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Non-biological descriptors such as jet feeding pressure and oscillator stroke volume are often used to describe 
HFV. This results in confusion and hinders acceptance of HFV. The goal of this paper is to show how 
physiological parameters which are valid during HFV can be monitored. Airway pressure measured in 
narrow tubes with high linear flow rates is underestimated. A relevant airway pressure must be measured 
well below the tracheal tube. Pressure measured higher up should be validated against peripheral pressure 
measurements. Minute ventilation and expired COT concentration can be determined with a ServoVentilator 
and a COZ analyzer arranged at its exit port. Minute ventilation and COZ elimination can thereby be 
continuously monitored during high frequency jet ventilation or so-called “combined high frequency jet 
ventilation” to prevent undetected disturbance of ventilation and perfusion. Physiological dead space can 
be studied for optimization of ventilatory pattern. The principle of gas analysis at the exit port of the 
ventilator may be used for FRC determinations with sulfur-hexafluoride. 
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When various modes of HFV are described, non-physi- 
ological terms have often been used rather than tra- 
ditional parameters such as tidal volume, minute ven- 
tilation, alveolar ventilation and physiological dead 
space. As emphasized by Dr Wagner (in this volume) 
most traditional parameters are also valid during 
HFV. Undue discarding of traditional measures ham- 
pers the understanding and thereby clinical use of 
HFV. Misconceptions and difficulties in monitoring 
physiological parameters during HFV may explain 
why purely technical data, such as the feeding pressure 
of the jet, have replaced biologically significant data. 

As monitoring during HFV has been poorly de- 
veloped, ventilation has often been based upon “rule of 
thumb”, personal clinical experience and intermittent 
sampling of arterial blood. Even under circumstances 
where HFV offers documented advantages, its general 
acceptance seems unlikely until means of monitoring 
ventilation, and particularly gas exchange have been 
devised. HFV is not an easy technique to apply, and 
it is often used in clinically complicated situations. It 
appears that continuous monitoring of gas exchange, 
e.g. the rate of C 0 2  elimination (Vco2), is of particular 
value, as alveolar ventilation and perfusion are 
guaranteed as long as vco2 is adequate. 

The goal of the present paper is to demonstrate that 
monitoring of minute ventilation and COP elimination 
can be performed with standard equipment. The ef- 
ficiency of various modes of HFV can easily be ap- 

praised. When airway pressure is monitored, the Ber- 
noulli effect must be recognized. Finally, some hints 
are presented as to how functional residual capacity 
(FRC) may be measured during HFV. 

EQUIPMENT 
High frequency jet ventilation (HFJV), or combined high frequency 
jet ventilation (CHFJV) was administered with a Servo Ventilator 
900 or 9OOC combined with a prototype Servo High Frequency Unit 
970 (Siemens-Elema, Sweden). The latter unit produces jet pulses 
during a desired phase of the Servo Ventilator. The jet ventilation 
was delivered via the jet orifice of the Mallinckrodt Hi-Lo Jet tube 
(no. 8 or 9). The main lumen of the tube was connected to the Servo 
Ventilator. 

I n  dog and pig studies of various modes ofjet ventilation in health 
and in the respiratory distress syndrome, an  anaesthetic bag was 
included in the expiratory line (Fig. 1). The bag serves as a reservoir 
and mixing chamber for expiratory gas. I t  allows free entrainment 
of gas during HFJV. During ordinary HFJV the Servo Ventilator 
was used as a system for measurement of minute ventilation. It was 
set a t  a frequency of 60 min-’ and an inspiratory time of 20%. Pause 
time was set at zero. During the short inspirations, the pressure ih 
the anaesthetic bag did not increase significantly. At the exit port of 
the ventilator the cuvette of the COZ Analyzer 930 (Siemens-Elema, 
Solna, Sweden) was connected. This analyzer was used to measure 
COZ concentration in mixed expired gas, which is continuously dis- 
played as “end tidal COZ concentration”. It also continuously dis- 
plays the rate of COT elimination in ml/min. This information is 
obtained by integration of the product (flow x COZ concentration), 
automaticalIy performed in the analyzer. 

The  COZ cuvette is flushed with fresh inspiratory gas during inspi- 
ration. This allows a correct resetting of the COZ analyzer, which 
automatically performs during each inspiratory cycle of the venti- 
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Fig. 1. When HFJV is the only or main component of ventilation, 
the Servo Ventilator serves mostly as a measuring and monitoring 
device. Alarm limits can be set for minute ventilation. A large anaes- 
thetic bag in the expiratory limb may be used as storage for expired 
gas during short inspiratory phases of the Servo Ventilator. I t  will 
also permit free entrainment of gas during the jet pulses. The cuvette 
of the COZ Analyzer 930 may be attached to the expiratory port of 
the Servo Ventilator. The cuvette is flushed during the inspiratory 
phase with fresh gas to allow the automatic zero reset function. The  
valve (9 is a modified calibrating device for the analyzer. If desired, 
the Servo Ventilator may be set to deliver a low frequency component 
of ventilation (LFI =low frequency inflations), that will be superim- 
posed on HFJV. 

lator. If the inspiratory line of the Servo Ventilator is not used for 
CHFJV, it may be used to flush the cuvette. At  CHFJV we have 
instead used the device for calibration ofthe analyzer with its solenoid 
valve. Its socket connection was modified so that the valve opened 
during inspiration and not during expiration. The  valve was fed with 
gas from the mixer of the ventilator via a pressure regulating valve. 

In preliminary laboratory attempts to determine FRC during 
HFJV a cuvette for analysis of sulfur-hexafluoride (SFs) was attached 
at the ventilator exit port in the same way as the COZ Analyzer. SFs 
has previously been shown to be suitable for gas washout studies 
during artificial ventilation (2, 3). 

During CHFJV the COZ Analyzer may be used in the standard 
mode (Fig. 2). I n  a study of expiratory flushing of large airways 
(EFLA) the COZ signal and the flow signal from the Servo Ventilator 
were fed to a computer system. The whole system was integrated 
into a “Servo Ventilator 9001” which is a scientific set-up (Siemens- 
Elema). The signals were processed to yield the single breath test for 

The High Frequency ventilator contains a pressure transducer 
allowing pressure to be measured via the pressure lumen of the 
tracheal tube. This lumen ends within the tube close to its tip. The  
pressure measured in the tube was compared to pressure measured 
in the trachea and airways down to segmental bronchi. The pressure 
was measured with a Millar transducer tip catheter, F5. Pressure 
was also measured with the retrograde catheter technique (5), which 
yields the pressure to which airways of 2-3 mm diameter are exposed. 
All pressure transducers were carefully checked with regard to fre- 
quency response, which was flat to 60 Hz or more. 

COz, SBT-Cot, (4). 
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Fig. 2. During some modes of CHFJV such as EFLA the CO? 
analyzer 930 is used in a conventional mode. This set-up allows 
recording of the single breath test for CO? (Fig. 4). 

RESULTS 
The results from various studies are reviewed in order 
to illustrate the feasibility of physiological monitoring 
during HFJV. 

Physiological dead space during HFJV 
Healthy pigs were studied in order to evaluate how 
physiological dead space fraction (VDphys) depends 
upon frequency and I:E ratio in HFJV ( 6 ) .  The 
equipment set-up is shown in Fig. 1. 

When the mode of HFJV was changed, ventilation 
was immediately adjusted so that the rate of COY 
elimination ( 0 ~ 0 2 )  was maintained at  its steady state 
level observed during ordinary mechanical ventilation. 
Extensive experiments with widely differing HFJV set- 
tings demanded threefold variations in minute venti- 
lation. The continuous monitoring of C02 elimination 
made maintenance of isocapnia easy when the venti- 
lator was reset. Adjustment of ventilation due to 
changes in arterial partial pressure of CO2 (Pacon) 
were seldom required. 

From Pace? and mixed expired COT (PEco~) VDphys 
was calculated: 

VDphys = 1 - PEco2/Paco2 Eq. 1 

Table 1 shows some results. The lowest dead space 
fraction was found at  the lowest HFJV frequency, i.e. 
2 Hz, and when the I:E ratio was lowest, i.e. 1:20. 
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Table I 
Physiological deadspace (yo) at different modes of HFJV. 

Frequency (Hz) 

Ti 2 4 7 1 1  

5 32 45 58 73 
10 38 49 61 74 
15 43 52 64 74 
20 48 56 68 79 

Ti is the duration ofjet pulses in % of the cycle (n= 12). 

For monitoring purposes the accuracy of the value 
of COZ elimination presented continuously to the ana- 
lyzer has been found to be adequate. I t  is, however, 
slightly lower than the true value. The reason is that 
a small volume of mixed expired gas is left in the Y- 
piece between the ventilator and the COP cuvette. The 
GO, content of this gas is flushed out by the fresh gas 
flow during the inspiratory phase and is not included 
in the monitored value. It should be noted that the 
fresh gas flow must be amuent in order to eliminate 
COZ completely from the cuvette. For scientific meas- 
urement of CO2 elimination, this parameter is calcu- 
lated from expired minute ventilation read on the 
digital display of the Servo Ventilator and the fraction 
of COZ in expired gas read as “end-tidal COZY’ on the 
COZ analyzer. 

Expiratory flushing of airway dead space (EFLA) in 
CHFJV 
Healthy dogs were studied with the set-up shown in 
Fig. 2 (7). Various modes of CHFJV were studied. Jet 
pulses of fresh gas were delivered during the late part 
of expiration in order to flush out dead space gas 
from the large airways. Isocapnia was maintained at 
changes of ventilatory pattern according to the same 
principle as described above - and as easily. When 
EFLA was given as four pulses during the last second 
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Fig. 3. During EFLA jet pulses are delivered during the late part of 
expiration via the HFU (Fig. 2). The expiratory flow recording (VIE) 
against expiratory time (TE) recorded with the ventilator flow meter 
shows here four “mini-expirations” corresponding to four pulses. 
Note that some time is allowed for expiration of the last pulse before 
the next inspiration. 

Table 2 
Effects of expiratory flushing of airways (EFLAW). 

EFLAW EFLAW EFLAW EFLAW 
NMV 2 Hz 4 H z  8 H z  c.f. 

Paco:! (mmHg) 34 33 33 34 34 
VT (ml) 196 142 151 152 157 
PFak (cmHz0) 9.2 7.2 7.4 7.4 7.8 

1.9 2.0 2.2 P,,,. (cmH:!O) 2.4 1.8 

c.f. = continuous flow, n = 6. 

of expiration (4 Hz) the flow recorded from the Servo 
Ventilator showed the pattern of Fig. 3. The volume 
of gas used for flushing was about 1.5 times as large 
as the airway dead space measured with the single 
breath test during normal mechanical ventilation 
(NMV). Fig. 4 shows the SBT-GO, recorded during 
EFLA. This type of recording allows a detailed analy- 
sis of CO2 elimination. 

Table 2 shows that the tidal volume could be re- 
duced to about 314 of that during NMV, and peak 
pressure almost as much. Whether flushing was per- 
formed as pulses of 2 to 8 Hz or as a continuous flow 
(c.f.) was of no significance. Fig. 4 shows that most of 
the GO, flushed out during EFLA was eliminated 
during the first pulses. If the flushing volume was 
increased to 2.5 times the airway dead space, this did 
not contribute significantly to the efficiency of EFLA. 

Measurement of airway pressure during HFJV 
Healthy dogs and dogs with severe respiratory distress 
syndrome (RDS) after lung lavage (8) were ventilated 
with HFJV (9). I t  was found that pressure measured 
with a Millar catheter in the airway differed dramati- 
cally from that of the retrograde catheter uniil the 
Millar tip transducer was advanced down to the level 
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Fig. 4. The SBT-CO:! displays fraction of expired COZ over expired 
volume. The initial part corresponding to the normal expiration 
resembles a normal SBT-COZ (to the left of the broken line). There- 
after, additional COZ is expired during the “mini-expirations” caused 
by EFLA pulses. The fraction of CO:! falls to almost zero after some 
pulses, indicating that EFLA efficiently eliminates COZ from the 
airway. 
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of lobar or segmental bronchi. At this level no numeri- 
cal or visual difference between the two pressures was 
observed. The Millar catheter placed at this level was 
therefore used to determine the bronchial pressure 
(Pbr) to which peripheral airways are exposed during 
HFJV. The pressure measured in the tracheal tube 
(P,r) showed, during the phase of jet insumation, a 
drop rather than a peak (Fig. 5). The pressure meas- 
ured as lateral pressure in the tracheal tube underesti- 
mates the peak and mean airway pressure to which 
the peripheral airways are exposed. The error is due 
to the Bernoulli effect. When high flow rates are used, 
which is necessary in HFJV in RDS the underestima- 
tion becomes severe. 

DISCUSSION 
The methods discussed refer to HFJV or combined 
HFJV performed with a high frequency unit (HFU) 
connected to the Servo Ventilator 900 C. A prototype 
of the HFU that will be commercially available was 
used. This prototype permits a greater variety of set- 
tings but functions in principle as the commercial unit. 
The COP analyzer is a standard option of the ventilator 
system which may be used either in the conventional 
way when ventilation is based on an ordinary mode 
supplemented by a high frequency component during 
the expiratory phase (Fig. 2) - or in a non-conven- 
tional way when ventilation is based on high frequency 
jet ventilation (Fig. 1 )  with or without supplementary 
inflations of low frequency (1 0). 

A system based upon the Servo Ventilator with the 
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Fig. 5. When pressure is recorded in the bronchi with a Millar 
catheter and in the trachea (as in Fig. I ) ,  a large difference is 
observed during the period of the jet pulse. Tracheal pressure falls 
due to the Bernoulli effect, whereas bronchial pressure increases. 

HFU makes measurement and monitoring possible 
according to the examples presented. 

During HFJV the ventilator may be set so that a 
certain minute ventilation is produced. The venti- 
lation is monitored and guarded by the alarm system 
of the Servo Ventilator. At moderately high frequen- 
cies, such as 2 Hz, the deadspace fraction of the minute 
ventilation is of the same magnitude as during normal 
mechanical ventilation (NMV) when a system such as 
the present one is used. Variations in minute venti- 
lation at  a constant frequency in this range have a 
physiological significance as during NMV, and will 
result in a change of COZ elimination and Pacoz. 

At higher frequencies the deadspace fraction of gas 
supplied as a jet increases greatly. Should it, for clinical 
reasons, be desired to enhance CO:, production, a small 
reduction in frequency is then often more rational than 
the large increase in minute ventilation that would be 
needed. At high frequencies modification ofminute ven- 
tilation will result in variation of the auto-PEEP effect 
which is a typical phenomenon of HFV (1  1-1 3 ) .  The 
auto-PEEP effect is due to the fact that expiration time 
becomes too short for a full expiration when the fre- 
quency is high. Above a certain frequency a change in 
ventilation will have a strong influence on auto-PEEP. 

The rationale for the use of HFJV is to provide 
optimal alveolar ventilation and to maintain alveolar 
pressure at  a level around which only small fluctu- 
ations occur. This calls for the use of rather high 
frequencies. At these frequencies the physiological ef- 
fects of variations in minute ventilation, frequency and 
external PEEP are difficult to predict. An increase in 
total ventilation may, for example, have a small effect 
upon alveolar ventilation, but may reduce alveolar 
perfusion due to the associated auto-PEEP effect. A 
minor change in patient status, such that physiological 
deadspace fraction changes 5% (say from 75 to 80%), 
will cause a major change in gas exchange. We 
may conclude that safety margins are small during 
HFV, and that the effects of variations in patient 
status and in ventilator setting may be large and 
unpredictable. Monitoring, essential in NMV, is vital 
in HFJV. 

Continuous monitoring of COZ elimination in HFJV 
is possible in either of the two modes described in Fig. 
1 and 2. When HFJV was instituted, we found that it 
was easy to find a setting that maintained isocapnia 
under guidance of COZ elimination. The same is true 
of resetting the HFJV mode. When steady state has 
been established, any sudden disturbance of alveolar 
ventilation and/or perfusion will display as a variation 
in COZ elimination. (Slow variations in physiology 
may be detected by measurements of blood gases or 
related methods). 
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An alternative to measurements of CO? elimination 
is to monitor O2 uptake. This involves more compli- 
cated instrumentation and is notoriously difficult when 
extraction of 0 2  is low and the fraction of 0 2  is high 
in inspired gas, which is normally the case in HFJV. 
In conctusion, monitoring of CO? elimination is essen- 
tial in HFJV and feasible with standard equipment. 

Studies of gas exchange in HFJV may be performed 
according to the methods described. I t  should be noted 
that the effects of HFJV depend to a large extent on 
factors such as the geometry of the jet system, the shape 
of the pulses and their I : E  ratio. The performance of 
each HFJV system should thus be analyzed separately. 

Airway pressure measurement constitutes an im- 
portant problem in HFV. A jet is directed downstream 
in the airway, and one must measure the pressure 
below the jet opening. A lumen for pressure monitor- 
ing ending close to the tip of the tracheal tube has 
obvious advantages. However, the Bernoulli effect is 
large when high flow rates are applied. This well- 
known effect is often neglected in studies of HFJV. 
The use of a pressure catheter ending several centime- 
ters below the tracheal tube is recommended for accu- 
rate determination of the pressure to which airways 
and peripheral lung are subjected in HFJV. The use 
of such catheters is, however, not practical in clinical 
routine. Tracheal tube tip measurements may be used 
if the magnitude of the Bernoulli effect under the 
prevailing circumstances is understood. 

The auto-PEEP effect may be harmful or may be 
one of the therapeutic goals of HFJV. It needs to be 
quantified. ‘The best way to achieve this is to halt the 
HFU and simultaneously close the valves of the Servo 
Ventilator. This causes a no-flow period; the prevalent 
auto-PEEP is then reflected in the recoil pressure of 
the respiratory system and can be determined from 
the airway pressure. This is possible by pressing the 
end-expiratory pause button of the Servo Ventilator 
with the HFV unit. 

Another aspect of lung distension during HFJV is 
assessed by measuring FRC. If the lung volume is 
equilibrated with a certain concentration of a tracer 
gas such as SFs, and washed out from a given moment, 
the volume of SFs eliminated from that moment allows 
determination of FRC (2, 3 ) .  The principle for meas- 
urement of gas elimination illustrated in Fig. 1 has 
been proven to work for such studies. We have no 
data to demonstrate the accuracy in HFJV of FRC 
measurements based upon the principle. 
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