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Editorial

High frequency ventilation

Mechanical ventilation at higher than normal fre-
quencies (HFV) enables gas exchange to be
achieved with low tidal volumes and peak airway
pressures, thus offering the possibility of reducing
barotrauma in patients with severe, acute lung dis-
ease. The technique was first used experimentally in
the late 1960s' to minimise fluctuations in intra-
arterial pressure associated with mechanical ventila-
tion and has now been used for respiratory support
in patients with normal and abnormal lungs. The
range of frequencies used is 1-40 Hz (60-2400
bpm), the lower range (1-5 Hz) being used predo-
minantly with high frequency positive pressure ven-
tilation (HFPPV), or high frequency jet ventilation
(HFJV), and the higher range (5-40 Hz) with high
frequency oscillation (HFO). Although this rather
crude categorisation ignores many of the subtle dif-
ferences in the design of the ventilator and gas
delivery systems which may affect their perfor-
mance, it highlights the essential differences be-
tween the three techniques.

In HFPPV an intermittent flow of gas is delivered
via a pneumatic or mechanical valve system to an
endotracheal tube or insufflation catheter placed in
the trachea. Entrainment of additional gas is mini-
mal and expiration is passive. In HFJV the gas is
delivered at high velocity from a jet. Entrainment
may be significant but is very variable, and expira-
tion is again passive. In both these techniques
minute volume is determined by the inspiratory flow
rate and the duration of inspiration, so that an
increase in frequency results in a reduction in tidal
volume. Usually, the inspiratory:expiratory time
ratio (Ti/Ttot) can be varied. This is an important
consideration since the time for expiration is limited
at high frequencies and large increases in lung vol-
ume may occur.2 In HFO, a sinusoidal pattern of
flow is generated by a piston pump, metal bellows or
loudspeaker cone, so that inspiration and expiration
are usually of equal duration and the pattern of
inspiratory and expiratory flow is actively control-
led. Since stroke volume is unaffected by frequency,
minute volume is increased when frequency is
increased.
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High frequency positive pressure ventilation

The early application of this technique was based on
two concepts: firstly, that the delivery of gas via an
insufflation catheter in the trachea would reduce the
effective dead space and so permit the use of smaller
tidal volumes; and, secondly, that the inertia of lung
tissue would minimise transmission of airway pres-
sure changes to the heart and great veins, provided
that the peak pressures were small and of short
duration. Experiments in animals showed that nor-
mal blood gas tensions could be maintained with
small tidal volumes at frequencies of 1-1.67 Hz with
a Ti/Ttot of 15-35%.' Subsequent studies showed
that the technique could also be used in anaesthe-
tised patients.3 Further developments led to the use
of this technique for bronchoscopy, laryngoscopy,
paediatric anaesthesia, and neonatal respiratory
care.45 A trial in 12 patients with adult respiratory
distress syndrome, however, showed no convincing
benefit over conventional mechanical ventilation.6

There have been few detailed studies of gas
exchange during HFPPV, since many of the systems
do not permit complete separation of inspired and
expired gas. In one study on dogs, however, the
problem was overcome by using a constant flow
generator with mechanical valves and a fixed Ti/Ttot
of 30%. Fresh gas was delivered through a rigid tube
with an inside diameter of 2 mm, which was placed
within an endotracheal tube, the tip of both tubes
being about 10cm from the carina. The results
showed that physiological dead space decreased to
about half when frequency was increased from 0.25
to 0.75 Hz, but that there was no further decrease at
higher frequencies. As frequency was increased, it
was necessary to increase minute volume to com-
pensate for the increased VD/VT ratio, but at fre-
quencies above 1.67 Hz the available minute vol-
ume (about 30 1 min-') was not sufficient to main-
tain normal blood gas tensions. At frequencies
above 1 Hz there was an increase in peak and
mean airway pressures and oesophageal pressure
owing to incomplete emptying of the lungs.7 These
experiments suggested that at frequencies up to 2
Hz gas exchange could be predicted according to the
principles of conventional respiratory physiology, an
observation that has been confirmed by studies in
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patientS.89 The variation in dead space with fre-
quency, however, appears to be species dependent,
the rabbit showing no change in dead space up to 20
Hz, while the dog shows a considerable reduction at
frequencies above 8 Hz.'0

If it is assumed that dead space is constant at 70
ml in the intubated adult, and alveolar ventilation is
maintained at the level required to produce a nor-
mal carbon dioxide tension (Pco2), it is possible to
calculate the peak pressures which would be
developed at varying frequencies if the lung emptied
completely after each breath. Such calculations
show that peak pressures are minimal in the range
1-1.67 Hz when airway resistance is normal, but
that there is a considerable increase in peak pres-
sures at frequencies above 0.83 Hz when airway
resistance is increased to 20cm H20 1-1 s-. An
increase in end expiratory lung volume also occurs
as frequency is increased2 and this may further
increase peak pressures. The increase in lung vol-
ume increases intrathoracic pressure and leads to a
fall in cardiac output. There is therefore good
theoretical support for the general conclusion that
the Ti/Ttot should be about 20% and that little is
gained by using a frequency above 1 Hz." At this
frequency the tidal volume may be reduced by about
30%.12

High frequency jet ventilation

A great deal of clinical experience has now been
accumulated with HFJV, based on either fluid logic
or electronically controlled ventilators. With the lat-
ter inspiration is produced by the opening of a sol-
enoid operated valve connected to a high pressure
gas source (usually 200-400 kPa (2-4 atmos-
pheres)). The opening time of the valve may be
adjusted from 40 to 500 msec, thus providing a Ti/
Ttot of 20-50% at frequencies of 1-5 Hz. The driv-
ing gas is delivered to the patient through a jet (usu-
ally 1.0-1.8 mm in internal diameter), the inspirat-
ory flow rate being determined by the driving pres-
sure, the resistance of the solenoid valve and con-
necting tubing, and the resistance of the jet. Typical
inspiratory flow rates vary from 0.5 to 1.5 1 s-1, so
that maximum minute volumes may reach 40-50 1
min-'. In most ventilators gas flow through the jet
achieves supersonic velocities so that variations in
downstream pressure do not affect flow through the
jet. The device thus produces a square wave pattern
of flow through the jet, although this may be modi-
fied by the opening and closing times of the valve
(usually 5-10 msec), and by valve "bounce", which
may allow some flow to occur during expiration. The
increase in jet flow caused by this leak may cause a

considerable increase in minute volume at high fre-
quencies. The major source of variation in the per-
formance of jet ventilators, however, is that the vol-
ume of gas reaching the alveoli may differ from the
jet volume because of entrainment of ambient gas or
spillage of gas from the jet as it enters the endo-
tracheal tube.'3 14 The degree of entrainment
depends mainly on airway resistance and the inertia
of the lungs and chest wall; it tends to be decreased
by a decrease in driving pressure (and therefore jet
velocity) and an increase in frequency, Ti/Ttot, or
airway resistance.'5 The clinical implications are: (1)
the volume of gas delivered to the alveoli is very
variable; (2) alveolar oxygen tension (Po) is gov-
erned by both driving gas Po2 and the Po2 of
entrained gas; (3) both driving and entrained gas
must be humidified to prevent drying of secretions.
The effects of HFJV on gas exchange appear to be

similar to those observed during HFPPV, though the
jet stream may penetrate further into the airways
than the gas from a conventional mechanical ven-
tilator, so that there may be a reduction in the effec-
tive anatomical dead space.' Carbon dioxide elimi-
nation is most efficient when the jet is placed close
to the carina and when the tidal volume is large and
the frequency low. As frequency is increased larger
minute volumes are required to clear the carbon
dioxide production and at higher frequencies lung
volume may increase owing to incomplete emptying.
The magnitude of this increase can be reduced by
decreasing Ti/Ttot, but this then decreases tidal vol-
ume. If an increase in lung volume occurs, there may
be a reduction in cardiac output associated with the
increase in mean airway pressure.'6 '' Experiments
using artificial dead spaces of different volumes and
lengths suggest that at 1-2 Hz carbon dioxide elimi-
nation is determined by the volume of the dead
space, whereas at 5 Hz length rather than volume is
the dominant factor (Bourgain JL, Mortimer AJ,
and Sykes MK, unpublished observations). This
suggests that at high frequencies (when tidal volume
may be less than the volume of the conducting air-
ways), carbon dioxide transfer along the airways is
accomplished by some mechanism other than bulk
flow. Arterial oxygenation is normal when adequate
carbon dioxide elimination is achieved, but in
patients with abnormal lungs arterial P02 increases
with the increase in mean airway pressure and lung
volume.'8 As with conventional mechanical ventila-
tion, however, cardiac output falls as mean airway
pressure is increased; and this may decrease the
oxygen delivery to the tissues. Moreover, for a given
mean airway pressure mean intrathoracic pressure
may be higher during HFJV than during conven-
tional mechanical ventilation because of the incom-
plete emptying of the alveoli at high frequencies.
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HFJV has been used in many different clinical
circumstances. It is of particular value during anaes-
thesia when an airtight seal with the trachea cannot
be achieved-for example, during bronchoscopy,
laryngoscopy, or tracheal reconstruction.'9-2' Its
superiority over jet ventilation at normal respiratory
frequencies, however, has not yet been proved.
There have also been convincing descriptions of a
considerable reduction in air leak and improved
blood gas tensions when HFJV has been used in
patients with a bronchopleural fistula.22 Percutane-
ous transtracheal HFJV has proved life saving on
several occasions, but it is important to ensure that a
clear pathway for expired gases is maintained to
prevent overdistension of the lungs.23
HFJV has been used in oleic acid injury to the

lungs in dogs, and in patients with the adult respirat-
ory distress syndrome. When conventional mechani-
cal ventilation and HFJV were compared at equal
peak and expiratory pressures or mean airway pres-
sures, venous admixture was greater with HFJV.
When peak pressures, however, were matched (so
that there were higher mean pressures with HFJV),
oxygenation was better with HFJV. As might have
been expected, the higher mean airway pressures
resulted in a greater fall in cardiac output, thereby
partially negating the effect of the reduced venous
admixture on oxygen delivery to the tissues.24
A further possible use of HFJV is in weaning

patients from conventional ventilators. The gas
respired during a spontaneous breath must, how-
ever, be adequately humidified. This can be
achieved by incorporating the jet within a "I" piece,
which receives a bias flow of humidified gas, or by
using the Mapleson "D" breathing system with the
jet ventilator.25
A jet ventilator functions as a pressure generator

and therefore is most likely to find its main sphere of
use in circumstances in which a leak proof connec-
tion to the patient cannot be achieved. It is, how-
ever, difficult to judge whether the gas exchange is
adequate without using blood gas analysis or a
transcutaneous electrode. The response of most car-
bon dioxide analysers is too slow to follow changes
in expired gas composition during HFJV, but a satis-
factory end tidal plateau can be developed by
switching off the jet ventilator and giving two or
three deep breaths at normal frequency. Large
minute volumes of gas are required to achieve ade-
quate carbon dioxide elimination, particularly at the
higher frequencies. These produce rapid drying of
secretions and considerable cooling of the patient.
Most commercially available ventilators provide
humidity by injecting water into the jet stream. This
is usually inadequate and poorly controlled, and a
separate system is required for humidification of the

entrained gas. Systems are now being developed
which will both warm and humidify the inspired gas,
but these will not be easy to manufacture or control.

High frequency osfllation

The successful use of this technique was first
reported in 1972.2627 The 20-50 Hz oscillations
were produced by an electromagnetic device
attached to a membrane stretched over the large
diameter of a cone shaped connection. The small
end of the cone was connected to a carbon dioxide
absorber and an endotracheal tube; a bias flow of
oxygen was delivered to the distal end of the endo-
tracheal tube by a catheter. With this device arterial
Pco2 could be reduced from 10 to 5 kPa (75 to
38 mm Hg) in less than 15 minutes, while arterial
Po2 stayed at about 40 kPa (300 mm Hg). Progres-
sive non-respiratory acidosis and a fall in cardiac
output during the experiments was probably associ-
ated with increased end expiratory pressure; but
there was no histological evidence of lung tissue
damage.28

In 1980 workers in Toronto reported that oscilla-
tions at 15 Hz could produce adequate gas exchange
in both the dogs29 and man.30 The oscillations were
produced by a piston pump, and in patients the bias
flow of 12-15 1 min-' of oxygen was admitted to the
circuit between the pump and the endotracheal
tube. The exit port for this gas was connected to a
long, thin tube that had a low resistance to continu-
ous flow (thus permitting the bias flow of fresh gas to
escape) but a high impedance to the high frequency
oscillations. This arrangement permitted the system
to be flushed with fresh gas, but resulted in the loss
of half to two thirds of the stroke volume emanating
from the piston. The oscillation of 12 patients in the
intensive care unti with stroke volumes of 50-
150 ml at 15 Hz resulted in normal Pco2 values, a
small reduction in intrapulmonary shunt, and no
change in cardiac output.

Although these studies suggested that adequate
gas exchange could be achieved with tidal volumes
less than the dead space, there was no measure of
the actual volume entering and leaving the lung. By
modifying the circuit, however, so that fresh gas was
admitted at a flow of 50-60 1 min-' from a high
pressure source (and aspirated from the circuit at
the same rate) other workers were able to ensure
that there was no net loss or gain from the bias flow
during oscillation, so that tidal volumes could be
recorded with a specially calibrated pneumotacho-
graph placed between the piston pump and the bias
flow "'T' piece. It was concluded that carbon dioxide
elimination was most closely related to the product
of oscillation volume and frequency, but that there
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was an appreciable variation in the individual con-
tributions of these two variables in dogs.3' In
patients, on the other hand, it appeared that carbon
dioxide elimination was most strongly related to the
product of frequency and tidal volume below a fre-
quency of 3.33 Hz, but that above this frequency
carbon dioxide output was dependent on tidal vol-
ume and independent of frequency.32
An interesting pointer to a possible future role of

HFO has been provided by a comparison of conven-
tional mechanical ventilation and HFO in a lung
lavage model of hyaline membrane disease in rab-
bits.33 These studies showed that after a deep breath
arterial Po2 was better maintained and the mortality
rate less in the group of rabbits treated with HFO,
while histological examination showed minimal lung
damage in the HFO group, but appreciable hyaline
membrane formation in the group submitted to con-
ventional mechanical ventilation. It was suggested
that the rabbits in the HFO group were maintained
on the descending limb of the P-V curve, so that
lung volumes were higher for a given transpulmo-
nary pressure, and that the small tidal volumes
resulted in fewer intraregional stresses than in the
conventional mechanical ventilation group. Similar
experiments in primates have not, however,
confirmed these results.34

Mechanisms of gas exchange during HFO
There is now no doubt that adequate carbon dioxide
elimination and oxygen transfer can be achieved
during HFO when tidal volumes are less than the
volume of the conducting airways. Possible mechan-
isms have recently been reviewed in detail.3536
There appear to be five major modes of transport:
(1) direct alveolar ventilation of the lung units situ-
ated near the upper airways; (2) convective mixing
in the conducting airways as a result of recirculation
of air among lung units with differing time con-
stants; (3) convective transport of gases resulting
from the asymmetry between the inspiratory and the
expiratory flow profiles; (4) longitudinal dispersion
from interaction between the axial stream and radial
dispersion due to turbulence; (5) molecular diffu-
sion in the alveolar capillary membrane region.
Although the relative importance of these

mechanisms cannot be quantified, there is no doubt
that convective transport within the tracheobron-
chial tree still remains very important during HFO.
Thus increased tidal volume is more effective than
increased frequency in improving gas exchange.

Constant flow ventilation and external vibrations

One group of workers used jet ventilation at very
high frequencies and found that this was only effec-

tive if the jets were provided by two orifices placed
at the bifurcation of the trachea.37 It now appears
likely that under these circumstances carbon dioxide
removal was mainly due to the streaming of the flow
along one side of the major airways. Recently it was
shown that a continuous flow of gases delivered into
each bronchus at a flow rate of 1-4 1 kg-'min-'
could provide adequate gas exchange in apnoeic
dogs for prolonged periods, gas exchange presum-
ably being accomplished by a combination of con-
vection, higher flow separation, asymmetric velocity
profiles, augmented dispersion, and possibly car-
diogenic oscillations.38 Although this technique is
interesting, since peak airway pressures are consid-
erably lower than those produced during conven-
tional positive pressure ventilation or HFO, there
are no data on the long term effects and there would
be problems in humidifying and warming the large
flow rates required in man.
Another technique which has been attempted is

the external oscillation of the thorax. This has been
shown to produce results identical to those of HFO
when applied to the trachea in cats and rats.39 There
are obvious technical difficulties, however, in apply-
ing this technique in man.

Conclusions

There are three main drawbacks to HFV. Firstly, the
effects on gas exchange are very variable at frequen-
cies above 1-2 Hz. Secondly conditioning of the
inspired gas presents technical problems. Thirdly,
since intra-alveolar pressure and tidal volumes can-
not be measured directly, an external device has to
be used for monitoring tidal and lung volume, and
transcutaneous electrodes or frequent blood gas
measurement to assess the adequacy of gas
exchange. Furthermore, the technique may be noisy
and the long term effects are still not clearly defined.
The technique can certainly produce adequate gas
exchange with reduced peak pressures. We must
now determine whether reduction in peak pressures
has any benefit in treating acute lung disease.

MK SYKES
Nuffield Department ofAnaesthetics

Radcliffe Infirmary, Oxford
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