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In this review, we examine outcomes from using high-
frequency ventilation compared with conventional venti-
lation as therapy for acute lung injury and acute respira-
tory distress syndrome in children and adults. We
conducted a systematic search of the literature based on
the guidelines of the Cochrane Collaboration. Two trials
met the inclusion criteria; one recruited children (n = 58),
and the other recruited adults (n = 148). Both trials used a
high-frequency oscillatory ventilator as the intervention
and included variable use of lung-volume recruitment
strategies. The intervention groups showed a trend to-
ward less 30-day mortality (children: relative risk [RR],
0.83; 95% confidence interval [CI], 0.43-1.62; adults: RR,
0.72;95% CI, 0.50-1.03), although neither study showed a
statistically significant difference. Similarly, there was no

statistically significant difference between the interven-
tion and control groups for “total length of ventilator
days.” There was a statistically significant reduction in the
risk of requiring supplemental oxygen among survivors
at 30 days in the pediatric study (RR, 0.36; 95% CI, 0.14—
0.93). Overall there is not enough evidence to conclude
thathigh-frequency ventilation reduces mortality or long-
term morbidity in patients with acute lung injury or acute
respiratory distress syndrome. (This review is published
as a Cochrane Review in The Cochrane Library 2004, Issue 3.
Cochrane Reviews are regularly updated as new evidence
emerges and in response to comments and criticisms, and
The Cochrane Library should be consulted for the most
recent version of the Review.)

(Anesth Analg 2005;100:1765-72)

distress syndrome (ARDS) are life-threatening

conditions that affect many patients in intensive
care. Although there is disagreement about the exact
definitions, criteria that are often used were set forth by
the North American-European Consensus Conference in
1994 (1). The criteria for ALI are acute onset of lung
injury, diffuse bilateral infiltrates seen on chest radiog-
raphy, Pao,/fraction of inspired oxygen <300 mm Hg,
pulmonary artery occlusion pressure <19 mm Hg, or no
clinical evidence of congestive heart failure. ARDS is
considered a more severe form of ALI, with Pao,/
fraction of inspired oxygen <200 mm Hg. Accurate es-
timation of the incidence of ALI or ARDS has been
difficult, and the incidence has been placed at anywhere
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from 1.5 to 75 per 100,000 per year, although more recent
studies suggest that a number closer to 75 per 100,000 is
more accurate (2).

Patients with ARDS usually have a risk of mortality
more than 30% (3,4). There is currently no method of
prevention for ALI and ARDS, and mechanical venti-
lation is considered the primary treatment for these
patients. Other treatments are used, such as fluid re-
striction, repositioning of the patient in the prone po-
sition, corticosteroids, and inhaled nitric oxide. How-
ever, none of these treatments has been convincingly
shown to improve outcome (2).

Conventional ventilation (CV) strategies seek to
maintain tidal volumes that approximate those seen
during spontaneous ventilation or are larger volumes
to achieve a normal partial pressure of arterial carbon
dioxide and pH. Although CV can provide adequate
gas exchange, it is associated with high airway pres-
sures and pulmonary air leaks that are thought to
induce further lung injury and to potentially harm
patients.
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High-frequency ventilation (HFV) uses respiratory
rates more than 4 times (and up to 250 times) the normal
rate and delivers small tidal volumes. It was introduced
for the treatment of ALI or ARDS to optimize gas ex-
change while preventing the further lung injury seen
with CV. It has been implemented as a treatment in
intensive care units (ICU) as both elective and rescue
therapy. However, it is currently used without clear
evidence as to whether it confers any benefit. Cochrane
reviews examining the use of rescue and elective HFV
for lung injury in term and preterm infants have con-
cluded that there is insufficient evidence to recommend
its use (5-7). The objective of this review was to examine
the effect of HFV compared with CV as therapy for ALI
or ARDS in children (1 to 17-yr-old) and adults to quan-
tify its effect on patient outcome (mortality, morbidity,
and other relevant outcomes).

Methods

The following criteria were used for considering stud-
ies for this review:

Types of studies: Randomized controlled trials
(RCTs) that compared HFV with CV and included at
least one of the outcomes of interest.

Types of participants: Children (1 to 17 yr old) and
adults (=18 yr old). Participants must have been di-
agnosed with ALI or ARDS according to the working
definitions of the European-American Consensus
Conference on ARDS or similar criteria (1).

Types of interventions: Use of a high-frequency ven-
tilator (greater than 40 breaths/min) for any length of
time as therapy after clinical diagnosis of ALI or
ARDS.

Types of outcome measures:

Primary: mortality (ICU, hospital, 30 days, and
=60 days).

Secondary: total length of mechanical ventilation
(high-frequency and conventional combined),
length of stay in the ICU, length of hospital
stay, any long-term quality-of-life measure-
ments, any long-term cognitive measurements,
and cost-effectiveness.

Search strategy for identification of studies: Trials
were identified by searching electronic bibliographic
databases, the reference lists of all identified trials, and
reference lists of relevant systematic reviews and by
contacting an author of each included trial.

We searched the Cochrane Central Register of Con-
trolled Trials (CENTRAL; The Cochrane Library, Issue
4, 2002), MEDLINE (1966 to October Week 5, 2002),
EMBASE (1980 to Week 51, 2002), and the World Wide
Web (http://www.controlled-trials.com; ARDS clini-
cal network) and used the Cited Reference Search
(Web of Science 1988 to 2002) for specific reference
lists of articles.

ANESTH ANALG
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Electronic bibliographic databases searched:

MEDLINE (1966 to March 2002)
Complaint (1 OR 2 OR 3 OR 4 OR 5 OR 6)

1. Respiratory distress syndrome

2. ARDS

3. Acute lung injury

4. ALI

5. Respiratory distress syndrome/

6. Respiratory distress syndrome, adult/

AND

Treatment (1 OR 2 OR 3 OR 4 OR 5)
1. High adj frequency adj3 ventilation
2. High adj frequency oscillat*
3. Jet adj3 ventilation
4. Oscillat* adj3 ventilation
5. High frequency ventilation (explode)/

AND

Study design (1 OR2OR3 OR4 OR50R 6 OR7 OR
8 OR 9 OR 10)

. Clin* adj3 trial*

. Random*

. Study

. Control*

. Randomized controlled trials/

. Controlled clinical trials/

. Random allocation/

. Double-blind method/

. Single-blind method/

10. Prospective studies/

O OOV WN -

*denotes that any letter or letters may follow
/denotes a MEDLINE Medical Subject Heading
term.

Cochrane Controlled Trials Register (January 2002)
as MEDLINE.

EMBASE (1980 to May 2002) as MEDLINE, explod-
ing heading “respiratory distress syndrome” and
using heading “jet ventilation” as well as “HFV,”
with an additional RCT filter (as presented by
Lefebvre C, McDonald S, at the Fourth Interna-
tional Cochrane Colloquium, 1996).

ISI Science Citation Index Expanded (1981 to June
2002) for all included trials.

World Wide Web (http://www.controlled-tri-
als.com; ARDS clinical network).

We contacted research departments at companies
that make high-frequency ventilators for information
on any unpublished industry trials.

No language restrictions were applied.

Methods of the Review

Identifying trials: Titles and abstracts of the elec-
tronic search results were screened by two reviewers.
The two reviewers independently selected trials that
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Table 1. Characteristics of Excluded Studies
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Study

Reason for exclusion

Carlon (13)

Patient population had “acute respiratory failure” from a variety of reasons and included many

patients requiring mechanical ventilation who would not necessarily fit modern criteria for

Patients served as their own controls. Total of only nine patients randomized

ALI or ARDS
Dobyns (11) Randomized on inhaled nitric oxide, not HFV
Hurst (12)
Hurst (14)

Patients in the study who received HFOV were only “at risk” of developing ALI/ARDS

ARDS = acute respiratory distress syndrome; ALI = acute lung injury; HFV = high-frequency ventilation; HFOV = high-frequency oscillatory ventilation.

met the specific inclusion criteria. Any disagreements
were resolved through discussion.

Data extraction: Data extraction was performed in-
dependently by the two reviewers. Disagreements about
the extracted data were resolved through discussion.
Authors of trials were contacted for information needed
for review that was not available in the published re-
ports. In particular, both J. Arnold and S. Derdak were
contacted to find out whether there were any other out-
come measures that may have been collected but not
included in the published articles. Both confirmed that
there were no other outcomes from the trials.

Data extracted included the type of randomization
used and allocation concealment, blinding, single or
multicenter, size of the study, population (children,
adults, or both), definition of ALI or ARDS used,
specifics of respirator settings (including lung-volume
recruitment strategies and the type of high-frequency
ventilator used), outcomes of interest, loss to follow-
up, and whether analysis was performed according to
the intention-to-treat principle.

Methodological quality was evaluated according to
the method described by Schultz et al. (8). Particular
emphasis was placed on concealment of treatment
allocation, generation of allocation sequences, and
intention-to-treat analysis. No scoring or grading sys-
tem was used.

Data Analysis

Trials were summarized individually. A decision was
made not to pool results, because the two trials in-
volved mutually exclusive groups of patients.

Description of Studies

Six RCTs were identified with the search methods
described above. Two [Arnold et al. (9) and Derdak et
al. (10)] were included in the systematic review. Both of
the included studies used high-frequency oscillatory
ventilation (HFOV) and involved variable lung-volume
recruitment strategies. One was a pediatric trial (Ar-
nold et al.), whereas the other enrolled only adults
(Derdak et al.).

Of the four identified trials that were excluded, one
was excluded because patients were not randomized
on ventilator type [Dobyns et al. (11)], another was

excluded because patients were used as their own
controls [Hurst and DeHaven (12)], the third was ex-
cluded because the inclusion criteria for ALI or ARDS
were too broad [Carlon et al. (13)], and the last was
excluded because HFV was begun before patients had
even developed ALI/ARDS [Hurst et al. (14)] (Table
1). Because of the limited number of studies eligible
for inclusion in the review, reporting (publication)
bias was not assessed with a funnel plot.

Methodological Quality of Included Studies

Details of the methodological quality of studies are
listed in Table 2. Both trials used adequate allocation
concealment and valid randomization techniques (Ar-
nold et al. used a blinded balanced block design, and
Derdak et al. used computer randomization). Treat-
ment could not be blinded in any study because of the
type of intervention. Post-randomization exclusions
occurred in one trial (Arnold et al.; 12 of 70 random-
ized were then excluded). These were a combination
of exclusion within 8 h of enrollment (6 patients),
protocol violations (4 patients), and transfer to another
institution (2 patients).

Neither study was designed as a crossover trial.
However, both allowed crossover of patients to the
alternative treatment if they “failed” the original treat-
ment, according to certain physiological variables cho-
sen at the time of study design. Derdak et al. also
allowed treatment with the alternate form of ventila-
tion if the attending physicians believed that addi-
tional therapies could be life-saving.

Results

Outcomes from the two included studies are summa-
rized in Table 3.

30-Day Mortality

Arnold et al. and Derdak et al. both examined 30-day
mortality. Neither study found a significant difference
in 30-day mortality for patients treated with HFOV
versus CV. Arnold et al. reported a 30-day mortality of
34% (10 of 29) for HFOV versus 41% (12 of 29) for CV
(relative risk [RR], 0.83; 95% confidence interval [CI],
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Table 3. Outcomes from Included Reviews
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Outcome: 30 day mortality
Study HFOV cv RR (fixed) Weight RR (fixed)
or sub-category n/N n/N 95% CI % 95% CI
Arnold 1994 10/29 12/29 —— 23.76 0.83 [0.43, 1.62]
Derdak 2002 28/75 38/73 — 76.24 0.72 [0.50, 1.03]
0.1 02 0.5 1 2 5 10
Favours treatment Favours control
Outcome: 6 month mortality
Study HFOV cv RR (fixed) Weight RR (fixed)
or sub-category n/N n/N 95% CI % 95% CI
Derdak 2002 35/75 43/73 —.+ 100.00 0.79 [0.58, 1.08]
01 02 0.5 1 2 5 10
Favours treatment Favours control
Outcome: Length of mechanical ventilation
Study HFOV cv WMD (fixed) Weight WMD (fixed)
or sub-category N Mean (SD) Mean (SD) 95% CI % 95% CI
Arnold 1994 29 20.00(27.00) 29 22.00(17.00) < L 35.17 -2.00 [-13.61, 9.61]
Derdak 2002 75 22.00(21.00) 73 20.00(31.00) » 64.83 2.00 [-6.55, 10.55]
-10 -5 0 5 10
Favours treatment Favours control
Outcome: Length of mechanical ventilation for survivors
Study HFOV cv WMD (fixed) Weight WMD (fixed)
or sub-category N Mean (SD) N Mean (SD) 95% CI % 95% CI
Arnold 1994 19 27.00(31.00) 17 29.00(18.00) ¢ .*% $ 100.00 -2.00 [-18.36, 14.36]
-10 -5 0 5 10
Favours treatment Favours control
Outcome: Survivors requiring supplemental oxygen at 30 days
Study HFOV cv RR (fixed) Weight RR (fixed)
or sub-category n/N n/N 95% CI % 95% CI
Arnold 1994 4/19 10/17 + 100.00 0.36 [0.14, 0.93]
01 02 0.5 1 2 5 10
Favours treatment Favours control
Outcome: Survivors requiring mechanical ventilation at 30 days
Study HFOV cv RR (fixed) Weight RR (fixed)
or sub-category n/N n/N 95% CI % 95% CI
Derdak 2002 20/47 12/35 —I—.— 100.00 1.24 [0.70, 2.19]
01 02 0.5 1 2 5 10
Favours treatment Favours control
Outcome: survivors requiring mechanical ventilation at six months
Study HFOV cv RR (fixed) Weight RR (fixed)
or sub-category n/N n/N 95% CI % 95% CI
Derdak 2002 0/40 2/30 Q—.—i—— 100.00 0.15 [0.01, 3.04]

01 02 0.5 1
Favours treatment

2 5 10

Favours control

1769



1770  CRITICAL CARE AND TRAUMA WUNSCH AND MAPSTONE

HIGH-FREQUENCY VENTILATION FOR ALI/ARDS

0.43-1.62). Derdak et al. had a 30-day mortality of 37%
(28 of 75) for HFOV versus 52% (38 of 73) for CV (RR,
0.72; 95% CI, 0.50-1.03).

Six-Month Mortality

Only Derdak et al. examined 6-mo mortality. This study
reported a mortality of 47% (35 of 75) for HFOV versus
59% (43 of 73) for CV. There was no significant difference
between groups (RR, 0.79; 95% CI, 0.58-1.08).

Total Ventilator Days

Both studies measured the total number of days on a
ventilator. Neither study found a significant difference in
number of ventilator days between the HFOV and CV
groups (Arnold et al’s weighted mean difference
[WMD)], —2.00; 95% CI, —13.61 to 9.61; Derdak et al.’s
WMD, 2.00; 95% CI, —6.55 to 10.55). Arnold et al. also
included a comparison of total ventilator days for survi-
vors at 30 days (WMD, —2.00; 95% CI, —18.36 to 14.36).

Long-Term Quality-of-Life Measurements

Neither study used any validated questionnaires to
evaluate long-term quality of life. Both studies meas-
ured proxies for long-term quality of life; Derdak et al.
examined the percentage of patients alive on mechan-
ical ventilation at 30 days and 6 mo. Derdak et al.
reported patients alive on mechanical ventilation as a
percentage of the total number in that arm of the study
(those who survived and died), but we have chosen to
present them here as a percentage of the survivors
only, which is in line with the presentation of data in
the Arnold et al. study. There was no significant dif-
ference between the HFOV and CV groups (30 day
RR, 1.24; 95% CI, 0.70-2.19; 6-mo RR, 0.15; 95% CI,
0.01-3.04). Arnold et al. examined the number of sur-
vivors who required supplemental oxygen at 30 days.
The study found that survivors who had received
HFOV were statistically less likely to require supple-
mental oxygen (RR, 0.36; 95% CI, 0.14-0.93).

Discussion

Two RCTs were identified for inclusion in this system-
atic review of HFV versus CV for treatment of ALI and
ARDS in children and adults. Neither Derdak et al.
nor Arnold et al. showed a statistically significant
difference in mortality with HFOV, although both
showed a trend toward a decrease in 30-day mortality.

The effect of HFOV on 6-month mortality, length of
mechanical ventilation, and need for continued ventila-
tory support at 30 days and 6 months all showed trends
toward reduction in one or both studies, but the trends
were not statistically significant. Regarding other out-
comes examined in this review, the only difference

ANESTH ANALG
2005;100:1765-72

found in any of the individual analyses was in the pedi-
atric study (Arnold et al.). There was a statistically sig-
nificant decreased need for supplementary oxygen
among survivors at 30 days in the group randomized to
HFOV versus CV, suggesting that there might be some
quality-of-life benefit to using HFOV. However, no other
measures of quality of life were examined.

Patients in the control arm of the study by Derdak et
al. had a 30-day mortality of 51%. This is in contrast to
a recent trial (15) of small tidal volumes for treatment
of ARDS in which the reported mortality in controls
was 39.8% (at 180 days) and is also in contrast to other
reports of mortality from ARDS (3,16,17). The more
frequent mortality in the study by Derdak et al. sug-
gests that the patients enrolled in this trial may have
been more severely ill than most ARDS patients.

On a number of key areas of design, the two studies
are similar: both trials used the same type of high-
frequency ventilator (oscillatory), they both used an
open lung approach, and both were designed with the
option for patients to receive the alternate therapy.
However, we chose to report the findings from these
trials separately, because the two studies included
mutually exclusive groups of patients: one involved
only children <35 kg, and one involved only adults
more than 35 kg. Of note, Arnold et al. reported in a
comment on the article that age was significantly as-
sociated with outcome (patients older than five years
had significantly increased mortality compared with
patients younger than five years) (18).

Although there are many types of high-frequency
ventilators, both studies included in this review used
HFOV. This is important to note, because the results
reported may not necessarily be extrapolated to use
with other types of high-frequency ventilators. The
oscillatory ventilator uses reciprocating pumps or di-
aphragms and in this respect differs from other types
of high-frequency ventilators because it provides ac-
tive expiration (as well as active inspiration) (19).

We included the trial by Arnold et al. even though
it randomized some infants (21 of 62; 34%). Our ex-
clusion criteria were chosen because the review was
not set up to examine HFV as a treatment for neonatal
lung injury (this has been reviewed elsewhere) (5-7).
The aim of the Arnold et al. study was to examine the
use of HFOV in children (not neonates with lung
injury); given that most participants were not infants
(the mean age was 3.1 years and 2.5 years for the
intervention and control groups, respectively) and
that the authors specifically stated that they excluded
any infants with former prematurity and with residual
chronic lung disease, we believed that this study
should still be used, because it otherwise met our
inclusion criteria and had a strong trial design.

Also of concern in the results of Arnold et al. is the
exclusion of 12 of 70 patients after randomization. This
exclusion means that the analysis was not performed
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with an intention-to-treat method. We performed a
sensitivity analysis by using 30-day mortality to ad-
dress this concern. Because the 12 dropouts were
equally split between the 2 treatment groups, the best
case favoring HFV would be the survival of all 6 HFV
dropouts and the death of all 6 CV dropouts; this
yields a mortality of 10 of 35 (HFV) versus 18 of 35
(CV), with a nonsignificant RR (0.56; 95% CI, 0.30—
1.03). Similarly, the worst-case assumptions for HFV
are a tally of 16 of 35 (HFV) versus 12 of 35 (CV), with
a nonsignificant RR (1.33; 95% CI, 0.74-2.39). This
reinforces the statement by Arnold et al. that the prin-
ciple findings of the study were not altered when
follow-up data from these excluded patients were in-
cluded in the analysis (18).

The main limitation of this review is the very small
number of trials eligible for inclusion. There may be
other trials that have not been published which we did
not identify during our search and which, therefore,
were not included. These exclusions remain a poten-
tial source of bias. The fact that both of the included
trials also involved small numbers of participants
makes it almost impossible to reach any conclusions
regarding the efficacy of the intervention. Even if it
had been possible to pool the trial data to increase
power, the numbers would still be too small to reach
meaningful conclusions. This lack of information is in
itself an important conclusion of this systematic re-
view, because clinicians need to be aware of the qual-
ity and quantity of evidence when deciding whether
to treat a patient with HFOV. Although 30-day mor-
tality is certainly an important outcome, the utility of
measuring the length of mechanical ventilation as a
useful clinical outcome is also questionable.

HFV has come in and out of favor over the last 20
years as a treatment for ALI/ARDS. During this time,
definitions for ALI and ARDS have changed. The
American-European Consensus Conference on ARDS
(1,20) has provided some guidance to standardize case
definitions, but even now not every study chooses to use
these definitions, and comparisons with earlier studies
remain problematic. Moreover, identifying clinically the
point at which these criteria have been met is always
subjective.

A recent trial demonstrated a marked improvement
in mortality from ALI/ARDS by using CV with
smaller tidal volumes as compared with traditional
tidal volumes, although the Cochrane Review of the
topic found no clear evidence of a difference in mor-
tality (15,21). Both trials examined in this review com-
pared HFOV with more traditional tidal volume ven-
tilation, which was considered the standard of care at
the time the studies were designed. What constitutes
CV for ARDS is now complicated by the recent em-
phasis on smaller tidal volume ventilation, and this
issue would need to be addressed in any future trial.
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Cochrane reviews of HFOV in neonates found either
no mortality benefit (elective therapy) or not enough
data to support any conclusion (rescue therapy) (6,7).
Initial studies in adults completed when HFV was first
introduced showed little evidence that HFOV improved
outcome, despite the reasoning that the small lung vol-
umes delivered would decrease further damage to the
lungs (12,13,22,23). A systematic review in 1998 (24) that
included nonrandomized studies found that there was
too much heterogeneity in study design and that current
clinical trials were underpowered. However, the review
also suggested that a potential reason why many of the
early studies had failed to demonstrate an improvement
with HFV was that they did not include a lung-volume
recruitment strategy, which could help to keep alveoli
open and further minimize damage to the lung. Instead,
these early studies tended to focus on minimizing air-
way pressures. The more recent trials included in this
review do incorporate lung-volume recruitment strate-
gies, although debate continues as to how best to achieve
this goal.

A review of HFV for ALI and ARDS (19) concluded
that the treatment should be considered “promising but
experimental” because of a lack of evidence that it im-
proved important clinical outcomes. The authors of a
New England Journal of Medicine review article on ARDS
[Ware and Matthay (2)] chose to refer to treatment with
HFV only in a list of references of many approaches to
ventilation that have not been shown to be beneficial (the
reviews were published before the Derdak et al. study).
Our review provides a rigorous analysis of the best
available data to allow clinicians to fully understand the
known risks and benefits of choosing to place a patient
on an HFOV. Having access to all of the relevant data (or
knowledge of the lack of data) regarding this therapy is
essential for clinicians faced with making treatment de-
cisions for patients with such severe illness.

Conclusion

Very few quality data are available to assess HFV as a
treatment for ALI and ARDS. The few data that exist
suggest that there may be some clinical benefit to HFOV;
larger trials that incorporate current standard practice
for CV and that are powered to detect clinically signifi-
cant differences in outcome are still needed before any
conclusions can be drawn regarding its relative merits as
a treatment option. As well as focusing on hard out-
comes, future trials should assess both quality of life for
survivors and cost-effectiveness.
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