(ﬁ( Cochrane
/o Library

Cochrane Database of Systematic Reviews

High-frequency oscillatory ventilation versus conventional

ventilation for acute respiratory distress syndrome (Review)

Sud S, Sud M, Friedrich JO, Wunsch H, Meade MO, Ferguson ND, Adhikari NKJ

Sud S, Sud M, Friedrich JO, Wunsch H, Meade MO, Ferguson ND, Adhikari NKJ.

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome.
Cochrane Database of Systematic Reviews 2016, Issue 4. Art. No.: CD004085.

DOI: 10.1002/14651858.CD004085.pub4.

www.cochranelibrary.com

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome
(Review)
Copyright © 2018 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

WILEY


https://doi.org/10.1002%2F14651858.CD004085.pub4
https://www.cochranelibrary.com

: Cochrane Trusted evidence.
= L- b Informed decisions.
1 iprary Better health. Cochrane Database of Systematic Reviews

TABLE OF CONTENTS

ABSTRACT ittt ettt ettt st e et e e tt e st e s bt e e bt e s bt e s st e esste s ste e st e e st e e aee e st e e st e e at e e st e e A b e e e ab e e et e e e st e e e Rbe e e Rt e e eateenabe e e be e e beesbeeebaeenreens 1
PLAIN LANGUAGE SUMMARY  ..eiiitiieeteetesieertesteettestestestesseessesaeesueesseessesasesatesseensesssesssessesssesssesseensesssesssesseensessesnsenseensesssesnsensesnsesssesnns 2
SUMMARY OF FINDINGS  eeeiteeteieeteetestesteete st e st e stestesstesteesaesatesuaessesssesssesstessesnsesssesssensesnsesnsesssessesnsesnsesssesseensesssesssensesnsesnsesssenseensesses 3
BACKGROUND ..ottt ettt ettt e s et st et e e s bt e saba e st e e s ba e s s e e e baesasee s st e e st e s st e s sae e ste e ste s st eesabe e abe e st aessbeennbeesnbeensseessseenaseennses 5
OBUECTIVES ettt ettt et sttt e e st e st e s bt e b e sas e s st e s b e e s e s et e saeesseeasesasessee s esasesatesaeeseesseensesaeensesasesase st e sesasesntenseensesasesnsensaensesnsesneensennne 5
METHODS 5
RESULTS 7
FIBUIE L. ettt ettt sttt ettt ettt s e et b e e bt s et b et s e et e b et s et e b e e e Rt s e mt s e Rt s e et b e e R et e st e e s e e ent et et ne e nenene 8
FIGUIE 2. ettt s be s b s b s b s e e b s bt et e et e d e R e e R s et et et et e b et e b et et et e b et et et et et e b enbente 10
FIBUIE B ettt et s e b s b s b e b s bt s b s b e e b e b e e b e e bt e bt e Rt e Rt e Rt e Rt e Rt e Rt e a et e Rt e Rt e Rt e Rt e R e e Rt e Rt e et e Rt e Rt et et et et et et et et et e betentetetante 11
FIBUI 4. ettt ettt ettt ettt b e e et s et b et s e et R et st e bt e e AR e Rt b e Rt R e e R e e Rt se e s et et ne e nenene 12
FIGUIE 5. ettt s b e s b e bbbt s bt e Rt R ettt e s b et e b et et et e b e b et et et et e b esbenne 13
DISCUSSION ettt ettt ettt st e st e e bt e s bt e et e e s bt e s bt e e bee e beesa st eessaeesabe s seesssteensbesesee e st e e sse e st aessteessseessseesssaessseessseessseessseesssaennsananee 14
AUTHORS' CONCLUSIONS ..ttt sttt et st se et et st st et st e e st et st e st et e s e e e e st e st e st e st e st e st e st ente st e st e st ententestestentententententensensensensensensan 15
ACKNOWLEDGEMENTS  ceeiieetentetesteete sttt e e ste st e ste et e st e sat e st e esaessbesaa e beessesasesatesbaensesasesssensesnsesssesatensessesstenssensessesssessaensesnsesnsenseenses 16
REFERENGCES .ottt ettt sttt st e s bt e s e e st e s bt e s b e e s beesabeesaseesabaesabeesabaesaseeeaseesaseeaaseees st e s st eesseeebee s steensbeesbeensbeessteensbaesssannsaens 17
CHARACTERISTICS OF STUDIES  .eeeeeeieetentesteeteeee st et etes e s e sste st esueessessesntesseessesasesnaessasssesasesneessesnsesssesseensessesnsesseessesnsesnsesseessesssesnes 22
DATA AND ANALYSES oottt et e ste st e steete st e sat e st e eaesatesue e bessbesss e st e sesasesst e st e sesasesssensaensesaseestesseensesaseestesseesesasesaaesseensesssesssensasas 33
Analysis 1.1. Comparison 1 Mortality, Outcome 1 Hospital or 30-day mortality. .......cccceveviriiniineinereeeeeree s 34
Analysis 1.2. Comparison 1 Mortality, Outcome 2 Hospital or 30-day mortality (Bollen 2005 and Mentzelopoulos 2012 35
participants lost tO FOLlOW-UP CENSOTEA). ..cevveirieieieiieireieeteees ettt ettt s et e s e e b e e ebesesseseesessesassesessasassasensaseesansesarsane
Analysis 1.3. Comparison 1 Mortality, Outcome 3 Hospital or 30-day mortality (Shah 2004 post-randomization withdrawals 35
INCIUAEA). oottt ettt et et eseeseeseeaeeseeasessessessessessessessessessessessensenseasensessenseasensensensensensensensensensensensensensansn
Analysis 1.4. Comparison 1 Mortality, Outcome 4 Hospital or 30-day mortality: adult versus paediatric trials. .......ccccceeveuenee. 35
Analysis 1.5. Comparison 1 Mortality, Outcome 5 Hospital or 30-day mortality: lung-protective ventilation mandatory vs non- 36
MANAATONY. 1ottt ettt et b e et et e se st et e e s s et et e st e s et eseasesessaseasaseesessesassesensesensesersaseseneasessssensesersesensesersesersestaseseesessesersesanss
Analysis 1.6. Comparison 1 Mortality, Outcome 6 Hospital or 30-day mortality (trials with low risk of bias). .....cccccceeverreernnen. 37
Analysis 2.1. Comparison 2 Ventilator dependency, Outcome 1 Duration of mechanical ventilation. 37
Analysis 2.2. Comparison 2 Ventilator dependency, Outcome 2 Ventilator-free days. ......cccccecverieeceneceniereeieneeeneeseeesseennens 38
Analysis 3.1. Comparison 3 Adverse events, Outcome 1 Treatment failure (intractable hypoxia, hypotension, acidosis, 38
hypercapnoea requiring discontinuation of study iNtErveNtioN). ......cceeiiririreinrireec et
Analysis 3.2. Comparison 3 Adverse events, OUtCOME 2 BarotralMa. .......ccocceerirenirienieienieientesesieeseeseste sttt sse e e s s ssesesaesessenes 39
Analysis 3.3. Comparison 3 Adverse events, OUtCOME 3 HYPOTENSION.  ..c.cvveerieirueieerieriieeesieertesessesesseesseseesessesessesesseseeseseesesssses 39
Analysis 3.4. Comparison 3 Adverse events, Outcome 4 Hypotension (Shah included). 39
Analysis 3.5. Comparison 3 Adverse events, Outcome 5 ETT ODSTIUCLION.  ..ccvueirieiriiniieeieceee ettt 40
Analysis 4.1. Comparison 4 Physiological endpoints (ratio of means), Outcome 1 PaO,/FiO, (ratio of means). .......cccccccevvueuenene 41
Analysis 4.2. Comparison 4 Physiological endpoints (ratio of means), Outcome 2 Oxygenation index (ratio of means). ............ 41
Analysis 4.3. Comparison 4 Physiological endpoints (ratio of means), Outcome 3 PaCO, (ratio of means). .....ccccceceeunene 42
Analysis 4.4. Comparison 4 Physiological endpoints (ratio of means), Outcome 4 Mean airway pressure (ratio of means). ....... 43
APPENDICES ettt ettt et ste st st este et e st e saeesbesbesatesseebesubessaesseesbaeasesatenseensesasessaenseenaesasesaeenbaensesatesstenbaeasesstenseenbesasesasenseensesasesasn 44
WHAT'S INEW ettt ettt rte et e st et e e ste et e st e e s ue et e s stesaa e se et eesaeeseasseassassseeseanseanseesseastasseanseenseassasssenseasseasaanseanseansanssenseessesnsanseesseesennsanns 46
HISTORY ettt ettt sttt st s e st e e e sa e sae e s b e e b e s et e s ae e b e ease s et e st e s eeasesas e st enseeaseeate st easesaseeate st essesasesnt e seeasesasesneensesasesasesntensesasesanens 46
CONTRIBUTIONS OF AUTHORS ..ottt ettt et st este et e ste s st esbe s te st e ssaebe e b e sssessaasbeessesasesssensasnsesasesstensesnsesssenseensesnsesssenseensesnsesaens 47
DECLARATIONS OF INTEREST  «.eeeiitieeiteetteeite ettt ettt ettt sttt e st e st e st e s ste s st e e sate s st e e sbeessbeessseesaseessbaeenbaesaseesasaeensaesssaesasaeansaeensaesasaesnseennne 47
SOURCES OF SUPPORT  ...ooiiirieeeeieeeenieeeeneeeeeneenne 48
DIFFERENCES BETWEEN PROTOCOL AND REVIEW  ...uiiitiitiieeitentertesteetesitesteetestesseessesssesasessaesseessesssessasnsesssesssessesnsesssesssensesnsesssessasns 48
N O T ES ettt ettt st e e b e e st e e st e et e e e a b e e s ab e e s st e e e a b e e s e b e e e b e e e b e e e e b e e e R b e e e At e e e bt e e bt e et e e e bt e e ba e e be e e bt e s bt e et e e e hee s be e et e eebeesraeebaeeneas 49
INDEX TERMS ettt ettt ettt et st ettt e st e sut et e st e sat e sae e b e sb e s et esaee b eease s et e satesbeease s et e ne e s e aaseea s e st e s esasesate st ensasasesntesseessesaseentenseesesasennes 49
High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review) i

Copyright © 2018 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



- Coch rane Trusted evidence.
= L- b Informed decisions.
1 iprary Better health. Cochrane Database of Systematic Reviews
[Intervention Review]

High-frequency oscillatory ventilation versus conventional ventilation
for acute respiratory distress syndrome

Sachin Sudl.2, Maneesh Sud3, Jan O Friedrich4, Hannah Wunsch3, Maureen O Meade®, Niall D Ferguson?, Neill KJ Adhikari8.9

1Djvision of Critical Care, Department of Medicine, Trillium Health Center, University of Toronto, Mississauga, Canada. 2Institute

for Better Health, Trillium Health Partners, Mississauga, Canada. 3Department of Medicine, University of Toronto, Toronto, Canada.
4Interdepartmental Division of Critical Care, Keenan Research Centre/Li Ka Shing Knowledge Institute; St Michael’s Hospital, Dalla Lana
School of Public Health, University of Toronto, Toronto, Canada. SDepartment of Anesthesia, University of Toronto, Toronto, Canada.
6Department of Clinical Epidemiology and Biostatistics, McMaster University, Hamilton, Canada. 7Interdepartmental Division of Critical
Care Medicine, University Health Network and Mount Sinai Hospital, University of Toronto, Toronto, Canada. 8Department of Critical
Care Medicine, Sunnybrook Health Sciences Centre, Toronto, Canada. %Interdepartmental Division of Critical Care, University of Toronto,
Toronto, Canada

Contact: Sachin Sud, Division of Critical Care, Department of Medicine, Trillium Health Center, University of Toronto, Mississauga, ON,
Canada. sachinsud@aol.com.

Editorial group: Cochrane Emergency and Critical Care Group.
Publication status and date: Edited (no change to conclusions), published in Issue 12, 2018.

Citation: Sud S, Sud M, Friedrich JO, Wunsch H, Meade MO, Ferguson ND, Adhikari NKJ. High-frequency oscillatory ventilation versus
conventional ventilation for acute respiratory distress syndrome. Cochrane Database of Systematic Reviews 2016, Issue 4. Art. No.:
CD004085. DOI: 10.1002/14651858.CD004085.pub4.

Copyright © 2018 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

ABSTRACT

Background

High-frequency oscillation (HFO) is an alternative to conventional mechanical ventilation that is sometimes used to treat people with
acute respiratory distress syndrome, but effects on oxygenation, mortality and adverse clinical outcomes are uncertain. This review was
originally published in 2004 and was updated in 2013 and again in 2015.

Objectives

To determine the effects of HFO compared to conventional mechanical ventilation on physiological outcomes, clinical outcomes, and
mortality when used for the treatment of acute respiratory distress syndrome (ARDS).

Search methods

We electronically searched the Cochrane Central Register of Controlled Trials (CENTRAL) (Ovid), MEDLINE (Ovid), EMBASE (Ovid), and ISI,
from inception to December 2015. We conducted the original search in 2002. We manually searched reference lists from included studies
and review articles; searched conference proceedings of the American Thoracic Society (1994 to 2015), Society of Critical Care Medicine
(1994 to 2015), European Society of Intensive Care Medicine (1994 to 2015), and American College of Chest Physicians (1994 to 2015);
contacted clinical experts in the field; and searched for unpublished and ongoing trials in clinicaltrials.gov and controlled-trials.com.

Selection criteria

Randomized controlled trials (RCTs) comparing treatment using HFO with conventional mechanical ventilation for children and adults
diagnosed with ARDS.

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review) 1
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Data collection and analysis

Three review authors independently extracted data on clinical, physiological, and safety outcomes according to a predefined protocol. We
contacted investigators of all included studies to clarify methods and obtain additional data. We used random-effects models in the
analyses.

Main results

We include 10 RCTs (n = 1850); almost all participants had moderate or severe ARDS. For the primary analysis, the risk of bias was low in
three studies and unclear in five studies; the overall quality of evidence was very low due to imprecision, inconsistency, indirectness and
methodologic limitations. In participants randomized to HFO, there was no significant difference in hospital or 30-day mortality (risk ratio
(RR) 0.92, 95% confidence interval (Cl) 0.72 to 1.16; P = 0.46, I> = 66%; 8 trials, 1779 participants, 807 deaths) compared with conventional
ventilation. One large multicentre RCT was terminated early because of increased mortality in participants randomized to HFO compared
to mechanical ventilation with low tidal volume and high positive end expiratory pressure, with HFO reserved only as a rescue therapy. We
found substantial between-trial statistical heterogeneity (1> = 0% to 66%) for clinical outcomes, including mortality.

Authors' conclusions

The findings of this systematic review suggest that HFO does not reduce hospital and 30-day mortality due to ARDS; the quality of evidence
was very low. Our findings do not support the use of HFO as a first-line strategy in people undergoing mechanical ventilation for ARDS.

PLAIN LANGUAGE SUMMARY

High-frequency oscillation for the treatment of acute respiratory distress syndrome (ARDS)
Background

Acute respiratory distress syndrome (ARDS) is a life-threatening condition. It is characterized by acute lung inflammation, stiff lungs that
increase the work of breathing, and reduced ability of the lungs to adequately oxygenate the blood. Survivors can have a reduced quality
of life. People with ARDS usually require an artificial respirator in order to prevent death. High-frequency oscillation (HFO) ventilation
differs from conventional ventilation in that very small breaths are delivered very rapidly (180 to 900 breaths per minute). HFO helps with
the opening of collapsed lung tissue by providing constant positive pressure in a person's airway. We performed a systematic review to
determine whether HFO improves clinical outcomes (including preventing deaths) when compared to conventional breathing machines
for adults and children with ARDS.

Study characteristics

We included 10 randomized controlled trials (RCTs) enrolling 1850 participants in this updated review. One large trial was stopped
early because of increased deaths among participants who were randomized to HFO. Four trials reported at least some funding from
manufacturers of HFO ventilators.

Key results

HFO did not reduce the risk of death in hospital in eight trials enrolling 1779 participants. The ability of the lungs to oxygenate blood,
measured at 24 to 72 hours of ventilation after randomization, was 18% to 26% better in participants receiving HFO. HFO had no effect on
the length of time an artificial breathing machine was required. The risk of unwanted side effects, including low blood pressure or further
injury to the lung due to high airway pressure, was not increased.

Quality of the evidence

We found substantial inconsistency among clinical trials which reported the effect of HFO on the risk of death in participants with ARDS. The
quality of evidence is very low for outcomes that would be mostimportant to patients. Thisis because of a lack of precision and consistency,
and because in many cases the methods used by investigators during clinical trials were not of the highest standard. This indicates that
there is considerable uncertainty regarding the effect of HFO on death. Additional randomized trials could change these findings.

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review) 2
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SUMMARY OF FINDINGS

Summary of findings for the main comparison. High-frequency oscillation versus conventional ventilation for the treatment of acute respiratory

distress syndrome

Patient or population: people with Acute Respiratory Distress Syndrome
Settings: Critical Care Unit
Intervention: High-fFrequency oscillation

Comparison: Conventional mechanical ventilation

Outcomes** Illustrative comparative risks* (95% Cl) Relative effect  No of Partici- Quality of the Comments
(95% Cl) pants evidence
Assumed risk Corresponding risk (studies) (GRADE)
Conventional Mechanical High Frequency Oscillation
Ventilation
Mortality (at 30 Medium risk population? RR0.92 1779 B0
days or until hos- (0.72to 1.16) (8 studies) very
pital discharge) 470 per 1000 432 per 1000 low?2,3.4.5,6
(338 to 545)
Mortality (at 6 Medium risk population RR0.79 148 B0
months) (0.58t0 1.08) (1 Study) very low2,4,5
590 per 1000 466 per 1000
(342 to 637)
Treatment failure  Medium risk populationl RR 0.64 956 ©000
(0.48 t0 0.85) (6 studies) very low2:4,5,7
190 per 1000 122 per 1000
(91to 162)
Duration of me- The mean duration of me- ~ The mean duration of mechanical ventila- 1142 [2lolCIC)
chanical ventila- chanical ventilation inthe  tionin the intervention groups was (5 studies) very low#45
tion control groups was 0.59 higher
days. Scale from: 17.1 (1.09 lower to 2.28 higher)
14t0 22
Barotrauma Medium risk populationl RR0.82 951 lelelo)
(0.51t01.32) (7 studies) very low2,4,5,7

131 per 1000

121 per 1000
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(67 to 173)
Hypotension Medium risk population? RR1.02 392 ®000
(0.54 to 1.90) (4 studies) very low2,4,5,7
381 per 1000 389 per 1000
(206 to 724)

*The basis for the assumed risk (e.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is
based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% ClI).
Cl: Confidence interval; RR: Risk ratio;

** Not shown:ventilator-free days (very low quality 2:3:4:5, pooled analysis not performed due to extreme heterogeneity), endotracheal tube obstruction (very low quali-
ty2:45, pooled analysis not performed because all events occurred in one study), non-clinical endpoints (i.e. physiologic endpoints, for example mean airway pressure, be-
cause these are not patient-important outcomes).

GRADE Working Group grades of evidence

High quality: Further research is very unlikely to change our confidence in the estimate of effect.

Moderate quality: Further research is likely to have an important impact on our confidence in the estimate of effect and may change the estimate.
Low quality: Further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the estimate.
Very low quality: We are very uncertain about the estimate.

1The basis of the assumed risk is the median risk in the control groups across trials.

2Downgraded for serious methodologic limitations (blinding was not possible in all studies; cross-overs between treatment groups > 10% occurred in 3 trials; post-randomization

withdrawals ranging from 1.4% - 17% occurred in 3 trials).
3Downgraded for inconsistency (moderate or high statistical heterogeneity).

4Downgraded for serious indirectness in the comparator (5 out of 10 trials included in this systematic review did not mandate low tidal volume conventional ventilation in

participants who received conventional mechanical ventilation).

SDowngraded for imprecision (wide confidence intervals which include no benefit, and/or appreciable harm or benefit). With the exception of hospital or 30-day mortality, the

number of outcome events was low (i.e. fewer than 300).

6Although the event rate exceeded 300, and the sample size exceeded the optimal information size of 1290 (assuming alpha 0.05, beta 0.10, a baseline risk of death of 45%, and
a 9% absolute reduction in risk), confidence intervals were wide and included no benefit (i.e. RR = 1) as well as both meaningful benefit and harm. We therefore downgraded

this outcome due to serious imprecision.
7Downgraded for serious indirectness in the outcome (variable definition of treatment failures, hypotension, and barotrauma across studies).
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BACKGROUND

Description of the condition

Acute respiratory distress syndrome (ARDS) is a life-threatening
condition characterized by acute lung inflammation causing
pulmonary congestion, hypoxaemia, and decreased pulmonary
compliance. ARDS is defined as a syndrome characterized by acute
onset (i.e. within seven days), bilateral pulmonary infiltrates on
chest radiograph not fully explained by cardiac failure or fluid
overload, and ratio of arterial oxygen tension to fraction of inspired
oxygen (Pa0,/FiO,) less than 300. People with mild ARDS (formerly
called acute lung injury) have a PaO,/FiO, between 200 and 300.
Moderate and severe ARDS refer to the more severely ill subset of
people in whom the Pa0,/FiO, ratio is less than or equal to 200 and
100 respectively (ARDS Definition Task Force 2012). ARDS has a fairly
high incidence (Rubenfeld 2005) and is associated with substantial
mortality (Phua 2009; Rubenfeld 2005), morbidity (Angus 2001;
Herridge 2003; Herridge 2011), and costs (Cheung 2006).

Description of the intervention

High-frequency oscillation (HFO) is an alternative ventilation
technique in which very small tidal volumes are delivered at very
high frequencies using an oscillatory pump while mean airway
pressure is held constant. Humidified, oxygenated gas (bias flow)
passes in front of a diaphragm which oscillates at high frequencies
(3 to 15 Hz, or 180 to 900 breaths per minute). The mean airway
pressure is determined by the rate of bias flow and by a resistance
valve at the end of the bias flow circuit. Tidal volumes are much
smaller during high-frequency oscillation (1 to 4 mL/kg) compared
to mechanical ventilation, and the constant mean airway pressure
leads to smaller changes in alveolar pressure. Because tidal
volumes during HFO may be smaller than anatomic dead space,
gas exchange occurs through gas mixing as opposed to bulk flow.
Mechanisms of gas exchange during HFO include direct ventilation
of proximal alveoli, Taylor dispersion, asymmetric velocity profiles,
pendelluft, and diffusion (Slutsky 2002).

How the intervention might work

Mechanical ventilation is usually required for adequate tissue
oxygenation (Artigas 1998) but may also perpetuate lung injury by
over-distending and rupturing healthy alveoli, and by triggering
a secondary inflammatory response that amplifies lung injury
from repeatedly opening and collapsing lung units (Dreyfuss 1988;
Gattinoni 2005; Muscedere 1994; Ranieri 1999). Lung-protective
ventilation seeks to limit alveolar distension, recruit non-aerated
alveoli, and prevent further alveolar collapse (Gattinoni 2006). Low
tidal volumes with (Amato 1998; Meade 2008; Mercat 2008; Villar
2006) or without (ARDS Network 2000; Brochard 1998; Stewart
1998) high positive end-expiratory pressure may reduce ventilator-
induced lung injury. Nevertheless, mortality in people with ARDS
remains high (Phua 2009; Rubenfeld 2005). HFO theoretically meets
the goals of a lung-protective ventilation strategy (Rimensberger
2003), with extremely small tidal volumes (1 to 4 mL/kg) and
constant lung recruitment.

Why it is important to do this review

Although HFO is used in some centres in people with ARDS
who do not tolerate conventional mechanical ventilation (Chan
2005; Finkielman 2006; Mehta 2004), its role, especially outside
the realm of ‘rescue’ therapy, remains controversial (Ferguson

2008; Kacmarek 2008). Several observational studies (Ferguson
2005; Fort 1997; Mehta 2001) show improved oxygenation when
hypoxaemia seems refractory. Our earlier systematic review of
randomized controlled trials (Sud 2013) included eight small trials,
and found that HFO might reduce mortality, although several
trials did not mandate optimal lung-protective ventilation in
control groups. Additional studies have subsequently become
available. Furthermore, in the context of recent (Dominguez-Cherit
2009; Kumar 2009) and future pandemics, there is a pressing need
forevidence-based syntheses of the effects of potentially life-saving
interventions for people with ARDS. We have therefore updated
our previous systematic review and meta-analysis of randomized
controlled trials (Sud 2013) comparing HFO to conventional
mechanical ventilation for adults and children with ARDS, to
determine the effects of HFO on mortality, other clinical and
physiological outcomes, and adverse events, to address these
issues.

OBJECTIVES

To determine the effects of HFO compared to conventional
mechanical ventilation on physiological outcomes, clinical
outcomes, and mortality when used for the treatment of acute
respiratory distress syndrome (ARDS).

METHODS

Criteria for considering studies for this review
Types of studies

We included parallel-group, randomized controlled trials (RCTs)
which compared HFO to conventional mechanical ventilation for
the treatment of ARDS and reported at least one of our prespecified
outcomes.

Types of participants

We included adults or children (greater than four weeks old
and 42 weeks post-conception) with ARDS who were receiving
conventional mechanical ventilation. We accepted authors'
definitions of ARDS. In trials enrolling participants with other forms
of respiratory failure, we stipulated that a minimum of 70% of
participants must have ARDS to meet the inclusion criteria. We
included trials that enrolled both adults and children because
we believed that the physiological benefits of lung recruitment
and reduction in tidal volume that occur during high-frequency
oscillation would be similar for both adult and paediatric ARDS
(Albuali 2007; ARDS Network 2000; Hanson 2006; Miller 2008).

Types of interventions

We included studies in which participants were randomly assigned
to two or more groups, including an experimental group that
received HFO and a control group that received conventional
mechanical ventilation for ARDS. We also included trials in which
a secondary intervention was delivered as part of HFO, such as
tracheal gas insufflation or recruitment manoeuvres, since these
are applied in association with HFO in some centres. We included
trials in which the duration of HFO was 24 hours or less for
physiological outcome analyses but excluded them from analyses
of major clinical outcomes, such as mortality.

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review) 5
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Types of outcome measures
Primary outcomes

1. Hospital or 30-day mortality

Secondary outcomes

1. Six-month mortality

2. Duration of mechanical ventilation (in days, as stated by the
authors)

3. Ventilator-free days to day 28 or 30 (in days, as stated by the
authors)

4. Health-related quality of life at one year

5. Treatment failure, leading to cross-over to the other
arm or discontinuation of the study protocol. We
accepted authors’ definitions of treatment failure, which
could include severe oxygenation failure, ventilation
failure, hypotension, or barotrauma (pneumothorax,
pneumomediastinum, subcutaneous emphysema)

6. The ratio of partial pressure of arterial oxygen (PaO,) to inspired
fraction of oxygen (FiO,) (PaO,/FiO, ratio) at 24, 48, and 72 hours
after randomization

7. Oxygenationindex ((Ol), defined as 100 x mean airway pressure/
(Pa0,/Fi0O, ratio)) measured at 24, 48, and 72 hours after
randomization

8. Ventilation, measured by partial pressure of carbon dioxide
(PaC0,) at 24, 48, and 72 hours after randomization

9. Mean airway pressure 24, 48, and 72 hours after randomization

10.Barotrauma (as stated by the authors)

11.Hypotension (as stated by the authors)

12.Endotracheal tube obstruction due to secretions

13.Technical complications and equipment failure in participants
treated with HFO (including unintentional system air leaks and
problems with the oscillatory diaphragm, humidifier, and alarm
systems) (Cartotto 2004; Finkielman 2006)

Search methods for identification of studies

We used systematic methods to identify published and
unpublished RCTs comparing HFO to conventional mechanical
ventilation in participants with ARDS, or other forms of hypoxaemic
respiratory failure (Meade 1997).

For the previous version of this review (Sud 2013) we searched until
2011.

Electronic searches

To update our previous literature search, we:

1. electronically searched the Cochrane Central Register of
Controlled Trials (CENTRAL) (the Cochrane Library 2015, Issue
11), MEDLINE (OvidSP) (1948 to December 2015), and EMBASE
(OvidSP) (1980 to December 2015); please see Appendix 1 for
search details; and

2. searched for unpublished and ongoing trials in clinicaltrials.gov
and controlled-trials.com.

Searching other resources

In addition to the electronic search, we:

1. manually searched reference lists from included studies and
review articles;

2. searched conference proceedings of the American Thoracic
Society (1994 to 2015), Society of Critical Care Medicine (1994
to 2015), European Society of Intensive Care Medicine (1994 to
2015), and American College of Chest Physicians (1994 to 2015);
and

3. contacted clinical experts in the field.

Data collection and analysis

We collected and analysed data according to a prespecified
protocol and analysis plan (Sud 2013; Differences between protocol
and review). We assessed the quality of evidence for major clinical
outcomes including mortality and treatment failure according to
recommendations of the GRADE working group (Schiinemann
2008).

Selection of studies

Two review authors (SS, MS) who were not blinded to study authors
or results (Berlin 1997) independently evaluated study eligibility
and resolved differences by consensus. We recorded the selection
process in sufficient detail to complete a PRISMA flow diagram
(Moher2015), and Characteristics of excluded studies tables. We did
not impose any language restrictions.

Data extraction and management

Three review authors (SS, MS, JF), using a standardized
spreadsheet, independently abstracted data on study methods,
details of ventilation strategies, and study outcomes. We resolved
any disagreements remaining after author contact by consensus.

Assessment of risk of bias in included studies

We abstracted data on methods of randomization and allocation
concealment (Chalmers 1983), number of post-randomization
withdrawals and losses to follow-up, cross-overs between assigned
groups, blinding of outcome assessors (Schulz 1995), and early
stopping for benefit (Montori 2005). We summarized the risk of bias
for individual studies using the Cochrane ‘Risk of bias’ instrument
(Higgins 2011). Since blinding of caregivers, participants, and family
members was impossible in these trials, we determined whether
important co-interventions (weaning, sedation, and paralysis) and
use of rescue therapies for refractory respiratory failure (inhaled
nitric oxide, prone positioning, steroids, and extracorporeal
oxygenation) were standardized or equally applied in treatment
groups.

Measures of treatment effect

We reported continuous outcomes using the mean difference
(MD), a measure of absolute change, and binary outcomes as risk
ratios (RRs). For continuous physiological outcomes we reported
ratio of means (RoM), a measure of relative change (Friedrich
2008). We considered a (two-sided) P value < 0.05 as statistically
significant and report individual trial and summary results with
95% confidence intervals (Cls).

Unit of analysis issues

For clinical outcomes, the unit of analysis was the participant. We
did not identify any issues of 'double-counting’, for example the
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reporting of number of events instead of the number of participants
who experienced an event.

For physiologic outcomes, the unit of analysis was at the study level
since investigators reported the mean, standard error or standard
deviation, and the number of participants with measurements.
Because several trials used repeated measurements for physiologic
endpoints (for example Pa0,/FiO,) we chose to perform a separate
meta-analysis for each of these endpoints at the prespecified times
of 24, 48, and 72 hours after randomization.

Dealing with missing data

We contacted primary investigators of all included trials by
email and fax to request additional data and to clarify
methodology after careful review of each study. Primary
investigators provided additional clinical (Demory 2007; Derdak
2002; Mentzelopoulos 2012; Papazian 2005; Samransamruajkit
2005; Shah 2004) or physiologic data (Derdak 2002; Mentzelopoulos
2012; Samransamruajkit 2005; Shah 2004), or clarified data
or methods (Arnold 1994; Bollen 2005; Demory 2007; Derdak
2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005;
Samransamruajkit 2005; Shah 2004; Young 2013).

Assessment of heterogeneity

Potential sources of clinical and methodological heterogeneity
between studies included participants, ventilation strategies, and
outcome definitions. Because we felt that this diversity would
not support the underlying assumptions of a fixed-effect model,
we used random-effects models for all pooled analyses. Random-
effects models incorporate both within-study and between-study
variation and typically provide wider Cls when heterogeneity
is present. We assessed between-study statistical heterogeneity
for each outcome using the I1*> measure (Higgins 2002; Higgins
2003) and used published guidelines for low (I* = 25% to 49%),
moderate (1> = 50% to 74%), and high (1*> = 75%) heterogeneity
(Higgins 2003). We investigated potential sources of clinical and
methodological heterogeneity through a priori subgroup analyses
and sensitivity analyses (see Subgroup analysis and investigation
of heterogeneity; Sensitivity analysis).

Assessment of reporting biases

We tested for publication bias statistically using the Begg’s
Rank Correlation test (Begg 1994) and Macaskill’s regression test
(Macaskill 2001) as modified by Peters et al (Peters 2006).

Data synthesis

For each prespecified outcome, we employed random-effects
models to perform meta-analysis with Review Manager 5 (RevMan
2014) where at least two trials with similar participants,
interventions, and outcome definitions reported adequate data.
We used the Mantel-Haenszel variance estimator to obtain pooled
risk ratios for dichotomous outcomes, and the generic inverse
variance method to pool ratio-of-means outcomes. We generated
forest plots to summarize our results and reported risk ratio or ratio
of means with corresponding 95% Cls. We used Microsoft Excel with
equations for the ratio of means to generate the ratio and standard
error.

We used the metabias command in STATA 9.2 (Stata 9.2) for
statistical tests of publication bias. Given the low statistical power

of these tests, we assumed a more liberal level of significance (P
value <0.10) to indicate possible publication bias.

Subgroup analysis and investigation of heterogeneity

A priori, we planned subgroup analyses to explore potential
heterogeneity for the primary outcome of hospital or 30-day
mortality and to test whether results were consistent for important
subgroups of trials or participants.

First, we hypothesized that age might influence the benefit from
HFO. Increasing age worsens the prognosis in ARDS and thus
older participants might benefit less from HFO compared with
younger participants (Brun-Buisson 2004; Flori 2005). Conversely,
HFO is commonly used for neonatal respiratory distress syndrome
and thus children may benefit more from HFO compared to
adults (Cools 2015). We therefore performed a subgroup analysis
comparing effects of HFO in trials enrolling post-neonatal children
(weight < 35 kg, as defined in the paediatric trials) versus adults.

Second, we hypothesized that the subset of participants with
severe and life-threatening hypoxaemia may benefit more from
HFO, recognizing that most people with ARDS do not die of
hypoxaemia (Montgomery 1985; Stapleton 2005). We therefore
planned a subgroup analysis of participants with a higher (= 150)
versus lower (< 150) baseline Pa0,/FiO, ratio, but insufficient data
precluded this analysis.

We performed a post hoc subgroup analysis comparing trials
which mandated lung-protective ventilation in the control group,
defined as < 8 mL/kg of ideal or predicted body weight, to
trials that did not mandate tidal volumes < 8 mL/kg, to examine
whether the benefit of HFO might be greater when compared to
conventional ventilation with higher tidal volumes compared to
conventional ventilation with smaller tidal volumes (ARDS Network
2000; Brochard 1998; Stewart 1998).

We assessed any subgroup effects using a z-test for interaction.

Sensitivity analysis

Apriori,we hypothesized that potential methodological biases (e.g.
quasi-randomization or unclear or unconcealed allocation) might
influence the results of our meta-analysis in favour of HFO, whereas
excessive cross-overs or losses to follow-up might bias the results
against HFO. We therefore performed a sensitivity analysis limited
to trials at low risk of bias, across all domains of the Cochrane 'Risk
of bias' tool.

We also performed a sensitivity analysis in which we excluded trials
at risk of bias due to early termination for benefit or harm.

Finally, we performed additional sensitivity analyses to test the
robustness of our findings under alternative assumptions where
data were incomplete or missing after author contact (for example,
censoring participants who were lost to follow-up). These are
described in the text (see Effects of interventions).

RESULTS

Description of studies
Results of the search

In our original review (Sud 2013) we identified eight trials that were
relevant to our topic of interest. We included eight RCTs (Arnold
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1994; Bollen 2005; Demory 2007; Derdak 2002; Mentzelopoulos
2012; Papazian 2005; Samransamruajkit 2005; Shah 2004) and
excluded seven studies (Carlon 1983; Dobyns 2002; Fessler 2008;
Hurst 1984; Hurst 1990; Mentzelopoulos 2007a; Mentzelopoulos
2010).

In this updated version, we searched from the start of 2011
to December 2015; we identified 1111 citations from searches
of electronic bibliographic databases and eight citations from
our previous systematic review (Arnold 1994; Bollen 2005;
Demory 2007; Derdak 2002; Mentzelopoulos 2012; Papazian 2005;
Samransamruajkit 2005; Shah 2004). We retrieved 12 citations

for detailed evaluation, of which 10 were unique RCTs (Arnold
1994; Bollen 2005; Demory 2007; Derdak 2002; Ferguson 2013;
Mentzelopoulos 2012; Papazian 2005; Samransamruajkit 2005;
Shah 2004; Young 2013) which met the criteria for this review. One
citation was an abstract for an RCT which was included after we
obtained additional details from the primary investigator (Shah
2004), and one citation was for an RCT which did not meet our
inclusion criteria (Vrettou 2014). Review authors were in perfect
agreement for study inclusion.

See Figure 1.

Figure 1. Study flow diagram for the updated literature search (from 2011 to Dec 2015, see also Results of the

search)
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Included studies

The 10 included trials (Arnold 1994; Bollen 2005; Demory 2007,
Derdak 2002; Ferguson 2013; Mentzelopoulos 2012; Papazian
2005; Samransamruajkit 2005; Shah 2004; Young 2013) (see
Characteristics of included studies) enrolled 1850 participants
with ARDS. Nine trials (Bollen 2005; Demory 2007; Derdak
2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005;
Samransamruajkit 2005; Shah 2004; Young 2013) enrolled
participants exclusively with ARDS (n = 1780), and 86% of the
participants in the 10th trial had ARDS (Arnold 1994). Two
trials enrolled only children (Arnold 1994; Samransamruajkit
2005). One trial is currently published as an abstract (Shah
2004). All trials (Arnold 1994; Bollen 2005; Demory 2007; Derdak
2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005;
Samransamruajkit 2005; Shah 2004; Young 2013) studied HFO as an
initial ventilation strategy for ARDS as opposed to rescue therapy
for refractory hypoxaemia. The trials enrolled participants within
48 (Demory 2007; Papazian 2005; Samransamruajkit 2005) or 72
(Mentzelopoulos 2012) hours of diagnosis of ARDS, or shortly
after initiation of mechanical ventilation, mean of less than three
days (Bollen 2005; Derdak 2002; Ferguson 2013; Young 2013) or
five days (Arnold 1994; Shah 2004). All trials treated participants
continuously with HFO except for one that applied HFO for six
to 24 hours per day (most participants were treated for at least
four days) according to a protocol until predefined criteria for
resolution of severe ARDS had been met (Mentzelopoulos 2012). In
two trials participants were treated for < 24 hours (Demory 2007,
Papazian 2005). The median baseline Pa0,/FiO, ratio was 113
(range 102 to 122) in nine trials (Bollen 2005; Demory 2007;
Derdak 2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005;
Samransamruajkit 2005; Shah 2004; Young 2013).

Details of high frequency oscillation

Participants received HFO for a prespecified period (Demory 2007;
Papazian 2005) (n = 54), until prespecified criteria for weaning from
HFO were met (Arnold 1994; Bollen 2005; Derdak 2002; Ferguson
2013; Mentzelopoulos 2012; Samransamruajkit 2005; Young 2013)
(n =1763), or until clinical resolution of ARDS (Shah 2004) (n =33).
All studies standardized HFO implementation (Arnold 1994; Bollen
2005; Demory 2007; Derdak 2002; Ferguson 2013; Mentzelopoulos
2012; Papazian 2005; Samransamruajkit 2005; Shah 2004; Young
2013). HFO was initiated with a mean airway pressure 2 to
5 ¢cm H,0 above mean airway pressure while on conventional
ventilation (Arnold 1994; Bollen 2005; Demory 2007; Derdak 2002;
Mentzelopoulos 2012; Papazian 2005; Samransamruajkit 2005;
Shah 2004) (n = 507), 5 cm H,0 above plateau pressure (Young
2013) (n = 795), or at 30 cm H,0 (Ferguson 2013) (n = 548). The
initial frequency was set between 4 and 10 Hz. Pressure amplitude
of oscillation was determined subjectively by chest wall vibration
(Arnold 1994; Bollen 2005; Derdak 2002; Shah 2004) (n = 312), set
according to arterial partial pressure of carbon dioxide (Demory
2007; Mentzelopoulos 2012; Papazian 2005) (n = 195), set at 10 cm
H,0 above the peak inspiratory pressure during prerandomization

conventional mechanical ventilation (Samransamruajkit 2005) (n
= 16), or set at 90 cm H,0 (Ferguson 2013) (n = 548). Many
trials described adjunctive measures during HFO, including partial
endotracheal tube cuff leak for hypercarbia (Demory 2007; Derdak
2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005; Shah
2004) (n=908), tracheal gas insufflation (Mentzelopoulos 2012) (n=
125), and recruitment manoeuvres (Demory 2007; Ferguson 2013;
Mentzelopoulos 2012; Papazian 2005) (n = 727).

Details of conventional mechanical ventilation

All trials provided a description of conventional mechanical
ventilation. Protocols for adjusting settings during conventional
mechanical ventilation were described in six trials (Demory 2007;
Derdak 2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005;
Shah 2004) (n = 908). Five trials (Demory 2007; Ferguson 2013;
Mentzelopoulos 2012; Papazian 2005; Shah 2004) (n =760) used low
tidal volume ventilation in all participants (6 to 8 mL/kg predicted
body weight (Demory 2007; Ferguson 2013; Mentzelopoulos
2012; Shah 2004) or ideal body weight (Papazian 2005)), and
five trials (Demory 2007; Ferguson 2013; Mentzelopoulos 2012;
Samransamruajkit 2005; Shah 2004) (n = 750) mandated plateau
pressure below 35 cm H,0. Eight trials (Bollen 2005; Demory 2007;
Derdak 2002; Ferguson 2013; Mentzelopoulos 2012; Papazian 2005;
Shah 2004; Young 2013 ) (n = 1764) reported a mean positive end-
expiratory pressure of 11 to 18 cm H,0 during the first 72 hours of
conventional mechanical ventilation.

Excluded studies

See Characteristics of excluded studies.

In our original review we excluded two studies (Carlon 1983;
Hurst 1990) because they enrolled participants without ARDS,
four studies (Dobyns 2002; Fessler 2008; Mentzelopoulos 2007a;
Mentzelopoulos 2010) because they randomized on interventions
other than HFO, and one study (Hurst 1984) which was a cross-over
trial. In this update, we excluded one additional trial (Vrettou 2014)
which was a cross-over trial.

Awaiting classification

We found no studies awaiting classification.
Ongoing studies

We found no ongoing studies.

Risk of bias in included studies

Five trials (Demory 2007; Derdak 2002; Papazian 2005;
Samransamruajkit 2005; Young 2013 ) had low risk of bias for our
main outcome, hospital or 30-day mortality, across all domains of
the Cochrane 'Risk of bias' tool (except for blinding, which was
not possible because of the nature of the intervention). The risk of
bias was unclear in five studies (Arnold 1994; Bollen 2005; Ferguson
2013; Mentzelopoulos 2012; Shah 2004;) (see Characteristics of
included studies; Figure 2; Figure 3).
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Figure 2. Methodological quality summary: review authors' judgements about each methodological quality item
for each included study.
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Figure 3. Methodological quality graph: review authors' judgements about each methodological quality item
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Allocation

All trials concealed allocation and analysed clinical outcomes for
participants by assigned group (Arnold 1994; Bollen 2005; Demory
2007; Derdak 2002; Ferguson 2013; Mentzelopoulos 2012; Papazian
2005; Shah 2004; Young 2013) or provided enough information to
perform analyses according to assigned group (Samransamruajkit
2005).

Blinding

Although no study could be completely blinded due to the nature
of the intervention, the primary outcome for our systematic review
was hospital or 30-day mortality, which would be less susceptible
to detection bias. Three studies reported partial blinding of:
study investigators (Derdak 2002; Ferguson 2013); trial sponsors
(Derdak 2002); and radiologists who assessed for barotrauma
(Arnold 1994). All included trials used standardized protocols
for the implementation of HFO, and six trials used protocols
for adjusting settings during conventional mechanical ventilation
(Demory 2007; Derdak 2002; Ferguson 2013; Mentzelopoulos 2012;
Papazian 2005; Shah 2004, n = 908) or provided guidelines to
standardize conventional mechanical ventilation (Young 2013, n =
795), which would have reduced performance bias.

Incomplete outcome data

Seven trials (Bollen 2005; Demory 2007; Ferguson 2013;
Mentzelopoulos 2012; Papazian 2005; Samransamruajkit 2005;
Young 2013) reported no post-randomization withdrawals; in three
trials 1.4% (2/148) (Derdak 2002), 17% (12/70) (Arnold 1994),
and 15% (5/33) (Shah 2004) of participants were withdrawn
after randomization. After contacting investigators, we obtained
mortality data for withdrawn participants in two trials (Derdak
2002; Shah 2004).

There was no loss to follow-up in eight studies (Arnold 1994;
Demory 2007; Derdak 2002; Ferguson 2013; Papazian 2005; Shah
2004; Samransamruajkit 2005; Young 2013) Two studies reported
losses to follow-up: intensive care unit (ICU) but not 30-day
mortality was available for 5% (3/61) of participants in one study

(Bollen 2005); in another trial, one of 61 participants randomized
to HFO was lost to follow-up after being discharged to another
institution on day 31 after randomization (Mentzelopoulos 2012).

Selective reporting

We found no evidence of selective reporting within in the included
studies.

We found no evidence of publication bias. Neither Begg’s Rank
Correlation test (P value=0.71) nor Macaskill-Peters' regression test
(P value = 0.401) was significant.

Other potential sources of bias

Two trials were terminated early because of low recruitment
(Bollen 2005) or after early stopping criteria for harm were nearly
met (Ferguson 2013).

Seven trials (Arnold 1994; Bollen 2005; Derdak 2002; Ferguson
2013; Mentzelopoulos 2012; Samransamruajkit 2005; Young
2013) reported cross-overs between groups (range 1.3% to
52% of all randomized participants), which involved 0% to
19% of participants randomized to HFO (11/29 (Arnold 1994),
7/37 (Bollen 2005), 4/75 (Derdak 2002), 0/27 (Mentzelopoulos
2012), 0/6 (Samransamruajkit 2005) and 0/398 (Young 2013);
and 2.5% to 65% of participants randomized to conventional
ventilation (19/29 (Arnold 1994), 4/24 (Bollen 2005), 9/73 (Derdak
2002), 31/273 (Ferguson 2013), 2/27 (Mentzelopoulos 2012), 1/10
(Samransamruajkit 2005), and 10/397 (Young 2013)).

Effects of interventions

See: Summary of findings for the main comparison High-
frequency oscillation versus conventional ventilation for the
treatment of acute respiratory distress syndrome
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Primary outcomes
1. Hospital or 30-day mortality

In the primary analysis, including eight trials that treated
participants with HFO until prespecified criteria for weaning or

resolution of ARDS (Arnold 1994; Bollen 2005; Derdak 2002;
Ferguson 2013; Mentzelopoulos 2012; Samransamruajkit 2005;
Shah 2004; Young 2013) (n = 1779), the median hospital or 30-day
mortality in the control group was 47% (range 33% to 67%). HFO
did not reduce hospital or 30-day mortality (RR 0.92, 95% CI 0.72 to
1.16; P = 0.46; Figure 4).

Figure 4. Forest plot of comparison: 1 Mortality, outcome: 1.1 Hospital or 30-day mortality. (HFO = high frequency

oscillation, CMV = conventional mechanical ventilation)
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Mortality was determined at discharge from hospital (Ferguson
2013; Mentzelopoulos 2012; Samransamruajkit 2005; Young 2013)
or at 30 days after randomization (Arnold 1994; Bollen 2005; Derdak
2002; Shah 2004). In two trials, 3/61 participants alive at discharge
from the ICU (Bollen 2005) and 1/125 participants alive at the time
of transfer to another facility (Mentzelopoulos 2012) were assumed
to have survived; censoring these participants did not alter the
results of the meta-analysis (RR 0.92, 95% Cl 0.73 to 1.16; P = 0.48;
Analysis 1.2). Including three HFO and two conventional ventilation
participantsin one study (Shah 2004) who were withdrawn because
they died less than 48 hours after randomization, but for whom no
other baseline or outcome data were available after author contact,
did not alter our findings ( RR 0.92, 95% Cl 0.73 to 1.16, |12 = 66%,
Analysis 1.3).

Subgroup analyses did not show significant differences in
treatment effect among six adult (Bollen 2005; Derdak 2002;
Ferguson 2013; Mentzelopoulos 2012; Shah 2004; Young 2013)
versus two paediatric (Arnold 1994; Samransamruajkit 2005) trials
(P = 0.63 for interaction z-test; Analysis 1.4). In a post hoc
subgroup analysis, there was no significant difference in treatment
effect among four trials (Ferguson 2013; Mentzelopoulos 2012;
Samransamruajkit 2005; Shah 2004) that mandated tidal volumes
<8 mL/kg in the control group and four trials (Arnold 1994; Bollen
2005; Derdak 2002; Young 2013) that permitted higher tidal volumes
(z-test for interaction P = 0.74; Analysis 1.5). Excluding one trial
(Ferguson 2013) terminated early for harm did not alter our findings
(RR0.83,95% Cl 0.65 to 1.06; P = 0.08, I = 48%). Similarly excluding
five trials at unclear risk of bias (Arnold 1994; Bollen 2005; Ferguson
2013; Mentzelopoulos 2012; Shah 2004) did not alter our findings
(RR 0.89,95% CI 0.68 to 1.18; P = 0.42, 1> = 41%, Analysis 1.6).

Favours HFO Favours CMV

We found evidence of moderate statistical heterogeneity (I =
66%) for our primary endpoint of hospital or 30-day mortality,
but statistical heterogeneity was low for secondary and adverse
outcomes (12 = 0% - 14%).

Secondary outcomes

2. Six-month mortality

Only one trial (Derdak 2002) (n = 148) reported six-month mortality,
with no significant effect of HFO (RR 0.79, 95% CI 0.58 to 1.08; P =
0.14).

3. Duration of mechanical ventilation

The duration of mechanical ventilation (MD 0.59 days, 95% CI -1.09
to 2.28; P = 0.49; 5 trials, 1142 participants; Analysis 2.1) (Arnold
1994; Derdak 2002; Mentzelopoulos 2012; Samransamruajkit 2005;
Young 2013) did not significantly differ between groups.

4, Ventilator-free days to day 28 or 30

We do not report a pooled result for ventilator-free days because
heterogeneity was extremely high ((I> = 95%) across two studies
(Mentzelopoulos 2012; Young 2013) that reported this outcome.

5. Health-related quality of life at one year

No trial reported health-related quality of life. We identified one
trial which collected health-related quality of life at six months and
one year; data are not yet available (Young 2013).
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6. Treatment failure

In six trials (Arnold 1994; Bollen 2005; Derdak 2002; Ferguson
2013; Mentzelopoulos 2012; Samransamruajkit 2005) (n = 956)
HFO reduced the risk of treatment failure compared with
conventional mechanical ventilation (RR 0.64, 95% Cl 0.48 to
0.85; P = 0.002; Figure 5). Three trials (Arnold 1994; Bollen 2005;
Derdak 2002) (n = 267) reported treatment failure according to
predefined criteria. Three trials (Ferguson 2013; Mentzelopoulos
2012; Samransamruajkit 2005) (n = 699) did not report this outcome
but we obtained data directly from the authors (Mentzelopoulos
2012; Samransamruajkit 2005) or from outcomes in the published

report (Ferguson 2013). In one trial, one participant randomized
to conventional ventilation with early treatment failure who
crossed over to HFO because of barotrauma was analysed as
a treatment failure in the conventional mechanical ventilation
group (Samransamruajkit 2005). When we did not count the two
participants randomized to conventional ventilation in one trial
(Mentzelopoulos 2012) who crossed over to HFO for only three
and six hours as treatment failures, the pooled result remained
significant (RR 0.64,95% Cl 0.48 to 0.86; P =0.003). No trial reported
blinding of outcome assessors or independent adjudication of
treatment failure.

Figure 5. Forest plot of comparison: 2 Adverse events, outcome: 2.1 Treatment failure (intractable hypoxia,
hypotension, acidosis, hypercapnoea requiring discontinuation of study intervention). (HFO = high frequency

oscillation, CMV = conventional mechanical ventilation)
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Physiologic outcomes

Physiological outcomes for day one, day two, and day three are
summarized in Analysis 4.1; Analysis 4.2; Analysis 4.3; Analysis 4.4;
and Appendix 2.

Day one measurements were obtained at 24 hours except in two
studies where they were obtained at 12 hours (Demory 2007;
Papazian 2005). Analyses were by intention-to-treat except for one
participant in one trial (Samransamruajkit 2005) who crossed over
from conventional ventilation to HFO shortly after randomizations
and was analysed as treated because we were unable to obtain
sufficient data (after contacting the author) to permit an intention-
to-treat analysis.

7. Pa0,/FiO, ratio at 24, 48, and 72 hours after randomization

At 24,48,and 72 hours, HFO increased the PaO,/FiO, ratio by 18% to
26% relative to conventional mechanical ventilation (see Analysis
4.1 and Appendix 2).

One trial included in our review combined tracheal gas insufflation
and recruitment manoeuvres with HFO (Mentzelopoulos 2012).
Because a separate randomized cross-over trial (not included
in this review due to cross-over design) (Mentzelopoulos 2007a)
showed that these co-interventions may improve oxygenation, we
performed a sensitivity analysis in which data from Mentzelopoulos
2012 were not included in the analysis of the effect of HFO on the

Favours HFO Favours CMY

Pa0,/FiO, ratio. Results were similar: ratio of means (RoM) of 1.23
(95% CI 1.11 to 1.35; P = 0.0001, I2 = 39%) on day one, 1.15 (95% CI
0.98 to 1.35; P = 0.10, 1> = 71%) on day two, and 1.18 (95% CI 1.03
t01.35; P =0.02, 12 = 62%) on day three.

8. Oxygenation index at 24, 48, and 72 hours after
randomization

Effects on the oxygenation index did not significantly differ between
HFO and conventional ventilation (see Analysis 4.2 and Appendix 2).

9. PaCO, at 24, 48, and 72 hours after randomization

We do not report a pooled result because heterogeneity was
extremely high (1> >90%) in all analyses (Analysis 4.3 and Appendix
2).

10. Mean airway pressure 24, 48, and 72 hours after
randomization

At 24, 48, and 72 hours, HFO increased mean airway pressure by
16% to 30% relative to conventional mechanical ventilation (see
Analysis 4.4).
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Adverse events
11. Barotrauma

We found no significant differences in the risk of barotrauma
(7 trials, 951 participants; Analysis 3.2) (Arnold 1994; Bollen
2005; Derdak 2002; Ferguson 2013; Mentzelopoulos 2012;
Samransamruajkit 2005; Shah 2004). Included studies varied in
definitions of barotrauma: one study reported only pneumothorax
(Shah 2004), three studies reported any pulmonary air leak (Derdak
2002; Mentzelopoulos 2012; Samransamruajkit 2005), one study
reported any pulmonary air leak that developed during the
protocol (Ferguson 2013), and two studies reported severe air leak
resulting in treatment failure (Arnold 1994; Bollen 2005).

12. Hypotension

We found no significant differences in the risk of hypotension
(4 trials, 392 participants; Analysis 3.3) (Arnold 1994; Bollen
2005; Derdak 2002; Mentzelopoulos 2012). Three studies reported
intractable hypotension (Arnold 1994; Bollen 2005; Derdak 2002).
One trial (Shah 2004) reported transient hypotension in one
participant at the time of HFO initiation (1/15 in high-frequency
oscillation group and 0/13 in conventional ventilation group).
Including these data minimally changed the pooled result (RR 1.01,
95% C10.61 to 1.66; P = 0.98, 1> = 8%; Analysis 3.4).

13. Endotracheal tube obstruction due to secretions

We found no significant differences in the risk of endotracheal
tube obstruction (4 trials, 246 participants) (Derdak 2002;
Mentzelopoulos 2012; Samransamruajkit 2005; Shah 2004).
Although four trials reported on endotracheal tube obstruction,
all events occurred in a single study (Derdak 2002), precluding a
pooled analysis.

14. Technical complications and equipment failure in
participants treated with HFO

There were no serious technical problems during HFO in the four
trials that provided these data (Shah 2004; Samransamruajkit 2005;
Derdak 2002; Mentzelopoulos 2012). One trial (n = 125) reported
minor technical problems, including water accumulation in the
circuit (number of instances not reported) and unintentional air
leaks (21 instances in 223 uninterrupted sessions lasting six to 48
hours) and tearing of the ventilator diaphragm (seven instances in
223 uninterrupted sessions lasting six to 48 hours) (Mentzelopoulos
2012). A second trial (n = 148) reported four HFO device failures
resulting from overheating, which was solved by switching to
another Sensormedics 3100B HFO ventilator (Derdak 2002); the
number of conventional ventilators which failed was not recorded.

DISCUSSION

Summary of main results

The main finding of our systematic review and meta-analysis is that
HFO did not reduce hospital and 30-day mortality in participants
with ARDS compared to conventional mechanical ventilation. This
finding was based on a small number of trials (eight for the
primary analysis), participants (1779) and events (807), resulting
in wide confidence intervals. The quality of evidence for the
effect of HFO on mortality was very low, due to imprecision,
inconsistency, indirectness and methodologic limitations (see

Summary of findings for the main comparison). The risk of adverse
events was similar.

Overall completeness and applicability of evidence

Our primary analysis was based on a small number of
trials, some of which included relatively small numbers of
participants and few outcome events, and have wide confidence
intervals. Furthermore, although we found moderate heterogeneity
for our primary outcome (hospital or 30-day mortality), this may
be an underestimate, given the small number of trials. A priori
subgroup analyses did not adequately explain heterogeneity,
although heterogeneity appeared to be slightly lower (1> = 41%) in
three trials with low risk of bias (Derdak 2002; Samransamruajkit
2005; Young 2013). Nevertheless, HFO did not reduce mortality
when only studies with low risk of bias were pooled (Analysis 1.6).

Although our meta-analysis suggests HFO might reduce treatment
failure, the criteria for treatment failure varied across trials (Arnold
1994; Bollen 2005; Derdak 2002) or were not predefined (Ferguson
2013; Mentzelopoulos 2012; Samransamruajkit 2005), and outcome
assessors were not blinded. Therefore caution should be used when
interpreting this finding, especially in view of the overall neutral
effect of HFO on mortality in our systematic review, and the results
of the second largest HFO trial to date (Ferguson 2013) which found
that HFO increased mortality.

Limited data precluded subgroup analyses based on the degree
of hypoxaemia and analyses of longer-term mortality and
health-related quality of life. We found moderate to high
heterogeneity for physiological endpoints, which limited their
interpretability. Because of limited data, we were unable to analyse
duration of mechanical ventilation separately for survivors and
non-survivors to address the possibility that differences in early
mortality could drive overall differences in duration of mechanical
ventilation. The risk of bias was low in five studies (Demory
2007; Derdak 2002; Papazian 2005; Samransamruajkit 2005; Young
2013) but remained unclear in five studies (Arnold 1994; Bollen
2005; Ferguson 2013; Mentzelopoulos 2012; Shah 2004). Thus, our
findings do not support HFO for the treatment for ARDS. The overall
quality of the evidence is very low for the most important outcomes
to patients, such as mortality (see Summary of findings for the main
comparison), indicating considerable uncertainty, and that future
trials may impact our findings (Schiinemann 2008).

Quality of the evidence

See Summary of findings for the main comparison.

The evidence for our main outcome of hospital of 30-day mortality
is drawn from three trials (Derdak 2002; Samransamruajkit 2005;
Young 2013 ) with a low risk of bias and five trials (Arnold
1994; Bollen 2005; Ferguson 2013; Mentzelopoulos 2012; Shah
2004) with unclear risk of bias. Subgroup and sensitivity analyses
did not provide a convincing explanation for observed variation
between the results of the studies(see Analysis 1.4; Analysis 1.6;
Analysis 1.5). We judged the quality of evidence for our main
outcome of hospital or 30-day mortality to be very low. We
downgraded our assessment for the quality of evidence for serious
indirectness in the comparator (four trials: Arnold 1994; Bollen
2005; Derdak 2002; Young 2013, n = 1062, did not mandate low
tidal volume conventional ventilation in participants who received
conventional mechanical ventilation); inconsistency (we detected
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moderate statistical heterogeneity, 1> = 66%, for our primary
outcome of hospital or 30-day mortality); imprecision due to wide
confidence intervals around our estimate of treatment effect;
serious methodologic limitations (blinding was not possible in all
studies; cross-overs between treatment groups > 10% occurred
in three trials (Arnold 1994; Bollen 2005; Derdak 2002); post-
randomization withdrawals ranging from 1.4% to 17% occurred in
three trials (Arnold 1994; Derdak 2002; Shah 2004)).

Potential biases in the review process

Strengths of our review include methods to minimize bias,
including a comprehensive literature search, duplicate data
abstraction, and use of a predefined protocol outlining our
hypotheses, methodological assessment of primary studies,
and statistical analysis plan. We considered important clinical,
physiological, and safety endpoints. Although blinding of
participants, their families, and clinicians was not feasible, five of
10 trials had low risk of bias.

Our meta-analysis may have overestimated the treatment effect
of HFO because the control group of four studies (Arnold 1994;
Bollen 2005; Derdak 2002; Young 2013), including the largest trial
(Young 2013) which dominated the pooled analyses, was exposed
to higher tidal volumes (> 6 to 8 mL/kg predicted body weight)
than currently recommended (ARDS Network 2000). However, a
sensitivity analysis showed no differencein trials thatimplemented
lower tidal volume lung-protective ventilation in the control
group. Alternatively, the higher rate of cross-overs due to treatment
failure in participants randomized to conventional ventilation may
have reduced the measured effect of HFO. In three studies (Arnold
1994; Bollen 2005; Ferguson 2013) more than 10% of participants
crossed over from their assigned mode of ventilation.

Metholodical diversity in the primary studies may account for the
inconsistency in some of the reported findings. In the second
largest study (Ferguson 2013, n = 548), investigators reported
an increase in mortality associated with early application of
HFO in participants with ARDS. This trial, however, may have
been susceptible to truncation bias due to early termination for
harm. Furthermore, the control arm used a protocol incorporating
recruitment manoeuvres and high positive end expiratory pressure,
which may have conferred additional benefit over conventional
ventilation with low tidal volumes in participants with ARDS (Briel
2010; Meade 2008). Conversely, Mentzelopoulos 2012 reported a
statistically significant reduction in mortality associated with HFO;
however this study differed from others because HFO was used
intermittently and for a variable period of time each day based
on a predefined protocol, and was combined with tracheal gas
insufflation. Furthermore, participants who received protocolized
HFO were cared for by selected experts (Mentzelopoulos 2012;
personal correspondence), which was not the case for participants
undergoing conventional ventilation, which may have led to
performance bias. Finally, the largest trial (Young 2013, n = 795)
utilized a different HFO ventilator (Novalung R100) which differed
from the other studies which used HFO ventilators designed by
Sensormedics.

Agreements and disagreements with other studies or
reviews

Our findings differ from our previous systematic review (Sud
2013), which found reduced mortality and treatment failure in

participants with ARDS receiving HFO. However, we have included
two additional trials (Ferguson 2013; Young 2013) of HFO compared
to conventional ventilation and unpublished data provided by
primary investigators, which generated more reliable estimates of
treatment effects through increases in sample size and outcome
events.

The improvements in PaO,/Fi0, that we observed are
consistent with observational studies (Ferguson 2005; Fort 1997;
Mehta 2001). Although HFO increased PaO,/FiO, compared to
conventional ventilation, there was no difference in oxygenation
index (defined as 100 x mean airway pressure/(Pa0,/FiO,
ratio)) because of the higher mean airway pressure applied
during HFO. Although high airway pressure during conventional
ventilation is harmful to the lungs (Ranieri 1999), the importance
of the higher mean airway pressure during HFO is unclear
because of its incompletely characterized relationship to alveolar
pressure, which is a more important determinant of lung injury
than mean airway pressure in ARDS. Direct comparisons of
mean airway pressure and oxygenation index between HFO and
conventional ventilation may not be valid because, in contrast
to conventional ventilation, mean airway pressures measured in
the trachea during HFO are 6 to 8 cm H,O lower than values
displayed on the ventilator (Muellenbach 2007). From a clinical
perspective, improved oxygenation may not always be associated
with improved clinical outcomes in ARDS (Bernard 2008; Slutsky
2009), because death due to refractory hypoxaemia is relatively
uncommon, compared with death due to multiple organ failure.

Our findings seem inconsistent with experimental studies in
animals showing that HFO reduces histologic alveolar over-
distension compared to conventional mechanical ventilation
(Sedeek 2003), possibly because of the delivery of smaller tidal
volumes (Hager 2007), and by corollary, other clinical trials which
have shown that smaller tidal volumes improve mortality in
participants with ARDS (ARDS Network 2000). Although we found
no increase in barotrauma or hypotension resulting from higher
mean airway pressures employed during HFO in pooled analyses,
in one trial (Ferguson 2013) HFO was associated with increased
need for vasoactive medications, and increased use of sedatives
and analgesics which may have offset the theoretical benefit of
HFO.

AUTHORS' CONCLUSIONS

Implications for practice

The risk of death due to ARDS is very high (Phua 2009; Rubenfeld
2005) and appears to have stabilized over the previous decade
(Phua 2009). In our review, the median control group mortality in
participants with ARDS was 47%. A recent observational study of
HIN1 influenza demonstrated a substantial proportion of those
with severe ARDS required inhaled nitric oxide, prone positioning,
HFO, or extracorporeal membrane oxygenation (ECMO), usually
for refractory hypoxaemia (Kumar 2009). These therapies have
different risk-benefit profiles (Adhikari 2007; Peek 2009; Sud
2008; Sud 2010a; Sud 2014). Inhaled nitric oxide is expensive,
has not been shown to reduce mortality, and may increase
renal dysfunction (Adhikari 2007). ECMO may reduce mortality
but requires considerable technical expertise and is not widely
available (Peek 2009). Mechanical ventilation in the prone position
reduces mortality (Sud 2010a; Sud 2014) and is inexpensive, but is
not without complications (Guérin 2013; Taccone 2009) and may
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interfere with other aspects of patient care (Bein 2007; Leonet
2002).

We found that the quality of evidence for the routine use of HFO
in ARDS over conventional ventilation is very low. The role of
HFO as rescue therapy when conventional mechanical ventilation
has failed due to inadequate gas exchange or the inability to
ventilate with acceptably low tidal volumes, is unclear because in
several trials included in this review, participants randomized to
conventional ventilation received HFO as rescue therapy. Which
rescue therapy should be used when conventional ventilation
fails likely depends on availability and centre-specific expertise,
although current evidence at this time indirectly favours the use
of prone ventilation (Sud 2014) or ECMO (Peek 2009) before
HFO. Because the effects on PaCO, were very inconsistent, it
may be prudent to avoid HFO in intensive care units that admit
many patients with raised intracranial pressure, which may be
exacerbated by elevated PaCO, (e.g. neurocritical care units). Our
results are based on a relatively modest number of trials with
moderately heterogeneous findings, resulting in wide confidence
intervals. As such, future trials may impact on our findings.
Nevertheless, the use of HFO as a first-line strategy for ARDS is not
supported by the findings of our systematic review.

Implications for research

Future research should focus on subgroups of patients that may
benefit from the improvements in oxygenation during HFO, such
as those with severe hypoxaemia at baseline or those who fail
conventional ventilation due to refractory hypoxaemia, or that may
require higher mean airway pressures in order to facilitate alveolar
recruitment, such as those who are morbidly obese. An individual
patient data meta-analysis may be helpful to further explore the
effects of HFO on mortality in such subgroups. Intermittent sessions
of HFO employed in combination with tracheal gas insufflations
according to a predefined protocol appeared to reduce mortality
in one small single-centre trial (Mentzelopoulos 2012, n = 125).
While promising, these findings should be replicated in a larger
multicentre RCT.

Participants who were randomized to HFO in one RCT
that was stopped early for possible harm (Ferguson 2013)
experienced slightly higher mean airway pressures immediately
after randomization, compared to other studies in this review.

However, because mean airway pressure required during HFO is a
post-randomization variable, and may be associated with illness
severity, a relationship between the magnitude of mean airway
pressure during HFO and mortality cannot be determined without
additional data, such as a RCT comparing protocols for higher
versus lower mean airway pressure for ARDS treated with HFO.
An individual patient data meta-analysis could also help elucidate
other important prognostic factors which predict response to
HFO. Recently, a small observational study demonstrated the
feasibility of using an oesophageal balloon catheter during HFO
to approximate transpulmonary pressure as an alternative means
of titrating HFO. However further research is needed to determine
whether this approach is clinically beneficial (Henderson 2015).

Another opportunity to improve the success of future trials of HFO
would be to adopt consistent protocols for its optimal application
(Fessler 2008). In our review, only two studies (Ferguson 2013;
Mentzelopoulos 2012) routinely applied recruitment manoeuvres
as part of the HFO technique, and only one trial (Ferguson 2013)
attempted to maximize the frequency of oscillation in order to
obtain the smallest possible tidal volume (Hager 2007).
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CHARACTERISTICS OF STUDIES

Characteristics of included studies [ordered by study ID]

Arnold 1994

Methods Multi-centre RCT in 5 tertiary-care paediatric ICUs in the United States from July 1990 to January 1994

Participants 70 children (weight < 35 kg, mean age 2.8) with acute diffuse lung injury and impaired oxygenation

Excluded: if <40 weeks post-conceptual age or former prematurity with residual chronic lung disease,
obstructive airway disease, intractable septic or cardiogenic shock, non-pulmonary terminal diagnosis

Interventions 3100 high-frequency oscillatory ventilator (SensorMedics). Initial settings of FiO,: 1.0, frequency of 5
to 10 Hz, mPaw of CV+ (4 to 8) cm H,0, pressure amplitude of oscillation set for “adequate chest wall
movement” or according to transcutaneous PCO, sensor, bias gas flow 18 L/min

Controls were ventilated with pressure-limited conventional mechanical ventilation (Servo 900C,
Siemens; Veolar, Hamilton Medical). Target blood gas values were the same as for HFO

Cross-over to the alternate ventilator was required if the participant met treatment failure criteria
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Arnold 1994 (continued)

Outcomes Duration of mechanical ventilation, 30-day mortality, supplemental oxygen at 30 days, neurological
events. Other clinical and adverse outcomes including barotrauma, hypotension, and treatment failure
were also reported.

Notes Lung-protective ventilation was not mandated in the control group receiving conventional mechanical
ventilation.

Participants had ARDS (86%) or pulmonary barotrauma requiring chest tube (14%). 21/62 were < 1 year
old.

12 participants excluded from the analysis due to: exclusion from the study within 8 hours of enrol-
ment (n = 6); protocol violations (n = 4); transferred to other institution (n = 2). Open-lung approach to
achieve oxygenation targets used

No specific use of lung-volume recruitment manoeuvres

Use of sedation and paralysis was not reported

Use of rescue therapies or co-interventions for ARDS was not reported

Partial industry support (SensorMedics)

Risk of bias

Bias Authors' judgement  Support for judgement

Random sequence genera-  Low risk Random numbers (email correspondence, J Arnold, 5 June 2003)

tion (selection bias)

Allocation concealment Low risk "Randomization was based on a serialized form which included the balanced

(selection bias) block design, thus the assignment was blinded to the investigator when a pa-

tient was selected to be in the study" (email correspondence, J Arnold, 5 June
2003)

Blinding (performance Unclear risk Blinding of caregivers and family members was not possible due to the nature

bias and detection bias) of the intervention, which increases the risk of performance bias

All outcomes

The primary outcome was death, which is less susceptible to detection bias.
Radiologists who assessed chest radiographs were blinded to study treatment,
which would have reduced detection bias for barotrauma

Incomplete outcome data  Unclear risk Data were available for 58 of 70 randomized participants after author contact

(attrition bias)

All outcomes

Selective reporting (re- Low risk All primary and secondary outcomes reported

porting bias)

Other bias Unclear risk >10% of participants (30/58) crossed over from assigned ventilator strategy

Bollen 2005
Methods Multi-centre RCT in 5 1CUs in 4 European cities from October 1997 to March 2001

Participants

61 adults (mean age 53) with ARDS
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Bollen 2005 (continued)

Excluded: Patients with a non-pulmonary terminal disease, severe chronic obstructive pulmonary dis-
ease or asthma and grade 3 or 4 air leak

Interventions

3100B high-frequency oscillatory ventilator (SensorMedics). Frequency of 5 Hz with inspiratory time of
33%, mPaw of CV+ 5 cm H,0, pressure amplitude of oscillation set according to PaCO, and to achieve
chest wall vibration

Controls were ventilated with time-cycled pressure-controlled mechanical ventilation with mean
tidal volume of 8 - 9 mL/kg ideal body weight (calculated from mean tidal volume per kg of ideal body
weight on day 1, 2, 3). General physiological targets were provided, including limitation of peak inspi-
ratory pressure to 40 cm H,0, but more detailed ventilation procedures and methods of weaning were
according to standard protocols of the investigating centres.

Cross-over to the alternate ventilator was required if the participant met treatment failure criteria

Outcomes Cumulative survival without mechanical ventilation or oxygen dependency at 30 days; mortality at 30
days; therapy failure; cross-over rate; and persisting pulmonary problems defined as oxygen depen-
dency or still being on a ventilator at 30 days. Data for ventilator settings and arterial blood gases were
available for the first 3 days. Other clinical and adverse outcomes including barotrauma, hypotension,
and treatment failure were also reported.

Notes Lung-protective ventilation was not mandated in the control group receiving conventional mechanical
ventilation
7/61 participants (5 HFO and 2 control) were reported lost to follow-up at 30 days; ICU mortality, but
not 30-day mortality, was available for all participants lost to follow-up except 3/61 (2 HFO and 1 con-
trol) participants after author contact
Trial was terminated early for slow recruitment
No specific use of lung-volume recruitment manoeuvres
Use of sedation and paralysis was not reported
Use of rescue therapies or co-interventions for ARDS was not reported
Partial industry support (SensorMedics)

Risk of bias

Bias Authors' judgement  Support for judgement

Random sequence genera-  Low risk Computerized randomization

tion (selection bias)

Allocation concealment Low risk Sealed opaque envelopes(email correspondence, C. Bollen, June 26, 2009)

(selection bias)

Blinding (performance Unclear risk Blinding of caregivers and family members was not possible due to the nature

bias and detection bias) of the intervention, which increases the risk of performance bias

All outcomes

The primary outcome was death, which is less susceptible to detection bias

Incomplete outcome data  Unclear risk 30-day mortality available for 54/61 participants; ICU mortality, but not 30-day

(attrition bias) mortality, was available for 4/61 after author contact; vital status remains un-

All outcomes known for 3/61 participants

Selective reporting (re- Low risk All primary and secondary outcomes were reported

porting bias)

Other bias Unclear risk >10% of participants (11/61) crossed over from assigned ventilator strategy
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Demory 2007

Methods

Single-centre RCT in France from November 2003 to December 2004

Participants

43 (28 included in this review) adults (mean age 49) with ARDS and PaO,/FiO, < 150 and PEEP =5 cm
H,0

Interventions

3100B high-frequency oscillatory ventilator (SensorMedics). Initial settings were FiO, 1.0, frequency of 5
Hz with inspiratory time of 33%, mPaw of CV+ 5 cm H,0 (but < plateau pressure), pressure amplitude of
oscillation = PaCO, during conventional mechanical ventilation (max 110)

Controls were ventilated with volume-assist control with tidal volume 6 - 7 mL/kg predicted body
weight. PEEP was adjusted according to the ARDSNet protocol

Participants included in this review were randomized to receive conventional mechanical ventilation in
the prone position for 12 hours prior to: supine HFO (intervention, n = 13), or supine conventional me-
chanical ventilation (control, n = 15). A third group (n = 15) was randomly assigned to conventional ven-
tilation in the supine position for 12 hours, followed by HFO, and was not included in this review

Outcomes Physiologic data including PaO,/FiO,, Ol, venous admixture
Notes Duration of HFO was limited to 12 hours; therefore we included only physiologic data (PaO,/FiO, and
Ol) in pooled analyses
Recruitment manoeuvres were performed at HFO initiation, but not during conventional mechanical
ventilation.
Sedation and paralysis were applied equally to both treatment groups
Risk of bias
Bias Authors' judgement  Support for judgement
Random sequence genera-  Low risk Computer-generated list of random numbers (email correspondence, L Papaz-
tion (selection bias) ian, 9 August 2011)
Allocation concealment Low risk Sealed opaque envelopes (email correspondence, L Papazian, 9 August 2011)
(selection bias)
Blinding (performance Low risk Although blinding of caregivers and family members was not possible, the use
bias and detection bias) of protocols, equal application of sedation and paralysis, and short study du-
All outcomes ration, likely minimizes the risk of performance bias
The primary outcome, Pa0,/FiO,, was measured from arterial blood in a stan-
dardized manner, and is therefore not likely to be susceptible to detection bias
Incomplete outcome data  Low risk No incomplete outcome data
(attrition bias)
All outcomes
Selective reporting (re- Low risk All primary and secondary outcomes reported; authors provided additional
porting bias) physiologic data for this review after being contacted
Other bias Low risk No other source of bias identified
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Derdak 2002

Methods

Multi-centre (13 university-affiliated medical centres) RCT in the United States and Canada from Octo-
ber 1997 to December 2000

Participants

148 adults (mean age 49) with ARDS and PEEP > 10

Interventions

31008 high-frequency oscillatory ventilator (SensorMedics). Initial settings of FiO, 0.80 - 1.0, frequency
of 5 Hz, mPaw of CV+5, pressure amplitude of oscillation set for “vibration down to level of mid-thigh”,
bias flow of 40 L/min. Switched back to CV when FiO, was 0.50 or less and mPaw was weaned to 24 cm
H,0 or less with an Sa0, of 88% or more

Controls were ventilated using pressure control with an initial tidal volume of 6 - 10 ml/kg actual body
weight, RR adjusted for pH greater than 7.15, PEEP of 10, inspiratory time 33%. Subsequent adjustment
of PEEP was according to study protocol (range 10 - 14)

Outcomes

Survival without need for mechanical ventilation at 30 days from entry to study, 30-day mortality, 6-
month mortality, need for mechanical ventilation at 30 days and 6 months. Physiologic endpoints and
other clinical outcomes, including adverse events, were also obtained after author contact

Notes

Lung-protective ventilation was not mandatory in the control group receiving conventional mechanical
ventilation.

Designed as an equivalence trial

Rescue therapies used in 9% of the HFO group (nitric oxide 4/75; prone position 2/75, high-dose
steroids 1/75) and 16% of the CV group (nitric oxide 8/73; prone position 3/73; high-dose steroids 4/73)

Lung-volume recruitment manoeuvres were permitted, although not protocolized

All participants who received HFO were paralysed; paralysis was not mandatory in participants receiv-
ing CV

Partial industry support (SensorMedics)

Risk of bias

Bias

Authors' judgement Support for judgement

Random sequence genera-  Low risk Computer-based randomization with a balanced block design, balanced with

tion (selection bias) respect to baseline oxygenation index > 40 (email correspondence, S Derdak, T
Bachmann, 20 April 2009)

Allocation concealment Low risk Computerized randomization programme (email correspondence, S Derdak, T

(selection bias) Bachmann, 20 April 2009)

Blinding (performance Low risk Study investigators and sponsors were blinded to overall results

bias and detection bias)

All outcomes Although blinding of caregivers and family members was not possible due to
the nature of the intervention, the use standardized ventilator settings in each
study group reduces the risk of performance bias due to lack of blinding
Because the primary outcome was death, detection bias was unlikely

Incomplete outcome data  Low risk Mortality data for withdrawn participants (2/148) obtained after author con-

(attrition bias) tact

All outcomes

Selective reporting (re- Low risk All primary and secondary outcomes were reported; authors provided addi-

porting bias) tional clinical and physiologic outcome data for this review after being con-
tacted
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Derdak 2002 (continued)

Other bias Low risk No other source of bias identified
Ferguson 2013
Methods Multi-centre international RCT (39 centres in 5 countries) from July 2007 to August 2012

Participants

548 adults with ARDS; 16 - 85 years of age; acute onset of respiratory failure, with fewer than 2 weeks
of new pulmonary symptoms; tracheal intubation; hypoxaemia - defined as PaO,/FiO, < 200 mmHg on
FiO, = 0.5, regardless of PEEP; bilateral alveolar consolidation (airspace disease) seen on frontal chest
radiograph

Interventions

Intervention group: 3100B high-frequency oscillatory ventilator using a lung-open approach and an ex-
plicit protocol

Control group: conventional ventilation using low tidal volumes (target tidal volume of 6 ml/kg,
plateau pressure < 35 cm H,0) and a lung-open approach according to an explicit protocol, with HFO
only as rescue therapy

Outcomes Hospital mortality; also ICU and 28-day mortality, quality of life at 6 months. Other clinical and adverse
outcomes including barotrauma, and treatment failure were also available.
Notes After enrolment standardized ventilator settings were used for all participants: Tidal volume 6 ml/kg,
FiO, of 0.60, PEEP of 10 cm H,0 or higher if needed for oxygenation. If PaO,/FiO, remained < 200 mmHg
after 30 minutes, participants were randomized. Otherwise patients were reassessed daily for up to 72
hours
Protocols for lung volume recruitment manoeuvres were used for both the HFO and CV group
Steroids for ARDS were used in 93/275 and 96/273 of the HFO and CV groups respectively
Paralysis was administered to 84/275 and 94/273 of the HFO and CV groups respectively
34 of 273 patients randomized to CV received "rescue" HFO for rescue hypoxaemia
Partial industry support (CareFusion loaned 9 oscillators and provided technical support)
Risk of bias
Bias Authors' judgement  Support for judgement
Random sequence genera-  Low risk "Computer generated randomisation schedule" (Study protocol, January 13
tion (selection bias) 2010)
Allocation concealment Low risk "Randomization was performed in undisclosed block sizes of 2 and 4 with the
(selection bias) use of a central Web-based randomisation system, stratified according to cen-
tre"
Blinding (performance Low risk Study investigators were blinded to overall results for the duration of the study
bias and detection bias)
All outcomes Although blinding of caregivers, family members, and research co-ordinators
was not possible due to the nature of the intervention, the use of protocols for
HFO and mechanical ventilation reduces the risk of performance bias due to
lack of blinding
Because the primary outcome was death, detection bias was unlikely
Incomplete outcome data  Low risk No incomplete outcome data
(attrition bias)
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Ferguson 2013 (Continued)
All outcomes

Selective reporting (re- Low risk All primary and secondary outcomes were reported with the exception of qual-
porting bias) ity of life at 6 months
Other bias Unclear risk The trial was terminated early because increased mortality was observed in
the HFO group after an interim analysis of 500 participants (planned enrol-
ment was 1200)
Mentzelopoulos 2012
Methods Single-centre RCT in Greece from July 2006 to May 2009

Participants

125 adults (mean age 52) with ARDS; PaO,/FiO, <150, PEEP = 8 cm H,0

Interventions

3100B high-frequency oscillatory ventilator (SensorMedics). Initial settings of frequency of 4 Hz, mPaw
of 3 above mean tracheal pressure measured distal to the endotracheal tube, pressure amplitude of os-
cillation set 30 above baseline PaCO, during CV. Participants received 6 - 24 hours of HFO each day un-
til PaO,/FiO, = 150 for > 12 hours on CV. All participants received tracheal gas insufflation with HFO

Controls were ventilated using volume assist control according to a prespecified protocol with a target
tidal volume of 5.5 to 7.5 ml/kg predicted body weight and target plateau pressure of <35 cm H,0

Outcomes Hospital mortality. Additional physiologic and clinical outcomes, including adverse events, were ob-
tained after author contact.
Notes Protocols for lung volume recruitment manoeuvres were used for both the HFO and CV group
Steroids for ARDS were used in 40/61 and 39/64 of the HFO and CV groups respectively
Paralysis was administered to 50/61 and 54/64 of the HFO and CV groups respectively
In the CV group, 4 participants received HFO (without tracheal gas insufflation) and 2 participants re-
ceived prone ventilation as rescue therapy
Risk of bias
Bias Authors' judgement  Support for judgement
Random sequence genera-  Low risk Computer-generated list of random numbers (email correspondence, SD
tion (selection bias) Mentzelopoulus, 9 April 2009)
Allocation concealment Low risk Telephone (email correspondence, SD Mentzelopoulus, 9 April 2009)
(selection bias)
Blinding (performance Unclear risk Blinding of caregivers and family members was not possible due to the nature
bias and detection bias) of the intervention Study investigators (with expertise in HFO and mechanical
All outcomes ventilation) were available to assist in the ventilatory management of partici-
pants randomized to HFO, but not those randomized to conventional ventila-
tion (personal correspondence, S Mentzelopoulos, HFO investigators meeting
London, UK, Feb 21 2013). This might introduce potential performance bias
Because the primary outcome was death, detection bias was unlikely
Incomplete outcome data  Low risk Vital status of 1/61 participants randomized to HFO was not known because

(attrition bias)
All outcomes

this participant was transferred to another hospital on day 31 post-random-
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Mentzelopoulos 2012 (continued)

ization. (However, this participant was assumed to have died in the primary
analysis, which would slightly bias the overall results against HFO)

Selective reporting (re- Low risk All primary and secondary outcomes were reported; authors provided addi-

porting bias) tional clinical and physiologic outcome data for this review after being con-
tacted

Other bias Low risk No other source of bias identified

Papazian 2005

Methods

Single-centre RCT in France

Participants

26 adults (mean age 51) with ARDS; PaO,/FiO, < 150, PEEP =5 cm H,0

Interventions

3100B high-frequency oscillatory ventilator (SensorMedics). Initial settings of FiO, 1.0, frequency of 5
Hz with inspiratory time of 33%, bias flow of 20 L/min, mPaw of CV+ 5 cm H,0, pressure amplitude of
oscillation = PaCO, during conventional mechanical ventilation (max 110). All participants were venti-
lated in the prone position

Controls were ventilated with volume-assist control with tidal volume 6 mL/kg predicted body weight.
PEEP was set to 2 cm H,0 above the lower inflection point of the pressure volume curve. All partici-
pants were ventilated in the prone position

Outcomes Physiologic data (including PaO,/FiO, and Ol), haemodynamics, and inflammatory mediators in BAL
fluid and blood
Notes All participants were ventilated in the prone position
Recruitment manoeuvres (45 cm H,0 x 40 seconds) were performed at HFO initiation, but not during
conventional mechanical ventilation
Duration of HFO was limited to 12 hours; therefore we included only physiologic data (PaO,/FiO, and
0l) in pooled analyses
Sedation and paralysis were applied equally to both treatment groups
Risk of bias
Bias Authors' judgement  Support for judgement
Random sequence genera-  Low risk Computer-generated list of random numbers (email correspondence, L Papaz-
tion (selection bias) ian, 9 August 2011)
Allocation concealment Low risk Sealed opaque envelopes (email correspondence, L Papazian, 9 August 2011)
(selection bias)
Blinding (performance Low risk Although blinding of caregivers and family members was not possible, the use
bias and detection bias) of protocols, equal application of sedation and paralysis, and short study du-
All outcomes ration likely minimizes the risk of performance bias
The primary outcome, Pa0,/FiO,, was measured from arterial blood in a stan-
dardized manner, and is therefore not likely to be susceptible to detection bias
Incomplete outcome data  Low risk No incomplete outcome data
(attrition bias)
All outcomes
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Papazian 2005 (Continued)

Selective reporting (re- Low risk All primary and secondary outcomes were reported; authors provided addi-
porting bias) tional physiologic outcome data for this review after being contacted
Other bias Low risk No other source of bias identified

Samransamruajkit 2005

Methods

Single-centre RCT in Bangkok, Thailand from September 2000 to September 2002

Participants

16 children (weight < 35 kg; mean age 5) with ARDS, PEEP > 5 cm H,0; FiO, > 0.6 for 12 hours to keep
Sa0, >92%; Ol > 15 for = 4 hours

Interventions

SensorMedics 3100 high-frequency oscillatory ventilator. Initial settings of frequency of 4 - 10 Hz, mPaw
of CV+ (2 or 3), pressure amplitude of oscillation set for 10 above peak inspiratory pressure during CV.
Switched back to CV when mPaw was weaned to approximately 18 cm H,0 and participants were toler-
ating suctioning

Controls were ventilated using pressure control with an initial tidal volume of 6 - 10 mL/kg actual body
weight, RR adjusted for pH greater than 7.15, PEEP of 10, inspiratory time 33%. PEEP was adjusted ac-
cording to the ARDS Network protocol

Outcomes Plasma sICAM-1 measured by enzyme linked immunosorbent assay on days 1, 3, 5 and 7 of ARDS. Au-
thors also reported duration of mechanical ventilation, daily Ol and PaO,/FiO,, adverse events, and
hospital mortality.

Notes No specific use of lung-volume recruitment manoeuvres
1/7 and 0/9 children received inhaled nitric oxide in the HFO and CV groups respectively
All participants were sedated and paralysed
Not analysed by intention-to-treat. (1 participant who crossed over from CV to HFO shortly after ran-
domization was analysed as treated; authors provided data which allowed analysis of this participant
according to assigned group for clinical outcomes such as mortality and treatment failure, but not for
physiologic outcomes such as Ol and PaO,/FiO,)

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-  Low risk Random numbers (email correspondence, R Samransamjuajkit, 3 March 2009)

tion (selection bias)

Allocation concealment Low risk Sealed opaque envelopes (email correspondence, R Samransamjuajkit, 13

(selection bias) March 2009)

Blinding (performance Low risk Although blinding of caregivers and family members was not possible, the use

bias and detection bias) of protocols, equal application of sedation and paralysis, and short study du-

All outcomes ration, likely minimizes the risk of performance bias

The primary outcomes which were included in this review, were measured in a
standardized manner in both groups (PaO,/FiO,, oxygenation index, duration
of mechanical ventilation etc), or were not likely to be susceptible to detection
bias (death). The risk of detection bias is therefore low

Incomplete outcome data  Low risk No incomplete outcome data

(attrition bias)
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Samransamruajkit 2005 (Continued)

All outcomes

Selective reporting (re- Low risk All primary and secondary outcomes were reported; authors provided addi-
porting bias) tional clinical and physiologic outcome data for this review after being con-
tacted
Other bias Low risk No other source of bias identified
Shah 2004
Methods Single-centre RCT in the United Kingdom

Participants

33 adults (mean age 49) with ARDS

Interventions

3100B high-frequency oscillatory ventilator (SensorMedics). Initial settings of frequency of 5 Hz, mPaw
of CV+5, pressure amplitude of oscillation set for “vibration down to level of mid-thigh”. No specific cri-
teria for transitioning to CV were reported but HFO was continued until "resolution of ARDS"

Controls were ventilated with time-cycled pressure-controlled mechanical ventilation with mean
tidal volume of 7 - 8 mL/kg ideal body weight (calculated from mean tidal volume per kg of ideal body
weight on day 1, 2, 3). Tidal volume and PEEP were adjusted according to the ARDS Network low tidal
volume protocol

Outcomes Changes in ventilatory parameters (PaO,/FiO, and FiO,) over the first 72 hours of HFO or CV. Data for 30-
day mortality and other outcomes, including adverse events, were also available after author contact
Notes No specific use of lung-volume recruitment manoeuvres
Protocols for sedation and paralysis were applied equally to HFO and CV groups.
No use of rescue therapies or co-interventions for ARDS
Risk of bias
Bias Authors' judgement  Support for judgement
Random sequence genera-  Low risk Random draw ("sealed opaque envelopes which were drawn in a random man-
tion (selection bias) ner by physician independent of the research team") (email correspondence, S
Shah, 30 Nov 2007)
Allocation concealment Low risk Sealed opaque envelopes (email correspondence, S Shah, 30 Nov 2007)
(selection bias)
Blinding (performance Low risk Although blinding of caregivers and family members was not possible due to
bias and detection bias) the nature of the intervention, the use of protocols reduces the risk of perfor-
All outcomes mance bias due to lack of blinding.
The primary outcomes which were included in this review, were measured in
a standardized manner in both groups (e.g. PaO,/FiO,), or were not likely to
be susceptible to detection bias (death). The risk of detection bias is therefore
low
Incomplete outcome data Unclear risk 5 (3 HFO and 2 conventional ventilation)/33 participants were withdrawn after
(attrition bias) randomization because they died within 48 hours; baseline data, physiologic
All outcomes and other clinical outcomes were not available for these participants even af-
ter author contact (email correspondence, S Shah, Nov 14 2014)
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Shah 2004 (continued)

Selective reporting (re- Low risk All primary and secondary outcomes were reported; authors provided addi-
porting bias) tional clinical and physiologic outcome data for this review after being con-
tacted
Other bias Low risk No other source of bias identified
Young 2013
Methods Multi-centre RCT (29 centres in UK) from December 2007 to July 2012

Participants

795 adults with ARDS; age = 16 years; Weight = 35 kg; endotracheal intubation or tracheostomy; hypox-
aemia defined as Pa0,/FiO, ratio < 26.7 kPa (200 mmHg), with PEEP = 5 cm H,0, determined on 2 ar-
terial blood samples 12 hours apart; bilateral infiltrates on chest radiograph; 1 or more risk factors for
ARDS (including pneumonia, aspiration of gastric contents, inhalation injury, sepsis, major trauma,
multiple transfusions, drug overdose, burn injury, acute pancreatitis, or shock); predicted to require at
least 48 hours of artificial ventilation from the time of randomization

Interventions

Intervention: Novalung R100 high-frequency oscillatory ventilator, with initial frequency 10 Hz, mPaw 5
cm above the plateau airway pressure at enrolment, bias flow 20 L per minute, cycle volume of 100 ml,
FiO, 1.0.

Control: Conventional positive pressure ventilation, according to local practice in the participating
ICUs

Outcomes 30-day mortality. An economic analysis is also planned. Duration of mechanical ventilation and physio-
logic data was also available.
Notes Some participants randomized to CV received higher tidal volumes (mean 8.2 to 8.3 + 2.5 to 3.0 ml/kg of
ideal body weight on days 1 - 3) than currently recommended for ARDS (i.e. <8 ml/kg)
10 out of 397 participants randomized to conventional ventilation received HFO
Risk of bias
Bias Authors' judgement Support for judgement
Random sequence genera-  Low risk "Randomization was by permuted block stratified according to study centre,
tion (selection bias) Pa0,:FiO, ratio (<113 mm Hg [15 kPa] or >113 mm Hg), age (<55 years or >55
years), and sex"
Allocation concealment Low risk "Independent telephone randomisation system"
(selection bias)
Blinding (performance Low risk Although blinding of caregivers and family members was not possible due to
bias and detection bias) the nature of the intervention, the use of protocols for HFO and standardized
All outcomes guidelines for conventional mechanical ventilation reduces the risk of perfor-
mance bias due to lack of blinding.
Because the primary outcome was death, detection bias was unlikely
Incomplete outcome data  Low risk No incomplete outcome data
(attrition bias)
All outcomes
Selective reporting (re- Low risk All primary and secondary outcomes were reported with the exception of qual-
porting bias) ity of life, which is not yet reported because data collection is ongoing
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Young 2013 (Continued)

Other bias Low risk No other source of bias identified

ARDS = acute respiratory distress syndrome
BAL = bronchoalveolar lavage

CV = conventional ventilation

HFO =high frequency oscillation

Hz = hertz

ICU =intensive care unit

mPaw = mean airway pressure

Ol = oxygenation index

PEEP = positive end expiratory pressure
RCT =randomized controlled trial

RR =risk ratio

sICAM = soluble intracellular adhesion molecule

Characteristics of excluded studies [ordered by study ID]

Study Reason for exclusion

Carlon 1983 Participant population had “acute respiratory failure” from a variety of reasons and included many
requiring mechanical ventilation who would not necessarily fit modern criteria for ARDS

Dobyns 2002 Randomized on inhaled nitric oxide, not HFO

Fessler 2008 Randomized on frequency of oscillation, not HFO

Hurst 1984 Participants served as their own controls. Total of 9 participants randomized
Hurst 1990 Participants in the study who received HFO were only “at risk” of developing ARDS
Mentzelopoulos 2007a Randomized on tracheal gas insufflation, not HFO. Cross-over design
Mentzelopoulos 2010 Randomized on tracheal gas insufflation, not HFO. Cross-over design

Vrettou 2014 Cross-over design

ARDS = acute respiratory syndrome
HFO = high-frequency oscillation

DATA AND ANALYSES

Comparison 1. Mortality

Outcome or subgroup title No. of studies No. of partici- Statistical method Effect size
pants
1 Hospital or 30-day mortality 8 1779 Risk Ratio (M-H, Random, 0.92[0.72, 1.16]
95% Cl)
2 Hospital or 30-day mortality (Bollen 8 1775 Risk Ratio (M-H, Random, 0.92[0.73, 1.16]
2005 and Mentzelopoulos 2012 partici- 95% Cl)

pants lost to follow-up censored)
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Outcome or subgroup title No. of studies No. of partici- Statistical method Effect size
pants

3 Hospital or 30-day mortality (Shah 2004 8 1784 Risk Ratio (M-H, Random, 0.92[0.73, 1.16]

post-randomization withdrawals includ- 95% Cl)

ed)

4 Hospital or 30-day mortality: adult ver- 8 1779 Risk Ratio (M-H, Random, 0.92[0.72,1.16]

sus paediatric trials 95% Cl)

4.1 Adult trials 6 1705 Risk Ratio (M-H, Random, 0.93[0.71, 1.21]
95% Cl)

4.2 Paediatric trials 2 74 Risk Ratio (M-H, Random, 0.80[0.44, 1.43]
95% Cl)

5 Hospital or 30-day mortality: lung-pro- 8 1779 Risk Ratio (M-H, Random, 0.92[0.72, 1.16]

tective ventilation mandatory vs non- 95% Cl)

mandatory

5.1 Lung-protective ventilation not 4 1062 Risk Ratio (M-H, Random, 0.94[0.77, 1.15]

mandatory 95% Cl)

5.2 Lung-protective ventilation mandato- 4 717 Risk Ratio (M-H, Random, 0.85[0.47, 1.53]

ry 95% Cl)

6 Hospital or 30-day mortality (trials with 3 959 Risk Ratio (M-H, Random, 0.89[0.68, 1.18]

low risk of bias) 95% Cl)

Analysis 1.1. Comparison 1 Mortality, Outcome 1 Hospital or 30-day mortality.

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% Cl
Arnold 1994 10/29 12/29 —_— 8.47% 0.83[0.43,1.62]
Derdak 2002 28/75 38/73 — 15.58% 0.72[0.5,1.03]
Shah 2004 6/15 6/13 — 5.91% 0.87[0.37,2.04]
Bollen 2005 16/37 8/24 e . a— 8.26% 1.3[0.66,2.55]
Samransamruajkit 2005 2/6 5/10 + 2.99% 0.67[0.18,2.42]
Mentzelopoulos 2012 22/61 41/64 — 15.13% 0.56[0.38,0.82]
Ferguson 2013 129/275 96/273 —— 20.93% 1.33[1.09,1.64]
Young 2013 196/398 192/397 - 22.74% 1.02[0.88,1.17]
Total (95% CI) 896 883 L 2 100% 0.92[0.72,1.16]
Total events: 409 (HFO), 398 (CMV)
Heterogeneity: Tau?=0.06; Chi*=20.89, df=7(P=0); 1*=66.49%
Test for overall effect: Z=0.73(P=0.46)

FavoursHFO 0.1 02 0.5 1 2 5 10 Favours CMV
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Analysis 1.2. Comparison 1 Mortality, Outcome 2 Hospital or 30-day mortality
(Bollen 2005 and Mentzelopoulos 2012 participants lost to follow-up censored).

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% Cl
Arnold 1994 10/29 12/29 —— 8.37% 0.83[0.43,1.62]
Derdak 2002 28/75 38/73 —+ 15.54% 0.72[0.5,1.03]
Shah 2004 6/15 6/13 —t 5.82% 0.87[0.37,2.04]
Bollen 2005 16/35 8/23 T 8.32% 1.31[0.68,2.56]
Samransamruajkit 2005 2/6 5/10 —_— 2.93% 0.67[0.18,2.42]
Mentzelopoulos 2012 22/60 41/64 —— 15.12% 0.57[0.39,0.84]
Young 2013 196/398 192/397 hd 22.87% 1.02[0.88,1.17]
Ferguson 2013 129/275 96/273 - 21.01% 1.33[1.09,1.64]
Total (95% CI) 893 882 * 100% 0.92[0.73,1.16]
Total events: 409 (HFO), 398 (CMV)
Heterogeneity: Tau?=0.06; Chi*=20.52, df=7(P=0); 1>=65.89%
Test for overall effect: Z=0.7(P=0.48) ‘ ‘ ‘ ‘

Favours HFO  0.01 0.1 1 10 100 Favours CMV

Analysis 1.3. Comparison 1 Mortality, Outcome 3 Hospital or 30-

day mortality (Shah 2004 post-randomization withdrawals included).

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI
Arnold 1994 10/29 12/29 —_— 8.19% 0.83[0.43,1.62]
Derdak 2002 28/75 38/73 — 15.18% 0.72[0.5,1.03]
Shah 2004 9/18 8/15 — 8.21% 0.94[0.48,1.82]
Samransamruajkit 2005 2/6 5/10 2.87% 0.67[0.18,2.42]
Bollen 2005 16/37 8/24 e . a— 7.98% 1.3[0.66,2.55]
Mentzelopoulos 2012 22/61 41/64 — 14.73% 0.56[0.38,0.82]
Young 2013 196/398 192/397 -+ 22.32% 1.02[0.88,1.17]
Ferguson 2013 129/275 96/273 —— 20.5% 1.33[1.09,1.64]
Total (95% CI) 899 885 <o 100% 0.92[0.73,1.16]
Total events: 412 (HFO), 400 (CMV)
Heterogeneity: Tau?=0.06; Chi?=20.82, df=7(P=0); 1>=66.37%
Test for overall effect: Z=0.7(P=0.48)

FavoursHFO 01 0.2 05 1 2 5 10 Favours CMV

Analysis 1.4. Comparison 1 Mortality, Outcome 4 Hospital or 30-day mortality: adult versus paediatric trials.
Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio
n/N n/N M-H, Random, 95% CI M-H, Random, 95% Cl

1.4.1 Adult trials

Derdak 2002 28/75 38/73 —— 15.58% 0.72[0.5,1.03]
Shah 2004 6/15 6/13 —_—— 5.91% 0.87[0.37,2.04]
Bollen 2005 16/37 8/24 —r— 8.26% 1.3[0.66,2.55]
Mentzelopoulos 2012 22/61 41/64 — 15.13% 0.56[0.38,0.82]

FavoursHFO 0.1 02 0.5 1 2 5 10 Favours CMV
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Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio
n/N n/N M-H, Random, 95% CI M-H, Random, 95% Cl
Young 2013 196/398 192/397 22.74% 1.02[0.88,1.17]
Ferguson 2013 129/275 96/273 ‘ —— 20.93% 1.33[1.09,1.64]
Subtotal (95% Cl) 861 844 ‘ 88.55% 0.93[0.71,1.21]
Total events: 397 (HFO), 381 (CMV)
Heterogeneity: Tau?=0.07; Chi*=20.14, df=5(P=0); 1>=75.18%
Test for overall effect: Z=0.53(P=0.6)
1.4.2 Paediatric trials
Arnold 1994 10/29 12/29 — T 8.47% 0.83[0.43,1.62]
Samransamruajkit 2005 2/6 5/10 + 2.99% 0.67[0.18,2.42]
Subtotal (95% Cl) 35 39 i 11.45% 0.8[0.44,1.43]
Total events: 12 (HFO), 17 (CMV)
Heterogeneity: Tau?=0; Chi*=0.09, df=1(P=0.76); 1>=0%
Test for overall effect: Z=0.76(P=0.45)
Total (95% CI) 896 883 L 2 100% 0.92[0.72,1.16]
Total events: 409 (HFO), 398 (CMV)
Heterogeneity: Tau?=0.06; Chi*=20.89, df=7(P=0); 1>=66.49%
Test for overall effect: Z=0.73(P=0.46)
Test for subgroup differences: Chi*=0.23, df=1 (P=0.63), 1>=0% ‘ ‘ ‘
Favours HFO 0.5 1 2 10 Favours CMV

Analysis 1.5. Comparison 1 Mortality, Outcome 5 Hospital or 30-day
mortality: lung-protective ventilation mandatory vs non-mandatory.

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio
n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI
1.5.1 Lung-protective ventilation not mandatory
Arnold 1994 10/29 12/29 . e 8.47% 0.83[0.43,1.62]
Derdak 2002 28/75 38/73 — 15.58% 0.72[0.5,1.03]
Bollen 2005 16/37 8/24 e . a— 8.26% 1.3[0.66,2.55]
Young 2013 196/398 192/397 -+ 22.74% 1.02[0.88,1.17]
Subtotal (95% CI) 539 523 L 2 55.05% 0.94[0.77,1.15]
Total events: 250 (HFO), 250 (CMV)
Heterogeneity: Tau?=0.01; Chi?=3.95, df=3(P=0.27); 1>=24.14%
Test for overall effect: Z=0.56(P=0.57)
1.5.2 Lung-protective ventilation mandatory
Shah 2004 6/15 6/13 — 5.91% 0.87[0.37,2.04]
Samransamruajkit 2005 2/6 5/10 + 2.99% 0.67[0.18,2.42]
Mentzelopoulos 2012 22/61 41/64 — 15.13% 0.56[0.38,0.82]
Ferguson 2013 129/275 96/273 —— 20.93% 1.33[1.09,1.64]
Subtotal (95% CI) 357 360 e 44.95% 0.85[0.47,1.53]
Total events: 159 (HFO), 148 (CMV)
Heterogeneity: Tau?=0.25; Chi?=16.12, df=3(P=0); 1>=81.39%
Test for overall effect: Z=0.55(P=0.59)
Total (95% CI) 896 883 o 100% 0.92[0.72,1.16]
Total events: 409 (HFO), 398 (CMV) ‘
Favours HFO 0.5 1 2 10 Favours CMV
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Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI
Heterogeneity: Tau?=0.06; Chi*=20.89, df=7(P=0); 1>=66.49%
Test for overall effect: Z=0.73(P=0.46)
Test for subgroup differences: Chi*=0.11, df=1 (P=0.74), 1>=0%

FavoursHFO 0.1 0.2 0.5 1 2 5 10 Favours CMV

Analysis 1.6. Comparison 1 Mortality, Outcome 6 Hospital or 30-day mortality (trials with low risk of bias).

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI
Derdak 2002 28/75 38/73 —— 32.36% 0.72[0.5,1.03]
Samransamruajkit 2005 2/6 5/10 + 4.28% 0.67[0.18,2.42]
Young 2013 196/398 192/397 - 63.35% 1.02[0.88,1.17]
Total (95% CI) 479 480 “ 100% 0.89[0.68,1.18]

Total events: 226 (HFO), 235 (CMV)
Heterogeneity: Tau?=0.03; Chi?=3.38, df=2(P=0.18); 1>=40.88%
Test for overall effect: Z=0.81(P=0.42)

FavoursHFO 0.1 02 0.5 1 2 5 10 Favours CMV
Comparison 2. Ventilator dependency
Outcome or subgroup title No. of studies No. of partici- Statistical method Effect size
pants

1 Duration of mechanical ven- 5 1142 Mean Difference (IV, Random, 95%  0.59 [-1.09, 2.28]
tilation cl)
2 Ventilator-free days 2 Mean Difference (IV, Random, 95%  Totals not selected

cl

Analysis 2.1. Comparison 2 Ventilator dependency, Outcome 1 Duration of mechanical ventilation.

Study or subgroup HFO CMV Mean Difference Weight Mean Difference

N Mean(SD) N Mean(SD) Random, 95% Cl Random, 95% CI
Arnold 1994 29 20 (27) 29 22(17) e 2.11% -2[-13.61,9.61]
Derdak 2002 75 22 (21) 73 20 (31) — Tt 3.88% 2[-6.55,10.55]
Mentzelopoulos 2012 61 24.3(20.9) 64 22.3(20) — Tt 5.51% 2[-5.18,9.18]
Samransamruajkit 2005 6 11.7 (6.4) 10 15.2(7.3) [ 6.08% -3.5[-10.33,3.33]
Young 2013 398 14.9 (13.3) 397 14.1(13.4) . 82.42% 0.8[-1.06,2.66]
Total *** 569 573 # 100% 0.59[-1.09,2.28]
Heterogeneity: Tau?=0; Chi*=1.87, df=4(P=0.76); 1>=0% ‘
Test for overall effect: Z=0.69(P=0.49) ‘

Favours HFO 20 10 0 10 20 Favours CMV
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Analysis 2.2. Comparison 2 Ventilator dependency, Outcome 2 Ventilator-free days.

Study or subgroup HFO CMV Mean Difference Mean Difference
N Mean(SD) N Mean(SD) Random, 95% CI Random, 95% CI
Mentzelopoulos 2012 61 6.8 (8.5) 64 1.2 (4.9) — 5.6(3.15,8.05]
Young 2013 398 17.1(8.6) 397 17.6 (8.8) & -0.5[-1.71,0.71]
Favours HFO 20 -10 0 10 20 Favours CMV
Comparison 3. Adverse events
Outcome or subgroup title No. of studies No. of partici- Statistical method Effect size
pants
1 Treatment failure (intractable hy- 6 956 Risk Ratio (M-H, Random, 95%  0.64 [0.48, 0.85]
poxia, hypotension, acidosis, hyper- Cl)
capnoea requiring discontinuation
of study intervention)
2 Barotrauma 7 951 Risk Ratio (M-H, Random, 95%  0.82[0.51, 1.32]
Cl)
3 Hypotension 4 392 Risk Ratio (M-H, Random, 95%  1.02 [0.54, 1.90]
Cl)
4 Hypotension (Shah included) 5 420 Risk Ratio (M-H, Random, 95%  1.01[0.61, 1.66]
Cl)
5ETT obstruction 4 Risk Ratio (M-H, Random, 95%  Totals not select-

cl)

ed

Analysis 3.1. Comparison 3 Adverse events, Outcome 1 Treatment failure (intractable hypoxia,
hypotension, acidosis, hypercapnoea requiring discontinuation of study intervention).

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio
n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI
Arnold 1994 11/29 19/29 —— 28.46% 0.58[0.34,0.99]
Derdak 2002 10/75 15/73 —T 15.2% 0.65[0.31,1.35]
Samransamruajkit 2005 0/6 1/10 e E— 0.87% 0.52[0.02,11.14]
Bollen 2005 10/37 5/24 —T— 9.18% 1.3[0.51,3.33]
Mentzelopoulos 2012 0/61 6/64 —_—t 1% 0.08[0,1.4]
Ferguson 2013 30/275 48/273 k3 45.29% 0.62[0.41,0.95]
Total (95% CI) 483 473 100% 0.64[0.48,0.85]
Total events: 61 (HFO), 94 (CMV)
Heterogeneity: Tau?=0; Chi*=4.39, df=5(P=0.49); 1>=0%
Test for overall effect: Z=3.05(P=0)
Favours HFO 0.005 0.1 1 10 200 Favours CMV
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Analysis 3.2. Comparison 3 Adverse events, Outcome 2 Barotrauma.

Study or subgroup HFO CMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% Cl
Arnold 1994 3/29 9/29 —_— 12.25% 0.33[0.1,1.11]
Bollen 2005 1/37 1/24 2.86% 0.65[0.04,9.88]
Derdak 2002 7/75 9/73 — 17.86% 0.76[0.3,1.93]
Ferguson 2013 46/256 34/259 - 41.07% 1.37[0.91,2.06]
Mentzelopoulos 2012 7/61 9/64 —— 18.14% 0.82[0.32,2.05]
Samransamruajkit 2005 1/6 5/10 —_— 5.62% 0.33[0.05,2.21]
Shah 2004 0/15 1/13 2.2% 0.29[0.01,6.6]
Total (95% CI) 479 472 . 4 100% 0.82[0.51,1.32]
Total events: 65 (HFO), 68 (CMV)
Heterogeneity: Tau?=0.1; Chi*=8.03, df=6(P=0.24); I>=25.3%
Test for overall effect: Z=0.8(P=0.42) ‘ ‘ ‘ ‘

Favours HEO  0.01 0.1 1 10 100 Favours CMV

Analysis 3.3. Comparison 3 Adverse events, Outcome 3 Hypotension.

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio
n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI

Arnold 1994 3/29 1/29 _— 7.34% 3[0.33,27.18]
Bollen 2005 4/37 1/24 — Tt 7.81% 2.59[0.31,21.84]
Derdak 2002 0/75 2/73 —— 4.08% 0.19[0.01,3.99]
Mentzelopoulos 2012 54/61 62/64 . 80.76% 0.91[0.83,1.01]
Total (95% CI) 202 190 * 100% 1.02[0.54,1.9]
Total events: 61 (HFO), 66 (CMV) ‘

Heterogeneity: Tau?=0.12; Chi?=3.51, df=3(P=0.32); 1>=14.46% ‘

Test for overall effect: Z=0.05(P=0.96) ‘

FavoursHFO ~ 0.005 0.1 1 10 200 Favours CMV

Analysis 3.4. Comparison 3 Adverse events, Outcome 4 Hypotension (Shah included).

Study or subgroup HFO cMV Risk Ratio Weight Risk Ratio

n/N n/N M-H, Random, 95% CI M-H, Random, 95% CI
Arnold 1994 3/29 1/29 —_—n 4.84% 3[0.33,27.18]
Bollen 2005 4/37 1/24 R e 5.16% 2.59[0.31,21.84]
Derdak 2002 0/75 2/73 2.65% 0.19[0.01,3.99]
Mentzelopoulos 2012 54/61 62/64 . 84.86% 0.91[0.83,1.01]
Shah 2004 1/15 0/13 2.49% 2.63[0.12,59.4]
Total (95% Cl) 217 203 L 2 100% 1.01[0.61,1.66]
Total events: 62 (HFO), 66 (CMV)
Heterogeneity: Tau?=0.07; Chi*>=4.36, df=4(P=0.36); 1>=8.26%
Test for overall effect: Z=0.03(P=0.98)

Favours HFO 0.01 0.1 1 10 100 Favours CMV
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Analysis 3.5. Comparison 3 Adverse events, Outcome 5 ETT obstruction.

Study or subgroup HFO cMV Risk Ratio Risk Ratio
n/N n/N M-H, Random, 95% CI M-H, Random, 95% Cl
Demory 2007 0/13 0/15 Not estimable
Derdak 2002 4/75 3/73 —_— 1.3[0.3,5.6]
Mentzelopoulos 2012 0/61 0/64 Not estimable
Samransamruajkit 2005 0/6 0/10 Not estimable
Favours HFO  0.01 0.1 1 100 Favours CMV
Comparison 4. Physiological endpoints (ratio of means)
Outcome or sub- No. of studies No. of partici- Statistical method Effect size
group title pants
1 Pa0,/FiO, (ratio of 8 Ratio of Means (Random, 95% Cl) Subtotals only
means)
1.1Day1l 8 1156 Ratio of Means (Random, 95% Cl) 1.26[1.15,1.38]
1.2 Day2 6 1031 Ratio of Means (Random, 95% Cl) 1.18[1.04, 1.35]
1.3Day3 6 881 Ratio of Means (Random, 95% Cl) 1.21[1.09,1.35]
2 Oxygenation index 7 Ratio of Means (Random, 95% Cl) Subtotals only
(ratio of means)
2.1Dayl 7 423 Ratio of Means (Random, 95% Cl) 1.10[0.97,1.25]
2.2 Day2 6 375 Ratio of Means (Random, 95% Cl) 1.06[0.89, 1.26]
2.3Day3 6 330 Ratio of Means (Random, 95% Cl) 1.05[0.85, 1.29]
3 PaCo, (ratio of 10 Ratio of Means (Random, 95% Cl) Subtotals only
means)
3.1Dayl 10 1767 Ratio of Means (Random, 95% Cl) 0.96[0.87, 1.05]
3.2 Day2 8 1587 Ratio of Means (Random, 95% Cl) 0.93[0.81, 1.06]
3.3Day3 7 920 Ratio of Means (Random, 95% Cl) 1.00[0.88,1.14]
4 Mean airway pres- 9 Ratio of Means (Random, 95% Cl) Subtotals only
sure (ratio of means)
4.1Day1 9 985 Ratio of Means (Random, 95% Cl) 1.30[1.26, 1.35]
4.2 Day2 7 888 Ratio of Means (Random, 95% Cl) 1.25[1.19,1.31]
4.3Day3 6 338 Ratio of Means (Random, 95% Cl) 1.16[1.06, 1.27]

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review)
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Analysis 4.1. Comparison 4 Physiological endpoints (ratio of means), Outcome 1 Pa0,/FiO, (ratio of means).

Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% CI IV, Random, 95% CI
4.1.1Day1l
Derdak 2002 59 54 0.1(0.089) T 14.41% 1.15[0.96,1.37]
Shah 2004 15 13 0.5(0.129) — 9.11% 1.6[1.25,2.07]
Bollen 2005 35 23 0.1(0.128) I e a— 9.22% 1.08[0.84,1.38]
Papazian 2005 13 13 0(0.161) a— 6.53% 1.05[0.76,1.43]
Demory 2007 13 15 0.4 (0.149) e — 7.33% 1.48[1.11,1.99]
Mentzelopoulos 2012 61 64 0.4 (0.074) — 17.44% 1.43[1.24,1.65]
Samransamruajkit 2005 7 9 0.1(0.14) R 8.08% 1.06[0.8,1.39]
Young 2013 370 392 0.2 (0.029) - 27.88% 1.25[1.18,1.32]
Subtotal (95% Cl) S 4 100% 1.26[1.15,1.38]
Heterogeneity: Tau?=0.01; Chi*=13.24, df=7(P=0.07); 1*=47.11%
Test for overall effect: Z=4.97(P<0.0001)
4.1.2Day2
Derdak 2002 53 54 -0(0.098) — 18.23% 0.99[0.82,1.2]
Shah 2004 15 13 0.3(0.198) L S— 8.25% 1.34[0.91,1.97]
Bollen 2005 34 23 -0 (0.096) — 18.45% 0.98[0.81,1.19]
Mentzelopoulos 2012 60 63 0.3(0.099) —— 18.01% 1.35[1.11,1.64]
Samransamruajkit 2005 7 9 0.2(0.191) —_— T 8.67% 1.26[0.87,1.83]
Young 2013 326 374 0.3(0.028) - 28.39% 1.3[1.23,1.37]
Subtotal (95% CI) - 100% 1.18[1.04,1.35]
Heterogeneity: Tau?=0.01; Chi*=14.5, df=5(P=0.01); 1>=65.52%
Test for overall effect: Z=2.52(P=0.01)
4.1.3Day 3
Derdak 2002 41 44 0.1(0.1) — Tt 16.11% 1.07[0.88,1.3]
Shah 2004 11 10 0.2 (0.151) e 9.63% 1.21[0.9,1.63]
Bollen 2005 30 23 -0 (0.096) s 16.81% 1[0.83,1.21]
Mentzelopoulos 2012 60 59 0.3(0.089) — 18.19% 1.36[1.14,1.62]
Samransamruajkit 2005 7 8 0.3(0.175) I — 7.74% 1.35[0.96,1.9]
Young 2013 240 348 0.3(0.029) & 31.54% 1.31[1.24,1.38]
Subtotal (95% Cl) o 100% 1.21[1.09,1.35]
Heterogeneity: Tau?=0.01; Chi?>=11.08, df=5(P=0.05); 1*=54.86%
Test for overall effect: Z=3.5(P=0) ‘ ‘ ‘ ‘
Favours CMV 0.5 0.7 1 15 2 Favours HFO
Analysis 4.2. Comparison 4 Physiological endpoints (ratio
of means), Outcome 2 Oxygenation index (ratio of means).
Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% Cl IV, Random, 95% ClI
4.2.1Day1
Arnold 1994 29 29 0.2 (0.158) R 11.38% 1.17[0.86,1.59]
Derdak 2002 58 54 0(0.11) e a— 17.44% 1.02[0.83,1.27]
Shah 2004 15 13 -0.1(0.14) S 13.25% 0.93[0.71,1.23]
Bollen 2005 35 23 0.4 (0.135) —‘—’ 13.89% 1.56[1.2,2.03]
FavoursHFO 05 0.7 1 15 2 Favours CMV
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Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% CI IV, Random, 95% CI
Papazian 2005 13 13 0(0.27) + 4.97% 1.03[0.61,1.76]
Mentzelopoulos 2012 61 64 -0 (0.09) — 20.82% 0.97[0.82,1.16]
Samransamruajkit 2005 7 9 0.1(0.105) —_— 18.24% 1.14[0.93,1.4]
Subtotal (95% Cl) . 100% 1.1[0.97,1.25]
Heterogeneity: Tau?=0.01; Chi*>=10.6, df=6(P=0.1); 1*=43.42%
Test for overall effect: Z=1.47(P=0.14)
4.2.2Day2
Arnold 1994 25 22 0.1(0.16) B S— 15.19% 1.15[0.84,1.57]
Derdak 2002 52 52 -0(0.163) 14.88% 1[0.73,1.38]
Shah 2004 15 13 0.3(0.229) + ; 10.02% 1.36[0.87,2.13]
Bollen 2005 34 23 0.3(0.124) . — 18.9% 1.3[1.02,1.66]
Mentzelopoulos 2012 60 63 -0.2 (0.091) —_—— 22.74% 0.82[0.68,0.97]
Samransamruajkit 2005 7 9 0(0.13) R — 18.27% 1[0.78,1.29]
Subtotal (95% Cl) ~ai 100% 1.06[0.89,1.26]
Heterogeneity: Tau?=0.03; Chi*=12, df=5(P=0.03); 1>=58.32%
Test for overall effect: Z=0.62(P=0.54)
4.2.3Day 3
Arnold 1994 22 16 -0(0.187) E—— 14.11% 0.96[0.67,1.39]
Derdak 2002 41 44 0(0.169) — 15.35% 1.02[0.73,1.42]
Shah 2004 11 10 0.4 (0.141) —’—’ 17.38% 1.55[1.17,2.04]
Bollen 2005 30 23 0.2 (0.133) —— 17.99% 1.21[0.93,1.57]
Mentzelopoulos 2012 60 58 -0.2(0.111) — 19.73% 0.81[0.65,1]
Samransamruajkit 2005 7 8 -0.1(0.168) —_— 15.44% 0.89[0.64,1.24]
Subtotal (95% Cl) —~l— 100% 1.05[0.85,1.29]
Heterogeneity: Tau?=0.05; Chi?=15.53, df=5(P=0.01); 1*=67.81%
Test for overall effect: Z=0.44(P=0.66) ‘ ‘ ‘ ‘
Favours HFO 05 0.7 1 15 2 Favours CMV

Analysis 4.3. Comparison 4 Physiological endpoints (ratio of means), Outcome 3 PaCO, (ratio of means).
Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% ClI IV, Random, 95% CI
4.3.1Day 1
Arnold 1994 29 29 -0.1(0.081) —— 8.88% 0.88[0.75,1.03]
Derdak 2002 62 56 0.1(0.05) —— 10.71% 1.12[1.02,1.24]
Shah 2004 15 13 -0.5(0.1) ——+—— 7.79% 0.63[0.51,0.76]
Bollen 2005 35 23 0(0.059) —+— 10.23% 1.04[0.93,1.17]
Papazian 2005 13 13 0.1(0.083) —_— 8.78% 1.11[0.94,1.3]
Demory 2007 13 15 0.1(0.086) —— 8.62% 1.07[0.9,1.26]
Mentzelopoulos 2012 61 64 -0 (0.029) —+ 11.7% 0.99[0.94,1.05]
Samransamruajkit 2005 7 9 -0.5 (0.069) — 9.65% 0.64[0.56,0.73]
Young 2013 370 392 0.1(0.025) —+ 11.82% 1.1[1.05,1.16]
Ferguson 2013 275 273 0(0.025) — 11.82% 1.04[0.99,1.1]
Subtotal (95% CI) D o 100% 0.96[0.87,1.05]
Heterogeneity: Tau?=0.02; Chi*>=90.52, df=9(P<0.0001); 1>=90.06%
Test for overall effect: Z=0.99(P=0.32)
Favours HFO 0.5 0.7 1 15 2 Favours CMV
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Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% CI IV, Random, 95% CI
4.3.2Day2
Arnold 1994 25 22 -0.1(0.065) — 11.86% 0.87[0.76,0.99]
Derdak 2002 54 54 0.1 (0.055) —t 12.24% 1.12[1.01,1.25]
Shah 2004 15 13 -0.5(0.071) — 11.59% 0.63[0.55,0.73]
Bollen 2005 34 23 -0 (0.05) —H— 12.44% 0.98[0.89,1.08]
Mentzelopoulos 2012 60 63 0(0.031) —+— 12.99% 1[0.95,1.07]
Samransamruajkit 2005 7 9 -0.4 (0.047) — 12.54% 0.67[0.61,0.73]
Young 2013 326 374 0.1(0.021) —+ 13.2% 1.14[1.1,1.19]
Ferguson 2013 253 255 0.1(0.024) —+ 13.14% 1.11[1.06,1.17]
Subtotal (95% CI) e 100% 0.93[0.81,1.06]
Heterogeneity: Tau?=0.03; Chi*=178.89, df=7(P<0.0001); 1*=96.09%
Test for overall effect: Z=1.15(P=0.25)
4.3.3Day 3
Arnold 1994 22 16 -0.2 (0.091) — 12.31% 0.85[0.71,1.02]
Derdak 2002 42 44 0.2 (0.059) — 14.22% 1.17[1.04,1.31]
Shah 2004 11 10 0.2 (0.072) — 13.46% 1.2[1.04,1.38]
Bollen 2005 30 23 -0(0.061) — 14.1% 0.95[0.84,1.07]
Mentzelopoulos 2012 60 59 -0 (0.031) —— 15.45% 0.99[0.93,1.05]
Samransamruajkit 2005 7 8 -0.3 (0.047) — 14.81% 0.75[0.68,0.82]
Young 2013 240 348 0.2 (0.024) —+ 15.65% 1.17[1.11,1.22]
Subtotal (95% CI) P 100% 1[0.88,1.14]
Heterogeneity: Tau?=0.03; Chi*>=88.51, df=6(P<0.0001); 1>=93.22%
Test for overall effect: Z=0.01(P=0.99) ‘ ‘ ‘
Favours HFO 0.7 1 15 2 Favours CMV

Analysis 4.4. Comparison 4 Physiological endpoints (ratio of
means), Outcome 4 Mean airway pressure (ratio of means).

Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% CI IV, Random, 95% CI
4.4.1Day1
Arnold 1994 29 29 .2(0.071) —— 5.78% 1.18[1.03,1.36]
Derdak 2002 62 57 .2 (0.045) —+ 12.53% 1.26[1.15,1.37]
Shah 2004 15 13 .4 (0.264) T +— 0.47% 1.56[0.93,2.61]
Bollen 2005 35 23 .3(0.048) —+ 11.15% 1.38[1.26,1.52]
Papazian 2005 13 13 .3(0.099) —t 3.14% 1.32[1.08,1.6]
Demory 2007 13 15 .3(0.065) — 6.75% 1.41[1.24,1.6]
Mentzelopoulos 2012 61 64 0.2 (0.034) - 18.39% 1.23[1.15,1.32]
Samransamruajkit 2005 7 9 0.2 (0.07) — 5.85% 1.26[1.1,1.45]
Ferguson 2013 260 267 0.3(0.017) 35.94% 1.33[1.29,1.38]
Subtotal (95% Cl) ¢ 100% 1.3[1.26,1.35]
Heterogeneity: Tau?=0; Chi*=10.4, df=8(P=0.24); 1?=23.09%
Test for overall effect: Z=14.61(P<0.0001)
4.4.2 Day 2
Arnold 1994 25 22 0.2 (0.077) — 8.67% 1.17[1.01,1.36]
Higher MAWP in CMV 05 07 1 15 2 Higher MAWP in HFO
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Study or subgroup HFO cMV log[Ratio Ratio of Means Weight Ratio of Means
of Means]
N N (SE) IV, Random, 95% CI IV, Random, 95% CI
Derdak 2002 55 52 0.2 (0.055) —+ 14.35% 1.23[1.11,1.37]
Shah 2004 15 13 0.3(0.412) * 0.38% 1.32[0.59,2.95]
Bollen 2005 34 23 0.3 (0.055) —— 14.24% 1.33[1.19,1.48]
Mentzelopoulos 2012 60 63 0.2 (0.034) - 24.32% 1.22[1.14,1.3]
Samransamruajkit 2005 7 9 0.1(0.077) T 8.76% 1.1[0.94,1.27]
Ferguson 2013 255 255 0.3 (0.026) L 29.28% 1.32[1.26,1.39]
Subtotal (95% ClI) ¢ 100% 1.25[1.19,1.31]
Heterogeneity: Tau?=0; Chi*=9.65, df=6(P=0.14); 1?=37.8%
Test for overall effect: Z=8.77(P<0.0001)
4.4.3Day 3
Arnold 1994 22 16 0.2 (0.107) — 12.27% 1.24{1.01,1.53]
Derdak 2002 45 48 0.3 (0.062) — 20.93% 1.3[1.15,1.47]
Shah 2004 11 10 0.6 (0.337) e — 1.84% 1.73[0.89,3.36]
Bollen 2005 30 23 0.1(0.062) — 21.1% 1.14[1.01,1.28]
Mentzelopoulos 2012 60 58 0.1(0.039) - 26.97% 1.16[1.07,1.25]
Samransamruajkit 2005 7 8 -0.1(0.08) —— 16.88% 0.95[0.81,1.11]
Subtotal (95% ClI) L 2 100% 1.16[1.06,1.27]
Heterogeneity: Tau?=0.01; Chi*=11.88, df=5(P=0.04); 1?=57.9%
Test for overall effect: Z=3.18(P=0)
Higher MAWP in CMV 05 07 1 15 2 Higher MAWP in HFO

APPENDICES

Appendix 1. Search strategies

MEDLINE (2011 to Dec 2, 2015)

1. Exp High-Frequency Ventilation/

2. (high adj3 oscillat$).mp.

3.1or2

4. clinical trial.mp. or clinical trial.pt. or random:.mp. or tu.xs.

5.3 and 4 [NOTE this is the same as the following command: limit 3 to “therapy (sensitivity)”]

6. (animals not humans).sh.

7.5n0t6

8. (Infant, newborn).sh.

9.7not8

EMBASE (2011 to Dec 2, 2015)

1. Exp High Frequency Ventilation/

2. (high adj3 oscillat$).mp.

3.1or2
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4. random:.tw. or clinical trial:.mp. or exp health care quality/

5.3 and 4 [NOTE this is the same as the following command: limit 3 to "treatment (2 or more terms high sensitivity)"]

6. (animal$ not human$).sh,hw.

7.5n0t6
8. newborn/

9.7not8

CENTRAL (Issue 11, 2015)

1. High Frequency Oscillat*

Web of Science (formerly ISI Web of Knowledge) (Dec 2, 2015)

1. High Frequency Oscillat* OR High Frequency Ventilat* (topic)

2. Random* or Random Alloc* OR Controlled Clinical Trial (topic)

Notes: ‘$’, ¢, and <’ retrieve unlimited suffix variations; the .mp. extension includes the title, original title and abstract fields in MEDLINE
and EMBASE; the .af. extension includes all searchable fields. Filters for MEDLINE (line 4) and EMBASE (line 4) are based on published
sensitive strategies for retrieving randomized trials (Haynes 2005; Wong 2006). References from these four databases were combined and
duplicates were removed manually.

Appendix 2. Physiologic outcomes on day one to three after randomization

Outcome No of No of Treatment Effect Hetero-

geneity
trials partici-
pants Ratio of (95% Cl) P value 12 (%)
means*

Day one (24 hours)

Pa0,/FiO,t 8 1156 1.26 (1.15t0 1.38) <0.00001 47

Mean airway pressure 9 985 1.30 (1.26 t0 1.35) <0.00001 23

Oxygenation index 7 423 1.10 (0.97 to 1.25) 0.14 43

PaCoO, 10 1767 0.95 (0.87 to 1.05) 0.32 90

Day two (48 hours)

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review)
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(Continued)

Pa0,/FiO, 1 6 1031 1.18 (1.04 to 1.35) 0.01 66
Mean airway pressure 7 888 1.25 (1.19to0 1.31) <0.00001 38
Oxygenation index 6 375 1.06 (0.89to0 1.26) 0.54 58
PaCoO, 8 1587 0.93 (0.81to0 1.06) 0.25 96
Day three (72 hours)

Pa0,/FiO, 1 6 881 1.21 (1.09 to 1.35) 0.0005 55
Mean airway pressure 7 338 1.16 (1.06to 1.27) 0.001 58
Oxygenation index 6 330 1.05 (0.85to0 1.29) 0.66 68
PaCoO, 7 920 1.00 (0.88 to 1.14) 0.99 93
Footnotes

Pa0,/FiO, = ratio of arterial partial pressure of oxygen to fraction of inspired oxygen; PaCO, = arterial partial pressure of carbon diox-

ide.

TIn one trial (Mentzelopoulos 2012) in which high-frequency oscillation was used for variable duration according to a prespecified
protocol, the mean (and standard error) of the average daily measurements for each participant were used in lieu of the mean of a
single value for each participant measured at a similar time point.

*Mean value in high-frequency oscillation group divided by mean value in conventional ventilation group.

Random-effects models used for all meta-analyses.

WHAT'S NEW

Date Event Description
13 December 2018 Amended Editorial team changed to Cochrane Emergency and Critical Care
HISTORY

Protocol first published: Issue 1, 2003
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Review first published: Issue 1, 2004

Date Event Description
2 March 2016 New citation required and conclusions This is an update of the previous Cochrane systematic review,
have changed 'High-frequency ventilation versus conventional ventilation for

treatment of acute lung injury and acute respiratory distress syn-
drome' (Sud 2013), which included 8 RCTs.

We included 2 additional recently completed trials (Ferguson
2013; Young 2013) that met our inclusion criteria in this ver-
sion. We included new data from a third recently published RCT
(Mentzelopoulos 2012) that was previously unavailable.

The updated review reaches new conclusions. Pooled results
from 10 RCTs suggest that although high-frequency oscillation
improves oxygenation and reduces the risk of treatment failure
(refractory hypoxaemia, hypercapnia, hypotension, or barotrau-
ma), there is no difference in mortality compared with conven-
tional mechanical ventilation in people with acute respiratory
distress syndrome. The quality of evidence was very low for pa-
tient-important outcomes due to imprecision, indirectness, in-
consistency and methodological limitations.

2 March 2016 New search has been performed In the previous version (Sud 2013) we searched the databases
until March 2011. In this updated version we reran the searches
until December 2015. We have included 'Risk of bias' and 'Sum-
mary of findings' tables, and updated the Background section in
this updated version.

CONTRIBUTIONS OF AUTHORS

Sachin Sud (SS), Maneesh Sud (MS), Jan O Friedrich (JOF), Hannah Wunsch (HW), Maureen O Meade (MOM), Niall D Ferguson (NDF), Neill
KJ Adhikari (NKJA):

All authors contributed to the study concept and design, revised the manuscript for important intellectual content, and approved the final
version.

SS conceived the study, acquired data, analysed and interpreted data, and drafted the manuscript.

MS, JOF, NKJA and HW acquired, analysed and interpreted the data.

MOM, NDF, and HW interpreted the data.

NKJA and JOF contributed equally to this study.

SS, JOF, NKJA are guarantors.

DECLARATIONS OF INTEREST
All authors have completed the Cochrane online conflicts of interest form and declare the following:

Sachin Sud: nothing to declare.

Maneesh Sud: nothing to declare.

Jan O Friedrich: no financial interests to declare; Dr. Friedrich is a co-investigators for the Canadian Institutes of Health Research (CIHR)
funded OSCILLATE study, which was included in this review (Ferguson 2013). CareFusion (formerly SensorMedics) is providing study
oscillators to some of the hospitals involved in the OSCILLATE study for the duration of the study.

Hannah Wunsch: nothing to declare.

Maureen O Meade:no financial interests to declare; Dr. Meade is a primary investigator for the Canadian Institutes of Health Research
(CIHR) funded OSCILLATE study, which was included in this review (Ferguson 2013). CareFusion (formerly SensorMedics) is providing study
oscillators to some of the hospitals involved in the OSCILLATE study for the duration of the study.

Niall D Ferguson:no financial interests to declare; Dr. Ferguson is a primary investigator for the Canadian Institutes of Health Research
(CIHR) funded OSCILLATE study, which was included in this review (Ferguson 2013). CareFusion (formerly SensorMedics) is providing study
oscillators to some of the hospitals involved in the OSCILLATE study for the duration of the study.

High-frequency oscillatory ventilation versus conventional ventilation for acute respiratory distress syndrome (Review) 47
Copyright © 2018 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



Trusted evidence.
Informed decisions.
Better health.

=Y Cochrane
g Library
Neill KJ Adhikari: no financial interests to declare; Dr. Adhikari is a co-investigators for the Canadian Institutes of Health Research (CIHR)

funded OSCILLATE study, which was included in this review (Ferguson 2013). CareFusion (formerly SensorMedics) is providing study
oscillators to some of the hospitals involved in the OSCILLATE study for the duration of the study.

Cochrane Database of Systematic Reviews

Four of the seven authors (JOF, NKJA, NDF, MOM) co-authored one of the included studies Ferguson 2013 and were not involved in the
acquisition and interpretation of data, or the assessment of risk of bias for this study (which was performed by SS and MS). JOF verified the
calculation of ratio of means (which was first performed independently by SS and MS), for physiologic outcomes for all studies, including

Ferguson 2013.

SOURCES OF SUPPORT

Internal sources
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DIFFERENCES BETWEEN PROTOCOL AND REVIEW

Original Protocol

Amended Protocol (March 27 2009; July 01
2013)

Reason (outcome #)

Primary:
Mortality

(Intensive care unit

(ICU), hospital, 30 days,

60 plus days)

Primary outcomes:

1. Hospital or 30-day mortality.

Hospital mortality is the most common endpoint

in critical care studies. ICU mortality is not a pa-
tient-centred outcome. Hospital mortality and 30-
day mortality are considered equivalent. We included
longer-term mortality as a secondary outcome.

Secondary:

1. Total length of me-
chanical ventilation
(high-frequency and
conventional com-
bined)

2. Length of stay in the
intensive care unit

3. Length of hospital
stay

4. Any long-term quality

of life measurements

5. Any long-term cogni-

tive measurements

6. Cost effectiveness.

Secondary outcomes:
1. Six-month mortality

2. Duration of mechanical ventilation (in days, as
stated by the authors)

3. Ventilator-free days to day 28 or 30 (in days, as
stated by the authors)

4. Health-related quality of life at one year

5. Treatment failure, leading to cross-over to the
other arm or discontinuation of the study pro-
tocol. We accepted authors’ definitions of treat-
ment failure, which could include severe oxy-
genation failure, ventilation failure, hypoten-
sion, or barotrauma (pneumothorax, pneumo-
mediastinum, subcutaneous emphysema)

6. The ratio of partial pressure of arterial oxy-
gen (Pa0,) to inspired fraction of oxygen (FiO,)
(Pa0,/FiO, ratio) at 24, 48, and 72 hours after
randomization

7. Oxygenation index (Ol, defined as 100 x mean
airway pressure/Pa0,/FiO, ratio) measured at
24,48, and 72 hours after randomization

Total duration of mechanical ventilation (1) isam-
biguous, as it may be measured in two ways in criti-
cal care trials: days of mechanical ventilation or ven-
tilator-free days. Since these endpoints cannot be
combined we analysed them separately. We did not
analyse length of ICU stay or hospital length of stay (2,
3) as these were likely to be confounded by mortali-
ty (an intervention that improves survival will also in-
crease ICU or hospital length of stay). Long-term qual-
ity of life measurements (4) and long-term cognitive
measurements (5) were not precisely defined and un-
likely to be reported in studies to date. We chose to
analyse health-related quality of life at one year, if re-
ported.

We did not analyse cost effectiveness (6) because it
is unlikely that cost-effectiveness studies would be
performed, since this intervention has not been yet
proven to be effective.

We included several physiologic endpoints not in the
original review in order to assess the effect of HFO on
oxygenation (6, 7) and ventilation (8, 9).
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8. Ventilation, measured by partial pressure of

carbon dioxide (PaCO,) at 24, 48, and 72 hours
after randomization We included several additional safety endpoints prior

to undertaking this update in order to assess poten-
9. Mean airway pressure 24, 48, and 72 hours af- tial complications of HFO (10 - 13).
ter randomization

10. Barotrauma (as stated by the authors)
11. Hypotension (as stated by the authors)

12. Endotracheal tube obstruction due to secre-
tions,

13. Technical complications and equipment fail-
ure in participants treated with HFO (including
unintentional system air leaks, and problems
with the oscillatory diaphragm, humidifier, and
alarm systems)

Subgroup analyses: Subgroup analyses: See text

None See Subgroup analysis and investigation of het-
erogeneity; Sensitivity analysis.

Search strategy: Search strategy: We designed a more sensitive (but less specific)
search strategy using published sensitive strategies
for retrieving randomized trials (Haynes 2005; Wong
2006). We also improved the sensitivity of the search
strategy by searching conference proceedings and
contacting primary investigators.

See previous version: See Appendix 1
Wunsch 2004.

NOTES
December 2015:
We have included 'Risk of bias' and 'Summary of findings' tables, and updated the Background section in this updated version.

We have changed the title of the review to 'High-frequency oscillatory ventilation versus conventional ventilation for treatment of acute
respiratory distress syndrome' (previously 'High-frequency ventilation versus conventional ventilation for treatment of acute lung injury
and acute respiratory distress syndrome'), as this better reflects the content of the review, and because the term acute lung injury has been
removed from the Berlin Definition of ARDS.

INDEX TERMS

Medical Subject Headings (MeSH)

Acute Lung Injury [mortality] [*therapy]; High-Frequency Ventilation [*methods] [mortality]; Hospital Mortality; Randomized
Controlled Trials as Topic; Respiration, Artificial [*methods] [mortality]; Respiratory Distress Syndrome [mortality] [*therapy]; Time
Factors

MeSH check words
Adolescent; Adult; Child; Child, Preschool; Humans; Infant
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