPD exacerbation with
respiratory acidosis and the acute cardiogenic pulmonary
edema patient groups and using escalation of ventilatory sup-
port as the outcome (escalation from noninvasive ventilation
to endotracheal intubation and escalation from high-flow na-
sal oxygen therapy to noninvasive ventilation or endotra-
cheal intubation); (3) a post hoc analysis with weaker infor-
mative priors for all 5 patient groups with acute respiratory
failure; and (4) a post hoc analysis of the primary outcome using
the same bayesian model structure as the main analysis, but
without borrowing.

The cmdstanr version 0.6.1 (Stan Development Team) was
used in conjunction with R version 4.3.1 (R Foundation for Sta-
tistical Computing).27-28

. |
Results

Patients

Enrollment began in November 2019. A total of 2731 patients
with acute respiratory failure were screened, and 1800 were
enrolled at 33 sites in Brazil and randomized (Figure 1). Thirty-
four patients were excluded after randomization because in-
formed consent was not obtained.

In April 2021 (first interim analysis), enrollment was
stopped for futility (defined as a posterior probability of non-
inferiority <0.30) in the immunocompromised with hypox-
emia patient group (eTable 3 in Supplement 1). Enrollment
was stopped when the predetermined noninferiority thresh-
old was met in March 2023 (fifth interim analysis) for the
hypoxemic COVID-19 patient group and in October 2023
(sixth interim analysis) for the nonimmunocompromised
with hypoxemia and the acute cardiogenic pulmonary edema
patient groups. Enrollment continued as planned until the
final analysis for the COPD exacerbation with respiratory aci-
dosis patient group.

Informed consent was not obtained from 49 patients
because they died before their next of kin could provide it.
However, the ethics committees at the sites permitted the
use of data from 15 of these patients, resulting in a total of
1766 patients (mean age, 63.7 years [SD, 16.5 years]; 40%
were women) included in the final analysis (eFigures 2-5 in
Supplement 1).

The characteristics at enrollment were comparable across
all 5 patient groups with acute respiratory failure (Table 1 and
eTables 4-5 in Supplement 1). There were 485 nonimmuno-
compromised patients (27.5%) with hypoxemia, 50 immuno-
compromised patients (2.8%) with hypoxemia, 77 patients

JAMA Published online December 10, 2024

Downloaded from jamanetwork.com by Karina Negrelli on 12/11/2024

High-Flow Nasal Oxygen vs Noninvasive Ventilation in Patients With Acute Respiratory Failure

(4.4%) with COPD exacerbation with respiratory acidosis, 272
patients (15.4%) with acute cardiogenic pulmonary edema, and
882 patients (49.9%) with hypoxemic COVID-19. Forty per-
cent of the patients were randomized and treatment was ini-
tiated while they were being treated in the emergency depart-
ment or hospital ward.

Interventions

The allocated intervention was received by 93.3% of patients
(824/883) in the high-flow nasal oxygen treatment group and
by 91.5% of patients (808/883) in the noninvasive ventilation
treatment group. There was a lower duration of therapy use
within the first 48 hours in the noninvasive ventilation group
(Table 2). Among patients assigned to high-flow nasal oxy-
gen, the use of noninvasive ventilation was less than 10%
in 4 of the 5 patient groups with acute respiratory failure;
however, the use of noninvasive ventilation was 22.9% in
the COPD exacerbation with respiratory acidosis patient
group. The ventilatory settings for both high-flow nasal oxy-
gen and noninvasive ventilation are described in eTable 6 in
Supplement 1.

Primary Outcome

The primary outcome of endotracheal intubation or death
within 7 days occurred in 39.0% of patients (344 of 883) in
the high-flow nasal oxygen group vs 38.1% of patients (336
of 883) in the noninvasive ventilation group. High-flow
nasal oxygen was noninferior to noninvasive ventilation in
the patient groups of nonimmunocompromised with hypox-
emia, COPD exacerbation with respiratory acidosis, acute
cardiogenic pulmonary edema, and hypoxemic COVID-19
(Figure 2 and eFigure 6 in Supplement 1). Among nonimmu-
nocompromised patients with hypoxemia, the primary out-
come occurred in 32.5% of patients in the high-flow nasal
oxygen group vs 33.1% of patients in the noninvasive venti-
lation group (OR, 1.02 [95% CrI, 0.81-1.26]; noninferiority
posterior probability, 0.999).

Among patients with COPD exacerbation with respiratory
acidosis, the primary outcome occurred in 28.6% of patients
in the high-flow nasal oxygen group vs 26.2% of patients in
the noninvasive ventilation group (OR, 1.05 [95% Cr1, 0.79-
1.36]; noninferiority posterior probability, 0.992). Among
patients with acute cardiogenic pulmonary edema, the pri-
mary outcome occurred in 10.3% of patients in the high-flow
nasal oxygen group vs 21.3% of patients in the noninvasive
ventilation group (OR, 0.97 [95% CrI, 0.73-1.23]; noninferior-
ity posterior probability, 0.997).

Among patients with hypoxemic COVID-19, the primary
outcome occurred in 51.3% of patients in the high-flow
nasal oxygen group vs 47.0% of patients in the noninvasive
ventilation group (OR, 1.13 [95% CrI, 0.94-1.38]; noninferior-
ity posterior probability, 0.997). Among immunocompro-
mised patients with hypoxemia, the primary outcome
occurred in 57.1% of patients in high-flow nasal oxygen
group vs 36.4% of patients in noninvasive ventilation group
(OR, 1.07 [95% Cr1, 0.81-1.39]; noninferiority posterior prob-
ability, 0.989), which met the criterion for futility. Summary
of the individualized components of primary outcome and
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High-Flow Nasal Oxygen vs Noninvasive Ventilation in Patients With Acute Respiratory Failure
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High-Flow Nasal Oxygen vs Noninvasive Ventilation in Patients With Acute Respiratory Failure

Figure 2. Primary Outcome of Endotracheal Intubation or Death Within 7 Days

E Analysis of the primary outcome?

. High-flow nasal i Noninvasive

No./total (%) Model-fitted median oxygen better | ventilation better . -
Patients with acute High-flow nasal  Noninvasive odds ratio (95% credible Noninferiority Posterior probability
respiratory failure oxygen ventilation interval)® margin Noninferiorityd Superiority®
Nonimmunocompromised 81/249 (32.5) 78/236 (33.1) 1.02(0.81-1.26) —— | 0.999 0.433
with hypoxemia i
Immunocompromised 16/28 (57.1) 8/22 (36.4) 1.07 (0.81-1.39) —— i 0.989 0.334
with hypoxemia !
Chronic obstructive pulmonary 10/35(28.6) 11/42 (26.2) 1.05(0.79-1.36) —a— i 0.992 0.375
disease exacerbation with |
respiratory acidosis :
Acute cardiogenic pulmonary edema 14/136 (10.3) 29/136 (21.3) 0.97 (0.73-1.23) —a— i 0.997 0.575
Hypoxemic COVID-19 223/435(51.3) 210/447 (47.0) 1.13(0.94-1.38) - i 0.997 0.136

0‘.2 H‘Hl 1.‘55‘ n ‘é

Post hoc analysis of the primary outcomef

Model-fitted median odds ratio
(95% credible interval)®

. High-flow nasal | Noninvasive

No./total (%) Model-fitted median oxygen better | ventilation better . -
Patients with acute High-flow nasal ~ Noninvasive odds ratio (95% credible Noninferiority Posterior probability
respiratory failure oxygen ventilation interval)® margin Noninferiorityd Superiority®
Nonimmunocompromised 81/249 (32.5) 78/236 (33.1) 0.98 (0.73-1.33) —— 0.996 0.542
with hypoxemia i
Immunocompromised 16/28 (57.1) 8/22 (36.4) 2.56 (1.14-5.68) ‘%_.7 0.144 0.023
with hypoxemia !
Chronic obstructive pulmonary 10/35 (28.6) 11/42 (26.2) 1.48 (0.67-3.09) 74'17 0.549 0.192
disease exacerbation with |
respiratory acidosis :
Acute cardiogenic pulmonary edema 14/136 (10.3) 29/136 (21.3) 0.52(0.29-0.91) —_— i 0.999 0.970
Hypoxemic COVID-19 223/435(51.3) 210/447 (47.0) 1.16(0.94-1.43) - i 0.992 0.111

0‘.2 ‘HHI 1.‘55‘ n ‘é

Model-fitted median odds ratio
(95% credible interval)®

2Includes all randomized patients with informed consent. The primary outcome
was analyzed with a bayesian hierarchical modeling with dynamic borrowing
across the 5 patient groups with acute respiratory failure. More borrowing
occurs when the groups are consistent, and less borrowing occurs when the
groups differ. Borrowing via a hierarchical model is a type of shrinkage
estimation (it provides a formal mechanism by which extreme observations are
shrunk toward the mean). The model is a compromise between the extremes of
a completely pooled analysis as opposed to a separate analysis in each group.

0dds of requiring endotracheal intubation or dying within 7 days in the
high-flow nasal oxygen group vs the noninvasive ventilation group.

A bayesian approach based on posterior probabilities was used to test the
noninferiority and superiority hypotheses with predefined thresholds.

9Defined as a posterior probability greater than 0.992 that the odds ratio was
less than 1.55. For each patient group with acute respiratory failure,
noninferiority was declared if the posterior probability was greater than 0.992.
If noninferiority was not demonstrated, the final result was futility.

¢Defined as a posterior probability greater than 0.992 that the odds ratio was
less than 1. If noninferiority was demonstrated, then superiority was declared if
the superiority posterior probability was also higher than 0.992.

The same bayesian model structure was used as in the primary analysis, but
without borrowing. Although borrowing can improve precision under the
assumption of similar treatment effects, it could also produce biased estimates
when there is heterogeneity across groups.

reasons for endotracheal intubation appear in Table 3 and in
eTable 7 in Supplement 1.

Other Outcomes

The secondary outcomes, including median 28-day mortality
rates, were not different between the 2 treatment groups for any
of the 5 patient groups with acute respiratory failure (Table 3).
The tertiary outcome of comfort was superior with high-flow
nasal oxygen vs noninvasive ventilation (eTable 8 in Supple-
ment 1). Other outcomes appear in eTable 9 in Supplement 1.

Sensitivity Analysis
The results for the posterior probabilities of noninferiority were

similar to those of the main analysis for the per-protocol popu-
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lation and the post hoc sensitivity analysis with weakly infor-
mative priors (eTables 10-11 in Supplement 1).

The post hoc sensitivity analysis of the primary outcome
without borrowing appears in Figure 2. Among nonimmuno-
compromised patients with hypoxemia, the OR was 0.98 (95%
Crl, 0.73-1.33; noninferiority posterior probability, 0.996).
Among immunocompromised patients with hypoxemia, the
ORwas 2.56 (95% Cr1, 1.14-5.68; noninferiority posterior prob-
ability, 0.144).

Among patients with COPD exacerbation with respira-
tory acidosis, the OR was 1.48 (95% CrI, 0.67-3.09; noninferi-
ority posterior probability, 0.549). Among patients with acute
cardiogenic pulmonary edema, the OR was 0.52 (95% Cr1, 0.29-
0.91; noninferiority posterior probability, 0.999; superiority
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posterior probability, 0.970). Among patients with hypox-
emic COVID-19, the OR was 1.16 (95% CrI, 0.94-1.43; noninfe-
riority posterior probability, 0.992). The need for respiratory
support escalation among patients with COPD exacerbation or
acute cardiogenic pulmonary edema appears in eTable 12 in
Supplement 1.

Adverse Events

The incidence of serious adverse events was similar between
treatment groups (9.4% of patients in the high-flow nasal oxy-
gen group vs 9.9% of patients in the noninvasive ventilation
group; eTable 13 in Supplement 1).

|
Discussion

This multicenter, adaptive, randomized clinical trial used a
bayesian hierarchical model with dynamic borrowing across
groups and found that high-flow nasal oxygen was noninfe-
rior to noninvasive ventilation with respect to endotracheal
intubation or death within 7 days for the following patient
populations with acute respiratory failure: nonimmunocom-
promised with hypoxemia, COPD exacerbation with respira-
tory acidosis, acute cardiogenic pulmonary edema, and
hypoxemic COVID-19. Noninferiority of high-flow nasal oxy-
gen compared with noninvasive ventilation was not shown
among immunocompromised patients with hypoxemic acute
respiratory failure.

In the FLORALI trial,'® there was no significant difference
in intubation rates among patients with non-hypercapnicacute
hypoxemic respiratory failure who were treated with high-
flow nasal oxygen (n = 106) vs noninvasive ventilation (n = 110),
although 90-day mortality was lower in the high-flow nasal oxy-
gen group. However, for patients with hypoxemic acute respi-
ratory failure due to COVID-19, the effectiveness of high-flow
nasal oxygen was uncertain compared with noninvasive
ventilation.®?°

The current study included 485 nonimmunocompro-
mised patients with acute hypoxemic respiratory failure and
881 patients with acute hypoxemic respiratory failure due to
COVID-19 and showed noninferiority of high-flow nasal oxy-
gen compared with noninvasive ventilation in both these pa-
tient groups. The results of a post hoc analysis without bor-
rowing were also consistent with noninferiority of high-flow
nasal oxygen for these patient groups (nonimmunocompro-
mised with hypoxemia and hypoxemic COVID-19). In addi-
tion, there were no significant differences in 90-day mortal-
ity or in any secondary outcomes.

Among patients with COPD exacerbation with respira-
tory acidosis or acute cardiogenic pulmonary edema, previ-
ous evidence supported noninvasive ventilation as the rec-
ommended respiratory support modality.'?*°3! However, these
recommendations were based on studies comparing nonin-
vasive ventilation with low-flow oxygen.!? Although the re-
sults from the primary analysis in the current study demon-
strated noninferiority of high-flow nasal oxygen compared with
noninvasive ventilation for the COPD exacerbation with re-
spiratory acidosis patient group, the post hoc analysis with-
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out borrowing produced discrepant results; the 95% Crl in-
cluded ORs as high as 3.09, suggesting potential harm with use
of high-flow nasal oxygen.

Among the patients with COPD or acute cardiogenic pul-
monary edema assigned to high-flow nasal oxygen who
showed signs of worsening respiratory failure, the trial pro-
tocol recommended escalation to noninvasive ventilation.
Notably, 23% of patients with COPD initially assigned to
high-flow nasal oxygen required rescue noninvasive ventila-
tion. Furthermore, the patients with acute cardiogenic pul-
monary edema who needed noninvasive ventilation before
randomization were excluded from the trial. Therefore, the
results from the current trial may not be generalizable to
patients with more severe forms of acute cardiogenic pul-
monary edema.

There were no significant differences in 28-day or 90-day
mortality between the 2 treatment groups within any of the 5
acute respiratory failure patient groups. However, overall
mortality was higher compared with other studies.'6-18:23:32
Several factors may explain this elevated mortality. First,
mortality among critically ill patients has generally been
higher in Brazil than in high-income countries.*** Second,
during the COVID-19 pandemic, patients tended to avoid
leaving home, so only more severe cases sought hospital
care.?® Third, the inclusion criteria for patients with COPD
exacerbation required respiratory acidosis, thereby selecting
for more severe cases.

The strengths of the current trial include its generalizabil-
ity because it included a broad population of patients with acute
respiratory failure. At the same time, the results are specific
to each of the 5 patient groups with acute respiratory failure
studied. The adaptive bayesian design allowed dynamic bor-
rowing of information across patient groups, which leverages
the information that arises from the evaluation of the treat-
ments in multiple and related disease categories. This dy-
namic borrowing increases the precision of the estimates and
includes information not available with simpler models with-
out borrowing, and may be useful when the assumption of simi-
larity of treatment effects across groups is appropriate.

Limitations

The current trial has limitations. First, enrollment in the
immunocompromised with hypoxemia patient group was
stopped early for futility after the first interim analysis. The
futility stopping criterion in this analysis may have been set
too high (a posterior probability of noninferiority below
30%). If a lower threshold (eg, 10%) had been selected,
enrollment in this group might have continued, potentially
resulting in a different conclusion. As a result, the validity of
effect estimates in the immunocompromised with hypox-
emia patient group is limited by the small sample size. In
addition, patients with COVID-19 were not classified into a
separate group before March 2023, and some of the patients
included in the interim analysis for the immunocompro-
mised with hypoxemia patient group had COVID-19. Future
trials comparing high-flow nasal oxygen vs noninvasive ven-
tilation in immunocompromised patients with acute hypox-
emic respiratory failure are warranted.
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Second, although the COVID-19 pandemic led to a proto-
col amendment that categorized patients with COVID-19 as a
separate group, a blinded steering committee made these ad-
justments. Third, the effect estimates relied on borrowing
across patient groups, which assumes some degree of similar-
ity in underlying treatment effects. A post hoc sensitivity analy-
sis without borrowing showed substantial deviations from the
main model, particularly in the COPD and the immunocom-
promised with hypoxemia patient groups. However, an analy-
sis without borrowing loses information and results in a sys-
tematic overestimate of the variability of treatment effects
across patient groups.

Fourth, the comparator intervention was noninvasive ven-
tilation administered through a face mask; thus, our results do
not address comparisons of high-flow nasal oxygen with con-

High-Flow Nasal Oxygen vs Noninvasive Ventilation in Patients With Acute Respiratory Failure

tinuous positive airway pressure or with helmet-delivered non-
invasive ventilation.

. |
Conclusions

Compared with noninvasive ventilation, high-flow nasal oxy-
gen met prespecified criteria for noninferiority for the pri-
mary outcome of endotracheal intubation or death within 7
days in 4 of the 5 patient groups with acute respiratory fail-
ure. However, the small sample sizes in some patient groups
and the sensitivity of the findings to the choice of analysis
model suggests the need for further study in patients with
COPD, immunocompromised patients, and patients with acute
cardiogenic pulmonary edema.
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