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ARDS = acute respiratory distress syndrome; HFJV = high-frequency jet ventilation; HFO = high-frequency oscillation; ICU = intensive care unit;
PEEP = positive end-expiratory pressure.
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As medical students we were told that mechanical ventilation
needs convective gas flow. As residents we learned then that
we must normalize gas exchange during mechanical
ventilation. We also learned, based on the Radford
nomogram published in 1954 [1], that there are some
‘normal’ respiratory rates and some ‘normal’ tidal volumes
that may be employed to mimic normal physiology.

However, as Henderson and coworkers [2] concluded from
their observations in panting dogs almost 90 years ago,
adequate alveolar ventilation can be achieved at high
respiratory rates and very small tidal volumes at about or
below the dead space volume. This could be accomplished
using either conventional ventilation at low tidal volumes
(3–4 ml/kg) and high rates (above 60/min), with an additional
high flow of fresh gas delivered to the patient by a side
connector connected to the endotracheal tube (high-
frequency positive pressure ventilation), a high-velocity gas
jet through a small catheter (high-frequency jet ventilation
[HFJV]), a sliding venturi (high-frequency percussive
ventilation), or a piston driven oscillator (high-frequency
oscillation [HFO]).

Although all of these alternative methods to achieve
conventional ventilation are highly effective in eliminating
carbon dioxide using low peak airway pressures, the effect
on oxygenation is less uniform, and this represents one
reason why these newer modes of ventilation (especially
HFO) failed to maintain their initial attraction during the
subsequent years. Another reason was the publication of the
first large multicentre trial (the HiFi trial) in 1989, completed
before surfactant became available, that failed to
demonstrate better outcomes with HFO than with
conventional ventilation in the treatment of respiratory failure
in preterm infants [3]. The data from HiFi and a subsequent
trial with HFJV [4] indicated an increase in adverse cerebral
outcomes in infants assigned to the high-frequency arm. This
became another major and persistent concern, although
meta-analytic evidence does not support a higher incidence
of such outcomes [5]. In contrast to the case with high-
frequency ventilation (HFO and HFJV) in the neonatal
intensive care unit (ICU), the reduction in ventilator-related
movements, which improved operating conditions in airway
surgery, ensured that high-frequency positive pressure
ventilation and certainly HFJV did find a niche in clinical
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Abstract

With favourable and extensive experience in the neonatal intensive care unit (ICU) and the recent
positive experience in the adult ICU, high-frequency ventilation has become a valuable alternative to
conventional ventilation in acute lung injury. To arrive at this point, physicians’ understanding of the
characteristics and kinetics of acute lung injury had to become more distinct, and it was necessary to
merge accumulated knowledge from experience with high-frequency ventilation in the neonatal
population and that with conventional ventilation in adults. However, this now calls for a better
designed clinical trial in the adult population that combines the three most important concepts for lung
protection: early intervention (before acute respiratory distress syndrome is established); optimal lung
recruitment; and careful avoidance of lung over-distention over the entire period of mechanical
ventilation.
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practice [6]. High-frequency percussive ventilation has
evolved to a standard of burn care in some centres for
salvage treatment, and has recently been advocated for
patients with acute respiratory distress syndrome (ARDS) too
[7,8]. In the adult ICU, HFO was not used until recently,
when a new generation of more powerful oscillators
(SensorMedics 3100B HFOV, SensorMedics, Yorba Linda,
CA, USA) became available.

The increasing recognition that ventilator-induced lung injury
exists and that it might to some extent be responsible for
multiorgan failure and the high mortality in adult ARDS
patients [9] led to the development of lung protective
strategies during conventional mechanical ventilation.
Recruitment of nonaerated tissue, prevention of lung unit re-
collapse, and avoidance of over-distention have become the
three cornerstones of these concepts of lung protection
[10,11]. These goals can best be achieved by using a minimal
stress, open lung strategy (i.e. small tidal volumes and high
positive end-expiratory pressure [PEEP] levels, which should
be high enough to prevent re-collapse of recruited lung units)
[11–13]. However, small tidal volume ventilation may cause
complications that result from the effects of acute respiratory
acidosis on haemodynamics, gas exchange, and oxygen
transport or consumption [14–16]. These require increased
use of sedatives and often muscle relaxants, and may lead to
alveolar instability and lung collapse [17].

Within the context of ventilator-induced lung injury and lung
protective strategies, high-frequency ventilation could be
considered to be the optimal protective ventilator mode. This
is because, by ‘design’, it provides small tidal volume
ventilation (even extremely small) and allows for lung
recruitment and maintenance of optimal lung volume without
concomitant lung over-distention. ‘Side effects’ such as
acute respiratory acidosis during conventional ventilation do
not occur, and spontaneous ventilation, at least in neonates
and small children, can easily be maintained, allowing for less
sedation and requiring no muscle relaxants. In larger patients,
because of higher inspiratory flow demands, spontaneous
breathing is not as easily managed, and heavy sedation
and/or paralysis may be required.

The success of HFO depends on the ability to recruit lung
volume, which is not always easy ‘late’ in the course of lung
disease when substantial ventilator-induced damage is
superimposed on a preinjured lung. Unfortunately, the HiFi
trial protocol [3], as well as many other studies that examined
the efficacy of high-frequency ventilation in neonatal
respiratory failure, failed to stress early intervention, volume
recruitment manoeuvres and maintenance of high mean
airway pressures, as was clearly indicated based on
experimental data [18–21]. Recent HFO trials that took care
by design to fulfill the condition of ‘opening the lung and
keeping it open’ showed that HFO is efficient and safe for
ventilating patients (from neonates to adults) with acute

respiratory failure [22–28]. However, thus far HFO has
proved to be better than conventional ventilation in terms of
pulmonary outcome only in the neonatal ICU [22,24–26,29]
and in one trial in the paediatric ARDS population [23]. The
question that rises is whether this can be simply explained by
the differences between neonatal and adult respiratory failure
and whether these differences preclude direct extrapolation
of the neonatal data to adults.

Neonatal respiratory distress syndrome is, like ARDS, an
inhomogeneous lung disease [30,31] with dependent
(collapsed and fluid filled) and nondependent (aerated)
zones. Thus, from the physiological behaviour of the lung, the
same concepts (i.e. open the lung and keep it open without
over-distending it) can be applied during mechanical
ventilation from neonates to adults. However, some
difference is evident from the fact that the predominantly
surfactant deficient neonatal lung is relatively easy to recruit,
at least early after birth before the patient develops
significant ventilator-associated lung injury, but in adult
ARDS, especially in primary ARDS, the potential for
recruitment is lower [11]. However, most patients have at
least some recruitable lung but sometimes very high opening
pressures are needed.

Interestingly, in a prospective observational study conducted
by Mehta and coworkers [32], involving 24 adult patients
with severe ARDS (arterial partial oxygen tension/fractional
inspired oxygen ratio <100), survivors were on conventional
ventilation for a shorter period of time prior to HFO than were
non-survivors. Also, in the prospective randomized clinical
trial conducted by Derdak and coworkers [28], involving
148 adult patients with established ARDS (arterial partial
oxygen tension/fractional inspired oxygen ratio <200, at a
PEEP of 10 cmH2O), a prolonged period of conventional
ventilation prior to HFO predicted high mortality. Although
both studies tested HFO as a rescue mode in established
severe ARDS, the time on conventional ventilation previously
was still related to outcome. In fact, HFO as an early
intervention strategy has only been tested in two clinical trials
in infant respiratory distress syndrome, one a non-randomized
study by our group [29] and the other a randomized study by
Courtney and coworkers [26]. On the other hand, positive
results in some of the neonatal HFO trials could be
accounted for by inadequacies in terms of lung protective
PEEP levels and/or tidal volumes in the conventionally
ventilated control groups. Based on experimental data, it
could be suggested that using a conventional ventilation
strategy for lung recruitment followed by adequate PEEP
above closing volume will be as effective as HFO in
minimizing lung injury [33], and it is likely that it is much more
the strategy than the mode that will make the greatest
difference. Therefore, to improve the use of conventional
ventilation in the neonatal population and to better define the
role of HFO in lung protective ventilation in adult patients,
more appropriate trials are still needed.
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HFO, if used with the correct strategy, has finally been
proven to be at least equivalent to conventional ventilation
and it has significant potential to prove to be better than
conventional mechanical ventilation, because it offers the
optimal technical features that would fulfill all conditions for
best lung protection. Unfortunately, there is still a mindset
that considers HFO as a rescue rather than a primary mode
of therapy. This is in part supported by the hesitation to look
into a new mode of ventilation, but once clinicians and nurses
get used to the ‘philosophy’ of HFO, this mode proves to be
efficient, safe and simple in its application at bedside. In
addition, it allows for excellent carbon dioxide clearance
without the need for ‘permissive hypercapnia’, which may not
be always an optimal approach and is certainly not
physiological. In fact, HFO allows the clinician to achieve the
goals that Radford [1] searched for with his nomogram, and
its ongoing use proves that what we were told in medical
school on mechanical ventilation was only half the truth.

Competing interests
None declared.

References
1. Radford EP, Ferris BG, Kriete BC: Clinical use of a normogram

to estimate proper ventilation during artificial respiration. N
Engl J Med 1954, 251:877-884.

2. Henderson Y, Chillingworth FP, Whitney JL: The respiratroy
dead space. Am J Physiol 1915, 38:1-11.

3. HIFI Study Group: High-frequency oscillatory ventilation com-
pared with conventional ventilation in the treatment of respi-
ratory failure in preterm infants. N Engl J Med 1989, 320:
88-93.

4. Wiswell TE, Graziani LJ, Kornhauser MS, Cullen J, Merton DA,
McKee L, Spitzer AR: High-frequency jet ventilation in the early
management of respiratory distress syndrome is associated
with a greater risk for adverse outcomes. Pediatrics 1996, 98:
1035-1043.

5. Clark RH, Dykes FD, Bachman TE, Ashurst JT: Intraventricular
hemorrhage and high-frequency ventilation: a meta-analysis
of prospective clinical trials. Pediatrics 1996, 98:1058-1061.

6. Giunta F, Chiaranda M, Manani G, Giron GP: Clinical uses of
high frequency jet ventilation in anaesthesia. Br J Anaesth
1989, 63:102S-106S.

7. Velmahos GC, Chan LS, Tatevossian R, Cornwell EE, Dougherty
WR, Escudero J, Demetriades D: High-frequency percussive
ventilation improves oxygenation in patients with ARDS.
Chest 1999, 116:440-446.

8. Paulsen SM, Killyon GW, Barillo DJ: High-frequency percussive
ventilation as a salvage modality in adult respiratory distress
syndrome: a preliminary study. Am Surg 2002, 68:852-856.

9. Dreyfuss D, Saumon G: Ventilator-induced lung injury: lessons
from experimental studies. Am J Respir Crit Care Med 1998,
157:294-323.

10. Clark RH, Slutsky AS, Gerstmann DR: Lung protective strate-
gies of ventilation in the neonate: what are they? Pediatrics
2000, 105:112-114.

11. Gattinoni L, Vagginelli F, Chiumello D, Taccone P, Carlesso E:
Physiologic rationale for ventilator setting in acute lung
injury/acute respiratory distress syndrome patients. Crit Care
Med 2003, 31(suppl):S300-S304.

12. Rimensberger PC, Pristine G, Mullen BM, Cox PN, Slutsky AS:
Lung recruitment during small tidal volume ventilation allows
minimal positive end-expiratory pressure without augmenting
lung injury. Crit Care Med 1999, 27:1940-1945.

13. Crotti S, Mascheroni D, Caironi P, Pelosi P, Ronzoni G, Mondino
M, Marini JJ, Gattinoni L: Recruitment and Derecruitment during
Acute Respiratory Failure. A clinical study. Am J Respir Crit
Care Med 2001, 164:131-140.

14. Feihl F, Perret C: Permissive hypercapnia: how permissive
should we be? Am J Respir Crit Care Med 1994, 150:1722-
1737.

15. Thorens JB, Jolliet P, Ritz M, Chevrolet JC: Effects of rapid per-
missive hypercapnia on hemodynamics, gas exchange, and
oxygen transport and consumption during mechanical ventila-
tion for the acute respiratory distress syndrome. Intensive
Care Med 1996, 22:182-191.

16. Carvalho CR, Barbas CS, Medeiros DM, Magaldi RB, Filho GL,
Kairalla RA, Deheinzelin D, Munhoz C, Kaufmann M, Ferreira M,
Takagaki TY, Amato MB: Temporal hemodynamic effects of
permissive hypercapnia associated with ideal PEEP in ARDS.
Am J Respir Crit Care Med 1997, 156:1458-1466.

17. Richard JC, Maggiore SM, Jonson B, Mancebo J, Lemaire F,
Brochard L: Influence of tidal volume on alveolar recruitment.
Respective role of PEEP and a recruitment maneuver. Am J
Respir Crit Care Med 2001, 163:1609-1613.

18. Kolton M, Cattran CB, Kent G, Volgyesi G, Froese AB, Bryan AC:
Oxygenation during high-frequency ventilation compared with
conventional mechanical ventilation in two models of lung
injury. Anesth Analg 1982, 61:323-332.

19. Hamilton PP, Onayemi A, Smyth JA, Gillan JE, Cutz E, Froese AB,
Bryan AC: Comparison of conventional and high-frequency
ventilation: oxygenation and lung pathology. J Appl Physiol
1983, 55:131-138.

20. McCulloch PR, Forkert PG, Froese AB: Lung volume mainte-
nance prevents lung injury during high frequency oscillatory
ventilation in surfactant-deficient rabbits. Am Rev Resp Dis
1988, 137:1185-1192.

21. Meredith KS, deLemos RA, Coalson JJ, King RJ, Gerstmann DR,
Kumar R, Kuehl TJ, Winter DC, Taylor A, Clark RH, Null Jr DM:
Role of lung injury in the pathogenesis of hyaline membrane
disease in premature baboons. J Appl Physiol 1989, 66:2150-
2158.

22. Clark RH, Gerstmann DR, Null DMJ, deLemos RA: Prospective
randomized comparison of high-frequency oscillatory ventila-
tion in infants with severe respiratory distress syndrome.
Pediatrics 1992, 89:5-12.

23. Arnold JH, Hanson JH, Toro-Figuero LO, Gutierrez J, Berens RJ,
Anglin DL: Prospective, randomized comparison of high-fre-
quency oscillatory ventilation and conventional mechanical
ventilation in pediatric respiratory failure. Crit Care Med 1994,
22:z1530-1539.

24. Gerstmann DR, Minton SD, Stoddard RA: The Provo multicentre
early high frequency oscillatory ventilation trial: improved pul-
monary and clinical outcome in respiratory distress syn-
drome. Pediatrics 1996, 98:1044-1057.

25. Plavka R, Kopecky P, Sebron V, Svihovec P, Zlatohlavkova B,
Janus V: A prospective randomized comparison of conven-
tional mechanical ventilation and very early high frequency
oscillatory ventilation in extremely premature newborns with
respiratory distress syndrome. Intensive Care Med 1999, 25:
68-75.

26. Courtney SE, Durand DJ, Asselin JM, Hudak ML, Aschner JL,
Shoemaker CT: High-frequency oscillatory ventilation versus
conventional mechanical ventilation for very-low-birth-weight
infants. N Engl J Med 2002, 347:643-652.

27. Johnson AH, Peacock JL, Greenough A, Marlow N, Limb ES,
Marston L, Calvert SA: High-frequency oscillatory ventilation
for the prevention of chronic lung disease of prematurity. N
Engl J Med 2002, 347:633-642.

28. Derdak S, Mehta S, Stewart TE, Smith T, Rogers M, Buchman
TG, Carlin B, Lowson S, Granton J: The Multicenter Oscillatory
Ventilation For Acute Respiratory Distress Syndrome Trial
(MOAT) Study Investigators. High-frequency oscillatory venti-
lation for acute respiratory distress syndrome in adults: a ran-
domized, controlled trial. Am J Respir Crit Care Med 2002,
166:801-808.

29. Rimensberger PC, Beghetti M, Hanquinet S, Berner M: First
intention high-frequency oscillation with early lung volume
optimization improves pulmonary outcome in very low birth
weight infants with respiratory distress syndrome. Pediatrics
2000, 105:1202-1208.

30. Adams EW, Counsell SJ, Hajnal JV, Cox PN, Kennea NL, Thornton
AS, Bryan AC, Edwards AD: Magnetic resonance imaging of
lung water content and distribution in term and preterm
infants. Am J Respir Crit Care Med 2002, 166:397-402.



345

Available online http://ccforum.com/content/7/5/342

31. Gattinoni L, Pesenti A: ARDS: the non-homogeneous lung; facts
and hypothesis. Intensive Crit Care Digest 1987, 6:1-4.

32. Mehta S, Lapinsky SE, Hallett DC, Merker D, Groll RJ, Cooper
AB, MacDonald RJ, Stewart TE: Prospective trial of high-fre-
quency oscillation in adults with acute respiratory distress
syndrome. Crit Care Med 2001, 29:1360-1369.

33. Rimensberger PC, Pache JC, McKerlie C, Frndova H, Cox PN:
Lung recruitment and lung volume maintenance: a strategy
for improving oxygenation and preventing lung injury during
both, conventional mechanical ventilation (CMV) and high-fre-
quency oscillation (HFO). Intensive Care Med 2000, 26:745-
755.


