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C

onventional mechanical ventilation attempts to reproduce
the physiologic pattem of breathing by delivering relatively
large tidal volumes at respiratory rates within the normal
breathing range. Recently, newer methods of mechanical ventilation that use higher frequencies and lower tidal volumes than
conventional mechanical ventilation have been introduced.
These methods, known genericaliy as high-frequency ventilation (HFV), are techniques that provide gas exchange by delivering tidal volumes which approximate or are less than anatomic
dead space at frequencies greater than 60 breaths per minute.
Tremendous interest has been generated in this area because of
the unusual physiology involved and the potential clinical benefits offered.
This paper reviews the development and techniques of HFV.
The possible physiologic mechanisms of gas exchange are summarized, and the problems and potential of clinical uses of HFV
are discussed.

lypes of High-Frequency Ventilation
Three major types of ventilators have been used for HFV.
Each type is a unique category of apparatus and produces gas
exchange in different ways (Table 1). The three types include: 1)
high-frequency positive-pressure ventilation (HFPPV), 2) highfrequency jet ventilation (HFJV), and 3) high-frequency oscillation (HFO).

High-Frequency Positive-Pressure Ventilation
While investigating carotid sinus baroreceptor controls of
blood pressure, Sjostrand fortuitously developed a method of artificial positive-pressure ventilation without the circulatory effects synchronous with ventilation (1). Sjostrand attempted to
reduce maximal and mean airway pressure by ventilating with
smaller tidal volumes and higher ventilatory frequencies than
those used in conventional positive-pressure ventilation. He felt
that the inertial characteristics of the lungs should suppress the
circulatory effects of ventilation if short insufflations were used.
High rates were delivered in an attempt to maintain alveolar
ventilation. Initial dog experiments demonsO-ated that HFPPV
provided the anticipated circulatory effects while maintaining
normal arterial blood gas tensions. In addition, endotracheal insufflations at frequencies of 60 to 80 breaths per minute suppressed spontaneous respiratory efforts almost immediately (2).
Jonzon and associates (3) developed a time-cycled, volumecontrolled ventilator with the following features: 1) insufflation
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using the pneumatic valve principle; 2) a ventilatory frequency
of 60 to 100 breaths per minute and an inspiratory ratio of less
than 0.3; 3) small tidal volumes, usually approximating calculated anatomical dead space; 4) positive (supraambient) airway
and negative (subambient) intrapleural pressure throughout the
entire respiratory cycle; 5) decelerating inspiratory flow; and 6)
passive exhalation. Gas was delivered without extemal air/gas
entrainment through an open ventilatory circuit producing large
expired volumes (30 L/min to 45 L/min).
In 1973, HFPPV was clinically applied for a bronchoscopy,
laryngoscopy under general anesthesia, pediatric anesthesia,
and neonatal respiratory care. More general applications followed, including use in the adult respiratory distress syndrome.
The experimental and clinical results published up to 1977 on
HFPPV were summarized in a supplement edited by Sjostrand
(4). More recent reviews have also been published (5-7).

High-Frequency Jet Ventilation
Insufflation techniques for ventilatory support during general
anesthesia were used for several years during the early 1900s,
but fell into disfavor after the introduction of the McGill endotracheal tube (8-10). In 1956, Jacoby and associates inserted 18gauge needles transtracheally and insufflated oxygen at 4 L/min
to 6 L/min in an attempt to maintain gas exchange in apneic patients (11). Oxygenation could be maintained for 30 minutes or
longer, but carbon dioxide was ineffectively removed. Jacobs
described effective ventilation in 12 comatose apneic patients
by the intermittent delivery of oxygen under high pressure by a
volume-type ventilator into a 14-gauge intravenous catheter
inserted through the cricothyroid membrane (12). Spoerel and
colleagues demonstrated that an oxygen jet through a 16-gauge
needle at 30 psi could provide sufficient flow to obtain an adequate tidal volume in endotracheally intubated dogs (13). Air
entrainment of 44% resulting from the Bernoulli effect was
demonstrated, thereby serving to more rapidly inflate the lungs.
Spoerel demonstrated adequate ventilation as assessed by measurement of pH and PaCOj in 12 patients undergoing general
anesthesia ventilated by this transtracheal jet technique at
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ventilatory rates of 12 to 16 breaths per minute. In essence,
these catheters and low-frequency jet pulses represented constant-pressure generators acting by application ofthe Venturi
principle. Smith et al summarized the clinical experience
using percutaneous transtracheal ventilation with intermittent jets of oxygen (14).
During the initial development of HFPPV, Sjostrand and colleagues demonstrated that arterial blood gases could be maintained at normal values by 60 to 100 bursts per minute of air and
oxygen through a 3- to 4-mm catheter inserted into the upper
airway (2). In 1977, Klain and Smith modified the approach to
HFPPV by delivering gas under high pressure (30 psi to 50 psi)
through a smaUer catheter (1 mm to 2 mm diameter) at frequencies of 60 to 150 bursts per minute (15). This technique combined both ventilation at high rates and the jet delivery mechanism, which was thus termed high-frequency jet ventilation
(HFJV).
HFJV operated on similar principles as the HFPPV of
Sjostrand. Although HFJV produced significant air entrainment
to produce a tidal volume, HFPPV did not. Both techniques delivered large air/gas flows. Like HFPPV, HFJV required a ventilator of negligible intemal compliance, most commonly fluidic
ventilators or solenoid valves driven by electronic timers
(16,17). Exhalation, as with HFPPV, was passive and dependent
on the elastic recoil of the lungs to drive expiratory flows.

High-Frequency Ventilation
In 1967 Scotter et al used sinusoidal gas flows or oscillations
to enhance gas dispersion in porous materials (18). Originally,
this was an attempt to disperse gas in soil more rapidly and uniformly. Using an oscillator to investigate cardiac impedance in
apneic dogs, Lunkenheimer et al made the concunent discovery

in 1972 that arterial carbon dioxide tension remains normal during the experiments (19). Oscillatory frequencies of 50 Hz (3000
c/min) were used, although the volume of oscillation was not
stated. From this initial report, other smdies have demonstrated
both clinically and in the laboratory that applying highfrequency oscillations of volumes less than the calculated dead
space can provide adequate alveolar ventilation (20-23).
As opposed to HFPPV and HFJV, no bulk flow of gas occurs
in high-frequency oscillation. The ventilator, usually a piston
(21) or a sinusoidal generator (23), first pumps a small volume of
gas forward into the airway and, then, out of the airway at rates
of 10 Hz to 50 Hz (600 c/min to 3000 c/min). Oxygen is added to
the circuit as required by metabolic rate, and a bypass circuit or
absorber removes carbon dioxide (20),

Physiology
Conventional concepts of gas exchange do not readily explain
how volumes of gas equal to or smaller than the anatomic dead
space could achieve adequate alveolar ventilation and thus effective removal of carbon dioxide. Both spontaneous breathing and
low-frequency positive-pressure ventilation achieve gas exchange with slow ventilatory frequencies (usually 8/min to
20/min) and tidal volumes five to ten times anatomic dead space.
These large volumes purge the dead space clear of carbon dioxide and exchange 10% to 25% of the functional residual capacity
by bulk flow or convection (24). Gas mixing is enhanced by the
creation of turbulent eddies at bronchial bifurcations. Finally, at
the most distal airways and alveoli, diffusion occurs according
to Pick's law, which is somewhat enhanced by cardiogenic mixing (25). Gas distribution is dependent on regional differences in
resistance and compliance.

Table 1
Comparison of lypes of High-Frequency Ventilation
HFPPV

HFJV

HFO

Endotracheal tube, open
bronchoscope, open
laryngoscope

Insufflation catheter (less
Endotracheal tube, applithan 3 mm, diameter);
cation at mouth
intravenous catheter;
nebulizer injector; specially
designed tracheal mbe with
jet port

Low-internal compliance,
pneumatic valve

Fluidic ventilator, solenoid
valve controlled
electronically

Piston pump, sinusoidal
generator, speaker

Fresh gas source

Cycled compres.sed gas

Cycled compressed gas

Constant bias flow

Frequency (B/min)

60-100

100-300

60-900 (as high as 60 Hz)

Tidal volume (cc/kg)

2-5

3-5

1.5-2.5

Flow rates (l/min)
and pattem

175-250; high instantaneous, decelerating with
no end-inspiratory plateau

175-250; high instantaneous, decelerating with
no end-inspiratory plateau

5-10; bias flow

Bulk flow?

Yes

Yes

No

Entrainment?

No

Yes

No

I:E ratio

Less than 1:3

Less than 1:3

Airway

Ventilator
Apparatus
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Since high-frequency ventilation clears only a portion of the
dead space and yet provides adequate alveolar ventilation, pattems of flow that enhance gas mixing throughout the lung must
be produced. Elegant theoretical models by Fredberg (26) using
the concept of dispersion described by Taylor (27) in steady turbulent flows, and Slutsky et al (22) coupling convection and diffusion, predict that augmented diffusion explains much of the
gas exchange occumng in HFV. These theories suggest that
large instantaneous flow rates provided by the oscillator fascilitate diffusion by creating high, predicted Reynolds' numbers (as
high as 20,000) (26), suggesting the presence of marked turbulence. This turbulence leads to enhanced diffusion as predicted by Taylor's concept of dispersion (27). Other mechanisms
such as bidirectional flow (28) or circulating cunents created by
phase differences in expansion of different lung regions (29)
have been postulated. Because of difficulties in measurement
techniques at high-frequency, it is not possible at this time to definitively determine which of these models is most accurate.
Both HFPPV and HFJV produce significant bulk flow, although other mechanisms of gas transport are created or enhanced. HFPPV delivers compressed gas of a predetermined
volume by a pneumatic valve. HFJV delivers a jet flow which
entrains some of the stationary gases sunounding the catheter
tip. Each tidal volume becomes a combination of jet flows as
well as tiie entrained gases. High instantaneous gas velocities in
these modes may create high mrbulent states in the central airways, resulting in enhanced diffusion. More distal delivery of
gas to airways, thereby lowering anatomic and mechanical dead
space, has also been postulated (30). Most likely it appears that
HFPPV and HFJV physiologically work in the transitional zone
between convection and enhanced diffusive transport of gases.
Intrapulmonary gas distribution and other elements of gas exchange in HFV have been extensively studied. When compared
to conventional positive-pressure ventilation, Borg et al demonstrated an improved nitrogen clearance ratio with HFPPV, suggesting improved intrapulmonary gas distribution (31). Schmid
et al noted similar improvement in infl-aregional mixing using
HFO (32). Burier et al compared HFO with conventional
positive-pressure ventilation and noted little change in calculated intrapulmonary shunt in patients with large initial shunts
(eg, septic shock) but large decreases in patients with chronic
obstmctive lung disease and presumed extensive ventilation/perfusion mismatch (21). In a shunt model of acute lung injury,
Thompson et al were unable to show differences in oxygenation
or cardiac output when HFO was compared with conventional
positive-pressure ventilation and positive end-expiratory pressure at equivalent mean airway pressures (33). Comparing respiratory and infused inert gas exchange during HFO and conventional ventilation, Robertson et al noted marked enhancement of
elimination offliemost soluble gas (acetone), which they related
to extensive intraregional gas mixing, allowing the conducting
airways to serve as a capacitance for flie soluble inert gas (34).
Comparing gas exchange with carrier gases of different densities during HFV, Robertson et al demonsti-ated similar findings
to those results taken during conventional ventilation, which
suggests fliat the mechanisms responsible for oxygen exchange
in die terminal lung units are comparable with conventional ventilation and HFV (34).
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Rossing and colleagues related tidal volume and frequency of
ventilation to carbon dioxide elimination in six patients with
chronic respiratory failure (35). Below frequencies of 200
breaths per minute, the volume of carbon dioxide eliminated related to the product of frequency and tidal volume; at higher frequencies, carbon dioxide elimination was determined by tidal
volume and was independent of frequency. Rossing et al concluded that although the effectiveness of high-frequency ventilation is primarily a function of the product of tidal volume and
frequency, above a certain frequency, the mechanical characteristics of the lung reduced gas transport by limiting volume
transmitted to the lung periphery. Others have observed different relationships between carbon dioxide elimination and frequency and/or volume (19,20,32). This may partly be explained
by differences in the ventilatory circuits used.
The observed apnea during high-frequency ventilation appears to be mediated by active vagal inhibition of central respiratory activity and is usually reversed by vagotomy (36). The vagal
afferent stimulation may be produced by rapid distention of
stretch receptors by the high-frequency ventilation (36).
The initial objective of Sjostrand, which was to provide adequate alveolar ventilation with low airway pressures (mean and
peak), was achieved (1). Cardiac output appears to be well maintained except at very high ventilatory rates (37). The rate at
which cardiac output is reduced is probably both patient- and
circuit-dependent and may be explained by the inability to accommodate a frequency-dependent increase in minute ventilation without alveolar pressures rising when dead space is constant (38). The dogs of Lunkenheimer et al may have had normal
blood gases, but they died of progressive cardiovascular collapse at 50 Hz HFO (19). This probably is explained by progressive dynamic hyperinflation occurring due to inadequate exhalation of volumes at these high frequencies (39). Progressive
dynamic hyperinflation causes increased intraalveolar and intrathoracic pressures, progressively increased pulmonary vascular
resistance and subsequently decreased cardiac output due to reduced right heart preload and increasedrightheart afterload.
The effects of 36 hours of high-frequency ventilation have
been studied in dogs by Rehder et al (40). Cardiopulmonary stability was maintained, and no major pathologic changes were
noted in the tracheobronchial tree or lungs postmortem, although small transudative pleural effusions were observed in
all dogs ventilated with HFV. Hamilton et al compared oxygenation and lung pathology during conventional and highfrequency oscillation in a rabbit model with lung injury (41).
Oxygenation was improved, and lung pressure injury as assessed by hyaline membrane formation was less in the oscillation group. Lung mucociliary clearance has been noted
by McEvoy et al to be reduced with HFO. This was not explained
by major ciliary structural changes but possibly was related
to retrograde mucous flow forcing secretions distal into the airway (42).
Clinical Use
Published clinical work has been most extensive with HFPPV
(43) and HFJV (44-46). HFO has been limited to short tiials on
patients or test subjects. Impressive work in infants with respiratory distress syndrome has been published by Bland and col-
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Table 2
Physiologic Consequences of High-Frequency Ventilation
Compared to Conventional Ventilation
Cardiovascular Measurements
Central venous pressure
Pulmonary artery pressure
Pulmonary artery occlusion pressure (wedge)
Cardiac output
Shunt (Q,/Q,)

Same or lower
Same or lower
Same or lower
Same or higher
Same or lower

Intracranial Measurement
Intracranial pressure
Pulmonary Measurements
Intrapleural pressures
Mean airway pressures
Peak inspiratory pressures
Transpulmonary pressures

Lower
Lower
Lov/er
Lower

Tidal volume
Fimctional residual capacity

Lxiwer
Higher

Gas Exchange
PaOj
PaCOi
Oxygen consumption (VOj)
Work of breathing

Higher
Same
9

leagues (47). Nevertheless, all cunent reports must be considered feasibility studies or anecdotal reports.
HFV offers a theoretical advantage over conventional mechanical ventilation (Table 2). This advantage relates to 1) improved gas exchange and intrapulmonary gas mixing with reasonable independence from constraints imposed by resistance
and compliance and 2) lower airway pressures. Improvement in
intrapulmonary gas mixing may occur in extensive ventilation/
perfusion mismatch (21). Potential use in simations such as respiratory failure and severe emphysema or bronchopleural
fistula, which present problems of widespread regional compliance differences, could be realized (Table 3). Lowering airway pressures offers the potential of diminishment in pulmonary
barotrauma and cardiac output compromise; lowered airway
pressures would make possible the ventilation of lungs with
large fistulous losses, such as bronchopleural or tracheoesophageal fistulae (48-50). The suppression of spontaneous
breathing by HFV could diminish the use of potentially harmful
paralyzing and sedating agents. The minimizing of thoracoabdominal movement during general anesthesia could make certain operative fields more stable. Minimizing mechanical ventilation-related intracranial pressure rises would be helpful in
neurosurgical cases.
The problems of the clinical use of HFV result from a lack of
clear understanding of the actual mechanisms of high-frequency
ventilation and the difficulties in safely providing ventilation by
this technique. The lack of understanding the mechanisms of gas
exchange prevents prediction of potential limitations of applying
the technique. Determining the type of patient who would best
be ventilated with HFV must be made to define the ultimate role
of the technique. FeasibUity of gas exchange is a far cry from
routine application in the respiratory care unit. From a technical
standpoint, problems relating to design characteristics such as
inadequate humidification of rapidly flowing gas (41), inadequate alarm and pressure safeguard systems, oscillator overheat-
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Table 3
Potential Applications of High-Frequency Ventilation
Endoscopy
Bronchoscopy
Laryngoscopy
Surgery
Microlaryngeal surgery
Airway disruption
Postpneumonectomy (?)
Neurosiirgical cases (?)
Other thoracic or abdominal cases (?)
Respiratory Failure
Bronchopleural or tracheoesophageal fistulae
Severe ventilation/perfusion mismatch (?)
Necrotizing pneumonia (?)
Adult respiratory distress syndrome (?)
Increased intracranial pressure (?)
Low cardiac output syndromes (?)

ing and breakdown, solenoid breakdown, and catheter obstmction need to be addressed. Trial and enor determination of
optimal frequencies and volumes needs to be eliminated by
comprehension of vital physiologic factors.

Conclusion
High-frequency ventilation, a technique of low tidal volume
and rapid respiratory rate mechanical ventilation, offers unusual
pulmonary physiology and potential clinical benefits. Its eventual clinical role awaits definition of appropriate subjects and
safe, reliable equipment designs.
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