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Abstract. Conditions which suppress spontaneous 
breathing activity during high-frequency jet ventila- 
tion (HFJV) were analysed in Yorkshire piglets under 
pentobarbital anesthesia. The highest PaCOz at which 
the animals did not breathe against the ventilator 
(apnea point) was established during different pat- 
terns of ventilation, either by changing the minute 
volume or by adding CO2 to the inspiratory gas. Arte- 
rial oxygen tension was maintained throughout the 
study above 80 mm Hg. An elevation of ventilatory 
rate increased the apnea point, suggesting a progres- 
sive suppression of spontaneous breathing. This sup- 
pression did not depend on the amount of lung stretch 
during insufflation, because at higher rates lower tidal 
volumes were used. Suppression also appeared to be 
independent of insufflatory flow, i.e. the velocity of 
lung stretch. At higher frequencies end-expiratory air- 
way pressure (PE~ increased and there appeared to be 
a positive relationship between the apnea point and 
PE~- In a separate series this positive relationship be- 
tween the apnea point and PEE was confirmed. A hys- 
teresis effect in this relationship, however, suggests 
that other than jet frequency, lung volume rather than 
positive end-expiratory pressure (PEEP) is a major 
determinant of suppression of spontaneous breathing 
activity during HFJV. 
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Suppression of spontaneous breathing is a feature of 
high-frequency ventilation which was observed in the 
very first experiments with this type of ventilation by 
SjOstrand and coworkers [10, 11, 18, 19]. It has been 
reported repeatedly in animal experiments [2, 4, 5, 20] 
as well as in humans [3] both in high-frequency jet 
ventilation (HFJV) and in high-frequency oscillation 

(HFO). The phenomenon has been attributed to the 
stimulation of both vagal afferents from pulmonary 
receptors [2, 5, 10, 20] and nonvagal afferents from 
thoracic wall mechanoreceptors [5, 20]. 

The aim of our study was to analyze the mechani- 
cal stimuli leading to apnea during high-frequency jet 
ventilation by measuring the inhibiting effect of the 
different variables of the ventilating pattern on the 
central respiratory drive of CO2. During mechanical 
ventilation, if a normal or increased arterial carbon 
dioxide tension (PaCO2) exists without any spontane- 
ous breathing, some inhibition of the respiratory 
drive of CO2 may be assumed to be present. The high- 
est PaCO2 tolerated without spontaneous breathing 
may be called the apnea carbon dioxide value or 'the 
apnea point' (PaCO2-apnea). The higher the PaCO2- 
apnea is found to be, the greater the inhibitory effect 
upon the respiratory centre. Two types of mechanical 
stimuli are present during HFJV. Firstly, there is the 
dynamic or phasic effect on stretch receptors during 
each jet inflation and spontaneous expiration. Sec- 
ondly, a static component will be present which is the 
level of lung stretch, i.e. lung volume, at the end of 
expiration, on which the insufflation is superimposed. 

As phasic stimuli we studied the frequency of 
stretch application, the amount of stretch and the ve- 
locity of stretch by changing the frequency of jet ven- 
tilation, the tidal volume and the flow during insuffla- 
tion respectively. The static component of end-expira- 
tory stretch was studied by changing the end-expira- 
tory pressure. 

Methods 

Preparation and measurements 

Yorkshire piglets (5 - 7 weeks old, weighing 7 - 11 kg) 
were anesthetized with pentobarbital sodium 
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(30 mg • kg - t i.p. as an initial dose) and placed in su- 
pine position on a thermocontrolled operating table, 
maintaining the rectal temperature at about 39°C. 
Anesthesia was maintained by a continuous infusion 
of pentobarbital (7.5 - 10 rag- kg - 1 i.v.), sufficient to 
eliminate pain reflexes but allowing the animals to 
breathe spontaneously. In 5 animals pentobarbital 
serum levels were estimated at the end of the experi- 
ment by means of gas chromatography analysis. 

After tracheostomy the animals were connected to 
a Y-cannula allowing spontaneous inspiration via an 
inlet valve and expiration through a mixing box. Ven- 
tilatory (tidal) volume was calculated from mean air- 
way flow by integration. Mean airway flow was re- 
corded by a Fleisch pneumotachograph (type 0 Go- 
dart), placed behind the mixing box. Airway flow 
during insufflation was calculated from mean airway 
flow and insufflation time. Positive end-expiratory 
pressure could be established with a water seal in the 
expiratory tube. 

A catheter was inserted into the right common 
carotid artery for pressure monitoring and blood sam- 
pling. Similarly, a 5 F Swan-Ganz catheter was intro- 
duced into the pulmonary artery via the right external 
jugular vein. Through the same vein a 4-lumen cathe- 
ter was inserted into the superior vena cava. One 
lumen was used for central venous pressure measure- 
ments and the others for infusions. Tracheal pressure 
was measured with a fluid filled catheter placed deep 
into the trachea. Heparin (250 IU • kg -  1) was admin- 
istered intermittently each hour. Systemic arterial 
(Pao), pulmonary artery (Pp), central venous (Pcv) and 
intratracheal pressure (PT) were measured with Stat- 
ham transducers (P23De). The frequency response of 
the fluid filled intratracheal catheter and transducer 
was checked with a microtip transducer (Honeywell) 
and was satisfactory up to 5 Hz. CO2 and O2 concen- 
tration in air were measured with a mass spectrometer 
(Perkin-Elmer, type MGA 1100). PO2, PCO 2 and pH 
and metabolic acid-base variables were measured in 
arterial and mixed venous blood samples of 1.5 ml, by 

means of a blood gas analyzer (Radiometer ABL 3). 
Oxygen saturation and haemoglobin values were mea- 
sured with an oximeter (Radiometer OSM 2). The 
compound action potentials of the diaphragm were 
measured by two electrodes placed in the diaphragm, 
and amplified and integrated with an EMG processor 
(Central electronics division, Department of Develop- 
mental Neurology, University of Groningen). Electro- 
cardiogram (ECG), Pao, Ppa, Pcv, PT, mixed expira- 
tory CO2 fraction (FEco2), expired volume (V) and the 
electromyogram (EMG) of the diaphragm were simul- 
taneously recorded on a Hewlett Packard 7758 A 
chart recorder. 

Experimental procedures 

The experimental set-up is shown in Figure 1. HFJV 
was applied with a ventilator developed in our labora- 
tory. It consisted of  an adjustable reduction valve and 
an electronically controlled solenoid valve to control 
the insufflatory flow (VI'), jet frequency, thus cycle 
time, and inspiratory fraction, thus inspiratory time. 
The tidal volume was equal to the product of insuffla- 
tion time and flow (Fig. 2). 

In order to keep the arterial oxygen tension over 
80 m m H g  and blood fully oxygenated under all 
circumstances the inspiratory gas contained 40% oxy- 
gen. The amount  of carbon dioxide could be varied 
without changing the oxygen concentration (Ohio gas 
mixer), as indicated in Figure 1. Spontaneous ventila- 
tion was performed via the inspiratory valve. During 
HFJV this valve was clamped off  in order to prevent 
entrainment of  air. Spontaneous inspiratory activity 
during ventilation was detected by the concomitant 
decrease in the intratracheal, central venous and 
pulmonary artery pressure. In three animals electrical 
activity of  the diaphragm was also monitored (Fig. 3), 
to check the validity of the former three pressures as 
selective indicators of spontaneous ventilation during 
HFJV. Neither in these animals nor in subsequent ex- 
periments on HFJV in our laboratory was a c o m -  
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Fig. 2. The two types of ventilatory patterns. In the upper part the 
inspiratory time was kept constant at 0.1 s, for two frequencies as 
an example, by adapting the inspiratory fraction (closed lines). In 
the lower part the inspiratory fraction was kept constant at 0.3 
(dashed lines). By varying insufflatory flow (Vi') tidal volume and 
so minute volume could be changed 

A. J. van Vught et al.: HFJV, lung stretch and spontaneous breathing 

pound action potential recorded without a decrease in 
the pressure recordings. 

Ten piglets were ventilated with frequencies from 
1 up to 5 Hz. Two types of ventilatory patterns were 
applied (Fig. 2). Firstly, in all animals inspiratory 
time was maintained at 0.1 s for all frequencies, and 
secondly in five of these animals ventilation was per- 
formed with a constant inspiratory fraction of 0.3 for 
all frequencies, varying inspiratory time proportional- 
ly with cycle time. These two modes of HFJV im- 
posed two different types of  dynamic activation of the 
stretch receptors. The flow of insufflation determined 
the velocity of stretch and the duration of this flow 
over the insufflation time determined the total 
increase of stretch. In order to detect PaCO2-apnea at 
the different ventilatory rates inspiratory flow was 
changed until apnea occurred. The value of  
inspiratory flow at the apnea point was noted. In 
eight piglets airway pressure was also measured. 
Three of these animals also belonged to the group of  
five in the series with constant inspiratory fraction. 

In a separate group for four animals at a constant 
jet frequency of 3 Hz, an inspiratory time of  0.1 
second and constant tidal volume, PEEP was applied 
in steps of 2.5 and 5.0 cm H20 up to 25 cm H20. 
After each step the apnea point was searched for by 
changing the inspiratory CO2 fraction (FICO2). Ac- 
cording to preliminary observations PEEP increased 
PaCO2. Therefore, the tidal volume, just giving apnea 
without extra PEEP,  was increased to such an extent 
that a rise in PaCO2 at higher levels of  PEEP would 
not surpass the corresponding apnea points. 

Statistical analysis 

Differences were tested by the t-test for paired and 
unpaired small samples [1]. 

Fig. 3. A recording during spontaneous breathing and ventilation at 
a rate of 3 Hz and inspiratory time (tl) 0.1 s Pao: aortic pressure. 
Ppa: pulmonary artery pressure. Per: central venous pressure. PT: 
intratracheal pressure. F~co2: mixed expiration fraction of CO 2. 
VFleisch: integral of mean airway flow as recorded by the Fleisch 
pneumotachograph. EMG: amplified and integrated compound ac- 
tion potentials of the diaphragm. Breathing against the ventilator is 
detected by electrical activity of the diaphragm as well as by 
changes in the intratracheal, central venous, pulmonary artery and 
to a lesser degree in the aortic pressures 

Results 

Frequency of HFJV and PaCO2-apnea 

For comparison of all individual data PaCO2-apnea 
was expressed as a fraction of PaCO2 during spon- 
taneous breathing, this value being taken as a refer- 
ence for normal drive of ventilation. 

The dependence of PaCO2-apnea on the frequency 
of HFJV is shown in Figure 4a for both modes of  ven- 
tilation, the one with an inspiratory time of  0.1 s, the 
other with an inspiratory fraction of  0.3. 

During both ventilatory patterns PaCO2-apnea in- 
creased when jet frequency was increased in all indi- 



A. J. van Vught et al.: H F J V ,  lung stretch and spontaneous breathing 

viduals. Below the jet frequency of 3 Hz this suppres- 
sion seems to be relatively small because PaCO2-apnea 
was below the normal drive. Above 3 Hz a progressive 
increase in PaCo2-apnea occurred, especially in the 
series with constant inspiratory time of 0.1 s, (that is 
with an increasing inspiratory fraction for higher fre- 
quencies). The suppression in the series with constant 
inspiratory time of 0.1 s was significantly higher at 
5Hz (p<0.02) than that in the series with the 
constant inspiratory fraction of 0.3. In the first series 
of both the apnea occurred at PaCO2 values far above 
the value during spontaneous breathing. 

Effect of tidal volume and flow of insufflation 

For both HFJV-patterns, tidal volume and flow of in- 
sufflation were expressed as fractions of the values at 
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1 Hz to permit comparison within each population of 
experiments, and plotted against jet frequency (Fig. 
4b and 4c). 

Apnea occurred with lower tidal volumes at all 
higher jet frequencies (Fig. 4b). Apparently, suppres- 
sion of spontaneous breathing does not depend on the 
amount of dynamic lung stretch during insufflation 
because during HFJV with large tidal volumes at 
lower rates less suppression was observed than during 
HFJV with smaller tidal volumes at higher rates. 
When inspiratory time was kept constant at 0.1 s, 
flow of insufflation at the apnea point decreased with 
higher jet frequencies whereas flow increased consid- 
erably when the inspiratory fraction was constant 
(Fig. 4c). Therefore, the velocity of stretch does not 
seem to be a determining factor for the amount of 
suppression of spontaneous breathing. 
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Fig. 4 a - d .  Relationship between a 
number of ventilatory variables and 
jet frequency in two series of  obser- 
vations. Continuous lines: ventilato- 
ry patterns were applied with a 

constant inspiratory time of 0.1 s. 

Dashed lines: ventilatory patterns 
with a constant inspiratory fraction 
of 0.3. Vertical bars represent 
_+ 1 SD. Ventilatory variables: a 

PaCO2 at the apnea point as a frac- 
tion of PaCO2 during spontaneous 
breathing previous to jet ventilation. 
b Tidal volume (VT) at the apnea 
point as a fraction of V T at the apnea 
point at 1 Hz .  c Flow during insuffla- 
tion (V/)  at the apnea point as a 

fraction of V[ at the apnea point at  

I Hz .  d End-expiratory intratracheal 
pressure (PEE) in absolute pressure. 
NB. For reasons of readability the 
mean values of both series at the 
same jet frequencies are plotted 
slightly separately 



30 A . J .  van Vught  et al.: HFJV, lung stretch and spontaneous breathing 

: ~ 7 0  
E 
E 
o 

o _  
cJ 
¼ 

S 5o 
J 

30 

al 

.°° 

; 1'o 1; 2'0 
PEE Emil20 

Fig. 5. The apnea point as a function of end-expiratory intra- 
tracheal pressure (PEE). Results of  individual experiments. Con- 
t inuous and dashed lines represent the same ventilatory patterns as 
in Figure 4 
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Fig. 6. Hysteresis effect in the relation between the apnea point and 
end expiratory intratracheal pressure (PEE) in four piglets ventilat- 
ed with a jet frequency of  3 Hz, and an inspiratory fraction of  0.3, 
thus an inspiratory time of  0.1 s and a constant  tidal volume (VT). 
T h e  continuous lines connect the values measured during increase 
of PEE, dashed lines during decrease. Arrows indicate an apnea 
point higher than  the measured value. N.B. In the looped curve 
with open dots the starting V T was 34 ml. This was increased to 
48 ml and subsequently extra PEEP was applied (see text). At the 
end of  the series (last two points in the curve) the V T was again in- 
creased from 34 ml to 48 ml and the apnea point established with- 
out  extra PEEP 

The frequency of  HFJV and PEEP 

The relation between end-expiratory pressure and jet 
frequency at the apnea point is shown in Figure 4d for 
both conditions of ventilation. At I and 2 Hz no posi- 
tive end-expiratory pressure (PEEP) was observed. At 
3 Hz a PEEP of  about 2.5 cm H20 occurred, and at 
higher frequencies PEEP increased sharply. Compar- 
ing the total values for both conditions no significant 
differences could be demonstrated (p >0.1 at 5 Hz). 
But in the three animals in which both series were 
performed, the increase in PEEP was markedly 
higher in the ventilatory pattern of  constant inspirato- 
ry time compared to the series with constant inspira- 
tory fraction. In all individual experiments a positive 
relation was found between PaCOz-apnea and PEEP 
(Fig. 5). 

The effect o f  PEEP on the apnea point 

The dependence of PaCOz-apnea on PEEP at a jet fre- 
quency of 3 Hz, inspiratory time of 0.1 s and a con- 
stant tidal volume is shown for four animals in Figure 
6. Again a positive relation between the apnea point 
and PEEP was observed with a very progressive in- 
crease of PaCOz-apnea above certain levels of PEEP,  
which were rather different for the different animals. 
Suppression of spontaneous breathing appeared to be 
so complete that an increase of  F I C O  2 causing a 
PaCO2 above 80 mm Hg was insufficient to elicit 
spontaneous breathing. Therefore, we assume that 
these high values of  measured PaCO2 were below the 
apnea point. When subsequently PEEP was dimin- 
ished gradually and FICO 2 was maintained at a high 
level the animals did not resume spontaneous breath- 
ing. However, when the ventilator was stopped the 
animals started to breathe immediately, which sug- 
gests that it was not the high level of PaCO2 that sup- 
pressed breathing activity. 

Stability o f  the animal model 

In the five animals of  the first series of 10, in which 
serum levels of pentobarbital were estimated, these 
levels were in the range 31 .8 -45 .8  mg • 1 - t .  In 9 of 
the series of 10 animal the apnea point at 1 Hz was 
checked at the end of the experiment and found to be 
unchanged in comparison with the value at the begin- 
ning of the experiment. In the animal in which this 
control was not available pentobarbital plasma con- 
centration was 35.4 mg.  1-t. 

All 10 animals breathed spontaneously at the end 
of the series. Besides the overall results, the findings 
concerning PaCOz-apnea, jet frequency, tidal volume 
and flow of insufflation were similar for all individual 
animals, irrespective of pentobarbital level and P a C O 2  

at the end of the experiment. 
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Discussion 
High-frequency ventilation may suppress central re- 
spiratory activity [2-  5, 10, 11, 20]. The objectives of 
this study were to analyse the contribution of the 
mechanical effects of HFJV to the suppression of 
spontaneous breathing. 

During HFJV four different kinds of mechanical 
receptor activation in the respiratory system can be 
postulated: (a) the repetitive activation of stretch 
receptors depending on jet frequency, (b) the intensity 
of the stretch stimulus depending on the tidal volume, 
(c) the velocity of stretch depending on the flow of in- 
spiration, and (d) the basic level of tissue stretch at 
end expiration depending on PEEP. 

In this study at higher jet frequencies a higher CO2 
drive was required to elicit breathing activity, indicat- 
ing that more suppression of spontaneous breathing 
activity was achieved at higher frequencies. The 
increased suppression could not be attributed to a 
higher intensity of the stretch stimulus because this in- 
creased suppression was achieved at smaller tidal 
volumes. The degree of suppression was also found to 
be independent of the flow of inflation and thus of 
the velocity of stretch of the receptors. 

End-expiratory pressure increased at higher fre- 
quencies. Thus, suppression of breathing activity was 
not only positively related to frequency but also to 
PEEP. Up to 3 Hz only a moderate increase in sup- 
pression of breathing activity was observed. At 4 and 
5 Hz the suppressive effect of HFJV on central respi- 
ratory activity increased considerably, especially in 
the series with shorter expiratory times. The concomi- 
tant rise in PEEP suggests that besides ventilatory fre- 
quency PEEP could be a major factor in this effect. 

The positive correlation between PEEP and 
PaCO2-apnea was confirmed during ventilation at a 
constant rate, pattern and volume, when extra PEEP 
was imposed. However, when PEEP was diminished 
gradually breathing did not resume and a hysteresis 
loop appeared. 

Volume-pressure hysteresis is well known in lung 
physiology and is believed to be caused by either in- 
creased surfactant activity when the lungs are in- 
flated, recruitment of collapsed alveoli or air trapping 
by meniscus formation over the terminal airways [7, 
13], all causing increased lung volume during decrease 
of PEEP. 

It may be that the hysteresis loop in the relation 
between PEEP and PaCO2 is linked to the volume- 
pressure curve of the lung. As a consequence of this 
hysteresis effect, a different amount of suppression 
can be detected at the same level of PEEP when going 
up compared to when going down. Therefore, we do 
not believe that PEEP on its own is the major factor 
in suppression of spontaneous breathing, as Chakra- 

barti et al. [4] concluded, but we suggest that lung 
volume is the main factor. Intrapulmonary [15] and 
extrapulmonary [8, 9, 12] stretch receptors were re- 
ported to inhibit spontaneous breathing when ac- 
tivated. The pulmonary stretch receptors are believed 
to respond to the overall degree of inflation but also 
to the rate of inflation. The response of the rapidly 
adapting pulmonary receptors is markedly dependent 
on the velocity of stretch and so on the rate of infla- 
tion [14]. In this light, our finding that suppression of 
spontaneous breathing is independent of insufflation 
flow negates Jonzon's hypothesis [10] that rapidly 
adapting receptors, giving rise to the basal discharge 
in the vagal nerve, could be responsible for suppres- 
sion of spontaneous breathing. 

Thompson et al. [20] produced apnea in dogs by 
applying high-frequency oscillations with a frequency 
of 15 Hz without changing mean airway pressure. 
After vagotomy spontaneous breathing activity could 
not be suppressed anymore with the same PaCO2 . 
They suggested that the rapid phasic stimulation of 
pulmonary stretch receptors inhibits central respira- 
tory activity by vagal pathways, although extravagal 
inhibitory afferents, c.q. from the chest wall, should 
also be considered. This is in contrast with 
Chakrabarti et al. [4], who concluded, using a jet ven- 
tilator, that frequency per se, without a PEEP-effect, 
had no effect on breathing. 

Subsequently, England et al. [5] demonstrated en- 
hancement of phrenic nerve activity after neuro- 
muscular blockade during high-frequency oscillation, 
indicating an involvement of thoracic wall receptors 
in suppression of spontaneous respiratory activity. 
According to these authors [5, 20] lung volume 
changes could not be involved bacause mean airway 
pressures remained unchanged. However, Fletcher [6] 
demonstrated substantially higher end-expiratory 
alveolar pressures and therefore higher alveolar 
volumes during high-frequency jet ventilation even 
without PEEP in the main airways. Recently, Simon 
et al. [17], by studying the relationship between mean 
airway pressure and mean alveolar pressure, conclud- 
ed that during high-frequency oscillation in which in- 
flated air is actively evacuated, mean airway pressure 
could significantly underestimate mean alveolar pres- 
sure. This was more pronounced at low mean airway 
pressures, at larger tidal volumes and at higher fre- 
quencies. Whe therefore speculate that lung volume 
might have changed in the experiments of Thompson 
et al. [20] and England et al. [5]. 

Banzett et al. [2] found a lengthening of expiration 
up to apnea during high-frequency oscillation with 
15 Hz even when lung volume was carefully kept con- 
stant. Increase in lung volume accentuated this effect, 
due to an Hering-Breuer inflation reflex. 
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Therefore, there is strong evidence that at least 
during high-frequency oscillation at 15 Hz both repet- 
itive activation and static activation of stretch recep- 
tors suppresses spontaneous breathing activity. How- 
ever, no conclusions can be drawn from these studies 
with regard to other methods of mechanical receptor 
activation. 

The possible influence of pentobarbital has been a 
major concern in interpreting our results. So far all 
experimental studies in animals on suppression of 
breathing activity during high-frequency ventilation 
have been performed under barbiturate anesthesia. 
Only Banzett et al. [2] discussed the possible role of 
anesthetic depth and "arousal" on breathing activity. 
Butler et al. [3] could not induce apnea in awake 
healthy volunteers. Thiopental induced a period of 
apnea that persisted until the subjects awakened. 
Only 2 of their 12 patients, the oldest one, a 74-year- 
old man and the youngest one, a 2.5-kg neonate, were 
apneic, although fully conscious. 

Respiratory activity is the result of a multi-input 
system. To study the effects of stimuli from lungs and 
thoracic wall other inputs should be kept constant. 
Apparently, one of these inputs is stimulation from 
higher cerebral regions and pentobarbital acts upon 
this system. Our studies have been performed under 
light pentobarbital anesthesia. This light anesthesia, 
sufficient to eliminate pain reflexes but alowing the 
animals to breathe spontaneously could be main- 
tained for more than 8 h by a continuous infusion of 
pentobarbital of 7 . 5 - 1 0 . 0 m g . k g  - 1 . h  -t. In a 
previously published study [16] we found stable pen- 
tobarbital plasma concentrations with an infusion of 
7.5 mg • kg -t  • u - t  over 3 h. With these plasma levels 
piglets were able to breathe spontaneously with nor- 
mal PaCO2. The constancy of the influence of pento- 
barbital on the central respiratory activity during the 
experiment was proven by a stable PaCO2 during 
spontaneous breathing or an unchanged PaCO2- 
apnea at 1 Hz at the end of the experiment. Thus, we 
do not believe that the character of our results and 
therefore our conclusions depend on the anesthesia. 

From our experiments we concluded that neither 
the change of stretch nor the velocity of stretch of pul- 
monary or thoracic mechanoreceptors are involved in 
the suppression of spontaneous breathing during 
high-frequency jet ventilation. However, other than 
jet frequency, lung volume is a major factor in apnea. 
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