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EDITORIAL

High-Frequency Oscillatory Ventilation on Shaky Ground

Atul Malhotra, M.D., and Jeffrey M. Drazen, M.D.

We thought it was impossible. Physiological
principles maintained that ventilation at tidal
volumes less than the anatomical deadspace
should be ineffective (i.e., inspired air not reach-
ing the alveolae). Data from a 1980 study dis-
pelled that myth, showing unequivocally that
ventilation with tidal volumes as small as 20 to
30 ml in dogs, a mere fraction of the anatomical
deadspace, could maintain adequate ventilation.*
These unexplained observations sparked trans-
port and mixing theories predicting that CO,
removal should vary in direct proportion to
breathing frequency (although the relationship
with tidal volume is more complex®3), and these
predictions were later confirmed experimental-
ly.# Subsequent studies showed that CO, remov-
al eventually reaches a plateau when the airways
narrow during expiration, indicating the onset
of expiratory-flow limitation. This concept is im-
portant, since portions of the lung can become
hyperinflated dynamically (i.e., regional air trap-
ping) beyond levels predicted from the applied
mean airway pressure.>”’

High-frequency oscillatory ventilation (HFOV),
in which small tidal volumes are applied at a
high respiratory rate, became a focus of re-
search and clinical practice, but widespread use
was limited by the unavailability of commercial
equipment. As the technology gradually evolved,
the field suffered setbacks when trials showed
that HFOV did not provide a benefit and could
have induced harm in neonates with the respira-
tory distress syndrome.®° Although there have
been some small clinical trials,’® the use of
HFOV in adult patients never really caught on.
More and better data were needed, and the field
evolved as our understanding of the physiology
of the acute respiratory distress syndrome
(ARDS) improved.
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Although mechanical ventilation can clearly
be life-sustaining for those who are critically ill,
there are now compelling data showing that
mechanical ventilation can be damaging to the
lung if the ventilator is set inappropriately. Exces-
sive tidal volumes can stretch the lung, leading
to overdistention and further lung injury.** In-
adequate positive end-expiratory pressure (PEEP)
can promote repetitive alveolar collapse followed
by reopening, which may be injurious to the
lung (an injury known as atelectrauma). Lung
homogeneity is also thought to be important,
since injurious forces can develop at junctions
of normal and abnormal lung even when the ap-
plied pressures are modest.'? Thus, in theory,
HFOV in a well-recruited, homogeneous lung
could avoid these problems if the problems with
local airflow velocity could be overcome. If so,
HFOV could combine small pressure oscillations
to minimize overdistention with high mean air-
way pressures to prevent atelectrauma (Fig. 1).

Two major, multicenter, randomized trials
now reported in the Journal show that it is hard
to put theory into practice. In the Oscillation for
Acute Respiratory Distress Syndrome Treated
Early (OSCILLATE) trial,** the authors found
that an HFOV strategy with high mean airway
pressures led to more deaths than did a conven-
tional mechanical-ventilation strategy that used
relatively high PEEP levels. Patients in both
groups underwent a baseline recruitment ma-
neuver (sustained high-pressure inflation) to pro-
mote lung homogeneity. In-hospital mortality
was 47% in the HFOV group as compared with
35% in the control group (relative risk of death
with HFOV, 1.33; 95% confidence interval, 1.09
to 1.64; P=0.005), a finding that led to prema-
ture termination of the trial. The mechanism
underlying the poor HFOV outcomes appears to
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Figure 1. Schematic Diagram of a Pressure-Volume
Curve of a Lung in a Patient with the Acute Respiratory
Distress Syndrome.

The inflation limb (lower curve) and deflation limb (up-
per curve) differ from one another. The lower inflection
point defines the onset of alveolar recruitment from a
state of substantial collapse; the lung below this point
is illustrated in the axial computed tomographic (CT)
scan in Panel A. The upper inflection point is thought
to reflect the point at which recruitment is no longer
occurring and overdistention may start to occur; the
lung in this condition is illustrated in the axial CT scan
in Panel B. High-frequency oscillatory ventilation (HFOV)
is performed on the deflation limb of the pressure-
volume curve; in this form of ventilation, small volumes
should help to limit overdistention, and high mean air-
way pressures should prevent injury from repetitive col-
lapse and reopening of the lung. CT scans adapted from
Gattinoni et al.?® The CT scans in Panels A and B corre-
spond to the areas marked A and B in the upper panel.

have been hemodynamic compromise, since the
elevated mean airway pressures with HFOV were
associated with increased requirements for pres-
sor medications and probably end-organ failures.
Was the disconnect between mean airway pres-
sure and regional lung volume noted above at
play here?

In the Oscillation in ARDS (OSCAR) trial,*s
the authors found no major difference in the
outcome between an HFOV strategy and usual
care with conventional mechanical ventilation.
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The rate of death from any cause at 28 days was
41.7% in the HFOV group and 41.1% in the usual-
care control group (P=0.85 by the chi-square test).
The hemodynamic compromise associated with
HFOV that was induced by high mean airway
pressures was minimal in the OSCAR trial as
compared with the OSCILLATE trial, perhaps
owing to lower applied ventilatory pressures in
the OSCAR trial. In accordance with the pragmat-
ic design of the OSCAR trial, there was consid-
erable variance in the management of the dis-
ease in the usual-care control group in that trial,
perhaps reflecting physician judgment and ther-
apy that was individualized to patient character-
istics.1® In both the OSCAR and OSCILLATE tri-
als, the patients in the HFOV groups received
more sedatives and muscle relaxants than did
the patients in the control groups, which per-
haps also contributed to the disappointing out-
comes. Thus, both trials are helpful in raising
caution about widespread routine clinical use
of HFOV.

What are the conclusions? First, these data
might suggest that HFOV, as applied in these
trials, is not an advance. However, one could ar-
gue that it is not HFOV itself but the HFOV pro-
tocols studied in these trials that were ineffec-
tive, and perhaps worse, than usual care.
Whether the reduction in preload induced by
high mean airway pressures in the OSCILLATE
trial could have been mitigated by more aggres-
sive volume resuscitation,” without worsening
lung edema, is unclear. Similarly, whether fur-
ther elevation in mean airway pressures applied
to a well-recruited lung may have improved lung
protection in the OSCAR trial is also unclear. If
iatrogenic injury from heavy sedation or paraly-
sis could be minimized while the comfort of the
patient is maintained, perhaps the theoretical
benefits of HFOV would be realized.

Second, patient selection may be an impor-
tant factor. Some patients have recruitable lung
(i.e., lung tissue in which alveolar air volume is
increased with small increases in airway pres-
sure), whereas others have nonrecruitable lung.
Among patients with homogeneous, recruitable
lung, increasing mean airway pressure may well
be beneficial; however, among patients with
heterogeneous and nonrecruitable lung, increas-
ing mean airway pressure may lead to overdis-
tention of some lung regions without increased
aeration of collapsed or flooded alveoli. Such in-
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dexes of recruitability (which can be assessed,
perhaps, with the use of regional imaging or
measures of lung or chest-wall mechanics) may
help to define which patients may benefit from
high mean airway pressures and which patients
are likely to suffer deleterious effects without
major lung protection. For example, applied
ventilatory pressures can affect pleural pressure,
which in turn influences hemodynamics, but
the interactions are complicated and are depen-
dent on relative lung and chest-wall compliance,
left and right ventricular function, volume sta-
tus, and other factors.

Third, currently recommended strategies that
use low tidal volumes may have effectively mini-
mized mechanical stress on the lung,'” and fur-
ther improvements in outcomes are likely to oc-
cur only through improved understanding of
the heterogeneous ARDS phenotype and its un-
derlying biologic characteristics. Perhaps patients
with ARDS will require individualized therapy
that takes into consideration their body habitus,
the cause of their disease, and the mechanisms
leading to lung injury. Considerable discussion
will ensue about which patients should be in-
cluded and which technologies should be used
in the next trial, but for now clinicians should
be cautious about applying HFOV routinely in
patients with ARDS.

Disclosure forms provided by the authors are available with

the full text of this article at NEJM.org.

From the Divisions of Sleep Medicine and Pulmonary and Critical
Care Medicine, Brigham and Women’s Hospital, Boston (A.M.).

This article was published on January 22, 2013, at NEJM.org.

1. Bohn DJ, Miyasaka K, Marchak BE, et al. Ventilation by high-
frequency oscillation. J Appl Physiol 1980;48:710-6.

2. Fredberg]]. Augmented diffusion in the airways can support
pulmonary gas exchange. J Appl Physiol 1980;49:232-8.

N ENGL ) MED

3. Weinmann GG, Mitzner W, Permutt S. Physiological dead
space during high-frequency ventilation in dogs. J Appl Physiol
1984;57:881-7.

4. Slutsky AS, Drazen JM, Ingram RH Jr, et al. Effective pulmo-
nary ventilation with small-volume oscillations at high frequen-
cy. Science 1980;209:609-71.

5. Rossing TH, Slutsky AS, Lehr JL, Drinker PA, Kamm R, Dra-
zen JM. Tidal volume and frequency dependence of carbon diox-
ide elimination by high-frequency ventilation. N Engl ] Med
1981;305:1375-9.

6. Venegas JG, Fredberg JJ. Understanding the pressure cost of
ventilation: why does high-frequency ventilation work? Crit Care
Med 1994;22:Suppl:S49-S57.

7. Kolton M, Cattran CB, Kent G, et al. Oxygenation during
high-frequency ventilation compared with conventional me-
chanical ventilation in two models of lung injury. Anesth Analg
1982;61:323-32.

8. The HIFI Study Group. High-frequency oscillatory ventila-
tion compared with conventional mechanical ventilation in the
treatment of respiratory failure in preterm infants. N Engl ] Med
1989;320:88-93.

9. Johnson AH, Peacock JL, Greenough A, et al. High-frequency
oscillatory ventilation for the prevention of chronic lung disease
of prematurity. N Engl J Med 2002;347:633-42.

10. Derdak S, Mehta S, Stewart TE, et al. High-frequency oscil-
latory ventilation for acute respiratory distress syndrome in
adults: a randomized, controlled trial. Am J Respir Crit Care
Med 2002;166:801-8.

11. The ARDS Network. Ventilation with lower tidal volumes as
compared with traditional tidal volume for acute lung injury and
the acute respiratory distress syndrome. N Engl J Med 2000;
342:1301-8.

12. Mead J, Takishima T, Leith D. Stress distribution in lungs: a
model of pulmonary elasticity. ] Appl Physiol 1970;28:596-608.
13. Gattinoni L, Caironi P, Cressoni M, et al. Lung recruitment
in patients with the acute respiratory distress syndrome. N Engl
J Med 2006;354:1775-86.

14, Ferguson ND, Cook DJ, Guyatt GH, et al. High-frequency
oscillation in early acute respiratory distress syndrome. N EnglJ
Med 2013. DOI: 10.1056/NEJMoa1215554.

15. Young D, Lamb S, Shah S, et al. High-frequency oscillation
for acute respiratory distress syndrome. N Engl ] Med 2013. DOI:
10.1056/NEJMoa1215716.

16. Talmor D, Sarge T, Malhotra A, et al. Mechanical ventilation
guided by esophageal pressure in acute lung injury. N EnglJ Med
2008;359:2095-104.

17. Malhotra A. Low-tidal-volume ventilation in the acute respi-
ratory distress syndrome. N Engl J Med 2007;357:1113-20.

DOI: 10.1056/NEJMe1300103
Copyright © 2013 Massachusetts Medical Society.

NEJM.ORG

The New England Journal of Medicine

Downloaded from nejm.org by JOHN VOGEL on January 22, 2013. For personal use only. No other uses without permission.

Copyright © 2013 Massachusetts Medical Society. All rights reserved.


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

High-Frequency Oscillation in Early Acute
Respiratory Distress Syndrome

Niall D. Ferguson, M.D., Deborah J. Cook, M.D., Gordon H. Guyatt, M.D.,
Sangeeta Mehta, M.D., Lori Hand, R.R.T., Peggy Austin, C.C.R.A,,

Qi Zhou, Ph.D., Andrea Matte, R.R.T., Stephen D. Walter, Ph.D.,
Francois Lamontagne, M.D., John T. Granton, M.D., Yaseen M. Arabi, M.D.,
Alejandro C. Arroliga, M.D., Thomas E. Stewart, M.D., Arthur S. Slutsky, M.D.,
and Maureen O. Meade, M.D., for the OSCILLATE Trial Investigators
and the Canadian Critical Care Trials Group*

ABSTRACT

BACKGROUND

Previous trials suggesting that high-frequency oscillatory ventilation (HFOV) reduced
mortality among adults with the acute respiratory distress syndrome (ARDS) were
limited by the use of outdated comparator ventilation strategies and small sample
sizes.

METHODS

In a multicenter, randomized, controlled trial conducted at 39 intensive care units
in five countries, we randomly assigned adults with new-onset, moderate-to-severe
ARDS to HFOV targeting lung recruitment or to a control ventilation strategy targeting
lung recruitment with the use of low tidal volumes and high positive end-expiratory
pressure. The primary outcome was the rate of in-hospital death from any cause.

RESULTS

On the recommendation of the data monitoring committee, we stopped the trial after
548 of a planned 1200 patients had undergone randomization. The two study groups
were well matched at baseline. The HFOV group underwent HFOV for a median of
3 days (interquartile range, 2 to 8); in addition, 34 of 273 patients (12%) in the
control group received HFOV for refractory hypoxemia. In-hospital mortality was
47% in the HFOV group, as compared with 35% in the control group (relative risk
of death with HFOV, 1.33; 95% confidence interval, 1.09 to 1.64; P=0.005). This
finding was independent of baseline abnormalities in oxygenation or respiratory
compliance. Patients in the HFOV group received higher doses of midazolam than
did patients in the control group (199 mg per day [interquartile range, 100 to 382]
vs. 141 mg per day [interquartile range, 68 to 240], P<0.001), and more patients in the
HFOV group than in the control group received neuromuscular blockers (83% vs.
68%, P<0.001). In addition, more patients in the HFOV group received vasoactive
drugs (91% vs. 84%, P=0.01) and received them for a longer period than did pa-
tients in the control group (5 days vs. 3 days, P=0.01).

CONCLUSIONS
In adults with moderate-to-severe ARDS, early application of HFOV, as compared with
a ventilation strategy of low tidal volume and high positive end-expiratory pressure,
does not reduce, and may increase, in-hospital mortality. (Funded by the Canadian
Institutes of Health Research; Current Controlled Trials numbers, ISRCTN42992782
and ISRCTN87124254, and ClinicalTrials.gov numbers, NCT00474656 and
NCT01506401.)
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HE ACUTE RESPIRATORY DISTRESS SYN-
drome (ARDS) is a common complication
of critical illness.t? Mortality is high, and
survivors often have long-term complications.3*
Although mechanical ventilation is life-sustaining
for patients with ARDS, it can perpetuate lung
injury. Basic research suggests that repetitive
overstretching or collapse of lung units with each
respiratory cycle can generate local and systemic
inflammation, contributing to multiorgan fail-
ure and death.> Consistent with these findings
are data from clinical trials that support the use
of smaller tidal volumes (6 vs. 12 ml per kilo-
gram of predicted body weight)® and higher lev-
els of positive end-expiratory pressure (PEEP).7-1°
Mortality remains high, however, and additional
therapies are needed to protect the lung in cases
of severe ARDS.1112
One such approach is high-frequency oscilla-
tory ventilation (HFOV), which delivers very small
tidal volumes (approximately 1 to 2 ml per kilo-
gram?'3) at very high rates (3 to 15 breaths per
second).1#1° Previous randomized trials of the use
of HFOV in adults with ARDS have suggested that
this strategy results in improvements in oxygen-
ation and survival, but the trials were limited by
small sample sizes and outdated ventilation strate-
gies for the control group.2°2> Consequently, de-
spite the frequent use of HFOV in patients who
do not have an adequate response to conventional
mechanical ventilation and the increased use of
HFOV earlier in the course of the disease, this
approach remains an unproven therapy for adults
with ARDS.232¢ We therefore compared HFOV
with a conventional ventilation strategy that used
low tidal volumes and high levels of PEEP in pa-
tients with new-onset, moderate-to-severe ARDS.

METHODS

STUDY OVERSIGHT

For the pilot phase of the study, we enrolled pa-
tients at 11 centers in Canada and 1 in Saudi
Arabia from July 2007 through June 2008; for the
main trial, we enrolled patients at the same cen-
ters and at an additional 27 centers in Canada, the
United States, Saudi Arabia, Chile, and India from
July 2009 through August 2012 (see the Supple-
mentary Appendix, available with the full text of
this article at NEJM.org). The trial protocol, which
is available at NEJM.org, was approved by the re-
search ethics board at each participating site.
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The first and last author vouch for the accuracy
and completeness of the reported data and for
the fidelity of this report to the study protocol.
For HFOV, we used the SensorMedics 3100B
High-Frequency Oscillatory Ventilator (CareFusion);
the manufacturer loaned nine ventilators and
provided technical support but had no role in the
design of the study, the collection or analysis of
the data, or the preparation of the manuscript.

PATIENTS
Patients were eligible for inclusion if they had
had an onset of pulmonary symptoms within the
previous 2 weeks, had undergone tracheal intu-
bation, had hypoxemia (defined as a ratio of the
partial pressure of arterial oxygen [Pao,] to the
fraction of inspired oxygen [Fio,] of <200, with
an Fio, of 20.5), and had bilateral air-space opac-
ities on chest radiography. Patients were excluded
if they had hypoxemia primarily related to left
atrial hypertension, suspected vasculitic pulmo-
nary hemorrhage, neuromuscular disorders that
are known to prolong the need for mechanical
ventilation, severe chronic respiratory disease, or
preexisting conditions with an expected 6-month
mortality exceeding 50%; if they were at risk for
intracranial hypertension; if there was a lack of
commitment to life support; if the expected du-
ration of mechanical ventilation was less than 48
hours; if they were younger than 16 years of age
or older than 85 years of age; or if their weight
was less than 35 kg or more than 1 kg per centi-
meter of height. We did not enroll patients who
had already met the eligibility criteria for more
than 72 hours, those who were already receiving
HFOV, or those whose physicians declined to en-
roll them.

After enrollment, standardized ventilator set-
tings were used for all the patients: pressure-
control mode, a tidal volume of 6 ml per kilo-
gram, and an Fio, of 0.60 with a PEEP level of
10 cm of water or higher if needed for oxygen-
ation. After 30 minutes, if the Pao,:Fio, ratio
remained at 200 or lower, patients underwent
randomization; otherwise the standardized ven-
tilator settings were maintained, and the patients
were reassessed at least once daily for up to
72 hours. Eligible patients were randomly as-
signed in a 1:1 ratio to the HFOV group or to
the conventional-ventilation group. Randomiza-
tion was performed in undisclosed block sizes of
2 and 4 with the use of a central Web-based
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HIGH-FREQUENCY OSCILLATION IN EARLY ARDS

Table 1. Ventilator Protocols.*

Component Variable HFOV Control Ventilation
Ventilator mode High-frequency oscillatory Pressure control
ventilation
Tidal volume target (ml/kg of predicted body weight) NA 6
Tidal volume range (ml/kg of predicted body weight) NA 4-8
Plateau airway pressure (cm of water) NA <35
Positive end-expiratory pressure (cm of water) NA Adjusted according to
oxygenationt
Mean airway pressure (cm of water) Adjusted according to Measured but not adjusted
oxygenationy
Respiratory frequency 3-12 Hz <35 breaths/min
Pressure amplitude target (cm of water) 90 NA
Partial pressure of arterial oxygen (mm Hg) 55-80 55-80
Oxygen saturation by pulse oximetry (%) 88-93 88-93
Arterial blood pH 7.25-7.35 7.30-7.45
Ratio of inspiratory-to-expiratory time 1:2 1:1-1:3
Recruitment maneuvers Yes Yes

* The full version of the study protocol is available at NEJM.org. HFOV denotes high-frequency oscillatory ventilation, and NA
not applicable.
T For more information on the protocol for adjustment, see Table 2.

randomization system, stratified according to e . :
ter. All patients or their leeal surrogates pro- Table 2. Usual Combinations of the Fraction of Inspired
C_en o p K & g. . p . Oxygen (Fio,) and Positive End-Expiratory Pressure (PEEP)
vided written informed consent for participation or Mean Airway Pressure Used to Adjust Ventilators.
in the study.
HFOV Control Ventilation

HFOV PROTOCOL Mean Airway
The HFOV protocol was designed on the basis of Fio, Pressure Fio, PEEP
the results of pilot testing and consensus guide-

. . cm of water cm of water
lines.2427 We first conducted a recruitment ma- 04 0 03 s
neuver, by applying 40 cm of water pressure for . e
40 seconds to the airway opening in an effort to 04 22 0.3 8
reopen closed lung units. We then initiated HFOV 0.4 2 0.3 10
with a mean airway pressure of 30 cm of water, 0.4 26 0.4 10
adjusting the pressure thereafter according to the 0.4 28 0.4 12
protocol, targeting a Pao, of 55 to 80 mm Hg (Ta- 0.4 30 0.4 14
bles 1 and 2). We minimized HFOV tidal volumes 0.5 30 0.4 16
by using the highest possible frequency that 0.6 30 0.4 18
would maintain arterial blood pH abpve 7.25.1.3’28 06 32 05 18

After 24 hours of HFOV, conventional ventila- 06 34 05 20
tion could be resumed if the mean airway pres- 0 o 0 p-
sure was 24 cm of water or less for 12 hours. ' '

. .. . 0.8 34 0.7 20
This transition was mandatory when airway 0 o o
pressures reached 20 cm of water. Thereafter, 9 34 8 2
mechanical ventilation followed the control pro- 10 34 0.8 22
tocol. Over the next 48 hours, if an Fio, of more 1.0 36 0.9 2
than 0.4 or a PEEP level of more than 14 cm of L0 38 1.0 22
water was required for more than 1 hour to 1.0 24

achieve oxygenation targets, HFOV was resumed.
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CONTROL VENTILATION PROTOCOL

The control ventilation protocol, which was adapt-
ed from an earlier trial,® called for a target tidal
volume of 6 ml per kilogram, with plateau airway
pressure of 35 cm of water or less and high levels
of PEEP. After an initial recruitment maneuver
(the same as that used for the HFOV group), clini-
cians applied ventilation using pressure-control
mode with a PEEP level of 20 cm of water and
then adjusted the PEEP level and the Fio, accord-
ing to the protocol (Tables 1 and 2). The protocol
permitted the use of volume-assist control mode
or pressure-support mode with the same limits
for tidal volumes and airway pressures. For pa-
tients receiving pressure support with PEEP lev-
els of 10 cm of water or less and an Fio, of 0.4 or
less, there were no limits on tidal volume or air-
way pressures. The weaning protocol, which has
been published previously, included daily trials of
spontaneous breathing.%2°

PROCEDURES IN BOTH GROUPS
When hypoxemia persisted despite increases in
PEEP or mean airway pressure, or when, on the
basis of radiographic or clinical evidence, physi-
cians judged that the lungs were over-distended,
they could reduce PEEP or mean airway pressure
to a level below that indicated in the assigned
protocol (Table 2).

For patients with hypoxemia who required an
Fro, of 0.9 or greater, clinicians could institute
therapies for hypoxemia (e.g., prone positioning
or inhaled nitric oxide) that did not interfere
with the assigned ventilator protocols. Physicians
could institute any alternative therapy (including
HFOV in the control group) for patients who met
any one of the following criteria: refractory hy-
poxemia (Pao, <60 mm Hg for 1 hour with an
Fio, of 1.0 and neuromuscular blockade), refrac-
tory barotrauma (persistent pneumothorax or in-
creasing subcutaneous emphysema despite two
thoracostomy tubes on the involved side), or re-
fractory acidosis (pH of <7.05 despite neuromus-
cular blockade).

Physicians prescribed fluids, sedatives, and
neuromuscular blockers at their discretion. We
recorded cardiorespiratory variables daily as well
as data on cointerventions applied while patients
were undergoing mechanical ventilation for up to
60 days. Intensivists reviewed chest radiographs
for evidence of new barotrauma. Patients were
followed until their discharge from the hospital.

N ENGL ) MED

STATISTICAL ANALYSIS

We anticipated that mortality in the control group
would be 45%. Assuming a two-sided alpha level
of 0.05, we calculated that enrollment of 1200
patients would provide at least 80% power to de-
tect a relative-risk reduction with HFOV of 20%,
even if mortality in the control group was as low
as 37%.

Investigators reviewed feasibility data from the
pilot phase, which involved 94 patients, but re-
mained unaware of the clinical outcomes. The
independent data monitoring committee reviewed
the clinical outcomes from the pilot phase and
recommended that the trial continue to the next
phase. As originally planned, data from the pa-
tients involved in the pilot phase were included
in the current analyses. In addition to an interim
analysis after 800 patients had undergone ran-
domization, safety analyses of physiological data
at the initiation of the study were planned after
300, 500, and 700 patients had undergone ran-
domization. After reviewing these safety data, the
data monitoring committee could request analy-
ses of in-hospital mortality, which they did after
both the 300-patient and 500-patient safety
analyses. With plans to stop the study early only
in response to a strong signal of harm in asso-
ciation with the use of HFQOV, we used the
O’Brien-Fleming method to calculate alpha
spending and generated one-sided P values for
considering early stopping after random assign-
ment of 300 patients (P<0.00001), 500 patients
(P£0.0001), and 700 patients (P<0.0064).

We used SAS software, version 9.2, for the
statistical analyses. We summarized data using
means with standard deviations, medians and
interquartile ranges, or proportions. Normally
distributed data were compared with the use of
Student’s t-test, nonnormally distributed data
with the use of the Wilcoxon rank-sum test, and
proportions with the use of the Mantel-Haenszel
chi-square test, with stratification according to
center. We analyzed data from all patients ac-
cording to their assigned group.

The primary outcome was in-hospital mortal-
ity, with the outcome compared between the two
groups stratified according to center. Other than
recording whether death occurred as a result of
withdrawal of life support, we did not record
specific causes of death. As a sensitivity analy-
sis, we used logistic regression to adjust the
treatment effect for prespecified baseline vari-
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ables: age, the Acute Physiology Score compo-
nent of the Acute Physiology and Chronic Health
Evaluation (APACHE) II score,3° the presence or
absence of sepsis, and the duration of hospital-
ization before randomization.® To compare the
two groups with respect to the time to death, we
used a survival analysis, in which patients who
were discharged alive from the hospital were as-
sumed to be alive at day 60.

We conducted prespecified subgroup analyses
to determine whether there were interactions of
the treatment effect with baseline severity of lung
injury (in quartiles of the Pao,:Fio, ratio) or with
center experience with HFOV and study proto-
cols (in thirds of number of patients recruited).
In addition, we studied interactions of the treat-
ment effect with baseline dynamic compliance
measured from tidal breaths during conventional
ventilation (in quartiles), baseline body-mass in-
dex (in quartiles), and receipt or no receipt of
vasopressors at baseline — all post hoc analyses.

RESULTS

EARLY TERMINATION OF THE TRIAL
After the 500-patient analysis, the steering com-
mittee terminated the trial, acting on a unani-
mous recommendation from the data monitor-
ing committee, although the threshold P value
for stopping had not been reached. At the time of
termination, 571 patients had been enrolled, of
whom 548 had undergone randomization: 275 to
the HFOV group and 273 to the control-ventila-
tion group (Fig. 1). Important prognostic factors
were similar in the two groups at baseline (Table 3,
and Table S1 in the Supplementary Appendix).

MORTALITY
A total of 129 patients (47%) in the HFOV group,
as compared with 96 patients (35%) in the control
group, died in the hospital (relative risk of death
with HFOV, 1.33; 95% confidence interval, 1.09 to
1.64; P=0.005) (Table 4 and Fig. 2). The results
were consistent in a multivariable analysis (Table
S2 in the Supplementary Appendix), in an analy-
sis of mortality in the intensive care unit (ICU),
and in an analysis of 28-day mortality. Subgroup
analyses showed no interaction of mortality with
baseline severity of hypoxemia, respiratory com-
pliance, body-mass index, or use or nonuse of
vasopressors or with center experience in the
trial (Fig. S1 in the Supplementary Appendix).
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EARLY PHYSIOLOGICAL RESPONSES TO VENTILATION

Table S3 in the Supplementary Appendix shows
early physiological responses to HFOV and to
control ventilation. The use of vasopressors was
similar in the HFOV and control groups before
the initiation of ventilation (66% and 61%, re-
spectively; P=0.24) but increased in the HFOV
group as compared with the control group with-
in 4 hours after initiation (73% vs. 62%, P=0.01)
and increased even more in the HFOV group by
the following day (78% vs. 58%, P<0.001). The
use of neuromuscular blockers followed a similar
pattern: 27% of patients in the HFOV group and
29% of those in the control group received neu-
romuscular blockers before the initiation of ven-
tilation (P=0.66), 46% as compared with 31%
received them within 4 hours after initiation
(P<0.001), and 46% as compared with 26% re-
ceived them the next day (P<0.001). The mean Fio,
at these time points decreased to a similar extent
in both groups: the Fio, was 0.75 in the HFOV
group and 0.73 in the control group before initia-
tion (P=0.93); 0.62 and 0.64 in the two groups, re-
spectively, 4 hours after initiation (P=0.94); and
0.51 and 0.50, respectively, the next day (P=0.97).

CARDIORESPIRATORY RESULTS
Table S4 in the Supplementary Appendix shows
cardiorespiratory data from the first week of the
study. On day 1, the mean (+SD) of the mean air-
way pressure in the HFOV group was 31£2.6 cm
of water, with a frequency of 5.5+1.0 Hz; patients
in the control group underwent ventilation with
a tidal volume of 6.1+1.3 ml per kilogram, PEEP
of 18+3.2, and plateau pressure of 32+5.7 cm
of water. The mean Fio, in the control group
was similar to or lower than that in the HFOV
group, despite lower mean airway pressures. The
net fluid balance was higher in the HFOV group
than in the control group, but the difference was
not significant. In the HFOV group, 270 of the
275 patients (98%) underwent HFOV for a median
of 3 days (interquartile range, 2 to 8); a total of
222 patients (81%) survived and were transitioned
to conventional ventilation for a further 5 days
(interquartile range, 2 to 7). In the control group,
34 patients (12%) crossed over to HFOV (31 accord-
ing to protocol and 3 in violation of protocol) for
7 days (interquartile range, 5 to 15), beginning
2 days (interquartile range, 1 to 4) after random-
ization; 24 of those 34 patients (71%) died in the
hospital.
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2720 Patients met inclusion criteria

1571 Were excluded (some patients may
have more than 1 exclusion criterion)

411 Had primary cardiac failure

316 Had chronic respiratory disease

259 Had condition with expected >50%
6-mo mortality

193 Were considering palliation rather than
aggressive care

118 Were at risk for intracranial hypertension

103 Had vasculitic pulmonary hemorrhage

373 Had other reasons

1149 Were eligible

574 Were not enrolled
254 Did not provide consent
130 Were withdrawn by physician
82 Were in ICU >72 hr
75 Were already undergoing HFOV
24 Were enrolled in related trial
9 Had other reasons

571 Were enrolled

23 Did not undergo randomization
19 Had Pao,:Fi0, ratio >200 mm Hg
on standard settings
4 Had other reasons

548 Underwent randomization

273 Were assigned to receive control
ventilation
273 Received assigned intervention

275 Were assigned to receive HFOV
270 Received assigned intervention
2 Died before HFOV could be started

1 Had approval withdrawn by physician

2 Withdrew consent after randomization

1 Had premature termination of assigned
strategy after withdrawal of consent

3 Had premature termination of assigned
strategy after withdrawal of consent

273 Were included in primary analysis

275 Were included in primary analysis

Figure 1. Screening, Randomization, and Follow-up.

HFOV denotes high-frequency oscillatory ventilation, ICU intensive care unit, and Pao,:Fio, the ratio of the partial
pressure of arterial oxygen to the fraction of inspired oxygen.
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Table 3. Baseline Characteristics of the Patients.*

Characteristic

Age —yr
Female sex — no. (%)
APACHE Il scoref
Duration of hospital stay — days
Duration of mechanical ventilation — days
Risk factors for ARDS — no. of patients (%)
Sepsis
Pneumonia
Gastric aspiration
Trauma
Other

Tidal volume — ml/kg of predicted body weight

Plateau pressure — cm of water

Set PEEP — cm of water

Minute ventilation — liters/min

Oxygenation index

Pao,:Fio, ratio — mm Hg

Pao, — mm Hg

Arterial pH

Barotrauma — no. of patients (%)

Cointerventions — no. of patients (%)
Inotropes or vasopressors
Renal-replacement therapy
Glucocorticoids

Neuromuscular blockers

Patients Eligible but
HFOV Group  Control Group Not Enrolled
(N=275) (N=273) (N=472)F P Valuei:
55£16 54£16 5316 0.18
108 (39) 120 (44) 198 (42) 0.42
29+8 29+7 26+8 <0.001
5.6+8.0 4.9+8.0
2.5+£3.3 1.9+2.3
128 (47) 130 (48) 193 (41) 0.01
155 (56) 164 (60) 289 (61) 0.37
49 (18) 44 (16) 51 (11) 0.02
10 (4) 5(2) 24 (5) 0.07
71 (26) 67 (25) 137 (29) 0.34
7.2£1.9 7.1+1.8
29+6 29+7 27+7 <0.001
1343 1314 11+4 <0.001
11.3+3.1 11.2+3.3
19.6+11.2 19.9+9.3 17.8+10.2 0.002
121+46 114+38 118147 0.17
46+13 47+14 45+14 0.01
7.32+0.10 7.31+0.10 7.32+0.12 0.06
19 (7) 14 (5)
184 (67) 171 (63)
29 (11) 28 (10)
93 (34) 96 (35)
84 (31) 94 (34)

* Plus—minus values are means +SD. There were no significant differences between the two study groups in any of the base-
line characteristics listed here, with the exception of duration of mechanical ventilation, for which P=0.003. ARDS denotes
acute respiratory distress syndrome, and Pao, partial pressure of arterial oxygen.

7 Not all centers had approval from an ethics committee to collect data on patients who were eligible but not enrolled in

the study.

I The P values are for the comparison of patients who were eligible but not enrolled with all patients who underwent ran-
domization, with adjustment for stratification according to center.
§ Scores on the Acute Physiology and Chronic Health Evaluation Il (APACHE I1) range from 0 to 71, with higher scores

indicating greater severity of illness.

COINTERVENTIONS

cular blockers were administered for an average

During the course of the study, larger proportions
of patients in the HFOV group than in the control
group received vasoactive drugs (91% vs. 84%,
P=0.01) and neuromuscular blockers (83% vs.
68%, P<0.001); vasoactive drugs were adminis-
tered for an average of 2 days longer in the HFOV
group than in the control group, and neuromus-
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of 1 day longer in the HFOV group (Table S5 in the
Supplementary Appendix). Sedatives and opioids
(most commonly midazolam and fentanyl) were
administered for the same duration in the two
groups (median, 10 days [interquartile range, 6 to
18] and 10 days [interquartile range, 6 to 17], re-
spectively; P=0.99), but during the first week the
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Table 4. Outcomes.
HFOV Group  Control Group Relative Risk
Outcome (N =275) (N=273) (95% Cl) P Value
Death in hospital — no. (%) 129 (47) 96 (35) 1.33 (1.09-1.64)  0.005
Death in intensive care unit — no. (%) 123 (45) 84 (31) 1.45 (1.17-1.81) 0.001
Death before day 28 — no. (%) 111 (40) 78 (29) 141 (1.12-1.79)  0.004
New barotrauma — no./total no. (%)* 46/256 (18) 34/259 (13) 1.37 (0.91-2.06) 0.13
New tracheostomy — no./total no. (%) 59/273 (22) 66/267 (25) 0.87 (0.64-1.19) 0.39
Refractory hypoxemia — no. (%) 19 (7) 38 (14) 0.50 (0.29-0.84) 0.007
Death after refractory hypoxemia — no./total no. (%) 15/19 (79) 25/38 (66) 1.20 (0.87-1.66) 0.31
Refractory acidosis — no. (%) 9(3) 8 (3) 1.12 (0.44-2.85) 0.82
Refractory barotrauma — no. (%) 2 (<1) 2 (<1) 0.99 (0.14-7.00) 0.99
Use of mechanical ventilation, among survivors 0.59
— days

Median 11 10

Interquartile range 7-19 6-18
Stay in intensive care, among survivors — days 0.93

Median 15 14

Interquartile range 9-25 9-26
Length of hospitalization, among survivors — days 0.74

Median 30 25

Interquartile range 16-45 15-41

* Barotrauma was defined as pneumothorax, pneumomediastinum, pneumopericardium, or subcutaneous emphysema
occurring spontaneously or after a recruitment maneuver. Excluded from this category were patients who had barotrauma

at baseline.
 Excluded from this category were patients who had a trache

ostomy at baseline.

median doses of midazolam were significantly
higher in the HFOV group than in the control
group (199 mg per day [interquartile range, 100
to 382] vs. 141 mg per day [interquartile range,
68 to 240], P<0.001), and there was a trend to-
ward higher doses of fentanyl equivalents in the
HFOV group (2980 ug per day [interquartile range,
1258 to 4800] vs. 2400 ug per day [interquartile
range, 1140 to 4430], P=0.06) (for daily doses of
selected sedative and analgesic drugs, see Fig. S2
in the Supplementary Appendix). The rates of use
of other cointerventions, including glucocorti-
coids, renal-replacement therapy, and prone posi-
tioning, were similar in the two groups (Table S5
in the Supplementary Appendix).

OTHER OUTCOMES
Refractory hypoxemia developed in significantly
more patients in the control group than in the
HFOV group; however, the total number of deaths
after refractory hypoxemia was similar in the

N ENGL ) MED
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two groups (Table 4). The proportion of deaths
after withdrawal of life support was similar in
the two groups (55% [71 of 129 patients] in the
HFOV group and 49% [47 of 96 patients] in the
control group, P=0.12). The rate of new-onset
barotrauma was higher in the HFOV group than
in the control group, but the difference was not
significant (18% and 13%, respectively; P=0.13).
Among survivors, the duration of ventilation and
the length of stay in the ICU were similar in the
two groups (Table 4).

DISCUSSION

The main finding of this multicenter, random-
ized trial is that among patients with moderate-
to-severe ARDS, early application of HFOV was
associated with higher mortality than was a ven-
tilation strategy that used small tidal volumes
and high PEEP levels, with HFOV used only in
patients with severe refractory hypoxemia. HFOV
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HIGH-FREQUENCY OSCILLATION IN EARLY ARDS

was associated with higher mean airway pressures
and with greater use of sedatives, neuromuscular
blockers, and vasoactive drugs.

We stopped the trial early on the basis of a
strong signal for increased mortality with HFOV,
even though the prespecified stopping thresholds
had not been reached. Studies that are stopped
early on the basis of harm (or benefit) typically
overestimate the magnitude of effect.3* We chose
to terminate the study for three reasons: there
was a consistent finding of increased mortality
with HFOV in three consecutive analyses that were
conducted after enrollment of 94, 300, and 500
patients; the increased need for vasoactive drugs
in the HFOV group suggested a mechanism of
harm that was not offset by better oxygenation
and lung recruitment; and the effect size was
sufficiently large that we concluded that even if
early HFOV did not increase mortality, it would
be very unlikely to decrease mortality. We be-
lieve that continued enrollment would have put
patients at risk with little likelihood of benefit.

Our results are inconsistent with the physio-
logical rationale for HFOV and with the results
of studies in animals. In studies in animals in
which benefits of HFOV were observed, lung
injury was induced with the use of saline lavage
— a highly recruitable model of surfactant defi-
ciency — which our results suggest does not
translate directly to human adults with ARDS, in
whom recruitability can be heterogeneous.3? Our
results also contrast with those of prior random-
ized trials involving adults.?2 A possible explana-
tion, which provided motivation for our trial, is
that prior studies used control ventilation strate-
gies that are now known to be potentially harm-
ful.2%21 We found no benefit with HFOV when a
current ventilation strategy was used as a con-
trol. This finding of no benefit with respect to
mortality is consistent with the results of an-
other trial now reported in the Journal; in that
trial, conducted in the United Kingdom, current
standards for lung protection were suggested
but not mandated.>® More surprising was our
finding of harm. Several plausible mechanisms
may contribute to increased mortality with
HFOV. Higher mean airway pressures may result
in hemodynamic compromise by decreasing ve-
nous return or directly affecting right ventricular
function.?* Increased use of vasodilating seda-
tive agents may also contribute to hemodynamic
compromise. Moreover, we cannot exclude the
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0.9
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0.1+
0.0 T T T

Probability of Survival

P=0.004 by log-rank test

Control

HFOV

Days since Randomization
No. at Risk

0 15 30 45

HFOV 275 169 98 54
Control 273 181 92 54

60

26
39

in the HFOV and Control Groups.

Figure 2. Probability of Survival from the Day of Randomization to Day 60

possibility of increased barotrauma in associa-
tion with HFOV.

The HFOV strategy that we chose, which was
supported by preclinical data>1¢ and a prospec-
tive physiological study,?* aimed to adjust mean
airway pressure on the deflation limb of the
volume-pressure curve and use the highest fre-
quency possible to limit oscillatory volumes.
This approach led to relatively high mean airway
pressures, even considering that when mean air-
way pressures are delivered with a ratio of inspi-
ratory-to-expiratory time of 1:2, as in our study,
the pressures measured at the airway opening
during HFOV are somewhat higher than those
measured in the trachea.3s3” It is possible that an
HFOV protocol that uses lower mean airway pres-
sures, a different ratio of inspiratory-to-expiratory
time, or a lower oscillatory frequency might have
led to different results.

The strengths of this trial include its methodo-
logic rigor, the application of protocols designed
to open lung units in patients in both groups on
the basis of the best available evidence, and en-
rollment at centers in several countries, which
enhances the generalizability of our findings.
Because we were cognizant that there is a learn-
ing curve associated with the use of HFOV,3%3°
we enrolled most patients at centers that were
experienced with HFOV, and we did not detect
an interaction between treatment effect and the
number of enrolled patients per site.
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Our results raise serious concerns about the
early use of HFOV for the management of ARDS
in adults. The results of this study increase the
uncertainty about possible benefits of HFOV even
when applied in patients with life-threatening
refractory hypoxemia.

In conclusion, in adults with moderate-to-
severe ARDS, the early application of HFOV
targeting lung recruitment — as compared with
a ventilation strategy that uses low tidal volume
and high PEEP and that permits HFOV only in
cases of refractory hypoxemia — does not re-
duce mortality and may be harmful.
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High-Frequency Oscillation for Acute
Respiratory Distress Syndrome
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ABSTRACT

BACKGROUND

Patients with the acute respiratory distress syndrome (ARDS) require mechanical
ventilation to maintain arterial oxygenation, but this treatment may produce sec-
ondary lung injury. High-frequency oscillatory ventilation (HFOV) may reduce this
secondary damage.

METHODS

In a multicenter study, we randomly assigned adults requiring mechanical ventila-
tion for ARDS to undergo either HFOV with a Novalung R100 ventilator (Metran) or
usual ventilatory care. All the patients had a ratio of the partial pressure of arterial
oxygen (Pao,) to the fraction of inspired oxygen (Fi0,) of 200 mm Hg (26.7 kPa) or
less and an expected duration of ventilation of at least 2 days. The primary outcome
was all-cause mortality 30 days after randomization.

RESULTS

There was no significant between-group difference in the primary outcome, which
occurred in 166 of 398 patients (41.7%) in the HFOV group and 163 of 397 patients
(41.1%) in the conventional-ventilation group (P=0.85 by the chi-square test). After
adjustment for study center, sex, score on the Acute Physiology and Chronic Health
Evaluation (APACHE) II, and the initial Pao,:Fi0, ratio, the odds ratio for survival
in the conventional-ventilation group was 1.03 (95% confidence interval, 0.75 to
1.40; P=0.87 by logistic regression).

CONCLUSIONS
The use of HFOV had no significant effect on 30-day mortality in patients undergo-
ing mechanical ventilation for ARDS. (Funded by the National Institute for Health
Research Health Technology Assessment Programme; OSCAR Current Controlled
Trials number, ISRCTN10416500.)
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HE ACUTE RESPIRATORY DISTRESS SYN-

drome (ARDS) is a severe, diffuse inflam-

matory lung condition caused by a range
of acute illnesses. Mortality in affected patients
is high,* and survivors may have functional limi-
tations for years.>3 Although mechanical ventila-
tion can initially be lifesaving in patients with
ARDS, it can also further injure the patients’
lungs and contribute to death.*

High-frequency oscillatory ventilation (HFOV)
was first used experimentally in the 1970s to
minimize the hemodynamic effects of mechanical
ventilation.> Patients’ lungs are held inflated to
maintain oxygenation, and carbon dioxide is
cleared by small volumes of gas moved in and
out of the respiratory system at 3 to 15 Hz. This
action is thought to minimize the repeated pro-
cess of opening and collapsing of lung units that
causes the secondary lung damage during me-
chanical ventilation. On the basis of small trials
with outdated controls® and the commercial avail-
ability of HFOV equipment, many clinicians use
HFOQV for patients who have hypoxemia despite
the use of standard approaches for improving
arterial oxygenation. The increasing use of HFOV
in the absence of good evidence of effectiveness
led the National Institute for Health Research in
the United Kingdom to commission a study to
determine the effectiveness of HFOV as a treat-
ment for ARDS.

METHODS

STUDY DESIGN
We conducted a randomized, controlled trial of
HFOV, as compared with conventional mechani-
cal ventilation. Patients were recruited from adult
general intensive care units (ICUs) in 12 university
hospitals, 4 university-affiliated hospitals, and
13 district general hospitals in England, Wales,
and Scotland. Three hospitals had previous expe-
rience with HFOV with the use of SensorMedics
3100B ventilators (CareFusion), and the remain-
der had limited experience (in 6 hospitals) or no
experience (in 20 hospitals) with HFOV. Details
regarding HFOV training are provided in the Sup-
plementary Appendix, available with the full text
of this article at NEJM.org. The full protocol is
also available at NEJM.org.

The ventilators were purchased from Inspira-
tion Healthcare. The company had no role in the
study design, data acquisition, data analysis, or

N ENGL ) MED

manuscript preparation. The study was approved
by national ethics review committees and re-
search governance departments at each center.
Patients or their representatives provided written
informed consent.

PATIENTS
Patients who were undergoing mechanical venti-
lation were eligible for the study if they had a
ratio of the partial pressure of arterial oxygen
(Pao,) to the fraction of inspired oxygen (Fi0,) of
200 mm Hg (26.7 kPa) or less while receiving a
positive end-expiratory pressure (PEEP) of 5 cm
of water or greater, if bilateral pulmonary infil-
trates were visible on chest radiography without
evidence of left atrial hypertension, and if they
were expected to require at least 2 more days of
mechanical ventilation.

Patients were excluded if they had undergone
mechanical ventilation for 7 or more days, if
they were under the age of 16 years, if they
weighed less than 35 kg, if they were participat-
ing in other interventional studies, if they had
lung disease characterized by airway narrowing
or air trapping, or if they had undergone recent
lung surgery.

An independent telephone randomization sys-
tem assigned patients to either HFOV or conven-
tional mechanical ventilation in a 1:1 ratio. Ran-
domization was by permuted block stratified
according to study center, Pao,:Fio, ratio
(2113 mm Hg [15 kPa] or >113 mm Hg), age
(£55 years or >55 years), and sex. Each center
had one HFOV ventilator, so recruitment could
not take place if the device was in use for an-
other study patient.

STUDY TREATMENTS
Patients in the HFOV group were treated with the
use of a Novalung R100 ventilator (Metran)” until
the start of weaning. The initial settings were a
ventilation frequency of 10 Hz, a mean airway
pressure of 5 cm of water above the plateau air-
way pressure at enrollment, bias flow rate of
20 liters per minute, a cycle volume of 100 ml
(the volume of gas used to move the oscillating
diaphragm; the tidal volume delivered to the al-
veoli is a fraction of this volume), and an inspired
oxygen fraction of 1. This ventilator has a fixed
1:1 inspiratory:expiratory time ratio.

Two algorithms were used to determine chang-
es in HFOV settings (for details, see the Supple-
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High-Frequency Oscillation for Respiratory Distress

mentary Appendix). The partial pressure of arte@UTCOMES
rial carbon dioxide (Peo,) was controlled to The primary outcome, vital status at 30 days,
maintain an arterial pH above 7.25 by increasingvas obtained from hospital records and verified
the cycle volume to the maximum at each frewith the use of a national database. Secondary
quency. If this was insufficient, the frequencyoutcomes were all-cause mortality at the time of
was reduced by 1 Hz. If the minimum frequencydischarge from the ICU and the hospital, the
(5 Hz) was reached, the on-call study cliniciarduration of mechanical ventilation, and the use
would suggest other measures to control theof antimicrobial, sedative, vasoactive, and neu
Pao, level (see the Supplementary Appendix).romuscular-blocking drugs. We recorded the
The Pa, level was maintained betweenduration of treatment in both the ICU and the
60 mm Hg and 75 mm Hg (8 kPa to 10 kPa).hospital.
Hypoxemia was treated by increasing the mean
airway pressure and then by increasing th®f- STATISTICAL ANALYSIS
level. If a patient reached a mean airway pressuiRecruitment-rate estimates and sample-size-cal
of 24 cm of water, at an o, level of 0.4 or less, culations were performed after a systematic re
with a Pa, level of 60 mm Hg or greater, for view of the incidence and outcome of ARDS,-na
12 hours or more, he or she was switched tdional audits in the United Kingdom, and two
pressure-controlled ventilation for weaning fromrandomized, controlled trials of HFO%10 We
mechanical ventilation, since there was no facilityletermined that the enroliment of 503 patients
to accommodate patientsO spontaneous respirat@sr study group would provide a power of 80% to
efforts during HFOV. Patients could be restartedentify a change of 9 percentage points in an
on HFOV up to 2 days after the start of weaningestimated rate of death of 45% in the control
Patients in the conventional-ventilation groupgroup at a P value of 0.05. At a planned interim
were treated according to_local practice in theeview, the sample size was revised to 401- pa
participating ICUs. The participating units weretients per group on the basis of accumulated
encouraged to use pressure-controlled ventilatiomortality data in the control group and an effect
at 6 to 8 ml per kilogram of ideal body weight size of 10 percentage points (80% power at
and to use the combinations of PEEP and§ P=0.05).
values that were used in the Acute Respiratory All analyses were conducted on an intention-
Distress Syndrome Network studyAll other to-treat basis. Three planned interim analyses
treatment was determined by the patientsO physiere conducted by an independent data and safety
cians on the basis of assessment of clinical neednonitoring committee after the recruitment of
100, 340, and 640 patients. Formal stopping
DATA COLLECTION rules were not specified. Instead, the committee
At the time of enrollment, we recorded data withassessed whether the randomized comparisons
respect to the patients® demographic characterjgovided Oproof beyond reasonable doubtO that
tics, ventilation before enrollment, physiology andfor all or some patients the treatment was
other data required to calculate the score on thelearly indicated or clearly contraindicated and
Acute Physiology and Chronic Health Evaluatioprovided evidence that might reasonably be ex
(APACHE) I, coexisting medical conditions, thepected to influence future patient treatment.
use of sedatives and muscle relaxants, and venti We used chi-square tests to compare between-
lator settings. For each day that a patient wagroup rates of death at 30 days and among-pa
treated in the ICU, we recorded data with respedients in ICU and hospital settings. We per
to the use of antibiotics, sedatives, and muscléormed an analysis of mortality after adjustment
relaxants during the previous day or since enrollfor study center, sex, Rs:Fo, ratio, and
ment on the first day. Data regarding support forAPACHE Il score using logistic regression. Gon
respiratory and cardiovascular organ systentgnuous variables were compared with the use of
were recorded daily during treatment in the ICUStudentOs t-tests. Since both the rate and timing
with the use of the United KingdomOs criticalof death were similar in the two study groups,
care minimum data seé.Vital status at 30 daysdata for survivors and those for nonsurvivors
was known for all patients, but causes of deathwere not analyzed separately. All P values are
were not recorded. two-sided.
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Thenew england journal of medicine

initial period of receipt of HFOV was 24 days.
Figure 2 shows the use of HFOV in the two study
Trial Progression and Recruitment groups. Ten patients in the conventional-ventila
We trained 2306 intensive care nurses, medicaion group underwent HFOV at some point dur
staff, physiotherapists, and technicians in 198ng the study period, and 10 patients who were
face-to-face training sessions. Patients were rassigned to the HFOV group never received this
cruited from December 7, 2007, until the end oftreatment. Table 2 shows ventilatory and other
July 2012. Of the 2769 patients who wereariables for the first 3 days of the study period.
screened, 795 (28.7%) underwent randomization Neuromuscular-blocking drugs were used for
(Fig. 1). The study had 968 ICU-months of +e a mean (£SD) of 2.0+3.4 days in the conventional-
cruitment averaging 0.82 patients per ICUwventilation group and for 2.5+£3.5 days in the
month. (A graphical summary of recruitment isHFOV group (P-0.02). Sedative drugs were used
provided in Figure S3 in the Supplementary Apfor 8.5£6.9 days in the conventional-ventilation
pendix.) The baseline characteristics of the-pagroup and for 9.4+7.2 days in the HFOV group

Results

tients at randomization were similar in the two (P=0.07).
study groups Table ).

Ventilation

The patients had 17.6+8.8 ventilator-free days in
the conventional-ventilation group and 17.1+8.6
ventilator-free days in the HFOV group £®.42).

HFOV was used for a median of 3 days (interMechanical ventilation (including HFOV but ex
quartile range, 2 to 5) in 388 patients. The longestluding noninvasive ventilation) was used for

2769 Patients were screened

1974 Were excluded

913 (33.0%) Did not meet
inclusion criteria or met
exclusion criteria

134 (4.8%) Did not have
access to ventilator

282 (10.2%) Did not provide
consent

645 (23.3%) Had other
reasons

795 (28.7%) Underwent randomization

397 Were assigned to receive
conventional intervention
397 (100%) Received assigned
intervention
10 (2.5%) Received HFOV
at some point after
randomization

398 Were assigned to receive HFQ
388 (97.5%) Received assigned
intervention
10 Did not receive assigned
intervention
3 Died
4 Had ventilator malfunction
1 Recovered
2 Were treated by clinician
who did not comply with
assigned therapy

397 (100%) Were included in
primary analysis

398 (100%) Were included in

primary analysis

Figurdl.EnrollmentandOutcomes.
HFQOV denotes high-frequency oscillatory ventilation.

n engl j med

14.1+13.4 days in the conventional-ventilation
group and 14.9+13.3 days in the HFOV group
(P=0.41).

Outcomes
The primary outcome occurred in 166 of 398 pa
tients (41.7%) in the HFOV group and in 163 of
397 patients (41.1%) in the conventional-ventila
tion group (P=0.85), for an absolute difference
of 0.6 percentage points (95% confidence inter
val [Cl], ! 6.1 to 7.5). After adjustment for study
center, sex, APACHE Il score, andd3d-0, ratio,
the odds ratio for survival in the conventional-
ventilation group, as compared with the HFOV
group, was 1.03 (95% ClI, 0.75 to 1.40;#0.87 by
logistic regression) (Fig. 3). Similar proportions
of patients died at each time point in each group.
The rates of death at first discharge from the
ICU were 42.1% in the conventional-ventilation
group and 44.1% in the HFOV group, for an ab
solute difference of 2.0 percentage points£B.57).
At first hospital discharge, 48.4% of patients in
the conventional-ventilation group and 50.1% of
those in the HFOV group had died, for an abso
lute difference of 1.7 percentage points ®.62).
Data are not provided with respect to the dura
tion of care for survivors and nonsurvivors, since
the proportions of patients who died in each
study group over time were nearly identical. The
total duration of ICU stay was 16.1+15.2 days in
the conventional-ventilation group and 17.6+16.6
days in the HFOV group (P0.18); the total du
rations of hospital stay were 33.1+44.3 days and
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High-Frequency Oscillation for Respiratory Distress

Tablel.BaselinéCharacteristic®flthe!Patients.*
Conventionall
Ventilation! HFOV AlllPatients

Characteristic (NEB97) (NEB98) (NE795)
Age —yr 55.9+16.2 54.9+18.8 55.4+16.2
Male sex — no. (%) 239 (60.2) 256 (64.3) 495 (62.3)
APACHE Il scoret 21.7+6.1 21.8+6.0 21.8+6.1
Probability of in-hospital death (as calculated from APACHE Il score) 0.43+0.19 0.44+0.19 0.43+0.19
Pao,:Fio, ratio — mm Hg 113+38 113+37 113+38
Exhaled tidal volume — ml 505+173 541+271 523+228
Exhaled tidal volume — ml/kg of ideal body weight:: 8.3+3.5 8.7+3.5 8.5+3.9
Exhaled minute ventilation — liters/min 10.17+3.46 10.41+3.25 10.29+3.35
Positive end-expiratory pressure — cm of water 11.3+£3.3 11.4+3.5 11.4+3.4
Duration of mechanical ventilation before randomization — days 2.1x2.1 2.2+2.3 2.2+2.2
Pulmonary cause of ARDS — no. (%) 304 (76.6) 302 (75.9) 606 (76.2)

* Plus—minus values are means +SD. There was no significant difference between groups except for exhaled tidal volume
(P=0.04). ARDS denotes acute respiratory distress syndrome, Fio, fraction of inspired oxygen, and Pao, partial pressure
of arterial oxygen.

T Scores on the Acute Physiology and Chronic Health Evaluation (APACHE) Il scale range from 0 to 71, with higher scores
indicating more severe disease.*

I Ideal body weight was calculated as 2.3 kg for each inch of height above 60 in. added to 50 kg for men or 45.5 kg for
women.

33.9+41.6 days, respectively£B.79). As of Oe Our estimate of the 95% confidence interval for
tober 1, 2012, the date that the database wathe treatment excludes the treatment effect we
closed, 7 patients remained in acute hospital carespecified in both the initial and revised sample-
Patients received antimicrobial drugs forsize estimates. Since data collection is ongoing,
12.4+10.3 days in the conventional-ventilatiorwe cannot yet report the longer-term outcomes
group and for 12.8+12.0 days in the HFOV grougincluding survival and health-related quality of
(P=0.56); 67.5% and 64.4% of these drugs,-relife).
spectively, were administered to treat pulmonary We recruited patients with moderate-to-
infections. severe ARDS, with an averageoR#o, ratio of
There was no significant difference in thell3 mm Hg (15.1 kPa). The study-entry criterion
number of days on which patients received inowas a Pa,:Ro, ratio of less than 200 mm Hg
tropic agents or pressor infusions, with 2.8+5.6(26.7 kPa), which was in line with the agreed
days in the conventional-ventilation group andlefinition of ARDS!S but the additional require

2.9+4.5 days in the HFOV group (90.74). ment of a further 48 hours or more of mechani
cal ventilation may have excluded milder cases
Discussion of ARDS. The average ®aFo, ratio is nearly

identical to the mean of 112 mm Hg reported in
This study, which was designed to help practitio the recent systematic review of HF®¥nd is
ners choose between options for care, met 7 aimilar to the mean values reported in studies of
the 10 criteria of the PragmaticDExplanatorgther treatments for ARDS*16 The patients had
Continuum Indicator Summary (PRECI)The a high severity of illness, as evidenced by the
results were not totally pragmatic because of th&PACHE Il scores, which also were nearly identi
tight protocol-specified restrictions on the use ofcal to those reported in the two other multicenter
HFOV, protocol-compliance monitoring, and ad studies of HFOV in adult&19 Thus, we appear to
ditional follow-up. We found no significant be have recruited patients who were similar to those
tween-group difference in the primary outcomen previous randomized, controlled trials of HFOV.
of mortality up to 30 days after randomization. HFQOV improved oxygenation as expected. The
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100+

PatientdUndergoindHFOW(%)

Conventional
ventilation

2 4 6

8 10 12 14 16 18 20 22 24 26 28 30

Day

Figure2 IProportiondoflPatientdUndergoindHigh-FrequenciOscillatory
Ventilation(HFOV)during'thelFirst30!Days!Accordindto!StudyGroup.

Shown are the percentages of patients in each study group who underwen
HFQOV. Ten patients in the conventional-ventilation group underwent HFQV

at some point during their treatment, and 10 patients who were assigned

the HFOV group never received this treatment. Day O is the day of random

ization, and subsequent determinations were made at 8 a.m. each day.

Pao, value increased as a predicted result of the
HFQV treatment algorithms, resulting in a modest
respiratory acidosis. A similar effect was seen in
the larger of the two reported studies of HFOV
in adultsl® but not in the smaller stud§ or the
meta-analysi§.The conventional-ventilation group
was treated with tidal volumes at the upper end
of the accepted range of 6 to 8 ml per kilogram
of ideal body weight.

The use of HFOV was initially associated with
an increased use of neuromuscular-blocking
drugs, probably because the R100 ventilator has
no facility to allow the patient to breathe spen
taneously. HFOV has been reported to cause a
reduction in cardiac output/ but as indicated by
the use of vasoactive and inotropic drugs, that
did not occur in this study.

. Our results are at variance with the latest meta-
analysis of HFOV¥,which showed a reduced risk

tcof death (risk ratio, 0.77; 95% ClI, 0.61 to 0.98),

as compared with conventional ventilation. This
may be simply that our study recruited more than
twice the number of patients who were included

Tablé2 VentilatoryVariabledduring'the!Firsti3!StudyDays.*

Variable Dayll
Conventional
HFOV Ventilation
No. of patients 370 392
Mean airway pressure (HFOV) or plateau pressure 26.9+6.2  30.9+11.0
(conventional ventilation) N cm of water
Total respiratory frequency N Hz (HFOV) or 7.8+1.8 21.7+8.4
breaths/min (conventional ventilation)
Cycle volume (HFOV) or tidal volume (conventional 213+72 8.3+2.9
ventilation) N ml (HFOV) or ml/kg of ideal
body weight (conventional ventilation)
Positive end-expiratory pressure N cm of water NA 11.4+3.6
(conventional ventilation only)
P&0,:FO, ratio N mm Hg 192477 154161
PaCQ N mm Hg 55+17 50+19
Arterial pH 7.30+0.10 7.35+0.10
Medication use N no. (%)
Neuromuscular-blocking agent 209 (52.5) 165 (41.6)
Vasoactive or inotropic agent 173 (43.5) 177 (44.6)
Sedative agent 390 (98.0) 388 (97.7)

Dayi2 Day'3
Conventional Conventional
HFOV Ventilation HFOV Ventilation
326 374 240 348

25.3+5,5 29.5+10.7 25.1+54  28.5+11.2

7.5+1.8 22.7+9.0 7.2+1.8 23.3+8.2
228+75 8.2+2.5 24075 8.3+3.0
NA 11.0+3.6 NA 10.5+3.7
212+69 163+66 217+69 166+63
56+16 49+13 56+17 48+13

7.32£0.09 7.37+0.10 7.34+0.10 7.39+0.09

147 (36.9) 115(29.0)  110(27.6) 77 (19.4)
158 (40.0) 146 (36.8)  126(31.7) 112(28.2)
371(93.2) 363 (91.4) 341(85.7) 335 (84.4)

*

Measurements were taken at 8 a.m. Day 1 values were recorded the morning after recruitment. The values for high-frequency oscillatory
ventilation (HFOV) are only for patients who actually underwent the treatment. The values for conventional ventilation are for all patients
assigned to receive conventional ventilation who were receiving any mechanical ventilation. NA denotes not applicable Caagdaal

pressure of arterial carbon dioxide.
Percentages were calculated on the basis of the 398 patients in the HFOV group and the 397 patients in the conventional-ventilation group
who underwent randomization.
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High-Frequency Oscillation for Respiratory Distress

in the meta-analysis. Adding our results to th
meta-analysis changes the estimated risk rati 1.00-
from the pooled studies to 0.90 (95% ClI, 0.76 to
1.07), indicating no significant benefit for HFOV.
The use of HFOV is a lung-protection strategy,
which may be ineffective if it is used for too brief
a period. We used it up to the point at which the
HFQV design hindered weaning. In the two othe
multicenter studies of HFOV in adult$! the
duration of ventilation was not reported.
In the HFOV group in our study, we used the
Novalung R100 ventilator, a device that had na oot T N 15 2 &
been used before in clinical trials. To date, al
studies have used the SensorMedics 3100B- ve No.latiRisk
tilator, a device that has an electromechanicall conventional 397 351 312 281 259 243 236
drlv_en d_|aphragm, yvh|ch nc_)rmally _oscnlates with HF"S’\}‘"“'O” 208 249 a1 280 053 a1 033
an inspiratory:expiratory time ratio of 1:2. The

Conventional
ventilation

0.75H

0.504 HFOV

Probabilityof!Survival

0.25+

Days

R100 ventilator uses a pneumatically driven did

. . . . Figurd3.!KaplanbMeidBurvivalEstimatedduring!the!First30IStudyDays.
phragm with a fixed 1:1 ratio. It seems unlikely ¢ P g MDay

that these differences would explain the differ
ence in mortality between our study and thehe Journabf the results of a large multicenter
pooled results of studies to date, but it remainsefficacy study of HFQV, the Oscillation for Acute
a possibility. Respiratory Distress Syndrome Treated Early
We recruited patients who met the definition(OSCILLATE) tria¥ This study showed 47% mer
of ARDS3that was in place at the time the studytality in the HFOV group and 35% in the control
was planned, and the entry criteria match thegroup. The patients who were recruited in both
OmoderateO and OsevereO categories in thestralies were broadly similar. The OSCILLATE
cently revised definitiod® The study has good trial used the 3100B ventilator, maneuvers to re
internal and external validity. Bias was mini expand collapsed areas of lung before HFOV, and
mized by using centers with equipoise, by cona protocol-specified high-PEEP strategy for eon
cealing treatment assignments before randemventional ventilation. In that study, the patients
ization, by concealing interim analyses from allundergoing HFOV required more inotropic and
study investigators except for the data and safefressor support than did those in the control
monitoring committee, and by using an analysiggroup. It is possible that the HFOV strategy used
plan that was agreed on before study closuran the OSCILLATE trial was injurious, but the low
There was no loss to follow-up, crossovers werenortality in their control group also raises the pes
minimal, and the study recruited 99.1% of thesibility that the control treatment was a very-ef
planned sample size. External validity was mairfective ventilation strategy in patients with ARDS.
tained by using a large number of different-sized In conclusion, in a large effectiveness study, we
ICUs spread across the United Kingdom. Most ofvere unable to find any benefit or harm from the
the centers in this trial were inexperienced withuse of HFOV in adult patients with ARDS. We
the intervention at the start, but this was unaveid recommend that this mode of ventilation not be
able, since few centers in the United Kingdormused for routine care.
have experience with the use of HFOV. We in Supported by the National Institute for Health Research
vested heavily in training at each study centefiealth Technology Assessment Programme (project number
06/04/01).
The consent-refusal rate was low.

o : o Disclosure forms provided by the authors are available with
Our report coincides with the publication in the full text of this article at NEJM.org.
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High-FrequenciOscillationlforl ARDS

To the Editor: Intheir article on the Oscillation mechanical ventilation, just as we learned to km

for Acute Respiratory Distress Syndrome Treatétplateau pressure for lung protection.

_Early (OSCILLATE) stucéy, Fergul'son'et al. (Feb. 28cas Liaudet, M.D.

IS.SUE} report mcreas.e mort.a ity in I:)atlentsUniversity Hospital Medical Center

with the acute respiratory distress syndromeaysanne, Switzerland

(ARDS) who underwent high-frequency oscillalucas.liaudet@chuv.ch

tory ventilation (HFOV), probably because of el No potential conflict of interest relevant to this letter was-re

evated mean airway pressures. High levels of ajtorted.

way pressure may reduce venous return hy Ferguson ND, Cook DJ, Guyatt GH, et al. High-frequency

eIevating right atrial pressure increasing venouygscillationin early acute respiratory distress syndrome. N Engl J
ist d ti ’ | terfall dMed 2013;368:795-805.

I"GSIS ‘T’mce’ and creating VQSCU arwater a. condj, Pinsky MR. Cardiovascular issues in respiratory care. Chest

tions in the vena cava3 High levels of airway 2005;128:Suppl:592S-597S.

pressu re may also |ncrease pulmonary Vasculé!r Jellinek H, Krenn H, Oczenski W, Veit F, Schwarz S, Fitzgerald
RD. Influence of positive airway pressure on the pressure gradi

ent for venous return in humans. J Appl Physiol 2000;88:926-32.
4! Guervilly C, Forel JM, Hraiech S, et al. Right ventricular
) function during high-frequency oscillatory ventilation in adults
! [fT'pA! dt] with acute respiratory distress syndrome. Crit Care Med 2012;
Rivt L0 ) b T€ 40:1539-45.

Tt Tt Tt 5! Marini JJ, Ravenscraft SA. Mean airway pressure: physiolog
ic determinants and clinical importance N Part 2: clinical im
Figurdl.IDeterminantdoflIMeanlAirwayPressure. plications. Crit Care Med 1992;20:1604-16.

The mean airway pressure is influenced by the inspira poj110.1056/NEJMc1304344
tory time (Ti), expiratory time (Te), and total cycle tim
(Tt), along with the time integral of the function of alveo
lar pressure (PA) during inspiration (dt), tidal volume (Vt), To the Editor: Ferguson et al. found that the

inspiratory resistance (Ri), and positive end-expiratoy yse of HFOV for the treatment of early ARDS was

PIEESUTE (FEEP associated with an absolute increase of 12 per

mean airway pressure

[0

this weekOs letters
resistance and right ventricular afterload througt

passive compression of alveolar vessiBuring | 2231 High-FrequencyDscillationfor ARDS
HFOV, the mean airway pressure is a setup me
sure but is a dependent variable during conver
tional mechanical ventilation. It is influenced by| 2237 AManwith AcuteFlankPain

inspiratory, expiratory, and total cycle times,-al ) )

veolar pressure, tidal volume, inspiratory resis 2256 Whento StartARTin Africa

tance, and positive end-expiratory pressur 2239 TheStep2 Clinical Skills Exam
(PEEP)(Fig. 1). The data presented by Ferguso

et al. suggest that we should consider control of 2240 JCViremiain Natalizumab-TreatedPatients
the mean airway pressure for circulatory protec with Multiple Sclerosis

tion of patients with ARDS who are undergoing

2234 Myths,Presumptionsand FactsaboutObesity
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centage points in the rate of death, as comparetiFOV among patients with ARDS. However, we
with conventional ventilation. We are concerneavonder whether the key message N namely, the
that systematic differences between the sedatiaritical importance of lower tidal volumes in con
strategies used in the two study groups may-ewentional ventilation N should be taken from
plain the findings, as we discussed regarding theonsidering the two studies together. Iliness-
study of neuromuscular blockers for early ARDSeverity scores were lower at randomization in
reported by Papazian et &k the OSCAR study than in the OSCILLATE study.
Perception of discomfort associated withHowever, the control group in the OSCAR study
HFOV may predispose physicians to prescribiead a rate of death of 41.1%, whereas the rate of
higher doses of vasodilating sedatives and analgdeath in the OSCILLATE study was_35%.- Al
sics than with conventional ventilation (approxi though the ventilation protocols in the control
mately 750 g of fentanyl and 50 mg of midazo groups seem similar, in the OSCILLATE study,
lam more per day with HFOV), a finding thatinvestigators were more successful in delivering
was associated with the administration of arlow tidal volumes. In the OSCAR study, the deliv
additional liter of fluid over the first 3 days to ered tidal volumes were just over 8 ml per kio
maintain hemodynamic stability. In the Sepsiggram of body weight. The original study by the
Occurrence in Acutely Il PatienS§OAP) trial, ARDS Network showed the importance of tar
investigators found an absolute increase in morgeting a low tidal volume. Needham et &l.
tality of 10 percentage points for each liter ofshowed that ventilation with tidal volumes of less
fluid accumulated during the first 72 hourd,a than 6.5 ml per kilogram was associated with a
finding that approximated the increase in mer survival advantage, as compared with even mod
tality reported in the study by Ferguson et al. estly higher values (6.5 to 8.5 ml per kilogram).
Perhaps if the anesthetic prescription includ It would appear that the control groups in the
ed ketamine (similar to that used in the groupOSCILLATE and OSCAR studies reveal a major
receiving neuromuscular blocking agents in thalifference in practice, which resulted in a sur
study by Papazian et &), the combination of the vival difference.
opiate-sparing and vasoconstricting effects of\ndrew MacDuff, M.R.C.P.
ketaminé would attenuate sedation-related fluidy/at Holland, M.R.C.P.
requirements, and the benefit of HFOV would beésgyal wolverhampton NHS Trust

realized. Wolverhampton, United Kingdom
. andrew.macduff@nhs.net
Robert C. McDermid, M.D. ) o .
No potential conflict of interest relevant to this letter was+e
University of Alberta ported.
Edmonton, AB, Canada
robmcdermid@telus.net 1! Young D, Lamb SE, Shah S et al. High-frequency oscillation
. . for acute respiratory distress syndrome. N Engl J Med 2013;368:
Yvonne I. Cstnyi-Fritz, M.D. 806-13. piratory Y 9
University of British Columbia 2! The Acute Respiratory Distress Syndrome Network. Ventila
Vancouver, BC, Canada tion with lower tidal volumes as compared with traditional tidal
No potential conflict of interest relevant to this letter was+e Volumes for acute lung injury and the acute respiratory distress
ported. syndrome. N Engl J Med 2000;342:1301-8.

3! Needham DM, Colantuoni E, Mendez-Tellez PA, et al. Lung
1! Papazian L, Forel JM, Gacouin A, et al. Neuromusculgsrotective mechanical ventilation and two year survival in patients
blockers in early acute respiratory distress syndrome. N Englwith acute lung injury: prospective cohort study. BMJ 2012;344:
Med 2010;363:1107-16. e2124.
2! Csanyi-Fritz YI, McDermid RC. Neuromuscular blockade folr3 1410.1056/NE.IMc1304344
early severe acute respiratory distress syndrome: does sedat|09 e ¢
make the difference? Can J Anaesth 2012;59:503.
3! Vincent JL, Sakr Y, Sprung CL, et al. Sepsis in European in

tensive care units: results of the SOAP study. Crit Care Mettq the Editor: In experimental models of Iung
2006;34:344-53.

4! Hoka S, Takeshita A, Yamamoto K, Ito N, Yoshitake J. Thpllure' the use Of. HFOV Improves Oxyg_enatlon
effects of ketamine on venous capacitance in rats. Anesthesicdnd reduces lung injury, as compared with low-

0gy 1985;62:145-8. tidal-volume ventilatiort. However, neither the
DOI:110.1056/NEJMc1304344 OSCILLATE study nor the OSCAR study was able
to translate this benefit from bench to bedside.
To the Editor: The OSCILLATE study and theTwo factors are at play. First, both the time of
Oscillation in ARDS (OSCARfyial by Young etal. initiation of HFOV and the type of lung injury are
have provided robust data on the outcome ofrucial determinants of the potential for lung re
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cruitment. The inclusion of patients receiving No potential conflict of interest relevant to this letter was e
mechanical ventilation for up to 1 week and the®®"e%:

high prevalence of direct lung injury may have! Guervilly C, Forel JM, Hraiech S, et al. Right ventricular
contributed to the reported Iack of benefit for i€ 41 o esency csolaory eniaton e,
HFOV. Second, HFQV is a complex technique reo:1539-45.

quiring high levels of expertise and is associatedo!:110.1056/NEIMc1304344

with a considerable learning curve. Although we

note the efforts to train personnel at the experi Dr. Ferguson and colleagues reply:  Differ-
mental sites, for the studies to be credible, thereent ventilatory strategies have varying conse
needs to be a verifiable demonstration of skill inquences on many physiological and biologic pro

the use of HFOV by all operators. cesses, including gas exchange, hemodynamics,
Ralf M. Muellenbach, M.D., Ph.D. ventilator-induced lung injury, and patient com
Markus Kredel, M.D. fort, which often makes it difficult to predict the
Peter Kranke, M.D., Ph.D. effects of these strategies on outcome. Each of
University of Wurzburg the correspondents highlights this fact and shows
WYrzburg, Germany why clinical trials are necessary to weigh the
muellenbac_r@Kklinik.uni-wuerzburg.de positive and negative effects of different aspects
No potential conflict of interest relevant to this letter was+e

of any given ventilatory strategy.

! Musllenbach RM. Kredel M. Said HM. et al. Highf As discussed in our article, we agree with
iécillaﬂgrsr\}eﬁglationYre(rjicgs Iuynga?nflamr'néattiacl)r't ;%argree-(;%eir?](;);i‘!aUdet and V\{Ith GuerV|IIy a”,d colleagues that
24-h model of respiratory distress. Intensive Care Med 2007:381igher mean airway pressures in the HFOV group
1423-33. may have contributed to excess mortaliffter
DOI:110.1056/NEJMc1304344 the publication of the study by Guervilly et al.,

which suggested worsening right ventricular
To the Editor: We think that the methods that function on echocardiography with HFQV, the
were used to set mean airway pressure in th@SCILLATE steering committee discussed wheth
OSCAR and OSCILLATE trials were sufficientgr there should be any changes to the protoéol.
different to be clinically meaningful. In the Given the uncertain clinical relevance of their
OSCAR trial, the mean airway pressure was setfihdings, the potential benefits of higher mean
5 cm of water above the pressure recorded iairway pressures in mitigating ventilator-induced
conventional ventilation, whereas it was set-adung injury, and expert recommendations under
cording to levels of the fraction of inspired oxy lying our protocol2 we did not change the prote
gen in the OSCILLATE trial. Therefore, in thecol but recommended that investigators consider
OSCILLATE trial, the mean airway pressure wagerforming echocardiography in study partici
greater in the HFOV group at day 1 than in thepants receiving HFOV.
control group, and the difference persisted dur We agree with McDermid and Cstnyi-Fritz
ing the first week. We have found that the use othat increased sedation and fluid administration
a mean airway pressure of more than 5 cm aboveould have contributed to the increased mortal
the level of airway pressure recorded during eority in the HFOV group, although the relative
ventional ventilation was not associated with betimportance of this mechanism is unclear. Obser
ter oxygenation but was associated with a-devational data such as those obtained in the SOAP
crease in cardiac output by worsening rightstudy may be confounded by severity of iliness.
ventricular function! This mechanism probably Indeed, data from randomized trials have shown
occurred in patients in the OSCILLATE study, ithat large differences in sedative administration
which the HFOV group had higher use of vasowere not associated with differences in mortality.
pressors after initiation of the protocol than did  We agree with MacDuff and Holland that the

ported.

the control group. conventional ventilation strategy used in the con
Christophe Guervilly, M.D. trol group in our study (i.e., low tldgl volumes
Antoine Roch. M.D.. Ph.D and higher PEEPs) may have contributed to our

finding of better outcomes for conventional ven

_ _ _ _ tilation. However, we urge caution in comparing
Assistance PubligueBH™pitaux de Marseille . .
Marseille. Erance the outcomes in control groups across studies,
christophe.guervilly@ap-hm.fr since even subtle differences in methods may

Laurent Papazian, M.D., Ph.D.
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have important implications. For example, in theDr. Young replies: MacDuff and Holland sug
OSCAR study, severity of illness was calculategst that the lower mortality in the OSCILLATE
on admission, whereas we used data obtainecontrol group, which they attribute to the use of
24 hours before randomization, which maysmaller tidal volumes in conventional ventilation
have resulted in systematic differences in scoraban were used the OSCAR study, may have un
on the Acute Physiology and Chronic Healthmasked the harm that HFOV was causing. This
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Myths,!Presumptionsland/Factdabout Obesity

To the Editor: Casazza et al. (Jan. 31 isstie)increased food consumption later in the day after
state that the common notion that Oregularljnaving skipped breakfast), but also undercem
eating (versus skipping) breakfast is protectivpensation depending on timing of meal&3 In
against obesityO because people who skip breaddition, Casazza and colleagues do not-ac
fast may overeat later in the day is currently nethknowledge the short-term nature of the available
ing more than a presumption. However, the eviexperimental research on which they focus exclu
dence they cite in support of this statement issively. Several surveys and a longitudinal study
more complex than they intimate. Examinatiorhave negatively correlated body-mass index (BMI)
of this evidence implies overcompensation (wittwith the frequency of eating breakfast, and mul
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Supplementary Appendix

This appendix has been provided by the authors to give readers additional information about their work.

Supplement to: Young D, Lamb SE, Shah S, et al. High-frequency oscillation for acute respiratory distress syn-
drome. N Engl J Med 2013;368:806-13. DOI: 10.1056/NEJM0a1215716



Supplemental information for OHi gh frequency oscillation for  acute respiratory
distress syndromeO, Young D, Lamb S, Shah S, MacKenzie |, Tunnicliffe W, Lall R,
Rowan K, Cuthbertson B H, on behalf of the OSCAR collaborators.
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OSCAR Trial Collaborators

Chief Investigator:
Dr Duncan Young.

Trial Steering committee:

Prof Deborah Ashby, Prof Kathy Rowan, Dr Steve Drage, Prof Tim Walsh, Mr Barry
Williams, Mrs Heather House, Prof Brian Cuthbertson, Prof Sallie Lamb, Dr Ranijit Lall, Prof
Christopher McCabe.

Data Monitoring and Ethics Committee:
Prof David Torgerson, Prof David Menon, Dr Peter Nightingale.

Sites and Principal Investigators

John Radcliffe Hospital, Oxford: Dr Duncan Young. Derriford Hospital, Plymouth: Dr Peter
Macnaughton. Aberdeen Royal Infirmary, Aberdeen: Prof Brian Cuthbertson. Medway
Hospital, Gillingham: Mrs Catherine Plowright. Queen Elizabeth Hospital, Birmingham: Dr
Bill Tunnicliffe. Royal Sussex County Hospital, Brighton: Dr Steve Drage. University College
Hospital, London: Dr Geoff Bellingan. University Hospital of Wales, Cardiff: Dr Sanjoy Shah.
Royal United Hospital, Bath: Dr Andrew Padkin. Manchester Royal Infirmary, Manchester: Dr
Bernard Foex. Ysbyty Maelor Hospital, Wrexham: Dr Paul Hughes/Dr Khalid Elfituri. Queen
Elizabeth Hospital, Gateshead: Dr Frank McAuley. Stirling Royal Infirmary, Stirling: Dr Chris
Cairns. Royal Cornwall Hospital, Truro: Dr Jonathan Paddle. Wythenshawe Hospital,
Manchester: Dr Huw Maddock. University Hospital of North Staffordshire, Stoke-on-Trent: Dr
Nick Coleman. Ipswich Hospital, Ipswich: Dr Andy Kong/Dr Robert Lewis. Manchester Royal
Infirmary (Cardiac), Manchester: Dr Martin Bewsher. James Paget Hospital, Great
Yarmouth: Dr Andreas Brodbeck. Queen Alexandra Hospital, Portsmouth: Dr David Pogson.
Queen Margaret Hospital, Dunfermline: Dr Martin Clark. Royal Blackburn Hospital,
Blackburn: Dr Stephen Mousdale. Leeds General Infirmary, Leeds: Dr Andrew Bodenham.
Southampton General Hospital, Southampton: Dr Rebecca Cusack. St James University
Hospital, Leeds: Prof Mark Bellamy. York Hospital, York: Dr Henry Paw. Victoria Hospital,
Blackpool: Dr Jason Cupitt. Southend Hospital, Westcliff-on-Sea: Dr David Higgins. Royal
Victoria Infirmary, Newcastle: Dr Cait Searl. James Cook University Hospital, Middlesbrough:
Dr Judith Wright.



Ethics committees approval numbers and ISRCTN number

In the UK ethics committee approval for multi-centre studies is obtained from regional ethics
committees and their approval covers all recruiting centres. Different regional ethics
committees concentrate on different types of studies. The OSCAR protocol was reviewed by
committees with particular expertise in studies involving patients unable to give informed
consent. Approval for studies in Scotland has to be obtained separately from approval for
studies in England, Wales and Northern Ireland.

Ethical approval was provided by the Scotland OAO and the Southampton and South West
Hampshire multi-centre ethics review boards (MREC numbers 07/MREO00/73 and
07/HO502/98 respectively). Informed consent was obtained from the patients or from
personal or nominated consultees (England and Wales) or Welfare Attorneys (Scotland) for
the patients who lacked capacity.

The OSCAR study was registered with International Standard Randomised Controlled Trial
Number Register (ISRCTN) reference number ISRCTN10416500.

Details of training of study centres

All units received training in HFOV before starting recruitment, and support through the trial.
We employed a full-time medically qualified trainer for the first year of the study and two
part-time experienced nurse trainers for a further 30 months.

Written and computerised training materials including a study-specific detailed set-up and
operating manual for the Novalung Metran R100 HFOV ventilator, training slide sets and
training video were prepared. Most training was done on-site but this was supplemented with
centralised training days and sessions in patient simulator suites in Oxford and Birmingham.
Frequently-asked question lists and newsletters were prepared and distributed to centres.

Telephone advice on clinical or other problems was available at any time day or night from
experienced senior clinicians. The company that supplied the ventilators (Inspiration
Healthcare, Leicester, UK) provided a 24 hour telephone service for ventilator-related
technical problems and supply of ventilator consumables.

Prior to starting recruitment, and during the first 42 months of the study, we trained a total of
2306 intensive care nurses, medical staff, physiotherapists and technicians using face-to-
face teaching in 198 discrete training sessions.



Oxygenation control algorithm

Figure S1: The oxygenation control algorithm. A version using mmHg units for blood gas

tensions was also available.
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Carbon dioxide control algorithm

Figure S2: The carbon dioxide control algorithm. A version using mmHg units for blood

gas tensions was also available.
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Graphical summary of recruitment

Figure S3: Centres open to recruitment by month (vertical bars), divided into those centres where the ventilator was supplied by the study
(dark blue) which had no previous experience with HFOV, and those who owned their own Novalung Metran R100 HFOV ventilator (pale blue)
and had some experience with HFOV. Monthly recruitment is shown as a blue line. The two periods of peak H1N1 infections in the UK in the
2009-10 (data from UK-wide ICU surveillance) and 2010-11 (data from UK-wide primary care surveillance) winters are marked with pink bars.
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Location and level of respiratory support in patients who died

Table S1: The table below gives the location and respiratory support in progress at time of
death for all patients who died in hospital. Some patients died in hospital more than 30 days
after randomisation, so the total number of deaths is greater than the number reported as 30
day mortality in the paper. All patients who died while on HFOV or mechanical ventilation
were being treated on ICUs. In the HFOV ventilation group the sum of the percentages is
less than 100% because of rounding.

HFOV group

(n=398, 196 in-hospital deaths)

Conventional mechanical
ventilation group
(n=397, 192 in-hospital deaths)

Died whilst on HFOV.

n (% of in-hospital deaths)

80 (40.8%)

4 (2.1%)

Died on mechanical
ventilation but not on HFOV.
n (% of in-hospital deaths)

85 (43.4%)

159 (82.8%)

Died off mechanical

ventilation but on an ICU. 13 (6.6%) 9 (4.7%)
n (% of in-hospital deaths)

Died after ICU discharge but

before discharge from an 18 (9.1%) 20 (10.4%)

acute hospital.
n (% of in-hospital deaths)




Details of arterial carbon dioxide tension ( PaCQO,) in patients

Figure S4: The mean and standard deviation for PaCO, in patients on HFOV and on
conventional mechanical ventilation, recorded at or near 8am each day, are shown for the
first 14 days after randomisation. On day 14 only eight patients remained on HFOV, and
summary data beyond this ceases to be meaningful.
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Figure S5: The percentage of all patients below the lower control limit of arterial pH (7.25)
on the carbon dioxide control algorithm recorded at or near 8am each day for the HFOV
group is shown for the first 14 days after randomisation. On day 14 only eight patients
remained on HFOV, and summary data beyond this ceases to be meaningful. The
percentage of patients in the conventional ventilation group with an arterial pH less than 7.25
is also shown.



pH<7.25
0O 10 20 30 40 50 60 70 80 90 100

@ '777‘77‘,,,, ‘77777’777‘
| [ [ [ [ [ [ [ [ [ [
0 2 4 6 8 10 12 14
Day
~—e—— Conventional ventilation —— HFOV

In the early phases of the study we had several support calls about patients in whom the
PaCO, rose rapidly after commencement of HFOV. Two of these were reported as serious
adverse events (SAES) by local investigators. In the first case the elevated PaCO, was felt to
be one of three factors contributing to a Quuliseless electrical activityO (PEA) cardiac arrest
and in the second the PaCO, reached an unspecified extreme value. The first of these
patients subsequently died whist on conventional mechanical ventilation, the second was
discharged home.

The initial carbon dioxide control algorithm specified a 30 minute interval between blood gas
estimations. To enable more rapid identification of this problem we changed this to 15-30
minutes. The modified algorithm (version 2) used for the majority of the study is shown on
page 4 of this document.

The carbon dioxide control algorithm required the centres to contact the on-call clinician if at
5Hz and maximum cycle volume the patient had an arterial pH below 7.25. If the clinician
received a call they would first check there were no impediments to ventilation (blocked
endotracheal tube, pneumothorax etc). He would suggest technigues to reduce apparatus
dead space and ensure the endotracheal tube was of adequate internal diameter. He would
then suggest techniques to reduce spontaneous respiratory effort if this was thought to be
contributory, using increased sedation or neuromuscular blocking drugs. He would
recommend fever control. If this was unsuccessful the centre was advised to introduce a
cuff leak. The use of cuff leak was recorded on the case report form. It was used in 30 of the
HFOV group patients.

If the acidosis was primarily of metabolic origin alkalinisation was suggested.



