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Abstract. We studied the influence of ventilatory fre-
quency (1 -5 Hz), tidal volume, lung volume and body
position on the end-expiratory alveolar-to-tracheal
pressure difference during high-frequency jet ventila-
tion (HFJV) in Yorkshire piglets. The animals were
anesthetized and paralysed. Alveolar pressure was esti-
mated with the clamp off method, which was per-
formed by a computer controlled ventilator and which
had been extensively tested on its feasibility. The alve-
olar-to-tracheal pressure difference increased with in-
creasing frequency and with increasing tidal volume,
the common determinant appearing to be the mean
expiratory flow. The effects in prone and in supine po-
sition were similar. Increasing thoracic volume de-
creased the alveolar-to-~tracheal pressure difference in-
dicating a dependence of this pressure difference on
airway resistance. We concluded that the main factors
determining the alveolar-to-tracheal pressure differ-
ence (AP) during HFJV are expiratory flow (V'g) and
airway resistance (R), AP=V'g xR.
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During high-frequency ventilation (HFV), an increase
in alveolar pressure will follow when the expiratory
time becomes too short for the alveolar pressure to fall
to the preset end-expiratory level [1—3]. As a conse-
quence, lung volume and alveolar pressure will in-
crease until a new equilibrium is established between
insufflation and expiration [2~18]. In previous stud-
ies we obtained evidence that such an increase in lung
volume suppresses spontaneous breathing activity in

piglets [17, 18]. Additionally, we found more suppres-
sion of breathing activity during ventilation with high-
er tidal volumes and shorter expiratory times than ex-
pected from the rise in end-expiratory pressure
(PEEP) measured in the trachea [18]. This additional
suppression could be ascribed to an extra increase in
end-expiratory alveolar volume and end-expiratory al-
veolar pressure superimposed on the increase due to
PEEP [4, 7, 9, 10, 12—-16].

To estimate the increase in alveolar pressure due to
high-frequency jet ventilation (HFJV) as such, we ana-
lysed in piglets the effects of changes in ventilatory
frequency and tidal volume on the difference between
end-expiratory alveolar and tracheal pressure. To com-
pare the effects for a given geometry of the airways,
i.e a constant airway resistance, we kept end-expirato-
ry thoracic volume constant at baseline level by raising
external pressure in a body box. The baseline level was
the end-expiratory volume during intermittent positive
pressure breathing at a rate of 10 per minute.

We additionally studied the influence of a change
in airway resistance on these effects by changing lung
volume [19].

Larger differences between alveolar pressure and
tracheal pressure have been found in the lateral posi-
tion compared with those in the supine position [13].

These differences have been attributed to changes
in airway impedance due to changes in airway geome-
try. To test whether position per se could have an in-
fluence we compared in a part of our experiments the
effects of a supine position with those in a prone posi-
tion under conditions of a constant thoracic volume.

We determined alveolar pressure from the rise in
tracheal pressure under stop flow conditions after si-
multaneously clamping off the inspiratory and expira-
tory tubes [8, 10, 13, 20—25]. A feasibility study of
this technique has never been reported. Therefore, we
have first tested the validity of this technique.
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Methods

Preparation

Yorkshire piglets, 57 weeks old and weighing 9— 12 kg, were anes-
thetized with pentobarbital sodium (induction dose 30 mg-kg- ~!
intraperitoneally, maintainance dose 8.5mg-kg~!-h~! iv). The
animals were placed in supine position on a thermocontrolled oper-
ating table. Rectal temperature was kept at approximately 39 °C. Af-
ter tracheostomy the trachea was connected via a Y-cannula with a
jet nozzle in between the inspiratory and expiratory limb to in-
spiratory and expiratory tubes (Fig. 1). A catheter was placed into
the right common carotid artery for blood pressure monitoring and
blood sampling. Via the right external jugular vein a 4-lumen cathe-
ter was inserted into the superior caval vein for infusions. Before ve-
nous cannulation was started the animals were ventilated with
PEEP to prevent air embolism during cannulation. After cannula-
tion they were paralysed with d-tubocurare, 0.2—0.4mg-kg~!-h~!
iv. after a loading dose of 0.2—0.4mg-kg~! in 6— 12 minutes, to
prevent spontaneous breathing activity during the observations. The
animals were placed in a body box in which the pressure could be
varied by a continuous airflow through a water seal. Heparin was
administered each hour (250 TU-kg~! iv.) throughout the experi-
ments.

Measurements

Tracheal pressure was measured via a fluid filled catheter provided
with side holes. Arterial and tracheal pressures were measured with
Statham P23De transducers. Arterial pressure was measured relative
to atmospheric pressure at the manubrium level. Zero-reference of
intratracheal pressure was taken during apnea. The tracheal cathe-
ter-transducer system followed pressure changes identically up to
SHz [17]. A mercury strain gauge was placed around the thorax just
caudal to the forelegs to measure changes in thoracic volume. Cali-
bration was performed by a slow insufflation of a known volume of
gas during low frequency ventilation. Ventilatory (tidal) volume was
calculated by the integration of expiratory air flow over the whole
ventilatory cycle. Airflow was measured behind a mixing box in the
expiratory tube (Fleisch pneumotachograph type 0 Godart). In this
mixed expiratory air CO, and O, concentrations were measured
with a mass spectrometer (Perkin-Elmer MGA 1100). PO,, PCO,
and acid-base variables in blood were determined by means of an
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automatic blood gas analyser (Radiometer ABL3). Pressure in the
body box was measured with a Hewlett Packard 270 gas pressure
transducer.

The electrocardiogram and the aortic, tracheal, body box pres-
sures and strain gauge signal together with the expired volume were
simultaneously recorded on a Hewlett Packard 7758A chart re-
corder. .

Experimental procedures

The experimental set-up is shown in Fig. 1. The animals were ven-
tilated with a high-frequency jet ventilator developed in our labora-
tory. The ventilator consisted of 8 solenoid valves with precalibrated
reduction valves arranged in parallel and allowing variations in in-
spiratory flow without changes in driving pressure. The valves were
activated by a microprocessor in such a way that tidal volume, respi-
ratory cycle time and thus respiratory frequency and inspiratory and
expiratory fractions could be changed independently.

After a preset number of ventilatory cycles the microprocessor
was programmed to interpose a special cycle which was used during
HFIV as the clamp off procedure. This special cycle was character-
ized by a duration of 5000 ms and a closure of both inspiratory and
expiratory valves.

The ventilator was fed with 40% oxygen in air (Ohio gas mixer)
under a driving pressure of 3 bar. After the surgical procedures the
animals were ventilated with intermittent positive pressure (IPPV).
This IPPV served as baseline conditions throughout the experi-
ments; frequency 10 min~?, inspiratory-expiratory ratio 1 and a tid-
al volume between 170—270ml. Arterial PCO, with this ven-
tilatory pattern ranged from 28.6—47.5 mm Hg.

In a group of six piglets (group I) three series of experiments
were carried out.

In series one five different observation periods of HFJV with
different cycle times were imposed in a random order: 1000 ms,
500 ms, 300 ms, 250 ms and 200 ms, corresponding to respectively
1 Hz, 2Hz, 3.3 Hz, 4 Hz and 5 Hz. Tidal volume was kept constant
within narrow limits at about 40 ml and inspiratory time was main-
tained at 100 ms. In between each observation the piglets were venti-
lated under the previously mentioned baseline condition for at least
3 min to revert atelectasis. Moreover, the lungs were expanded by
three or more sighs.

The increases in end-expiratory thoracic volume were restored to
the preceding baseline level by an increase in pressure in the body
box under the guidance of the mercury strain gauge.
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Fig. 1. Experimental set-up. Thoracic volume was adjusted by varying the pressure in the body box, using a water seal and a continuous
air flow. See text for operational explanation
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Ventilation with a cycle time of 1000 ms (1 Hz) resulted in a
gradual decrease in thoracic volume which was corrected by the ap-
plication of PEEP.

Within 2 min a series of clamp off procedures was performed
with intervals of 20 ventilatory cycles. From such a series only that
observation was selected in which the recovered volume was equal
or close to the baseline volume. After the series of observations the
trachea was sucked out to remove secretions.

In series two five different tidal volumes between 20 and 70 ml
were applied randomly. Baseline ventilation was performed in be-
tween each observation. The cycle time was kept constant at 300 ms.
(3.3 Hz) and inspiratory time at 100 ms. Again end-expiratory tho-
racic volume was recovered to baseline level using the pressure in the
body box. All other procedures were performed as in series one.

In series three a constant pattern of ventilation was applied at
different levels of thoracic volume. The ventilatory pattern was
characterized by a tidal volume of about 60ml, a cycle time of
300 ms and a inspiratory time of 100 ms. After setting this ven-
tilatory pattern end-expiratory thoracic volume was restored to the
baseline level with a pressure increase in the body box. Subsequent-
ly, PEEP was applied and thoracic volume was varied in a random
order in five steps from zero to about 500 ml above the baseline val-
ue. In between each step the animals were ventilated with the base-
line conditions. At each level the series of clamp off procedures was
applied as described in series one.

In each animal of group I the three series of experiments were
performed in a different order, so all six possible orders were repre-
sented.

In a second group of five piglets (group II) series one of group
1 was performed in two different body positions in the order supine,
prone and supine again. In four of these animals the clamp off pro-
cedure was performed twice with an interval of five minutes. During
the interval HFJV was maintained and end-expiratory thoracic vol-
ume was kept constant by adjusting the pressure in the body box.

All animals were autopsied at the end of the experiment to check
the position of the catheters, the presence of pneumothorax and the
degree of atelectasis. There was a variable degree of atelectasis. In
three animals we found a subpleural hematoma and in one animal
a few air bubbles were found in the right pleural cavity.

Data analysis

When the expiratory time becomes too short for the tracheal pres-
sure to fall to atmospheric level tracheal pressure rises. A rise in
tracheal pressure will increase alveolar pressure to the same extent.
Therefore, the clamp off pressure and the body box pressure were
corrected for this tracheal pressure rise to avoid an offset of both
values. Such an offset should improve the correlation coefficient
without implying any real significance. For validating the clamp off
technique the difference between tracheal pressure during an end-ex-
piratory clamp off and the end-expiratory tracheal pressure (AP,
clamp off) was compared with the difference between the pressure
in the body box and the end-expiratory tracheal pressure (AP, box).
Such a AP was considered to be the effective pressure gradient for
flow at end-expiration during HFJV.

To relate both AP values, orthogonal regression equations for
two independent variables according to Deming were applied [26].
AP, clamp off values were related to the imposed jet frequencies and
tidal volumes respectively by linear regression analysis. Differences
between AP, clamp off and AP, box, the effect of time on these dif-
ferences and the effects of mean expiratory flow on AP, clamp off
have been tested statistically with repeated measures (animals, time)
analysis of (co) variance with frequency, tidal volume or mean expi-
ratory flow as covariates. Differences in slope have been tested first
and in case of equal slopes differences in position (intercept) were
tested.
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Results

Test of clamp off method

When AP, clamp off was plotted against AP, box an
excellent linear correlation was found. However, there
was a small shift from the line of identity indicating
the AP, clamp off was slightly higher than the AP, box
(Fig. 2). The regression equation of all paired mea-
surements, obtained by variation of ventilatory fre-
quency, was calculated as Y = 0.95+0.88 X, r = 0.92.
The slope of this equation is not significantly different
from 1, i.e. the slope of the line of identity. However,
when the paired measurements were fitted by a line
with a slope of 1, this line was slightly but significantly
shifted upwards with a pressure value of 0.8 cm H,0
(p = 0.001). Comparable results were found for chang-
ing tidal volume (Y =0.81+0.80X, r = 0.90 with a
non-significant shift of 0.3 cm H,0) and for changing
ventilatory frequency in prone position
(Y =0914+0.85X, r=0.90 with a shift of 0.8cm
H,0, p<0.001).

We found a significant effect of time on the rela-
tionship (Fig. 3). Within two minutes after the onset
of HFJV the relationship was close to and not signifi-
cantly different from the line of identity (Y = 0.79
+0.68 X, r = 0.97). Five minutes later the relationship
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Fig. 2. The difference between tracheal pressure during an end-expi-
ratory clamp off procedure and the end-expiratory tracheal pressure
during ventilation (AP, clamp off) plotted against the correspond-
ing differences between the pressure in the body box and the end-ex-
piratory tracheal pressure (AP, box) in six animals of group I, venti-
lated with varying frequencies. Numbers indicate overlapping
points. The thick line represents the orthogonal regression line
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Fig. 3. The relation between AP, clamp off and AP, box (see Fig.
2) within 2 min after the onset of ventilation (thick solid line) and
5 min later (dashed line) in four animals of group II, ventilated in
supine position with varying frequencies

was Y = 2.20+0.71 X, r = 0.85, with a significant shift
(p <0.001) to the left (or upwards). In the other obser-
vations of group II in the prone position and again in
the supine position respectively identical results were
obtained. Thus, immediately after the onset of ventila-
tion both methods of measuring alveolar pressure ap-
peared to be identical. For various reasons we have
taken AP, clamp off as the substitute of the alveolar-
to-tracheal pressure gradient during HFJV.

Effects of ventilatory frequency, tidal volume and
lung volume

In group I we found linear relationships between AP,
clamp off and ventilatory frequency (Fig. 4a) and tid-
al volume (Fig. 4b), respectively.

In both series we calculated the mean expiratory
flow from the tidal volume devided by the expiratory
time. Both series yielded linear relationships between
AP, clamp off and mean expiratory flow (Fig. 4c). The
slope of the relationship in both series was identical.
Nevertheless there was a small shift of 0.3cm H,O
(p<0.05) between the two regressions lines.

In Fig. 5 AP, clamp off at different levels of end-
expiratory thoracic volume, as found in the six animals
of group I is shown. End-expiratory volume during
IPPV was the baseline condition. In all animals AP,
clamp off decreased with higher thoracic volume.
Close to the baseline value AP, clamp off increased
progessively with a fall in thoracic volume in two of
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Fig. 4. AP, clamp off plotted as a function of jet frequency {(a) and
tidal volume (b) in six animals of group I, ventilated in supine posi-
tion. From both relationships AP, clamp off was derived as function
of mean expiratory flow (¢). The /ines represent the linear regression
lines calculated from all individual points. Bars represent 15D
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Fig. 5. AP, clamp off as a function of the increase in end-expiratory
thoracic volume in the six individual animals of group I ventilated
in supine position at a constant frequency (3.3 Hz) and with a con-
stant inspiratory time {100 ms) and constant tidal volume (60 ml).
Baseline volume is defined in the text

the animals. In one animal thoracic volume had been
compressed with the box pressure to a level below the
baseline volume, which elicited also a sharp rise in AP,
clamp off.

Influence of body position

AP, clamp off in prone and supine positions was mea-
sured at different ventilatory frequencies in the five
animals of group II. Tidal volume, inspiratory time
and end-expiratory thoracic volume were kept con-
stant. Linear regression lines relating AP, clamp off
and ventilatory frequency were calculated as
Y=-148+1.18 X (r=0.80) for supine position,
Y = —0.98-+0.86 X (r = 0.93) for prone position and
Y=-104+099X (r=0.92) for supine position
again. These relationships were not statistically differ-
ent from each other.

Discussion

The clamp off method

Several authors have studied the clamp off method for
the estimation of alveolar pressure [8, 10, 13, 20,
23 -25]. However, the method has not been validated
satisfactorily yet, because there is no ‘gold’ standard.

Simon et al. [i3] have found a close correlation
(r = 0.96) between mean alveolar pressure estimated
by the clamp off method and pleural pressure during
high-frequency oscillation (HFO). However, this was
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studied in one dog only and the good correlation be-
tween the tracheal clamp off pressure and pleural pres-
sure does not necessarily indicate an identity of this
clamp off pressure and alveolar pressure.

Armengol et al. [4] compared the pressure found
by the clamp off method during HFO in dogs with the
pressure derived from a separately constructed quasi-
static volume-pressure curve at a lung volume equal to
that found during oscillation. The clamp off method
indicated lower values than those found on the vol-
ume-pressure curve. This comparison was based on
the assumption that respiratory muscle tone and lung
and thoracic recoil forces were the same in both condi-
tions. However, Pfenninger and Minder did not find
such a similarity in the recoil forces [24]. Therefore, we
conclude that lung volume cannot be derived from the
pressure value during HFJV on the basis of the quasi-
static volume-pressure curve.

In our study we compared the clamp off pressure
with a body box pressure necessary to return thoracic
volume to its baseline value. This baseline value was
obtained when alveolar pressure and ambient air (i.e.
body box) pressure were zero. The clamp off proce-
dures were performed at the recovered baseline vol-
ume.

Figure 6 explains the theoretical basis for the com-
parison of the clamp off pressure with the body box
pressure.

l P box

1

Mercury
strain gauge

Fig. 6. Schematic drawing of the theoretical basis of the experimen-
tal set-up representing the trachea, the lumped alveolar space and
the thoracic wall, situated in the body box (rectangle). Arrows indi-
cate inspiratory and expiratory tidal volume, driven by the differ-
ence between tracheal pressure (Py) and alveolar pressure (P '4). By
varying the pressure in the body box (P,,,) thoracic volume can be
adjusted. At a constant thoracic volume as indicated by the mercury
strain gauge the thoracic recoil forces (P-) are constant. Provided
the recoil forces of the lung (P; ) are also constant, the pressure dif-
ference P,-Py,, should be constant too. Muscle forces are zero be-
cause of paralysis
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When the respiratory muscles are paralysed, as was
done in our experiments, alveolar pressure (P,) will
be dependent on the recoil forces of the lung (Py),
those of the thoracic cage (Po) and the ambient air
pressure (Py,). At zero ambient air pressure and open
airways P, = P; + P where P will have an opposite
sign to Py [27]. We have called thoracic volume at this
Ievel the baseline value. When P, is raised lung vol-
ume will be increased and Py will be increased due to
stretch of lung tissue. Then, P will be decreased to
zero and increased again with the same sign as P;.
When next Py, is increased P; and P will be de-
creased according to Py = P; +Pc+Py,, causing a
concomitant decrease in thoracic volume. When lung
volume is recovered to its baseline value P; and P
will also be restored to their baseline levels under ideal
conditions. Then, Py, reflects the rise of Py.

In our experiments under these conditions tracheal
pressure also rose above the zero level due to flow re-
sistances in the expiratory part of the ventilatory sys-
tem. Such a rise contributes to the rise in alveolar pres-
sure. Because we were interested in the pressure differ-
ence over the airways, the clamp off pressure and the
pressure in the body box were corrected for this
tracheal pressure rise, giving AP, clamp off and AP,
box respectively.

AP, clamp off plotted against AP, box yielded val-
ues close to the line of identity with high correlation
coefficients for all ventilatory modes studied. We con-
cluded that both methods were valid to estimate alveo-
lar pressure, but we regarded the clamp off method su-
perior to the body box method. With time passing on
during HFJV small differences between both methods
developed. Thoracic volume decreased gradually and
P,ox had to be decreased to maintain thoracic volume
at a constant level. As we assumed a constant relation-
ship between thoracic volume and thoracic recoil forc-
es P and thus no influence of HFJV on P, a small-
er Py, necessary to maintain thoracic volume indi-
cates an increase of lung recoil forces Py.

A decrease in lung stability during high-frequency
ventilation has been ascribed to injury of the lung epi-
thelium [28] and to interference with surfactant release
and surfactant activity [29]. However, the literature is
not unanimous in this respect [30—36]. Besides these
mechanisms low tidal volume ventilation at low lung
volume may cause increasing atelectasis irrespective of
ventilatory frequency. This will also cause an increase
in Py, [37].

We conclude from the correlation close to identity
between both methods immediate after onset of HFJV
that with the clamp off method the end-expiratory al-
veolar pressure can be estimated accurately. This con-
clusion implies that data in literature obtained with
this method can be regarded as being accurate. There-
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fore, we used the data obtained by this method to ana-
lyse the effects of ventilatory parameters on alveolar-
to-tracheal pressure difference.

Effects of ventilatory parameters on
alveolar-to-tracheal pressure difference

The end-expiratory alveolar-to-tracheal pressure dif-
ference increased when either ventilatory frequency or
tidal volume was increased. Both changes in HFJV im-
plied an increase in mean expiratory flow, either by
shortening the expiratory time and keeping tidal vol-
ume constant or by increasing tidal volume and keep-
ing expiratory time constant. When AP, clamp off was
plotted against this mean expiratory flow a nearly
identical linear relationship was found for increasing
frequency and for increasing tidal volume. Thus, we
concluded that the mean expiratory flow could be re-
garded as a common factor in the relationship between
AP, clamp off versus Vy and AP, clamp off versus
frequency.

Beamer et al. [7] studied the end-expiratory alveo-
lar-to-tracheal pressure difference during HFJV in a
bellows with tubing as a test lung. In contrast to our
results they found no influence of a changing frequen-
¢y on the (alveolar) pressure in the bellows. When we
assume that the jet ventilator of the authors delivered
a tidal volume which was proportional to driving pres-
sure and insufflation time, the mean expiratory flow
over the expiratory phase will have been proportional
to driving pressure times inspiratory to expiratory ra-
tio. When these two variables remain constant, the
mean expiratory flow is constant at varying frequen-
cies, and frequency changes will not change pressure in
the bellows. On the other hand the pressure difference
will increase either by increasing driving pressure or
the inspiratory to expiratory ratio. From the data pre-
sented by Beamer et al. we calculated a linear relation-
ship between the alveolar-to-tracheal pressure differ-
ence and the mean expiratory flow over the expiratory
phase irrespective of the ventilatory pattern. So, their
results with a mechanical test lung turned out to be
identical to ours.

The relationship between pressure difference over
the airways and flow is determined by airway resis-
tance. Airway resistance decreases when lung volume
increases [19]. We found the end-expiratory alveolar-
to-tracheal pressure difference to decrease with in-
creasing end-expiratory thoracic volume. Bryan et al.
[8] found smaller differences between mean alveolar
pressure and mean tracheal pressure when tracheal
pressure and therefore lung volume increased during
HFO in rabbits. They believed that choke points devel-
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op when lung volume is low which limit maximal expi-
ratory flow. Accordingly, Simon et al. [t3] found a
larger difference between the mean alveolar pressure
and the mean tracheal pressure at lower tracheal pres-
sures during HFO in dogs. In addition in their study
the pressure difference appeared to be dependent on
body position, which we could not confirm. Most
studies so far have dealt with mean tracheal and mean
alveolar pressures and differences between the two
rather than end-expiratory values as in our study.
There is no general agreement as to whether mean cen-
tral airway pressure underestimates [4, 9, 12—16],
overestimates [23] or equals [20, 25] mean alveolar
pressure. Our study indicates that end-expiratory
tracheal pressure above a certain level of mean expira-
tory flow underestimates end-expiratory alveolar pres-
sure, the difference between the two being related to
the mean expiratory flow rate and lung volume.

The difference between mean alveolar and mean
tracheal pressure appeared to have a more complicated
mechanism, especially in HFO where expiration is ac-
tively performed. This mechanism could include dif-
ferences in inspiratory and expiratory airway resis-
tance [13], the existence of a critical expiratory flow
limitation [15], a non-linear pressure flow relationship
[23], inertances of lung and thoracic wall [23, 38], par-
allel compliances in the airways [23] and for HFJV
also differences in inspiratory and expiratory flow
rates [23]. It is not known whether these factors influ-
ence the end-expiratory alveolar-to-tracheal pressure
difference during HFJV. However, all these studies on
alveolar pressure, including ours, presented a weighed
mean of the alveolar pressures in all the different lung
regions. The alveolar pressure in these regions may be
distributed considerably inhomogeneously [38—40].

Therefore, from our experiments we have conclud-
ed that the end-expiratory clamp off method is an ac-
curate method to measure the weighed mean of end-
expiratory alveolar pressures and thus to determine the
alveolar-to-tracheal pressure gradient during HFJV.
We further concluded that this gradient depends lin-
early on mean expiratory flow rate for a given lung
volume. As a consequence the relationship between
the alveolar-to-tracheal pressure gradient (AP) and ex-
piratory flow rate (V'g) seemed to be governed by the
aerodynamical equivalent of Ohm’s law: AP=V'g
xR, where airway resistance (R) is the derived vari-
able, which also during HFJV was decreased when
lung volume increased.
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