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Abstract

Background: We performed a systematic review and meta-analysis to evaluate the efficacy and safety of high-flow
oxygen via nasal cannulae (HFNC) compared to non-invasive ventilation (NIV) and/or standard oxygen in patients
with acute, hypoxemic respiratory failure.

Methods: We reviewed randomized controlled trials from CENTRAL, EMBASE, MEDLINE, Scopus and the
International Clinical Trials Registry Platform (inception to February 2016), conference proceedings, and relevant
article reference lists. Two reviewers independently screened and extracted trial-level data from trials investigating
HFNC in patients with acute, hypoxemic respiratory failure. Internal validity was assessed in duplicate using the
Cochrane Risk of Bias tool. The strength of evidence was assessed in duplicate using the Grading of
Recommendations Assessment, Development and Evaluation framework. Our primary outcome was mortality.
Secondary outcomes included dyspnea, PaO,:FiO, ratio, PaCO,, and pH. Safety outcomes included respiratory arrest,
intubation, delirium, and skin breakdown.

Results: From 2023 screened citations, we identified seven trials (1771 patients) meeting inclusion criteria. All trials
were at high risk of bias due to lack of blinding. There was no evidence for a mortality difference in patients receiving
HFNC vs. NIV and/or standard oxygen (RR 1.01, 95% Cl 0.69 to 148, > = 63%, five trials, 1629 patients). In subgroup
analyses of HFNC compared to NIV or standard oxygen individually, mortality differences were not observed. Measures
of patient tolerability were heterogeneous. The PaO-:FiO; ratio at 6-12 h was significantly lower in patients receiving
oxygen via HFNC compared to NIV or standard oxygen for hypoxemic respiratory failure (MD — 53.34, 95% Cl — 71.95
to —34.72, F=61%, 1143 patients). There were no differences in pH, PaCO,, or rates of intubation or cardio-respiratory
arrest. Delirium and skin breakdown were infrequently reported in included trials.

Conclusions: In patients with acute hypoxemic respiratory failure HFNC was not associated with a difference in
mortality compared to NIV or standard oxygen. Secondary outcomes including dyspnea, tolerance, and safety were not
systematically reported. Residual heterogeneity and variable reporting of secondary outcomes limit the conclusions
that can be made in this review. Prospective trials designed to evaluate the efficacy and safety of HFNC in patients with
acute hypoxemic respiratory failure are required.
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Background

Acute hypoxemic respiratory failure is widely prevalent
in acutely ill patients. Supplemental oxygen therapy is
administered via nasal prong, facemask, non-invasive, or
invasive ventilation modalities to correct hypoxemia.
Standard nasal prong or facemask systems are limited in
the fraction of inspired oxygen, gas flow rate, airway
pressure, and comfort delivered as compared to other
modalities [1]. Traditional non-invasive positive pressure
ventilation via facemask has been applied with benefit to
heterogeneous populations with acute respiratory failure,
including those with chronic obstructive pulmonary dis-
ease [2], cardiogenic pulmonary edema [3], and as a
weaning strategy in adults intubated for acute respira-
tory failure [4]. In a systematic review of non-invasive
positive pressure ventilation in patients with acute hyp-
oxemic respiratory failure; however, there was no signifi-
cant reduction in in-hospital mortality [5]. The need for
invasive ventilation in patients with acute hypoxemic re-
spiratory failure represents a final common pathway
when all other oxygen delivery systems are inadequate
and is associated with significant morbidity and mortal-
ity [6, 7].

High-flow oxygen via nasal cannula is a non-invasive
therapy where heated, humidified oxygen is delivered via
large-bore nasal cannula at flow rates up to 60 L/min.
The fraction of inspired oxygen can be titrated to 100%,
and the mean airway pressure increases with increasing
gas flow rates [8, 9]. Observational studies suggest that
high-flow oxygen via nasal cannulae is associated with
improved oxygenation, decreased respiratory rate, in-
creased lung volumes, and improved patient comfort as
compared to standard oxygen therapy [10-14] and may
be better tolerated than non-invasive ventilation [15]. A
recent retrospective analysis of patients initially treated
with high-flow oxygen via nasal cannulae but ultimately
requiring endotracheal intubation, however, demon-
strated lower rates of successful extubation, fewer
ventilator-free days, and higher ICU mortality in those
with longer durations (> 48 h) of high-flow nasal oxygen
prior to intubation [16]. The efficacy and safety of high-
flow oxygen via nasal cannula for acute hypoxemic re-
spiratory failure in randomized trials remains uncertain.

The objective of this systematic review was to identify,
critically appraise, and meta-analyze data from prospect-
ive randomized trials comparing high-flow oxygen via
nasal cannula to non-invasive ventilation and/or stand-
ard oxygen therapy in adult patients with acute hypox-
emic respiratory failure.

Methods

We conducted a systematic review adherent to the
Methodological Expectations of Cochrane Intervention
Reviews framework [17]. Reporting was consistent with
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the criteria outlined in the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines [18].
This review was ineligible for registration in PROSPERO
as the research was too far underway by the time of po-
tential registration. A full protocol for this research can
be found in Additional file 1. Ethics approval was not re-
quired for this meta-analysis.

Populations, interventions, comparators, outcome
measures, settings, and study designs

We posed the question “In adults admitted to an emer-
gency department (ED) or an intensive care unit (ICU)
with acute hypoxemic respiratory failure, what is the ef-
ficacy and safety of high-flow oxygen via nasal cannula
compared to non-invasive ventilation or standard oxy-
gen on mortality, incidence of intubation, patient toler-
ability and adverse events?” Prospective, randomized
controlled trials of adult patients with author-defined
acute hypoxemic respiratory failure (at least 80% of the
study population) receiving high-flow, humidified oxy-
gen via nasal cannulae were included.

We excluded trials where high-flow oxygen via nasal
cannulae was applied prophylactically. We also excluded
cross-over trials due to potential carry-over effects of the
interventions. Our primary outcome measure was the
incidence of mortality at longest duration of follow-up.
Secondary outcomes were incidence of endotracheal in-
tubation, patient tolerability, dyspnea rating, and physio-
logic variables (PaO,:FiO, ratio, PaCO,, pH). Safety
outcomes were cardio-respiratory arrest, delirium, and
skin breakdown. All outcomes were extracted at the lon-
gest duration of study follow-up. The roles of each sys-
tematic review team member are presented in
Additional file 2.

Search strategy for identification of studies

We searched MEDLINE (Ovid), EMBASE (Ovid), and
CENTRAL (the Cochrane Library—Wiley) from incep-
tion to February 2016 using individualized search strat-
egies prepared for each database. We performed a
forward search in Scopus and Web of Science to identify
additional relevant citations. In order to identify
ongoing, planned, or completed but not yet published
trials, we searched the World Health Organization’s
International Clinical Trials Registry Platform. The
search strategy for MEDLINE is presented in Additional
file 3. Conference abstracts were searched electronically
and reviewed, in duplicate, by the same investigators
who screened and extracted data from primary studies
(ML, EF). We searched abstracts and conference
proceedings for the following societies (2011-2016):
American College of Emergency Physicians, American
Thoracic Society, Canadian Association of Emergency
Physicians, Canadian Critical Care Society, European
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Society of Intensive Care Medicine, and Society of Crit-
ical Care Medicine. There was no language restriction
employed. Our electronic search strategy was peer-
reviewed according to the Canadian Agency for Drugs
and Technologies in Health recommendations [19]. The
reference lists of relevant narrative and systematic re-
views as well as all included trials were hand-searched
for possible relevant citations. Reference Management
was performed using EndNote™ (ver. X7.5, Thompson
Reuters, USA).

We employed a multi-step process for study selection.
Initially, two reviewers (M.L, E.F.) independently
screened the titles and abstracts of search results to de-
termine whether each study met inclusion criteria. Each
report was classified as include, exclude, unclear, or
duplicate of another citation. The full text of all reports
classified as include or unclear by either reviewer were
retrieved for formal review. Next, the two reviewers in-
dependently assessed the full text of each trial report,
employing a standardized screening form that outlined
the predetermined inclusion and exclusion criteria. The
form was pilot tested on a sample of studies. All
disagreements between the two primary reviewers were
resolved by consensus.

Data abstraction

Data were abstracted using a standardized, piloted form
and entered into a Microsoft Excel™ database (Microsoft
Corp., Redmond, WA). Two reviewers (M.L, E.F.) inde-
pendently extracted data from individual trial reports,
with disagreements resolved through consensus. The fol-
lowing data were extracted from each study where avail-
able: author identification, year of publication, language
of publication, source of study funding, study design,
study population, patient characteristics (age, sex, SAPS
II score or other severity of illness score, etiology of
respiratory failure), intervention (e.g., method of oxygen
administration) and its comparator, as well as results
reported for the outcomes of interest.

Internal and external validity assessments

We assessed the internal validity of included trials in du-
plicate using the Cochrane Collaboration Risk of Bias
tool [20, 21]. This tool includes six domains (sequence
generation, allocation concealment, blinding, incomplete
outcome data, selective outcome reporting, and “other”
sources of bias) and classifies the overall risk of bias. If
one or more individual domains are assessed as having a
high risk of bias, the trial is rated as having a high risk
of bias. All domains must have been rated as having a
low risk of bias for the overall risk of bias to be classified
as low. In cases of unclear risk of bias or mixed assess-
ments of low and unclear risk of bias, the overall score
was classified as having an unclear risk of bias.
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Information regarding methodological quality was used
to guide sensitivity analyses and explore sources of
heterogeneity.

We applied the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) approach in
order to grade the strength of the evidence for our pri-
mary outcome [22]. Two reviewers (M.L., R.Z.) evaluated
the strength of the body of evidence individually with dis-
crepancies resolved through consensus. Assessment do-
mains include risk of bias, inconsistency, indirectness,
imprecision, and other factors. The strength of evidence is
classified as “high,” “moderate,” “low,” or “very low.”

Measures of treatment effect

We analyzed data from included trials using Review
Manager (RevMan version 5.3.5, The Nordic Cochrane
Centre, The Cochrane Collaboration, Copenhagen,
Denmark). We expressed pooled continuous data as
mean differences with 95% confidence intervals. Pooled
dichotomous data were presented as risk ratios with 95%
confidence intervals. We used random-effects models
for all analyses. We quantified statistical heterogeneity of
the data using the I-squared test with 95% uncertainty
intervals [23]. Trial outcomes and summary effect mea-
sures were reported based on intention-to-treat data.
Publication bias could not be statistically assessed due to
the low number of included trials. All tests of statistical
inference reflect a two-sided a of 0.05.

Subgroup analysis

A priori specified subgroup analyses for our primary out-
come of mortality included cardiac surgical vs. general
ICU patients (population), duration of study therapy
(timing), and non-invasive ventilation vs. standard oxygen
therapy (comparator) (Additional file 1). Post hoc
subgroup analyses included the iterative exclusion of each
individual trial to evaluate for individual study effects.

Trial sequential analysis

Many rigorous meta-analyses lack the statistical power
to estimate intervention effects, and the spurious rejec-
tion of a true null hypothesis (type I error) or acceptance
of a false null hypothesis (type II error) can lead to in-
correct conclusions regarding intervention effects [24].
Trial sequential analysis is a frequentist method to con-
trol type I and type II errors in meta-analyses that calcu-
lates a required information size and clarifies whether
additional trials are required [25]. In response to re-
viewer recommendations, we performed a post hoc trial
sequential analysis for the primary outcome mortality.

Results
Of the 3209 citations identified from electronic and
hand-searches, we included seven unique trial reports
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[26-31] (plus two companion publications [32, 33]) that
enrolled 1771 patients (range 40 to 830) (Table 1; Fig. 1).
Publication year ranged from 2014 to 2016. The mean
age of enrolled patients in individual trials ranged from
49 to 75 years. The majority of participants were men
(62 and 65%, high-flow nasal oxygen and comparators,
respectively). Of the seven included trials four were mul-
ticenter [26—29]. Five trials were conducted in European
centers in France, Belgium, and Germany [26-29, 31],
one in New Zealand [34], and one in Thailand [30]. All
trials were designed as parallel group randomized con-
trolled trials with 1 designed as a non-inferiority trial
[27]. All trials were published in English-language jour-
nals. All trials were classified as having an overall high
risk of bias due to lack of blinding of patients and
personnel (Fig. 2). Settings included mixed medical sur-
gical ICUs [26, 28, 29, 31], cardiac surgical ICUs [27],
and emergency departments [30, 34]. The etiology of
acute respiratory failure was heterogeneously reported.
The comparator in four trials was standard oxygen via
nasal prongs or facemask [28-30, 34], non-invasive ven-
tilation in two trials [27, 31], and both standard oxygen
and non-invasive ventilation arms in one trial [26]. Oxy-
gen dose, flow rate, and level of pressure support were
variably reported. Therapeutic indications ranged from
mild to severe hypoxemic respiratory failure. Indications
for study therapy were heterogeneous and included pre-
oxygenation for hypoxemic patients requiring emergent
endotracheal intubation (duration =4 min) [28], oxygen
support during bronchoscopy in hypoxemic patients in
the ICU (duration ~ 65 min) [31], and oxygen support
during admission for hypoxemia in the emergency de-
partment [30, 34] or ICU [26, 27, 29, 35] (duration from
1 h up to resolution of hypoxemia or failure of therapy)

Table 1 Characteristics of included trials
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(Table 1). Based on stated patient population, interven-
tion arms, or study design, we excluded 2011 citations
after title and abstract screening. We excluded two trials
after full-text screening due to absence of outcomes of
interest [35] and inappropriate study design (cross-over)
[13]. While publication bias could not be statistically
assessed due to the number of published trials, there
were no completed but unpublished trials in the World
Health Organization’s Clinical Trial Registry Platform.

Primary outcome

High-flow oxygen via nasal cannula compared to standard
oxygen or non-invasive ventilation was not associated
with differential rates of mortality (RR 1.01 (95% CI, 0.69—
1.48; P = 63%; 1629 patients; five trials)) [26-28, 31, 34]
(Fig. 3). We graded the overall strength of the evidence for
a mortality effect as very low (Additional file 4).

Subgroup analysis

In patients randomized to receive oxygen support via
high-flow nasal cannulae versus non-invasive ventilation,
the risk ratio for death was 1.02 (95% CI, 0.53—-1.96; I? =
69%; 1034 patients; 3 trials) [26, 27, 31]. In patients
randomized to receive oxygen via high-flow nasal can-
nula versus standard oxygen therapy, the risk ratio for
death was 0.94 (95% CI, 0.63-1.39; I* = 36%; 595 pa-
tients; 3 trials) [26, 28, 34] (Additional file 5). For other
a priori specified subgroup analyses including study
population, treatment location, and treatment protocol
duration, high-flow oxygen was not associated with
significant differences in mortality (Additional file 5). In
a post hoc subgroup analysis, no significant mortality
difference was found when excluding the single non-
inferiority trial [27].

Trial Total (n), Setting Severity of Intervention Control Protocol Longest
HFNC/control iliness score protocol protocol duration follow-up

Frat 2015 [26] 106/207 Medical and ~ SAPS Il; HFNC 25 + 9, HFNC Standard oxygen Recovery or 90 days
surgical ICU standard 24 + 9, NIV 27 + 9 arm and NIV arm intubation

Jones 2016 [34] 172/150 Emergency NR HFENC standard oxygen Recovery or 90 days
Department admission

Lemiale 2015 [29] 53/49 Immuno- SAPS II; HFNC 42 (29.5-52), HFNC Standard oxygen 120 min ICU stay
compromised control 37.5 (31.5-46.5) venturi mask
ICU

Rittayamai 2015 [30] 20/20 Emergency NR HFENC Standard ED stay 60 min
department oxygen

Simon 2014 [31] 20/20 Medical and ~ SAPS Il; HFNC 43 + 13, HENC NIV 15 min pre-, 50 min 28 days
surgical ICU  control 46 + 10 post-bronchoscopy

Stephan 2015 [27]  414/416 Post-cardiac  SAPS IIl; HFNC 29 (27.8-30.1), HFNC NIV NR ICU stay
surgery ICU  control 28.8 (27.7-30.0)

Vourc'h 2015 [28] 63/61 Medical and  SAPS Il HFNC 54.5 + 20.2, HFNC Face mask 4 min + 28 days
surgical ICU  control 51.3 + 165

HFNC high-flow nasal cannulae, NR not reported, ICU intensive care unit, ED emergency department, NIV non-invasive ventilation, SAPS Simplified Acute

Physiology Score
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Records identified through database
searching and other sources
(n=3209)

Duplicate records excluded

y

(n=1187)

Unique records screened for eligibility
(n=2022)

Screened records excluded

A 4

v

(n=2011)

Full text articles assessed for eligibility
(n=11)

Full-text articles excluded (n=2):

A4

Studies included in review
(n=7 primary)
(n=2 companion)

Fig. 1 PRISMA flow diagram

A 4

Inappropriate study design (n=1)
No outcomes of interest (n=1)

Secondary outcomes

Dyspnea

Reported measures of dyspnea varied in scale and
timing, limiting conclusive meta-analysis. In a trial of
ICU patients with acute hypoxemia, high-flow oxygen
via nasal cannulae was associated with significantly
improved dyspnea after 1 h of therapy compared to
non-invasive ventilation or standard oxygen (percent
improvement 75.6% vs. 58.3% vs. 41.9% respectively,
p<0.001) [26]. In a trial of ED patients with acute
hypoxemia, high-flow oxygen via nasal cannulae was
also associated with significantly improved dyspnea at
1 h as compared to standard oxygen therapy (dyspnea
score mean+ SD, 2.0+ 1.8 high-flow nasal cannulae
vs. 3.8 2.3 standard oxygen; p=0.01) [30]. In a trial
of immunosuppressed ICU patients with hypoxemic
respiratory failure, a significant difference in dyspnea
grade at 120 min was not observed (median 3, IQR 2
to 6, high-flow nasal cannulae vs. 3, 1 to 6, standard
oxygen) [29]. In a non-inferiority trial of post-cardiac
surgical ICU patients with acute hypoxemic respira-
tory failure, there were no significant differences in
dyspnea scores for patients receiving high-flow oxygen
via nasal cannulae vs. non-invasive ventilation on ser-
ial assessments over the first 3 days of therapy [27].

Patient tolerance

High-flow oxygen via nasal cannulae were associated
with significantly improved self-reported patient com-
fort after 60 min of therapy in two trials of ICU and
ED patients (SMD -0.63, 95% CI - 1.11 to - 0.15, I
=54%, 126 patients, 2 trials) [26, 30]. Not all trials,

however, reported enhanced patient tolerability of
high-flow oxygen via nasal cannulae. In a trial of im-
munosuppressed ICU patients, a significant difference
in patient-reported discomfort after 120 min of ther-
apy was not observed (median, IQR 3, 1-5 high-flow
nasal cannulae vs. 3, 0-5 standard oxygen) [29].
Likewise, a non-inferiority trial of cardiac surgical
ICU patients with hypoxemic respiratory failure
found no significant differences in patient-reported
tolerability with high-flow oxygen via nasal cannulae
compared to non-invasive ventilation over the first
3 days of therapy [27].

Physiologic variables

The pooled PaO,:FiO, ratio at 6 to 12 h was signifi-
cantly lower in two trials of ICU patients receiving
oxygen via high-flow nasal cannulae compared to non-
invasive ventilation or standard oxygen for hypoxemic
respiratory failure (MD -53.34, 95% CI -71.95 to -
34.72, > =61%, 1143 patients) [26, 27]. The baseline
PaO,:FiO, ratios were similar in both groups. Simi-
larly, in a trial of ICU patients with hypoxemic respira-
tory failure undergoing bronchoscopy, a lower mean
PaO,:FiO, ratio in patients randomized to high-flow
oxygen via nasal cannulae compared to non-invasive
ventilation in the immediate pre- and 50-min post-
bronchoscopy period was observed [31]; however, this
difference was non-significant at 24 h post-
bronchoscopy [31]. Pooled mean differences in pH and
PaCO, were non-significant after 6 to 12 h of study
therapy in two published trials [26, 27].
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Frat 2015

Jones 2016

Lemiale 2015

Rittayamai 2015

Simaon 2014
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Stephan 2015
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Fig. 2 Risk of bias summary

Safety outcomes

High-flow oxygen via nasal cannulae was not associated
with differential rates of endotracheal intubation and
mechanical ventilation when compared to non-invasive
ventilation or standard oxygen therapy (risk ratio, 0.85;
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95% CI, 0.70—-1.04; > = 0%, 1605 patients; 5 trials) [26, 27,
29, 31, 34]. High-flow oxygen via nasal cannulae was not
associated with statistically significant differential rates of
cardio-respiratory arrest compared to non-invasive venti-
lation or standard oxygen therapy (risk ratio, 0.65; 95% CI,
0.26-1.62; 12 = 0%, 759 patients; 3 trials) [26, 28, 34]. The
incidence, severity and duration of delirium and skin
breakdown were infrequently reported (Table 2).

Trial sequential analysis

Trial sequential analysis was performed for mortality
based on a relative risk reduction (RRR) of 0.26, a type I
error of 0.05 and a type II error of 0.8. Using a random-
effects model, accounting for heterogeneity (I* = 64%) in
our sample, the required information size for the out-
come of mortality was not reached (n=6428). The
boundaries for benefit, harm, or futility were not reached
(Additional file 6).

Discussion

In our systematic review of critically ill patients with hyp-
oxemic respiratory failure, oxygen therapy via high-flow
nasal cannulae compared with non-invasive ventilation or
standard oxygen was not associated with a significant dif-
ference in mortality. The effects on patient-reported dys-
pnea and patient tolerability were inconsistent. High-flow
oxygen via nasal cannulae may be associated with reduced
Pa0O,:FiO, ratios. Compared to non-invasive ventilation or
standard oxygen therapy, we found no difference in the
rates of endotracheal intubation and cardio-respiratory ar-
rest in patients receiving high-flow oxygen via nasal
cannulae.

The absence of a mortality difference in patients re-
ceiving high-flow oxygen via nasal cannulae may reflect
the inclusion of patients with mild to severe hypoxemic
respiratory failure across a range of severity of illness
scores; both within and between included trials. The
dose and duration of study interventions were similarly
variable with two trials applying the intervention for less
than 2 h [28, 31]. The pooled estimate for mortality,
however, remained non-significant when the effect of

High-Flow Nasal Cannula Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI

Frat 2015 13 106 53 207 19.1% 0.48 [0.27, 0.84] e

Yourcth 2015 22 63 24 6l 22.0% 0.89[0.56, 1.40] —

Stephan 2015 28 414 232 416 19.8% 1.22[0.72, 2.09] —

Jones 2016 35 172 24 150 21.7% 1.27 [0.79, 2.04] 1T

Simon 2014 12 20 g 20 17.4% 1.63 [0.87, 3.04] -+T—

Total (95% CI) 775 854 100.0% 1.01 [0.69, 1.48]

Total events 111 132

i 22 0.12; Chi? = =4 = = : : : ' ' |
?etfrfogenenv.”Teflfu t-20_12CI g;n . _18;:, df = 4 (P = 0.03); | 63% N1 o3 G T 3 & 0
est for overall effect: 2 = 0.05 (P = 0.96) Favours HFNC Favours Control
Fig. 3 Mortality: high-flow oxygen via nasal cannulae vs. non-invasive ventilation or standard oxygen therapy. Boxes and horizontal lines represent
point estimates and 95% confidence intervals, varying in size according to the weight in the analysis
J
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Table 2 Secondary and safety outcome measures

Outcome or subgroup Participants Effect estimate 2 (uCly

Studies Intervention Control (95% CI)

Patient tolerance [26, 30] 2 n=126 n =227 SMD —-0.63 54%
(=1.11,-0.15)

Intubation [26, 27, 29, 31, 34] 5 113/764 176/841 RR 0.85 0% (0%, 74%)
(0.70, 1.04)

Cardio-respiratory arrest [26-28, 34] 3 5/341 13/207 RR 0.65 0%
(0.26, 1.62) (0%, 87%)

Pa0,:FiO3 [26, 27] 2 n =520 n=0623 MD —53.34 61%
(—=71.95,-34.72)

pH® [26, 27] 2 n =520 n=0623 MD 0.01 (0.00, 0.01) 36%

PaCQs [26, 271 2 n =520 n =623 MD —0.66 67%
(—=147,0.16)

HFNC high-flow nasal cannulae, I I-squared, UCI uncertainty intervals
Rating at 6-12 h post-randomization

these short duration interventions was removed during
subgroup analysis. The strength of evidence for our pri-
mary mortality outcome was classified as very low using
the GRADE framework due to the inclusion of small
pilot trials with a lack of biological plausibility of a
mortality effect from such short duration interventions
[28, 31] (range 4—120 min). None of the included trials
were individually designed or powered to detect mortal-
ity as a primary outcome. A post hoc trial sequential
analysis revealed that the required information size for
the primary outcome mortality was not reached, suggest-
ing that ongoing equipoise exists regarding a differential
effect of HFNC on mortality.

While dyspnea and patient tolerability reflect clinic-
ally important patient-centered secondary outcomes,
heterogeneity in the measurement and reporting or
these outcomes precluded meta-analysis. Standardized,
validated scales of dyspnea and comfort would, how-
ever, facilitate comparative evaluations and knowledge
synthesis of future research. Detecting an association
between high-flow oxygen via nasal cannulae and
lower PaO,:FiO, ratios was unanticipated. In the indi-
vidual trials from which PaO,:FiO, outcomes were
abstracted high-flow nasal cannulae were associated
with either a mortality benefit [26] or non-inferiority
[27]. While commonly used to characterize the sever-
ity of ARDS [36], the ARDSnet investigators found
that reductions in the PaO,:FiO, ratio were inversely
associated with mortality [37], and so, the predictive
utility of this commonly reported surrogate outcome
is questioned. Further, in the trials reporting PaO,:-
FiO, ratio, FiO, was estimated based on device set-
tings in the majority of patients but calculated based
on oxygen flow rate in others. Predictive methods of
FiO, estimation may be insensitive to variation in ac-
tual FiO, delivered based on device used, nasal prong
or mask interface and patient technique.

Due to rare events and under-reporting, differential
safety outcomes may not have been fully captured by the
included trials. While the pooled effect for high-flow
oxygen on the incidence of cardio-respiratory arrest,
skin breakdown and delirium failed to reach statistical
significance, these clinically relevant outcomes were
sparsely reported. Given that both non-invasive ventila-
tion and high-flow oxygen via nasal cannulae have the
potential to mask an underlying deterioration in oxygen-
ation until a patient is in extremis, robust reporting of
potential adverse clinical events is essential to evaluate
efficacy in the context of potential harm [38, 39].

Although not part of our a priori established system-
atic review protocol, we observed that no trials
presented cost-effectiveness or cost-utility analyses of
high-flow oxygen. In one trial that reported a resource
intensity variable (number of nursing interventions
related to the study intervention) [27], high-flow oxygen
was not associated with a differential nursing workload
compared to non-invasive ventilation. When considering
the role of high-flow nasal cannulae compared to other
therapies, an economic evaluation would contribute
valuable information to clinicians, healthcare resource
managers, and funding agencies as the incremental cost-
effectiveness for the provision of standard oxygen, non-
invasive ventilation, and high-flow nasal cannulae would
be expected to vary.

Our systemic review builds on and is an important re-
finement of four recently published systematic reviews
evaluating high-flow oxygen therapy in heterogeneous
groups of patients with respiratory failure or at risk for
respiratory failure [40-43]. In contrast, our review in-
cluded only trials where high-flow oxygen was used to
treat established hypoxemic respiratory failure in critical
illness. This distinction is important as the potential ef-
fect of high-flow oxygen therapy via nasal cannulae to
prevent intubation in those at risk of respiratory failure
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may be entirely different from the potential effect of
high-flow oxygen therapy as a treatment modality for
patients with established hypoxemic respiratory failure.
We restricted our sample to the inclusion of parallel
group intervention trials whereas previously published
reviews also included cross-over trials with added poten-
tial bias from carry-over effects. While none of the pub-
lished reviews found a mortality benefit of high-flow
oxygen via nasal cannulae, two found that high-flow
oxygen via nasal cannulae was associated with lower in-
tubation rates than conventional oxygen therapy [42, 43]
while another found no difference in intubation rates
[41]. This heterogeneity in summary effect measures
highlights the sensitivity of meta-analysis to variable in-
clusion criteria and further supports the importance of
precisely matching the clinical question with inclusion/
exclusion criteria and study design. Our analysis further
includes an evaluation of patient-oriented outcomes and
clinically important safety variables.

Strengths of our systematic review and meta-analysis in-
clude the formulation of a focused question pertaining to
a novel technology increasing in use; targeting clinically
important efficacy and safety outcomes to inform best
practice; implementation of a comprehensive, peer-
reviewed search strategy with no language restriction; and
appraisal of internal validity as well as the strength of the
evidence using the Cochrane Risk of Bias Tool and
GRADE methodology. As all meta-analyzed data were ex-
tracted from trials published within the last 3 years, the
relevance and generalizability of our findings to current
practice is high. We used extensive subgroup and sensitiv-
ity analyses to explore sources and the impact of variable
treatment indications and duration. We also performed a
trial sequential analysis that supported that a conclusion
of no differential mortality effect between high-flow oxy-
gen via nasal cannulae, and comparators may represent a
type II error. Limitations of our study include low num-
bers of included trials, a high proportion of included trials
at high risk of bias due to the lack of blinding, residual
clinical heterogeneity relating to the indication for oxygen
support, the duration of the interventions, and duration of
follow-up. Small sample sizes of included trials, under
powered for important outcomes is another limitation that
we addressed through the use of trial sequential analysis.
Incomplete reporting of safety measures may also have
limited our ability to fully evaluate the safety of high-flow
oxygen via nasal cannulae. There were too few published
studies to statistically evaluate the presence or impact of
publication bias.

Conclusions

In critically ill adults with acute hypoxemic respiratory
failure, high-flow oxygen via nasal cannula was not
shown to be associated with significant differences in
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mortality, endotracheal intubation, or cardio-respiratory
arrest compared to non-invasive ventilation or standard
oxygen therapy. These conclusions should be interpreted
in the context of residual heterogeneity between patient
populations and the application of the high-flow oxygen
among included trials. Potential benefits, including dys-
pnea and tolerance, in addition to safety outcomes and
economic considerations require further evaluation.
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