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Abstract

Background: Although non-invasive respiratory management strategies have been implemented to avoid intuba-
tion, patients with de novo acute hypoxaemic respiratory failure (AHRF) are high risk of treatment failure. In the previ-
ous meta-analyses, the effect of non-invasive ventilation was not evaluated according to ventilation modes in those
patients. Furthermore, no meta-analyses comparing non-invasive respiratory management strategies with invasive
mechanical ventilation (IMV) have been reported. We performed a network meta-analysis to compare the efficacy

of non-invasive ventilation according to ventilation modes with high-flow nasal oxygen (HFNO), standard oxygen
therapy (SOT), and IMV in adult patients with AHRF.

Methods: The Cochrane Central Register of Controlled Trials, MEDLINE, EMBASE, and Ichushi databases were
searched. Studies including adults with AHRF and randomized controlled trials (RCTs) comparing two different
respiratory management strategies (continuous positive airway pressure (CPAP), pressure support ventilation (PSV),
HFNO, SOT, or IMV) were reviewed.

Results: We included 25 RCTs (3,302 participants: 27 comparisons). Using SOT as the reference, CPAP (risk ratio [RR]
0.55; 95% confidence interval [Cl] 0.31-0.95; very low certainty) was associated significantly with a lower risk of mortal-
ity. Compared with SOT, PSV (RR 0.81; 95% Cl 0.62-1.06; low certainty) and HFNO (RR 0.90; 95% Cl 0.65-1.25; very low
certainty) were not associated with a significantly lower risk of mortality. Compared with IMV, no non-invasive respira-
tory management was associated with a significantly lower risk of mortality, although all certainties of evidence were
very low. The probability of being best in reducing short-term mortality among all possible interventions was higher
for CPAP, followed by PSV and HFNO; IMV and SOT were tied for the worst (surface under the cumulative ranking curve
value: 93.2,65.0,44.1,23.9, and 23.9, respectively).

Conclusions: When performing non-invasive ventilation among patients with de novo AHRF, it is important to avoid
excessive tidal volume and lung injury. Although pressure support is needed for some of these patients, it should be
applied with caution because this may lead to excessive tidal volume and lung injury.
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Background

Acute hypoxaemic respiratory failure (AHRF) is the most
common cause of intensive care unit (ICU) admission
among adult patients, with a hospital mortality rate of
approximately 30% [1]. Non-invasive respiratory man-
agement has been investigated widely among patients
with AHRF. Non-invasive ventilation is recommended to
reduce the risk of endotracheal intubation and mortal-
ity in patients with AHREF, especially due to cardiopul-
monary oedema [2]. Compared with standard oxygen
therapy (SOT), high-flow nasal oxygen (HFNO) is also a
preferable option for patients with AHRF [3].

While non-invasive ventilation has been reported to
be used in 15% of patients with acute respiratory distress
syndrome (ARDS), it may be associated with higher ICU
mortality, especially in patients with severe hypoxaemia
[4]. A definite diagnosis of ARDS [5] may be difficult or
impossible before the implementation of respiratory
management strategies, because the precise measure-
ment of the actual inspired fraction of oxygen may be
unavailable and the positive end-expiratory pressure
(PEEP) not used. Furthermore, when implementing non-
invasive respiratory management strategies in patients
with AHRF, we need to consider the cause of the res-
piratory failure, especially whether it was an established
disease for efficacy of non-invasive ventilation includ-
ing cardiopulmonary oedema or not. De novo AHRF
refers to AHRF that occurs without any prior chronic
respiratory diseases [6]. Most patients in this category
have pneumonia or ARDS with neither heart failure nor
chronic obstructive pulmonary disease (COPD). Non-
invasive ventilation is not recommended in patients with
de novo AHRF [6], and the efficacy of the HFNO has not
been consistent among these patients [7, 8].

Excessive tidal volume has been reported to be asso-
ciated with treatment failure in patients with AHRF [9],
and treatment failure has been shown to increase hos-
pital mortality [4]. Although pressure support is needed
for hypercapnic respiratory failure, the role of pressure
support is unclear in patients with de novo AHRF. Fur-
thermore, there may the possibility of increasing tidal
volume and lung injury. A systematic review and net-
work meta-analysis (NMA) was performed recently to
evaluate the efficacy of non-invasive respiratory man-
agement strategies in adult patients with AHRF, com-
pared with SOT [10]. This NMA divided non-invasive
ventilation into two categories: those using a face mask

and those using a helmet interface, and showed that
helmet non-invasive ventilation was the most effective
method to reduce the risk of all-cause mortality and
endotracheal intubation. Moreover, continuous posi-
tive airway pressure (CPAP) was used as a non-invasive
ventilation mode along with helmet non-invasive ven-
tilation in most randomized controlled trials (RCTs)
included in this NMA. However, no meta-analyses
have evaluated the efficacy of non-invasive ventilation
according ventilation mode among patients with AHRF.
Furthermore, in the previous NMA, non-invasive res-
piratory management strategies were not compared
with invasive mechanical ventilation (IMV). Although
non-invasive respiratory management strategies have
been used to avoid complications of IMV and improve
clinical outcomes, few meta-analyses comparing non-
invasive respiratory management strategies with IMV
have been reported.

When performing non-invasive ventilation in patients
with AHRF, both PEEP and pressure support are
expected to improve oxygenation. However, tidal recruit-
ment provided by pressure support may contribute to
not only oxygenation improvement but also lung injury.
In this study, we hypothesized that CPAP was the most
effective strategy for reducing mortality and endotracheal
intubation in patients with de novo AHRF. We performed
an NMA to compare the efficacy of non-invasive venti-
lation according to the ventilation modes with HFNO,
SOT, and IMV in adult patients with AHRF.

Methods

Protocol and registration

This systematic review was designed according to the
Preferred Reporting Items for Systematic review and
Meta-Analyses extension statement for reviews incor-
porating network meta-analyses (details shown in
Additional file 1: Table S1) [11], and the protocol was reg-
istered at protocols.io (Protocol integer ID 49,375) [12].

Eligibility criteria

Type of studies

We included all the RCTs reported in the publica-
tion status (published, unpublished, and academic
abstracts). Randomized crossover, cluster-randomized,
or quasi-experimental trials were excluded.
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Type of participants

This review included adults (age>18 years) with
AHRE, defined by any of the following criteria: new
onset (<7 days) of clinical signs (e.g. tachypnoea,
increased work of breathing); radiologic signs (unilat-
eral or bilateral chest X-ray opacities); and hypoxae-
mia. Hypoxaemia was defined as the ratio of arterial
oxygen partial pressure to fractional inspired oxygen
(P/F ratio) below 300 cmH,O, arterial or percutane-
ous oxygen saturation<94% in room air, or partial
pressure of arterial oxygen<60 mmHg in room air
or<80 mmHg with oxygen. The current meta-anal-
ysis excluded studies in which more than half of the
patients in whom there was the presence of cardiopul-
monary oedema, acute exacerbation of COPD or acute
exacerbation of asthma, hypercapnia (e.g. >50 mmHg),
post-extubation respiratory failure, post-surgical sta-
tus, trauma, do-not-resuscitate orders, or limited
intervention in the emergency department or pre-
hospital care. The rationale for excluding studies that
had a primary enrolment of these patients was based
on the established efficacy of non-invasive ventilation
[6, 13], the possibility of increasing non-pulmonary
causes (e.g. airway problem, atelectasis due to pain or
surgical procedures, and chest wall instability), and
uncertain effects due to limited resources.

Types of interventions and comparators
We included RCTs that compared at least two of the
following five methods:

1. SOT: Low-flow nasal cannula, face mask, and venturi
mask (with no limit on the flow rate).

2. CPAP: CPAP was used as an initial non-invasive ven-
tilation mode. The type of interface, duration of ven-
tilation, management during the non-invasive ven-
tilation interval, and methods of weaning were not
limited.

3. PSV: Pressure support ventilation (PSV), pressure
control ventilation, bi-level positive airway pressure,
or spontaneous/timed were used initial non-invasive
ventilation modes. The type of interface, duration
of ventilation, management during the non-invasive
ventilation interval, and methods of weaning were
not limited.

4. HENO: The flow rates and fractions of inspired oxy-
gen were not limited.

5. IMV: Mechanical ventilation via endotracheal intu-
bation not tracheostomy with or without a lung-pro-
tective strategy.
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Type of outcomes

The primary outcomes were short-term mortality
measured at the longest time point reported in the fol-
low-up period (< 100 days), ICU discharge, and hospital
discharge. The secondary outcome was the incidence of
intubation during the ICU stay.

Information sources

We searched the following databases for eligible tri-
als: The Cochrane Central Register of Controlled Tri-
als; MEDLINE via PubMed; EMBASE; and Ichushi, a
database of Japanese research papers. Using a manual
search, we also included studies and all systematic
reviews on clinical questions about non-invasive res-
piratory management strategies in the Japanese ARDS
Clinical Practice guideline.

Search

We used the terms ‘ARDS) ‘adult respiratory distress
syndrome, ‘respiratory failure, or ‘acute lung injury’
AND ‘non-invasive ventilation, ‘NIV; ‘oxygen therapy,
‘HENO; or ‘high-flow therapy’ in searches performed in
June 2020 (details in Additional file 1: Table S2). A liter-
ature search was also performed from the inception of
the database up to May 30, 2021. Search terms included
‘pediatric’ or ‘neonate’ and we included articles written
only in English and Japanese, because the systematic
review was performed originally for clinical questions
in the Japanese ARDS Clinical Practice guideline for
adults and pediatrics. During the screening process, we
excluded studies with pediatric patients.

Study selection

Two of the five physicians (HO, TM, SH, SK, and MS)
screened the title and abstract or the full text for rel-
evant studies during the first and second screenings,
respectively, and extracted data from the included stud-
ies into standardized data forms, independently. Disa-
greements, if any, were resolved through discussions
with one of five physicians who did not screen that
particular study; the original authors were contacted
for clarification, as required. For abstract-only studies
that could not be evaluated for eligibility based on our
review criteria, we attempted to contact the authors.
Discrepancies between two reviewers were resolved
through mutual discussions or discussions with a third
reviewer, as needed.

Data collection process

After identifying studies in the second screening,
data were extracted from each study by the review-
ers (HO, TM, SH, SK, and MS) using two tools: the
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Cochrane Data Collection Form (RCTs only) [14] and
Review Manager software (RevMan version 5.4.1, The
Cochrane Collaboration, 2020) [15]. For cases with
unknown data, the authors were contacted.

Data items
We extracted the following study characteristics:

1. Methods: study design, total study duration, number
and locations of study centres, study setting, with-
drawals, date of study initiation, and funding sources.

2. Participants: number, mean age, age range, sex,
severity of condition, diagnostic criteria, and inclu-
sion/exclusion criteria.

3. Interventions: treatment approaches and comparison
methods.

4. Outcomes: primary and secondary outcomes that
were specified and collected and the timepoints
reported.

Geometry of the network

Network plots were constructed to determine the num-
ber of studies and patients included in this meta-analysis.
We demonstrated the network geometry that presented
the nodes as interventions and each head-to-head direct
comparison as lines connecting these nodes. The size of
the nodes was proportional to the number of participants
in each node. The thickness of the connecting line was
proportional to the number of randomized clinical trials
in each comparison.

Risk of bias within individual studies

The risk of bias of outcomes in the included studies was
assessed independently by two of the five authors (HO,
TM, SH, SK, and MS) using a modified version of the
Cochrane ‘Risk of Bias’ instrument [16]. They assessed
the overall risk of bias as the worst in any of the follow-
ing domains: from the randomisation process, devia-
tions from intended interventions, missing outcome
data, measurement of the outcomes, and selection of the
reported results. The risk of each bias was graded as ‘low
risk of bias, ‘some concerns, or ‘high risk of bias. Dis-
crepancies between two reviewers were resolved through
discussion among themselves or with a third reviewer, as
necessary.

Planned methods of analyses

Direct comparison meta-analysis

A pair-wise meta-analysis was performed using Rev-
Man 5.3 (RevMan 2014) [15]. Forest plots were used for
the meta-analysis, and the effect size was expressed as
risk ratio (RRs) with 95% confidence intervals (Cls) for
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the categorical data. The outcome measures were pooled
using a random-effects model for the measure of study-
specific effects. For all the analyses, a two-sided P <0.05
was considered to be statistically significant.

Network comparison meta-analysis

Data synthesis An NMA was performed using a fre-
quentist approach with multivariate random-effects
meta-analysis with the mvmeta command in Stata 15.1
(StataCorp LLC, College Station, TX, USA).

The network meta command allowed us to fit con-
sistency models and estimate network RRs for each
treatment strategy based on both direct and indirect
comparisons [17]. We constructed forest plots of the RRs
with 95% Cls for each treatment strategy in the network.

Ranking Ranking plots (rankograms) were constructed
based on the probability that a given treatment had the
highest event rate for each outcome. The surface under
the cumulative ranking curve (SUCRA), which is a simple
transformation of the mean rank, was used to determine
the treatment hierarchy [18]. Higher values of the SUCRA
statistic, which range from 0 to 100%, increase the likeli-
hood that a therapy is ranked among the best in an NMA
[19].

Assessment of inconsistency
Study heterogeneity among trials for each outcome was
assessed by inspecting the forest plots visually and using
the I? statistic to quantify any inconsistencies [20]. Publi-
cation bias was assessed visually using a funnel plot [19].
Coherence in NMA referred to consistency in the esti-
mates of treatment effects between direct and indirect
comparisons [21]. For each pair-wise comparison, we
assessed the coherence using a node-splitting method
[22]. We also examined coherence globally across the
network using the Wald Chi-square test, obtained by fit-
ting the inconsistency model [17].

Grades of Recommendation, Assessment, Development
and Evaluation Working Group (GRADE) assessments

of the certainty of evidence for each network comparison
To assess the certainty of evidence for direct compari-
sons, we used a standard GRADE methodology [23-25].
We rated down for risk of bias, indirectness, inconsist-
ency, and publication bias but did not rate down for
imprecision because this occurred at a later step [26,
27]. For indirect comparisons, we started with the lowest
certainty of evidence for the contributing direct compar-
isons and then rated down if there was substantial intran-
sitivity. The transitivity assumption underlying the NMA
was evaluated by comparing the distribution of clini-
cal and methodological variables that could act as effect
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modifiers across treatment comparisons. We assessed
the certainty in each network comparison considering
the highest certainty of evidence between the direct and
indirect evidence [28]; the network estimate was rated
subsequently taking into account the imprecision and
incoherence [29, 30].

Additional analysis

A pre-planned sensitivity analysis, which excluded stud-
ies using a helmet interface, was performed to assess the
robustness of the findings. In addition, we performed
post hoc sensitivity analyses to explore the sources of sig-
nificant incoherence that were present for the primary
outcome. The post hoc sensitivity analyses were per-
formed as follows: according to oxygenation (mean P/F
ratio>150 or<150) and immunocompromised status;
excluding studies that enrolled any patients with COPD
or cardiopulmonary oedema and studies with high risk of
bias; and including studies that reported short-term mor-
tality within 30 days and studies published after 2000.

Results

Study selection

The search strategy identified 14,263 records, including
25 RCTs (3302 participants; range 30—776 participants)
that were eligible for inclusion (Fig. 1).

Presentation of network structure and summary

of network geometry

The included trials evaluated five different interventions,
and these included five of 10 potential head-to-head
comparisons for short-term mortality as well as four dif-
ferent interventions and four of six potential head-to-
head comparisons for intubation. Specifically, nine trials
compared PSV with SOT [31-39], five trials compared
CPAP with SOT [40-44], five trials compared HFNO
with SOT [8, 45-48], three trials compared PSV with
IMV [49-51], and two trials compared PSV with HENO
[52, 53] (Table 1; Fig. 2). In addition, a three-group study
directly compared PSV with HFNO and SOT [7]. No
studies compared CPAP or HFNO with IMV. There were
27 comparisons in 25 RCTs.

Study characteristics and risk of bias assessment

The participants, interventions, comparisons, out-
comes, and cohort characteristics of the included trials
are shown in Table 1 and Additional file 1: Table S3. The
mean age at randomisation ranged from 46 to 73 years,
the mean P/F ratio was predominantly <200 (16 trials
[64.0%]) [7, 8, 32, 34, 35, 38, 40, 41, 44, 45, 47, 49-53],
and the mean partial pressure of arterial carbon dioxide
(PaCO,) was>50 mmHg in one trial (4.0%) [41]. Nine
trials (36.0%) included immunocompromised patients
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[8, 34, 36-38, 43—-45, 48]. Community-acquired pneu-
monia was the most common cause of AHRF in 14 trials
(56.0%) [7, 8, 31, 32, 34—36, 38-40, 42, 44, 47, 50]. Hel-
met interfaces were used in three of five trials comparing
CPAP with SOT [42-44] and in a trial comparing PSV
with HENO [53]. In two of three trials comparing PSV
with IMV [49, 50], target tidal volume was set at 8 ml/kg
(of the predicted body weight) or more for mechanically
ventilated patients.

Non-invasive respiratory management strategies and risk
of short-term mortality

Twenty-three trials (3169 patients) were included in the
short-term mortality analysis. The pair-wise compari-
sons are shown in Additional file 1: Figure S1. The risk
of bias was determined to be high for the outcome of
mortality in six (26.1%) trials (Additional file 1: Table S4).
We did not rate down due to publication bias (the fun-
nel plot shown in Additional file 1: Figure S2); however,
we assessed that the risk of bias was substantial between
CPAP and SOT and; therefore, rated down. We also rated
down considering inconsistencies in the direct compari-
sons of CPAP versus SOT, PSV versus IMV, and PSV
versus HFNO (Additional file 1: Table S5). Incoherence
between the direct and indirect RRs was observed for the
comparisons of HENO versus SOT, PSV versus SOT, and
PSV versus HENO. We also identified a significant global
incoherence across the network.

Using SOT as the reference, CPAP (RR 0.55 [95% CI
0.31-0.95]; risk difference [RD]—0.14 [95% CI—0.21
to —0.02]; very low certainty) was associated significantly
with a lower risk of mortality (Fig. 3). Compared with
SOT, PSV (RR 0.81 [95% CI 0.62-1.06]; RD, —0.06 [95%
CI—0.11 to 0.02]; low certainty) and HENO (RR, 0.90
[95% CI 0.65-1.25]; RD —0.03 [95% CI—0.11 to 0.08];
very low certainty) were not associated with a statistically
significant lower risk of mortality.

Compared with IMV, CPAP (RR 0.51 [95% CI 0.22—
1.15]; RD—0.15 [95% CI—0.23 to 0.05]; very low cer-
tainty), PSV (RR 0.75 [95% CI 0.43-1.30]; RD —0.08
[95% CI—0.17 to 0.09]; very low certainty), and HFNO
(RR 0.83 [95% CI 0.43-1.62]; RD—0.05 [95% CI—0.17
to 0.19]; very low certainty) were not associated with a
statistically significant lower risk of mortality, and all
certainties of evidence were very low. Although CPAP
tended to be associated with a lower risk of mortality,
there were no significant differences among the non-
invasive respiratory management strategies. The prob-
ability of being the best in reducing short-term mortality
among all possible interventions was higher for CPAP,
followed by PSV and HFENO; IMV and SOT tied for the
worst (Table 2; Additional file 1: Figure S3).
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database searching

EMBASE (n=5,531)

Ichushi* (n=479)

CENTRAL (n=4,563)

14,263 records identified through

MEDLINE via PubMed (n=3,690)

No additional records identified
through other sources

3 additional records
identified through
citation search

Manual search (n=3)

v

10,711 records after

duplicates removed

10,585 records excluded

126 full-text articles
assessed for eligibility

99 of full-text articles excluded,
with reasons

Different language (n =5)
Different study design (n=60)
Different population (n=29)
Different intervention (n=4)
Duplicates (n=1)

27 studies included in
qualitative synthesis

2 studies excluded, with reason

Outcome was not reported (n=2)

W-=2NO1©O O,

25 studies (3,302 patients)
included in quantitative synthesis

CPAP vs SOT (352 patients)
PSV vs SOT (995 patients)
HFNO vs SOT (1,325 patients)
PSV vs HFNO (139 patients)

PSV vs HFNO vs SOT (310 patients)

PSV vs IMV (181 patients)

Fig. 1 Flow diagram of studies included in this review. *Ichushi is a database of Japanese research papers. CENTRAL, Cochrane Central Register
of Controlled Trials; CPAP, continuous positive airway pressure; HFNO, high-flow nasal oxygen; IMV, invasive mechanical ventilation; PSV, pressure
support ventilation; RCT, randomized controlled trial; RR, risk ratio; SOT, standard oxygen therapy

Non-invasive respiratory management strategies and risk

of endotracheal intubation

Twenty-two trials (3,118 patients) were included in the
intubation analysis. Pair-wise comparisons are shown in
Additional file 1: Figure S1. The risk of bias was deter-
mined to be high for the outcome of intubation in six
(27.3%) trials (Additional file 1: Table S4). We assessed

that the risk of bias was serious between CPAP and SOT

and; therefore, rated down. We did not rate down due to

Table S5).

publication bias (funnel plot shown in Additional file 1:
Figure S2) and incoherence. We rated down because
serious inconsistencies were observed in the compari-
sons of PSV vs SOT and CPAP vs SOT (Additional file 1:
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a) Short-term mortality b) Endotracheal intubation
HFNO HFNO
789 patients 855 patients
IMV in 6 RCTs in 8 RCTs
89 patients
in 3 RCTs
CPAP CPAP
3 174 patients PSV 174 patients
in 5 RCTs . in 5 RCTs
683 patients
in 12 RCTs
PSV
758 patients 10 SOT SOT
in 14 RCTs 1,361 patients 1,409 patients
in 199 RCTs in 20 RCTs
Fig. 2 Network plot for non-invasive respiratory management strategies for adults with AHRF. a For the primary outcome, short-term mortality,
the longest follow-up was up to 100 days. b Secondary outcome, endotracheal intubation. When RCTs for direct comparisons exist, this is shown
by connections between nodes. The size of the node represents the number of participants who received the intervention. The thickness of lines
connecting nodes represents the number of trials for that comparison. CPAP, continuous positive airway pressure; HFNO, high-flow nasal oxygen;
IMV, invasive mechanical ventilation; PSV, pressure support ventilation; RCT, randomized controlled trial; SOT, standard oxygen therapy

Using SOT as the reference, CPAP (RR 0.48 [95% CI
0.30-0.79]; RD —0.21 [95% CI—0.28 to —0.08]; low cer-
tainty) and PSV (RR 0.67 [95% CI 0.51-0.89]; RD —0.13
[95% CI—0.20 to—0.04]; moderate certainty) were
associated with a lower risk of endotracheal intubation
(Fig. 3). Compared with SOT, HFNO (RR, 0.84 [95% CI
0.61-1.17]; RD—0.10 [95% CI—0.16 to 0.07]; moder-
ate certainty) was not associated with a statistically sig-
nificant lower risk of endotracheal intubation. There were
no significant differences in the additional comparisons.
The probability of being the best in reducing endotra-
cheal intubation among all the possible interventions
was higher for CPAP, followed by PSV, HFNO, and SOT
(Table 2; Additional file 1: Figure S3).

Results of additional analyses

The results of a pre-planned sensitivity analysis excluding
four studies using helmet interfaces revealed that CPAP
was not associated with a lower mortality and incidence
of intubation (Additional file 1: Table S6 and S7). How-
ever, for the studies comparing CPAP with SOT, which
were included this analysis, there was concern with
respect to the risk of bias [40, 41].

The results of the post hoc sensitivity analyses are
shown in Additional file 1: Table S8. The observed asso-
ciation between CPAP and reduced risk of mortal-
ity remained significant when considering studies that
included only patients with mild hypoxaemic respiratory
failure (mean P/F ratio > 150), and immunocompromised
patients, after excluding studies with high risk of bias.
On the other hand, CPAP did not show significant effi-
cacy compared with SOT, when considering studies that

included only patients with severe hypoxaemic respira-
tory failure (mean P/F ratio <150), and after excluding
studies that enrolled any patients with COPD, cardiopul-
monary oedema, or with immunocompromised status.
The association of HENO and PSV with a lower risk of
mortality was not significant across almost all of the sen-
sitivity analyses.

Discussion

Summary of evidence

In the current network meta-analyses of trials of adults
with AHRF, compared with SOT, CPAP decreased the
risk of death and both CPAP and PSV were associated
with a lower risk of endotracheal intubation. Meanwhile,
the treatment effects were not different between non-
invasive respiratory management strategies and IMV
for mortality. Ranking analyses showed that CPAP was
the best strategy for reducing mortality and intubation.
As per the results of the sensitivity analyses for mortal-
ity, CPAP also showed significant efficacy in only a few
analyses, whereas compared with SOT, PSV and HFNO
were not effective in almost all of the analyses.

Association with previous studies

Non-invasive ventilation is associated with a lower mor-
tality in patients with acute respiratory failure due to car-
diopulmonary oedema and COPD [2, 54]. However, the
efficacy of non-invasive respiratory management strate-
gies in patients with de novo AHRF has been unclear
[6-8]. Liu et al. [55] performed a pair-wise meta-analysis
to compare the use of helmet non-invasive ventilation
with control strategies, including the use of face mask
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a) Short-term mortality
Nq. of N(_). of Rating _ Absolute risk Nt_atwork risk Favors Favors
patients  trials difference (95% Cl) ratio (95% Cl) treatment : comparator
Compared with standard oxygen
HFNO 1,425 5 Verylow  -0.03(-0.11t0 0.08)  0.90 (0.65-1.25) -
PSV 1,198 10 Low -0.06 (-0.11t0 0.02)  0.81 (0.62—1.06) -
CPAP 352 5 Verylow -0.14(-0.21t0-0.02) 0.55 (0.31-0.95) e
Compared with invasive mechanical ventilation
HFNO 0 0 Verylow  -0.05(-0.17t0 0.19)  0.83 (0.43-1.62) —_—
PSV 181 3 Verylow  -0.08 (-0.17 10 0.09)  0.75 (0.43-1.30) e
CPAP 0 0 Verylow  -0.15(-0.23t00.05)  0.51 (0.22-1.15) .
Additional comparison
PSV vs HFNO 325 Low -0.03 (-0.11t0 0.10)  0.90 (0.62-1.32) —
CPAP vs HFNO 0 0 Verylow  -0.12(-0.20t0 0.05)  0.61 (0.32-1.15) —
CPAP vs PSV 0 0 Verylow  -0.10(-0.19t0 0.07)  0.67 (0.37-1.24) ——
0.2 1 2
Risk ratio (95% Cl)
b) Endotracheal intubation
Ng. of Nq. of Rating . Absolute risk Ngtwork risk Favors Favors
patients  trials difference (95% CI) ratio (95% CI) treatment : comparator
Compared with standard oxygen
HFNO 1,525 6 Moderate  -0.10 (-0.16 t0 0.07)  0.84 (0.61-1.17) ———
PSV 1,199 10 Moderate  -0.13 (-0.20 to -0.04)  0.67 (0.51-0.89) o
CPAP 352 5 Low -0.21 (-0.28 t0 -0.08)  0.48 (0.30-0.79) ——
Additional comparison
PSV vs HFNO 355 3 Low -0.08 (-0.18 t0 0.06)  0.80 (0.56—1.14) -
CPAP vs HFNO 0 0 Verylow  -0.17 (-0.27t00.01)  0.57 (0.32-1.03) em
CPAP vs PSV 0 0 Verylow  -0.11(-0.24t0 0.10)  0.72 (0.41-1.24) e
0.2 1 2
Risk ratio (95% CI)
Fig. 3 Forest plots for association of non-invasive respiratory management strategies with study outcomes. a For the primary outcome, short-term
mortality, the longest follow-up was up to 100 days. b Secondary outcome, endotracheal intubation. All outcomes are reported as network risk
ratios and absolute risk differences with 95% Cls. For estimating risk ratios for the comparison of HFNO vs IMV, CPAP vs IMV, CPAP vs HFNO, and
CPAP vs PSV, only indirect evidence was used, because no direct pair-wise comparisons were available. The estimated absolute risks of mortality and
endotracheal intubation were 30% and 40%, respectively, in the control group. Cl, confidence interval; CPAP, continuous positive airway pressure;
HFNO, high-flow nasal oxygen; IMV, invasive mechanical ventilation; PSV, pressure support ventilation; RR, risk ratio; SOT, standard oxygen therapy

non-invasive ventilation and SOT, and demonstrated
that helmet non-invasive ventilation was associated with
reduced hospital mortality and intubation requirement.
Although both CPAP and PSV showed significant ben-
efit in the subgroup analyses, six of eight studies using
PSV were conducted among patients with acute exacer-
bation of COPD. The efficacy of non-invasive ventilation
according to ventilation modes could not be evaluated in
patients with AHRF. In 2020, Ferreyro et al. [10] reported
an NMA in which the efficacy of non-invasive respiratory
management strategies were compared with that of SOT

among adult patients with AHRF and found that helmet
non-invasive ventilation was associated with a lower risk
of mortality and intubation compared with SOT, HENO,
and face mask non-invasive ventilation. However, the
NMA included patients with postoperative respira-
tory failure or chest trauma. Those patients had various
causes of respiratory failure, including atelectasis due
to poor pain control, chest wall injury, and pleural effu-
sion, not only because of lung injury. We included trials
in which more than half of the patients were experienc-
ing de novo AHRE. Although the cause of AHRF was still
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Table 2 Results of network rank test in the Network Meta-analysis

CPAP PSV HFNO IMV SOT
a. Short-term mortality
Best 84.0% 8.1% 3.8% 4.0% 0.1%
2nd 9.0% 52.6% 23.3% 12.1% 3.0%
3rd 3.9% 31.4% 32.1% 13.6% 19.0%
4th 1.9% 7.1% 26.9% 16.0% 48.1%
Worst 1.2% 0.8% 13.9% 54.3% 29.8%
Mean rank 13 24 32 4.0 40
SUCRA 932 65.0 441 239 239

CPAP PSV HFNO soT

b. Endotracheal intubation
Best 88.5% 10.8% 0.7% 0.0%
2nd 8.8% 79.0% 12.1% 0.1%
3rd 2.6% 10.0% 74.2% 13.2%
Worst 0.1% 0.2% 13.0% 86.7%
Mean rank 1.1 20 30 39
SUCRA 95.2 66.8 335 4.5

CPAP, continuous positive airway pressure; HFNO, high-flow nasal oxygenation; IMV, invasive mechanical ventilation; PSV, pressure support ventilation; SCURA, surface

under the cumulative ranking; SOT, standard oxygen therapy

2 For the primary outcome, short-term mortality, the longest follow-up was up to 100 days

b For the secondary outcome, endotracheal intubation

inconsistent, our analysis included a higher proportion of
patients with de novo AHRF compared with the previous
NMA.

There were insufficient data examining HFNO com-
pared to non-invasive ventilation among patients with
de novo AHREF. As per the results from an RCT compar-
ing the use of helmet PSV with HFNO in patients with
AHRF due to the coronavirus disease 2019, helmet PSV
was associated with a higher P/F ratio and PaCO, [53].
Although the rate of intubation was lower in patients
with the use of a helmet PSV, the mortality was not dif-
ferent. A helmet interface can decrease air leaks and
provide higher levels of PEEP, potentially increasing
alveolar recruitment and improving oxygenation [56], but
increasing dead space may worsen ventilation and con-
tribute to lager tidal volume. Although the PEEP effect
of HFNO may not be sufficient to avoid intubation, it is
unclear which is a better strategy, HFNO or non-invasive
ventilation, considering dead space. In our NMA, HENO
did not show a reduction in the rate of mortality and
incidence of intubation compared with other respiratory
management strategies. Further evaluation is needed to
provide conclusive recommendations, although HFNO
was recommended for patients with AHRF compared
with SOT [3].

In all trials comparing helmet non-invasive ventilation
with SOT, which were included in the previous NMA,
CPAP was used as a ventilation mode [10]. The use of

CPAP might contribute to the superiority of helmet non-
invasive ventilation. According to an RCT comparing
helmet interface to face mask in patients who underwent
non-invasive ventilation, patients with a helmet inter-
face were set at a lower level of pressure support and
had a lower mortality [57]. Since excessive tidal volume
may worsen outcomes [9], it may be important to set
lower levels of pressure support for patients with AHRF.
CPAP also has advantages over non-invasive ventilation
in terms of having simpler technology, better synchrony,
and requiring potentially less expensive equipment
[6]. Our findings imply that CPAP is the most effective
among the non-invasive respiratory management strate-
gies, in concordance with these physiological effects.

Significance and implications

A high respiratory drive and large tidal volume may
contribute to patient self-inflicted lung injury and poor
outcomes in patients with AHRF [58—60]. In our NMA,
PSV was not associated with lower mortality, but CPAP
decreased mortality and the incidence of endotracheal
intubation compared with SOT. Furthermore, rank-
ing analyses showed that CPAP was the best strategy
for reducing mortality and intubation. Normally, when
CPAP is used as a primary ventilation mode, we do not
use pressure support unless pressure support is needed
(e.g. in patients with hypercapnia, those with a lack of
tidal volume, and those with a high respiratory drive). It
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may contribute the reduction of using unnecessary pres-
sure support. When performing non-invasive ventilation
in patients with AHRF, PEEP recruiting the lungs and
maintaining them open may reduce respiratory drive and
contribute to lung protection. Although pressure sup-
port is needed for some patients with AHRF, we should
use pressure support with caution as this may lead to
excessive tidal volume and lung injury. An ongoing RCT
(jJRCTs052180236) may provide further evidence to sup-
port these claims.

Although non-invasive ventilation is performed to
avoid intubation, treatment failure has been reported
to occur in 37.5% of patients with AHRF [4]. Further-
more, treatment failure has been associated with hospi-
tal mortality. De novo AHRE, including ARDS, was one
of the risk factors for non-invasive ventilation failure
[61]. Despite the high risk of treatment failure, no meta-
analyses have been reported to compare non-invasive
respiratory management strategies with IMV. We did
not find significant differences between non-invasive
respiratory management strategies and IMV, which was
not considered as lung-protective ventilation in most of
the included trials, in a decrease of mortality. It remains
unclear whether it is better to ensure lung protection or
avoid complications of endotracheal intubation. CPAP
demonstrated the efficacy in the sensitivity analysis
among patients with mild hypoxaemia, but not with
severe hypoxaemia. Since lung-protective ventilation
using neuromuscular blockers is recommended strongly
in patients with severe hypoxaemia [62], our findings
imply that non-invasive management strategies should
not be performed in such patients.

Strengths and limitations

To the best of our knowledge, no systematic reviews and
meta-analyses have been performed to evaluate non-
invasive ventilation according to ventilation modes and
compare them with IMV in adults with AHRF. However,
the current NMA also had several limitations. First, lan-
guage restrictions may have contributed to the inclusion
of an inadequate number of studies. However, we did
not identify any trials in other languages being included
in previous meta-analyses that had no language restric-
tions [10, 63]. Therefore, we believe that the language
restriction had no effect. Second, we included studies
with patients with cardiopulmonary oedema and COPD
who were at a low risk of non-invasive ventilation fail-
ure. This may contribute to overestimating the treatment
effect. The NMA assumption was that individual trials
enrolled similar populations, and that the intervention
protocol was similar across the different studies. We need
to interpret results from the current network meta-anal-
ysis with caution because of a variety of causes leading
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to AHRE. Similar to the results from a post hoc analysis
that excluded patients with cardiopulmonary oedema
and COPD, we did not find any significant efficacy with
the implementation of non-invasive respiratory manage-
ment strategies. Our findings did not provide conclusive
evidence among patients with de novo AHREF. Third, the
effect of non-invasive ventilation may not have been con-
sistent with respect to patient severity [4]. The mean P/F
ratio in studies in which IMV was compared was lower
than that in studies in which SOT was compared. The
differences in the treatment effect may affect intransi-
tivity and incoherence in an NMA. Fourth, there was a
concern about the primary studies included in our review
regarding the lack of blinding of the treatment groups.
Although this was unlikely to bias the assessment of
hard outcomes, it may have contributed to performance
bias. Fifth, we did not observe a significant benefit with
CPAP in only a few sensitivity analyses. In contrast, PSV
and HFNO were not effective in almost all of the analy-
ses compared with SOT. Further studies evaluating CPAP
with more participants are needed to provide robust evi-
dence because most trials had a small sample size. Sixth,
network RR was only estimated by indirect evidence in
some comparisons. Specifically, few studies compared
non-invasive respiratory management strategies with
IMV. Further studies are needed to provide a higher cer-
tainty of evidence. Seventh, most studies did not report
on tidal volume with predicted body weight. Thus, it was
unclear whether pressure support was associated with
larger tidal volume. Finally, the fact that the included
studies reported different follow-up times for all-cause
mortality may have contributed to the heterogeneity.
However, as per the results of the sensitivity analyses,
the effect on mortality within 30 days was similar to that
from the main analysis.

Conclusions

The current network meta-analysis demonstrated that
CPAP may be the most effective respiratory management
strategy among patients with AHRF. Considering the low
certainty of the current evidence, particularly compared
with IMYV, further studies are required to clarify whether
non-invasive respiratory management strategies for de
novo AHRF are effective or not. When performing non-
invasive ventilation among patients with de novo AHRE,
it is important to avoid excessive tidal volume and lung
injury. Although pressure support is needed for some of
these patients, it should be applied with caution because
this may lead to excessive tidal volume and lung injury.
If the risk of lung injury cannot be avoided, we should
ensure lung-protective ventilation with endotracheal
intubation, especially in patients with severe hypoxaemia.
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AHRF: Acute hypoxemic respiratory failure; ALI: Acute lung injury; ARDS: Acute
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Development and Evaluation Working Group; HFNO: High-flow nasal oxygen;
ICU: Intensive care unit; IMV: Invasive mechanical ventilation; NMA: Network
meta-analysis; PSV: Pressure support ventilation; P/F ratio: Ratio of arterial
oxygen partial pressure to fractional inspired oxygen; PaCO,: Partial pressure
of arterial carbon dioxide; PaO,: Partial pressure of arterial oxygen; PBW: Pre-
dicted body weight; PEEP: Positive end-expiratory pressure; RCT: Randomized
controlled trial; RevMan: Review manager; RR: Risk ratio; RD: Risk difference;
SOT: Standard oxygen therapy; SUCRA: Surface under the cumulative ranking
curve.
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